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1. Introduction 

The archipelago of Svalbard is at daytime located underneath the polar cusp, the window 

towards the interplanetary space. The polar cusp region is where the solar-terrestrial 

coupling by a process referred to as magnetic reconnection is most direct and strongest. 

Magnetic reconnetion gives rise to a variety of disturbances like ionospheric flow channels, 

plasma instabilities or turbulence. The EISCAT Svalbard Radar (ESR) located in 

Longyearbyen, Svalbard provides, combined with optical observations of daytime auroras, a 

unique opportunity for detailed studies of plasma processes in the polar cap and the active 

cusp region. 

A new azimuth scan mode at the EISCAT Svalbard Radar resulted in high resolution data 

with good spatial and temporal resolution which proved to be ideal for the study of  meso-

scale flow channels in the polar cusp ionosphere. The motivation of this thesis was to gain a 

more thorough understanding of such channels. The emphasis is on two categories of flow 

channels: Direct reconnection flow channels and the so-called Reversed flow events, 

opposing the IMF BY associated magnetic tension force. Common for both classes of flow 

channels is their linkage to magnetic reconnection at the dayside magnetopause. 

 

The thesis is organized as follows: First a brief background on magnetic reconnection and 

ionospheric flow signatures in the ionosphere is given. Then a summary of the four papers 

in this thesis is presented, followed by a few words about future prospects for this research 

activity and a list of references.  



2. Background 
 

2.1. Magnetic reconnection 

 

The discovery of the Interplanetary magnetic field (IMF) by Pioneer V [Coleman et al., 

1960] led to one of the most interesting and fundamental topics in space physics; the 

concept of magnetic reconnection as energy transfer mechanism between the solar wind and 

the Earth’s magnetosphere. Half a decade later, the existence and importance of this 

fundamental process itself seems to be widely accepted for the Sun-Earth system, although 

its nature and rate are still debated. In his famous, qualitative model, Dungey [1961] 

envisaged reconnection between a southward IMF and the Earth’s magnetic field at the 

dayside magnetopause as a quasi steady process, occurring at the sub solar point of the 

Earth’s magnetosphere. He suggested that the newly opened field lines, which are connected 

to the IMF at one end, and the geomagnetic field on the other, should be swept across the 

polar cap due to the motion of the solar wind, and eventually reconnect again in the magneto 

tail. This process is often referred to as the Dungey cycle (Figure 1). Extending his initial 

model, Dungey predicted that reconnection would take place at the magnetospheric lobes 

for northward IMF conditions. 

 

 

Figure 1: Dungey [1961] cycle for IMF BZ negative. Figure from Dungey [1961]. 
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Jørgensen et al. [1972] extended Dungey’s initial idea for meridional components to the 

equatorial components of the IMF and the geomagnetic field. The east-west component of 

the IMF causes asymmetries for reconnection between the IMF and the geomagnetic field at 

the magnetopause, and displaces the reconnection site out to the flanks towards dawn for 

negative values, and towards dusk for positive values. 

  

 
 

Figure 2: Newly reconnected field lines with a positive BY (left side) and negative 

BY (right side) component. The thick black arrows indicate the direction of the 

magnetic tension force which acts on the curved field lines to stretch them out. 

Figure from Gosling et al. [1990] 

 

The magnetic tension force will act to straighten out bent flux tubes, and hence flux tubes 

will experience an initial westward pull for positive values of the east-west component of 

the IMF (BY), and an initial eastward pull for negative IMF BY, as shown in Figure 2.  

 

 

Figure 3: Sketch showing high latitude ionospheric convection in the northern 

hemisphere for IMF BZ < 0 and IMF BY <0 (left panel), IMF BY > 0 (right panel). 

Figure from Cowley and Lockwood [1992]. 

3 

�



 

Electric field measurements made by satellites at high geomagnetic latitudes reveal that the 

pattern of magnetic field line convection in the Earth’s polar cap depends strongly on the 

sign of IMF BY, as shown in Figure 3 [e.g. Heelis et al., 1982; Heppner and Maynard, 

1987]. This effect, first described by Svalgaard [1968; 1972] and independently Mansurov 

[1969], is often referred to as the Svalgaard-Mansurov effect. It is a key characteristic of 

magnetopause reconnection as transient reconnection is communicated to the ionosphere as 

an Alfvén pulse with an associated field aligned current (FAC) system [K-H Glassmeier and 

Stellmacher, 1996; D. J.  Southwood, 1985; 1987; D. J. Southwood and Hughes, 1982]. The 

polarity of these FAC sheets is consistent with the IMF BY dependent polarity of large scale 

cusp currents. Hence, when BY is positive (negative) there is a strong eastward (westward) 

magnetic perturbation caused by a pair of FAC sheets having upward (downward) current, 

as shown in Figure 4 [Taguchi et al., 1993]. 

 

 

Figure 4: Northern hemisphere current circuits for a) IMF BY positive and b) IMF BY 

negative. Figure from Taguchi et al. [1993] 

 

2.2 Transient magnetic reconnection 

Nearly twenty years later Haerendel et al. [1978] suggested the transient or intermittent 

nature of magnetic reconnection by examining HEOS 2 high latitude plasma and magnetic 

field data. Using ISEE 1 and 2 data from low latitudes, Russel and Elphic [1978; 1979] 
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confirmed Haerendels suggestion and presented observations of patchy reconnection at low 

latitudes. They designated the term Flux Transfer Events (FTEs) to describe a characteristic 

set of signatures seen in the magnetic field close to the magnetopause. FTEs are identified in 

boundary normal co-ordinates by a bipolar signature in the BN component and in increase in 

the total magnetic field. In boundary normal coordinates, the N component is normal to the 

local magnetopause boundary, the L component is along the projection of the solar 

magnetospheric Z component, and the M component completes the right hand orthogonal 

set.  

 

Figure 5: Qualitative sketch of an FTE as envisaged by Russel and Elphic [1978]. 

Magnetosheath field lines, represented as slanted arrows, have reconnected with 

magnetospheric field lines, shown as vertical arrows. Reconnection is envisaged to 

have taken place off the lower edge of the figure. Figure from Russel and Elphic 

[1978]. 

 

Russel and Elphic [1978] interpreted their observations in term of a flux rope model in three 

dimensions (Figure 5). According to this model, a single magnetic flux tube, resulting from 

transient reconnection between the IMF and the magnetospheric field, will move under the 

influence of magnetic tension. The characteristic increase, then decrease through a negative 

maximum is then what one would expect if the magnetopause bulged out and the bulge 

subsequently travelled from the nose region and past the spacecraft. 
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2.3. Ionospheric signatures of transient magnetic reconnection 

 

The search for ionospheric signatures at the magnetically conjugate locations at the high-

latitude ionosphere has evolved to one of the popular and controversial topics in ionospheric 

physics. In particular, ground magnetic [K H Glassmeier et al., 1984 and references 

therein], optical [Fasel, 1995; Moen et al., 1995; Sandholt et al., 1998; Sandholt et al., 

1993; Sandholt et al., 1990; Øieroset et al., 1997] and ionospheric radar observations were 

used [Greenwald et al., 1999; Lockwood et al., 1989; Lockwood et al., 1993; e.g. Milan et 

al., 2000; Moen et al., 1999; Moen et al., 2001; Nishitani et al., 1999; Oksavik et al., 2004; 

Oksavik et al., 2005; 1995; Pinnock et al., 1993; Provan et al., 1998]. Goertz et al. [1985] 

were the first to relate ionospheric flow bursts observed by the STARE radar to 

magnetopause reconnection. They interpreted their results in terms of a ground signature of 

FTEs. However, as pointed out by Glassmeier and Stellmacher [1996], the interpretation of 

ionospheric transients in terms of FTEs is ambiguous when no suitable correlated spacecraft 

observations at the magnetopause are available. The first simultaneous observation of a FTE 

at the magnetopause and its associated flow enhancement in the ionosphere were made by 

Neudegg et al. [1999] using Equator-S spacecraft observations at the magnetopause and 

SuperDARN HF radar measurements in the ionosphere. 
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Figure 6: The field flow and current pattern set up by motion of the foot of a connected flux 

tube through the ionosphere (after Southwood [1985; 1987]). The pattern is appropriate for 

the northern hemisphere with a flux tube moving towards the left. 

 

The Southwood [1985; 1987] model describes the ionospheric flow surrounding a 

single flux tube. According to his model, the motion of a newly reconnected flux will set up 

a vortex like plasma motion, with a bipolar associated FAC system (Figure 6). The FAC 

system along the edges of the flux tube transfers stress, and also drives the return flow 

outside the flux tube. Modeling the effects of elongated newly opened flux, Lockwood et al. 

[1990] proposed that the vortical nature of FTEs may not be very pronounced and that they 

appear as flow channels. The flow disturbance should be short lived, of the order of 10 

minutes, and confined to a narrow region just polewards of the cleft [M. Lockwood et al., 

1990]. Their displacement in the ionosphere should though be by an amount which is not 

much greater than their own spatial extent. There has been a systematic search for the three 

key elements of the twin vortex flow in the Southwood [1985; 1987] model:  

(1) The fast moving flux inside the newly opened flux tube [e. g. Oksavik et al., 

2005; Pinnock et al., 1995; Pinnock et al., 1993; Provan et al., 1998]. 

(2) The pair of FAC sheets flowing on the edges of the flux tube to transfer stress 

[Marchaudon et al., 2004; Sandholt et al., 1990]. 

(3) The proposed return flow resulting from plasma being pushed aside by the 

motion of the flux tube [Oksavik et al., 2005; Pinnock et al., 1993; Thorolfsson et 

al., 2000]. 

 



 
Figure 7: Three idealized square chunks of newly opened flux, produced by very 

short pulses of very fast reconnection with  large IMF BY > 0 in the northern 

hemisphere. The northward (poleward) direction is toward the bottom of the figure, 

and the patches move westward (towards the right). The newest chunk is the most 

equatorwards, having the largest FACs. The chunks of plasma are appended 

immediately adjacent to each other. FAC sheets are indicated at the channel 

boundaries. Figure from Lockwood et al. [2001] 

 

Lockwood et al. [2001] suggested a conceptual model for how a sequence of newly 

reconnected flux created due to very short reconnection pulses should arrange in the 

ionosphere (Figure 7). According to their model, channels of newly opened flux would 

append immediately adjacent to each other. The field aligned current sheets associated with 

each channel would decrease in strength as the tension force on each set of flux tubes 

decays with increasing time elapsed since reconnection. 

 

2.4 Excitation of large scale ionopsheric flows in response to transient reconnection 

 

A conceptual model to explain the excitation and decay of large-scale polar cap convection 

by transient reconnection was introduced by Lockwood et al. [1990] and Cowley and 

Lockwood [1992]  (Figure 8). According to the model, the creation of new, open flux on the 

dayside impulsively displaces the open closed field line boundary equatorwards (Figure 8b). 

Flows are excited in order to move the perturbed boundary towards the new equilibrium 

configuration (Figure 8c). These flows are in accordance with the observed large scale 

ionospheric two cell convection. The contribution of FTEs to the total voltage across the 
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polar cap potential is not known. Using the Russel and Elphic [1978; 1979] circular flux 

tube model and interpreting magnetopause data yields estimates of 10-20 kV. The models 

by Southwood et al. [1988] and Scholer [1988] multiply this estimate by a factor roughly 

equal to the ratio of the length of the elongated neutral line to the diameter of the Russel and 

Elphic [1978; 1979] flux tube. This yields reconnection voltages of 50-100 kV for a 5-10 RE 

long X  line. Lockwood et al. [1990] have estimated that large FTEs contribute about 30 kV 

to the total transpolar voltage, which is about 30%.  Milan et al. [2000] suggested based on 

combined HF radar and optical observations that an individual PMAF can extend 

azimuthally through 7 hours in MLT (~3500km). They interpreted their data within the 

context of the predicted ionospheric convection response to transient dayside reconnection 

as proposed by Lockwood et al. [1990] and Cowley and Lockwood [1992], and found their 

data consistent with each transient reconnection event not being an isolated pulse of 

reconnection, but an ongoing event propagating across large portions of the magnetopause. 

They also suggested that reconnection can occur at several positions on the magnetopause 

simultaneously.  

 
 

Figure 8: Sketch illustrating the response to an impulse of dayside reconnection, 

including the effect of IMF BY positive (northern hemisphere). a) Initial zero flow 

equilibrium configuration with open flux F, the solid line indicating the OCB. b) 

Perturbed OCB following the impulse, new zero flow equilibrium indicated by 

dashed line. c) Flows excited to take the system to the new equilibrium state. d) New 
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zero flow equilibrium with flux F+dF, the dotted line indicates the boundary of the 

open flux created during the impulse. Figure from Cowley and Lockwood [1992]. 

 

 

   

 

Figure 9: Schematic diagram illustrating a model of the ionospheric flow response to 

the addition of a region of new open flux to the front and the polar cap by an FTE for 

IMF Bz < 0, BY >0. Light grey shading indicates the location of the main auroral 

oval on closed field lines and dark grey shading indicates the region of newly opened 

flux. FACs indicated by circled dots and crosses. Figure by Milan et al. [2000]. 
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3. Summary of papers: 

 

Y. Rinne, J. Moen, K. Oksavik, and H. C. Carlson, Reversed flow events in the winter cusp 

ionosphere observed by the European Incoherent Scatter (EISCAT) Svalbard radar, J. 

Geophys. Res., 112, A10313, doi:10.1029/2007JA012366, 2007 

Copyright 2007 American Geophysical Union 

 

This paper presents a statistical study of the occurrence of meso-scale flow channels 

in the ion velocity data from the EISCAT Svalbard Radar during 11 days in January 

and December 2001. The term Reversed Flow Events (RFE) is introduced to 

describe this new class of flow channels. A Reversed Flow Event is an elongated 

segment of enhanced ion flow in the opposite direction of the background flow. 

RFEs seem be regular feature of the cusp ionosphere, occurring at least 16% of the 

time in the current data set. Their average lifetime is 19 minutes. They occur near the 

cusp inflow region in the MLT range from 11:45 to 12:45 in association with 

enhanced plasma flow, and seem to be L-shell aligned. The occurrence of RFEs is 

independend of IMF BZ (and BY), and 86% of the RFEs were characterized by ion 

flow opposite to the magnetic tension force, meaning that they cannot be interpreted 

as FTE centre flux according to the Southwood [1985; 1987] model. RFEs coexist 

but never appear simultaneously, and can hence not be attributed the return flow 

around the same FTE as suggested by Oksavik et al. [2004]. In Rinne et al. [2007] 

we propose an asymmetric version of the Southwood [1985; 1987] model for 

significant IMF BY in which only the poleward cell located on open field lines 

develops.  

 

J. Moen, Y. Rinne, H. C. Carlson, K. Oksavik, R. Fujii, and H. Opgenoorth, On the 

relationship between thin Birkeland current arcs and reversed flow channels in the winter 

cusp/cleft ionosphere, J. Geophys. Res., 113, A09220, doi:10.1029/2008JA013061, 2008 

Copyright 2008 American Geophysical Union 
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Moen et al. [2008] present a combined optical and radar data study of RFEs. The 

occurrence of RFEs seems to be regulated by Birkeland current arcs in the winter 

cusp ionosphere, and that their onset occurs with the brightening of a discrete auroral 

arc near the OCB. The arc is found to separate from the background arc and be 

located at the sharp, clockwise flow reversal, consistent with a converging electric 

field and an upward field aligned current (FAC). Moen et al. [2008] find two 

categories of RFEs; one that propagates into the polar cap together with the poleward 

moving auroral forms, and one moving with the background arc. Common for both 

categories is that the RFE phenomenon is associated with a region void of 

precipitation. Moen et al. [2008] propose two possible explanations for the 

phenomenon: (1) the RFE channel may be a region where two MI current loops, 

forced by independent voltage generators, couple through a poorly conducting winter 

ionosphere, or (2) the RFE may be the ionospheric footprint of an inverted V-type 

coupling region.   

 

Y. Rinne, J. Moen, H.C. Carlson, M. R. Hairston, Stratification of east-west plasma flow 

channels observed in the ionospheric cusp in response to IMF BY polarity changes, 

Geophys. Res. Lett 2010, 37, L13102, doi:10.1029/2010GL043307, 2010 

Copyright 2010 American Geophysical Union 

 

This paper presents evidence for how a sequence of reconnection events results in 

the stratification of flow channels appended immediately adjacent to each other, as 

suggested conceptually by Lockwood et al. [2001]. During a period of predominantly 

north-westward flow for IMF BZ negative and IMF BY positive, a sequence of three 

distinct negative excursions of IMF BY resulted in a train of three eastward directed 

flow channels, interleaved by westward flow enhancements consistent with the 

magnetic tension drag on newly opened field lines, propagating into the polar cap. 

The IMF BY reversals were accompanied by almost simultaneous IMF BZ polarity 

reversals, and the IMF alternations likely stimulated two distinct reconnection sites 

on the magnetopause, one at a time. The observations are consistent with the view 

that a new region of reconnected flux manifests as development of a distinct flow 

channel near the polar cap boundary, and that successive events stay separated while 
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pushing each other into the polar cap. Each flow channel will remain separated from 

neighboring channels as long as the magnetic tension force with its associated field 

aligned current systems is maintained.  

 

Y. Rinne, J. Moen, J. Baker, H.C. Carlson, Convection surrounding meso-scale ionospheric 

flow channels, 2010 

Submitted to J. Geophys. Res.2010 

 

In this paper we have attempted to visualize the flow surrounding meso scale 

ionospheric flow channels presented by Rinne et al. [2010] with the SuperDARN 

convection patterns. Radar data from the EISCAT Svalbard radar and DMSP 

satellite data were given as input into the SuperDARN convection patterns. The two 

most prominent eastward flow channels are in strong contrast to the general 

westward convection as they developed in response to sharp IMF BY polarity 

reversals. The resulting flow streamlines from the convection maps are consistent 

with the line of sight data from the ESR within a ~10 minute response time. They 

suggest twin vortex flow to form with the eastward channels being the twin vortices 

centre flow. We have, however, no vector data to confirm this vortex flow. Having 

been designed for large scale polar cap convection, the fitting algorithm has been 

pushed to its very limits in this analysis of meso scale features in terms of the spatial 

resolution as well as the types of flows it can represent. The flow lines suggest cell 

closure and plasma flow across the anticipated non-reconnecting OCB as well as 

FAC sheets. We have attempted a mixture of quantitative analysis and qualitative 

reasoning by looking to the convection patterns from the model as a guide, and 

evaluate where flows should be different based on our general knowledge. The two 

channels analyzed in this study contributed with 24 and 33 kV significantly to the 

overall polar cap potential. The strong flow shears associated with the flow channels 

may create plasma instabilities and turbulence with potential severe impact for 

communication and navigation systems in the Polar Regions [Carlson et al., 2007]. 

They also cause significant HF backscatter formation inside the channels. 
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4. Future Prospects 

Common for both types of flow channels studied in this thesis is that more data is needed in 

order to be able to learn more and better understand the phenomena, their creation 

mechanisms, and their impact on man made technologies.  

Still questions like their seasonal dependence and if and to what degree the two types of 

channels are related to one another remain unanswered. Also, the effect of the channels on 

convection needs to be investigated further in order to improve statistical convection 

patterns like the SuperDARN convection maps presented in the fourth paper. These maps 

are a great resource for understanding global convection and are much used to monitor the 

large scale conditions as background during campaigns. However, as shown in the fourth 

paper, the patterns have limitations when it comes to transient reconnection or multiple-site 

reconnection involving flow boundaries. More data is needed in order to improve the maps 

and learn more about how to include meso scale phenomena. 

Hence, a larger data base, preferably including several incoherent scatter radars run 

simultaneously in order to cover larger portions of the polar cap in great detail, as well as 

other instruments both ground based and onboard spacecrafts providing additional 

information, is needed. Resolving the fine structure of the ionospheric cusp, is an important 

step towards opening the black box and understanding solar wind-magnetosphere coupling 

and its impact on the magnetosphere-ionosphere system and space weather effects. 
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[1] High-resolution fast azimuth sweeps by the European Incoherent Scatter (EISCAT)
Svalbard radar provide an unparalleled opportunity to study small-scale flow disturbances
in the cusp ionosphere. Observations from 11 days of the winter cusp ionosphere of high-
resolution ion flow data have been analyzed. Transient channels of reversed plasma
flow appear to be a regular feature of the cusp, and they were seen in 16% of 767 analyzed
EISCAT Svalbard Radar (ESR) scans. We introduce a new descriptive term, reversed flow
events (RFEs), for this class of events. RFEs are defined as longitudinally elongated
segments of transiently enhanced ion flow in the direction opposite to the background
flow. RFEs typically occurred near the cusp inflow region in association with
enhancements in the polar cap convection observed by the Super Dual Auroral Radar
Network (SuperDARN). Their lifetime was found to be �19 min on average. Their
longitudinal dimension typically exceeded the ESR field of view (>400–600 km), and
ranged from �50 to 250 km in latitude. The occurrence rate of RFEs appears independent
of the BZ and BY component polarity of the interplanetary magnetic field (IMF), and
RFEs occurred for clock angles between 40� and 240�. RFE ion flow was in 95% of the
cases documented to oppose the magnetic tension force, and RFEs cannot be interpreted in
terms of newly opened flux. RFEs formed one by one and never simultaneously in
pairs. To explain these observations, we propose an asymmetric version of the Southwood
(1987) twin cell flux transfer event model to account for significant IMF BY, in which
only the poleward cell located on open field lines develops.

Citation: Rinne, Y., J. Moen, K. Oksavik, and H. C. Carlson (2007), Reversed flow events in the winter cusp ionosphere observed by

the European Incoherent Scatter (EISCAT) Svalbard radar, J. Geophys. Res., 112, A10313, doi:10.1029/2007JA012366.

1. Introduction

[2] Magnetic reconnection was first described by Dungey
[1961] as a steady process. Several years later, Russel and
Elphic [1978, 1979] and Haerendel et al. [1978] found
evidence for a pulsed nature of the reconnection process.
This transient, impulsive reconnection at the dayside mag-
netopause is called flux transfer events (FTEs). The first
radar observations of FTE flow transients were carried out
by van Eyken et al. [1984] and Goertz et al. [1985].
[3] Southwood [1987] proposed a model of the plasma

flow associated with the ionospheric footprint of an FTE,
hereafter referred to as the Southwood model. According to
this model, a pair of field-aligned currents (FAC) with
opposite polarity flows on the poleward and equatorward
edge of the newly reconnected flux tube and transfers stress

to the ionosphere. The resulting motion of the foot of the flux
tube through the ionosphere sets up a twin vortex flow pattern.
This pattern is understood as the newly opened flux moving
faster than the surrounding flux, pushing its way through the
plasma and thereby creating return flow on either side.
[4] Over the past 2 decades there have been made many

attempts to find observational evidence for the Southwood
model. Lockwood et al. [1989] and Sandholt et al. [1990]
suggested that discrete cusp auroral events are related to flow
shears consistent with the clockwise cell of the Southwood
FTE model. However, Lockwood et al. [1990] suggested that
the return flow in the Southwood model may not be very
pronounced, but rather a reduction in the background con-
vection. Denig et al. [1993] reported evidence for a South-
wood FTE twin-cell moving with the large-scale convection.
Pinnock et al. [1993] reported the observation of a ‘‘longi-
tudinally elongated (>900 km), latitudinally narrow
(�100 km) channel of enhanced convection’’ by combining
observations from the PACE high-frequency (HF) radar and
the DMSP F9 polar-orbiting satellite. Within the channel, the
line-of-sight velocity of the plasma was enhanced compared
to the background flow. In the regions bordering the channel,
the background flow was diminished, however not reversed.
Pinnock et al. [1993] interpreted the weakening of the
background convection as return flow in the Southwood
model as proposed by Lockwood et al. [1990].
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[5] Marchaudon et al. [2004] observed an azimuthally
elongated convection enhancement by two Super Dual
Auroral Radar Network (SuperDARN) radars in conjunc-
tion with FACs observed by the Ørsted satellite. They
found that the direction of the FAC pair was in entirely
agreement with the Southwood model. Furthermore, the
current densities of each FAC and the Pedersen current
indicated that the closure current for the pair of FACs was
inside the flow burst. The dimensions of the ionospheric
convection enhancement were 1000 km in length and
100 km in width, and the flow was larger than 1000 m/s,
exceeding the background flow. Marchaudon et al. [2004]
claimed the validity of the Southwood model based on their
observations.
[6] The development of the Special Norwegian Fast

Azimuth Scan Mode (SP-NO-FASM) for the European
Incoherent Scatter (EISCAT) Svalbard Radar (ESR) by
Carlson et al. [2002] provided a new tool to map out flow
patterns with high spatial and temporal resolution. Oksavik
et al. [2004, 2005] reported the first high resolution meas-
urements of the flow disturbance around poleward moving
auroral forms (PMAFs) by this radar technique.Oksavik et al.
[2004] concluded that the spatial structure of a small-scale
twin-cell system was in accordance with the Southwood
prediction. The enhanced convection channel interpreted as
the center flux in the Southwood model was only 50–60 km
wide, and surrounded by flow running in the opposite
direction. The PMAF was situated at the poleward edge
of the flow channel thereby being consistent with the
signature of an upward Birkeland current filament as
predicted by the Southwood model. Oksavik et al. [2005]
presented a train of narrow flow channels associated with a
sequence of PMAFs. They plausibly related reversed flow
channels to flux transfer events.
[7] Neudegg et al. [2000] showed that reconnection bursts

at the magnetopause may take place for a wide range of
clock angles from 30� to 330�. Hence if reversed flow
channels represent an observable FTE signature, such as
stated by Oksavik et al. [2005], they should be a frequently
occurring phenomenon in the SP-NO-FASM database. In
this study, the available SP-NO-FASM database has been
analyzed systematically with the aim to characterize the
occurrence and lifetime as well as dependency on magnetic
local time (MLT) and interplanetary magnetic field (IMF)
conditions of transient flow channels with reversed plasma
flow with respect to the background convection. We focus
on the RFE events as they have not been resolved by other
radars and hence represent a new observable feature.
Interestingly, we find that RFE events never develop in
pairs, which means that they cannot be a symmetric South-
wood FTE pattern.
[8] This paper is structured in the following way: Section 2

describes the instrument modes and techniques used in the
study; section 3 introduces the data set and the analysis
criteria that were used by providing one event as an example.
Section 4 presents the results, followed by the discussion in
section 5 and a summary in section 6.

2. Instrument Modes and Techniques

[9] This section provides brief descriptions of the ESR
scan mode that has been used to gather the data (section 2.1),

the SuperDARN global convection maps (section 2.2), and
how the time lag between the Advanced Composition
Explorer (ACE) satellite and the ionospheric response has
been calculated (section 2.3).

2.1. ESR Scan Mode

[10] The primary data source in this paper is ionospheric
line-of-sight data from the SP-NO-FASM program at the
ESR which is located in Longyearbyen (78.15�N and
16.03�E). This windshield wiper mode was originally
designed by Carlson et al. [2002] to monitor the formation
of polar cap patches near the cusp inflow region with an
unprecedented combination of wide area coverage
(�600 km in width � 1000 km in length), quick scan time
(2 min), and fine spatial resolution (�15 km � 30 km).
Magnetic noon at the ESR site corresponds to 0900 uni-
versal time (UT).
[11] In the SP-NO-FASM program, the ESR 32 m steer-

able antenna sweeps azimuthally back and forth at a fixed
elevation angle of 30�. The sweeps follow the surface of a
cone. The azimuth angle is determined with respect to
geographic north (0� and 360�) increasing clockwise. The
elevation angle is the angle with the horizon increasing from
0� to 90� at zenith. In the discussion to follow elevation
refers to the angle between the radar dish pointing direction
and the local horizon; i.e., so that 150� elevation and 0�
azimuth will be referred to as 30� elevation and 180�
azimuth. The transmission pulse code used for the SP-
NO-FASM program is tau0, consisting of two 960 ms
alternating codes that are sampled every 16 ms (2.4 km).
The first of the two alternating codes, AC1, covers ranges
from 212 to 1306 km, whereas the second, AC2, covers the
region between 58 and 1153 km. Data is stored every 3.2 s,
and each 3.2 s data set has been analyzed separately.
[12] Reconnection signatures can be expected in the

dayside boundary layers, the low-latitude boundary layer
(LLBL), cusp, and mantle. These boundary layers typically
span from 0900 to 1500 MLT [Newell and Meng, 1992] but
due to IMF BY controlled shifts around magnetic noon may
start as early as 0600 MLT and end as late as 1800 MLT
[Milan et al., 2000; Moen et al., 2001; Newell et al., 2004].
The width of the instantaneous active cusp may be at least
4 hours or more in MLT [Maynard et al., 1997]. Under
moderate conditions the daytime auroral precipitation re-
gion is located around 75� magnetic latitude (MLAT), but
depending on IMF BZ strength and polarity the precipitation
region and reconnection signatures may be located between
70� and 80� MLAT [Sandholt et al., 1998].
[13] In this radar study we have not made any attempt to

locate the cusp precipitation region. However, during the
campaign the ESR sweeps were directed toward where the
active cusp region was assumed to be for the prevailing IMF
conditions and MLT. Scanning at a constant elevation of 30�
the radar field of view extends over �1.5 hours in MLT
along the line-of-sight if pointed directly east or west, and
�7� in latitude if pointed north or south. The fan-shaped
field of view spanned usually 90–120� in azimuth through-
out the data set, which means that the ESR can give an
instantaneous snapshot of up to half the area of the cusp at
one time. If the ESR was situated in the middle of the cusp
and was scanning 360� in azimuth, it could in principle see
most of the cusp except from a large ‘‘doughnut hole’’
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around Longyearbyen, resulting from the fact that the SP-
NO-FASM does not receive data from below 200 km
altitude or overhead the radar site.

2.2. SuperDARN Global Convection Maps

[14] SuperDARN consists of a network of HF radars with
overlapping fields of view in the northern and southern
hemispheres. HF radars are sensitive to backscatter from
field-aligned ionospheric irregularities in the order of dec-
ameters. The main purpose of SuperDARN is to provide
global and continuous observations of the large-scale iono-
spheric convection pattern. These convection maps are
produced by combining the line-of-sight velocity data
from the entire SuperDARN network in one hemisphere
and information from a statistical model parameterized by
IMF conditions where no velocity measurement is available.
The technique was first developed by Ruohoniemi and
Baker [1998] and has later been refined by Shepherd and
Ruohoniemi [2000].
[15] In order to put the plasma convection and mesoscale

features monitored by the ESR into a global polar cap
convection context, SuperDARN convection maps were
used. These convection maps were retrieved from the Johns
Hopkins University Applied Physics Laboratory (JHU/
APL) Web site and are averaged over 2 min. A new map
is available every 10 min.

2.3. ACE IMF Data

[16] In order to put an event in the ionosphere in the
context of IMF, it is necessary to determine the time lag
between the ACE satellite orbiting the first Lagrange point
and the ionospheric response.

[17] This propagation delay from ACE to the magneto-
pause was estimated by averaging the solar wind bulk speed
and the geocentric solar magnetospheric (GSM) X coordi-
nate for the satellite position over a time period of 1 hour
around an event (30 min before and after event onset/stop).
The position of the magnetopause was calculated by the
formula used by Rodger [1998] and a 6 min delay was
added to the total time lag to account for the propagation
time from the magnetopause to the F region ionosphere
[Moen et al., 2004].

3. Presentation of the Database and Analysis

[18] This section starts by presenting the database
(section 3.1), followed by a description of the criteria that
have been used to analyze the data (section 3.2), and it
concludes by giving an example of an RFE (section 3.3).

3.1. Database

[19] The data set examined in this study consists of all
ESR line-of-sight data from daytime SP-NO-FASM scans
at constant 30� elevation during 12 days between 16–
20 January 2001 and 15–21 December 2001. All data have
been checked carefully for quality, and intervals of trans-
mitter problems affecting the reliability of the ion velocity
measurements have been removed. This was the case for
three scans from 17 January 2001 (0601–0602, 0611–0613,
and 0613–0615 UT), seven scans from 20 January 2001
(0619–0634 UT), and all data on 18 January 2001. Fur-
thermore, 18 incomplete scans were also excluded. The
remaining data set consists of 35 hours and 49 min of
observations in a total of 767 scans. Table 1 lists the dates
(first column) and time intervals (second column) of avail-

Table 1. Overview of Available European Incoherent Scatter (EISCAT) Svalbard Radar (ESR) Data and Specification of the Scan Modes

Used

Date (2001)
Available
ESR Data

Elevation,
deg

Azimuth,
deg

Azimuth
Width, deg Period, s

Speed,
deg/s

Excluded
Scans

Number of
Scans

Center
MLT

16.01. 06:03:10–07:38:34 30 �75 to 15 90 128 0.703 None 45 08:33:10–10:08:34
16.01. 08:34:22–11:01:34 30 �165 to �75 90 128 0.703 9:10, 9:20, 11:01 64 10:24:22–12:51:34
17.01. 06:01:02–07:15:07 30 15 to 105 90 128 0.703 6:01, 6:11, 6:13 32 10:11:02–11:25:07
17.01. 09:16:02–10:50:38 30 �75 to 15 90 128 0.703 9:16, 44 11:46:02–13:20:38
18.01. 06:05:07–07:34:18 30 30 to 90 60 192 0.313 All 0 09:05:07–10:34:18
19.01. 06:02:38–07:57:47 30 15 to 105 90 128 0.703 None 54 10:12:38–12:07:47
19.01. 09:31:42–11:59:46 30 �75 to 15 90 128 0.703 11:58 69 12:01:42–14:29:46
20.01. 06:03:02–07:17:17 30 15 to 105 90 128 0.703 6:19–6:34 (7 scans) 28 10:13:02–11:27:17
20.01. 09:55:22–10:59:54 30 �75 to 15 90 128 0.703 10:59 30 12:25:22–13:29:54
15.12. 06:03:54–07:46:15 30 0 to 120 120 192 0.625 6:38, 7:01 26 10:13:54–11:56:15
15.12. 09:08:17–09:27:26 30 0 to 120 120 192 0.625 None 6 13:18:17–13:37:26
15.12. 09:28:30–10:59:54 150 (30) 0 to 120 (180–300) 120 192 0.625 None 29 11:18:30–12:49:54
16.12. 06:05:01–06:30:05 30 �60 to 60 120 192 0.625 None 8 07:55:01–08:20:05
16.12. 06:30:43–08:19:28 30 0 to 120 120 192 0.625 None 34 10:40:43–12:29:28
16.12. 08:20:06–09:30:24 30 �60 to 60 120 192 0.625 None 22 11:20:06–12:30:24
16.12. 09:31:28–10:59:54 150 (30) 0 to 120 (180–300) 120 192 0.625 None 28 11:21:28–12:49:54
17.12. 06:05:30–06:58:27 30 0 to 120 120 192 0.625 6:30, 6:52, 6:56 9 10:15:30–11:08:27
17.12. 10:01:01–10:59:44 150 (30) 0 to 120 (180–300) 120 192 0.625 10:58 19 11:51:01–12:49:44
18.12. 06:31:02–08:06:59 30 0 to 120 120 192 0.625 8:03 29 10:41:02–12:16:59
18.12. 09:22:59–10:31:47 150 (30) 0 to 120 (180–300) 120 192 0.625 10:30 21 11:12:59–12:21:47
18.12. 10:45:10–10:59:54 30 �225 to 135 360 512 0.703 None 2 13:45:10–13:59:54
19.12. 06:00:51–08:20:26 30 0 to 120 120 192 0.625 8.08, 8:17 41 10:10:51–12:30:26
19.12. 08:22:11–08:47:38 150 (30) 0 to 120 (180–300) 120 192 0.625 None 8 10:12:11–10:37:38
20.12. 06:00:01–07:58:22 30 0 to 120 120 192 0.625 7:37 33 10:10:01–12:08:22
20.12. 10:06:47–10:57:56 150 (30) 0 to 120 (180–300) 120 192 0.625 None 16 11:56:47–12:47:56
21.12. 06:00:38–10:59:15 30 �180 to 180 360 256 1.406 None 70 09:00:38–13:59:15
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Figure 1. (a–i) A sequence of ion velocity fan plots from the European Incoherent Scatter (EISCAT)
Fast Azimuth Scan Mode (FASM), in geographic coordinates. Data were projected along the magnetic
field to a common reference altitude of 250 km. Positive velocities indicates line-of-sight ion flow
directed away from the radar. The date and time as well as the radar sweep direction (clockwise ‘‘cw’’ and
counterclockwise ‘‘ccw’’) are indicated on the top of each figure. The reversed flow event (RFE) is
marked by a yellow ellipse. The quadrant definition in Figure 1d is used to sort the occurrence of RFEs in
geographic regions relative to the EISCAT Svalbard radar (ESR) site. According to the definition, the
RFE, seen as a blue stripe inside the yellow ellipse, is located in the third quadrant.
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able data. Details about the scan pattern are specified in
columns 3–7. Columns 3–5 list the constant elevation
angle, the azimuth range and the azimuth width covered
by a single sweep, and columns 6 and 7 contain the time it
takes to complete a single sweep and the azimuthal speed of
the ESR dish. The scans that are not used in the analysis are
listed in column 8, and column 9 specifies the total number
of scans that went into the analysis for each time period.
[20] Depending on the azimuth range, the ESR field of

view extends 2–4 hours in MLT. The MLT listed in
column 10 refers to the centre position in longitude of
the ESR field of view.
[21] Since the ESR scans are at 30� elevation, the data is

obtained from increasing altitude for increasing distance
from the ESR site. In order to ease the comparison with data
from other sources there is a need to project the data to a
common reference altitude. At altitudes where collisions
between charged particles and neutrals can be ignored, the
frozen-in concept is valid and both electron and ions drift
with same velocity perpendicular to the electric field. This is
typically the case in the F region ionosphere above 200 km.
As shown in Figure 1 (ion velocity plot), we have therefore
projected the primary plasma parameter vi along the mag-
netic field to a common reference altitude of 250 km, an
altitude conventionally assumed for 630.0 nm optical emis-
sions. Positive ion velocities (red) are directed away from
the radar along the line of sight, whereas negative velocities
toward the radar along the line of sight are colored blue.
Missing data values are plotted as white.

3.2. Analysis Criteria

[22] Since the ion drift velocity data contained much fine
structure, clear and strict selection criteria had to be defined:
3.2.1. Reversed Flow Event (RFE) Definition
[23] An RFE, or flow channel, is an elongated segment of

enhanced ion flow in the opposite direction to the back-
ground flow. The background flow is the large-scale plasma
convection in the polar cap. SuperDARN convection maps
were retrieved from JHU/APL and used to verify the large-
scale flow context of the ESR observations. In order for an
event to qualify as RFE the following criteria have to be
fulfilled:
[24] 1. The RFE has to be evident in more than one radar

beam direction (azimuth position). This criterion eliminates
questionable measurements.
[25] 2. The line-of-sight ion drift velocity inside the RFE

must be >j250j m/s for at least one scan during the lifetime
of the event.
[26] 3. The longitudinal extent of an RFE has to exceed

400 km in the radar field of view.
[27] 4. The RFE has to stay in clear contrast to the

background flow, i.e., the background flow must exhibit
uniform and opposite velocities >j250j m/s in the area
surrounding the RFE for at least one scan.
[28] 5. The RFE has to be embedded within the back-

ground flow for at least one scan (this criterion avoids large-
scale convection reversals being detected as RFE).
3.2.2. Flow Structure Definition
[29] Flow signatures which do not satisfy all criteria

but resemble the beginning of an RFE (like in Figures 1a
and 1b (1016 and 1019 UT)) have been classified as ‘‘flow
structures.’’

[30] In addition to the fact that the ESR field of view is
only capable of seeing parts of the active cusp and that there
are uncertainties with regard to the exact location of the
cusp, the direction of plasma flow inside an RFE as well as
the orientation of the background convection is important
for whether or not the ESR is sensitive to flow events. The
ESR is only sensitive to plasma motion along its line-of
sight, and insensitive to plasma flow perpendicular to the
pointing direction. According to point 4 of the RFE defini-
tion, the background flow must exhibit uniform velocity
higher than ±j250j m/s along the line-of-sight in the region
of the RFE and the RFE itself must be higher than
±j250j m/s in the opposite direction. Hence RFEs cannot
be detected when either the large-scale background convec-
tion and/or the RFE flow channel is oriented perpendicular
to the radar line of sight. Assuming an ion flow velocity of
�1000 m/s, the ±j250j m/s criterion means a maximum
angle between the flow vector and ESR line of sight of 75�.
Any larger offset will result in an ion flow component along
the ESR line of sight less than j250j m/s and hence not
qualify for RFE detection.

3.3. An Example RFE

[31] Figure 1 shows a typical example of an ESR scan
sequence. The nine scans on the 16 December 2001 from
1016 UT to 1045 UT indicate the development of an RFE in
the ESR field of view. The RFE is highlighted by a yellow
ellipse in each figure. As can be read from Table 1 column 4,
the ESR scanned 120� azimuth from 180� to 300�. The
background plasma convection monitored by the ESR is
uniform and predominantly directed westward except from
the southern part of the scan where the ESR line of sight
velocity is not sensitive to zonal flow.
[32] Before we consider the high-resolution flow data in

more detail, we will present the large-scale context provided
by SuperDARN. Figure 2 shows a sequence of SuperDARN
convection maps covering the whole time period of the
RFE, with the ESR field of view indicated. SuperDARN
had good coverage in the ESR field of view. Svalbard was
located slightly postnoon in a region of high plasma
convection directed mostly northwestward. This convection
pattern is consistent with the background flow seen by the
ESR.
[33] The IMF conditions for this time period are shown in

Figure 3. As can be seen, IMF BY was strongly positive
during the whole time interval. IMF BZ was positive as well,
except for a brief negative excursion around 1035 UT. The
SuperDARN polar cap convection pattern exhibited a twin
cell nature, indicative of reconnection driven flows, and the
well-developed dusk convection cell is consistent with
positive IMF BY.
[34] Having in mind that the ESR field of view was

situated under westward large-scale convection in the post-
noon sector, we return to Figure 1. The RFE started out as a
reduction of the background flow (1016–1019 UT) before it
rapidly developed to a pronounced channel of strongly
reversed ion flow with respect to the background convection
(seen from 1022–1025 UT). From 1029 to 1045 UT, the
RFE moved northward and weakened before fading. Such
narrow, well-defined, transient small-scale flow channels
have been found frequently throughout the data set. Some,
but not all, broaden and/or move north/south before they
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Figure 2. A sequence of SuperDARN global convection patterns, in magnetic coordinates. Indicated
are polar cap potential contours and flow vectors based on SuperDARN measurements of the convection.
Noon (1200 MLT) is at the bottom of each figure. In addition, the ESR field of view has been
superimposed. The global convection maps were retrieved from the Johns Hopkins University Applied
Physics Laboratory (JHU/APL). They are averaged over 2 min and a new map is available every 2 min. A
propagation time from ACE to the ionospheric response of 50 min was assumed, which is consistent with
the 47 min calculated for the actual time period (see section 2.3).
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fade. A number of flow structures have been found where a
region of the background convection has reversed or di-
minished, as in Figures 1a and 1b from 1016–1022 UT.
Unlike the case presented in Figure 1, however, these flow
structures did not develop into RFEs.

4. Results

[35] This result section is divided into two main parts.
The first part (section 4.1) explains the columns in Table 2
which lists the RFEs and flow structures identified in the
dataset together with some attributes for further analysis.
The second part (section 4.2) states the results of the
analysis and is divided into three subsections (4.2.1–
4.2.3) that elaborate on different aspects of the RFE
occurrence.

4.1. Explanation of the Columns in Table 2

[36] Number indicates the serial number of a given RFE
or flow structure. RFEs and Flow Structures are numbered
separately. Class describes whether a given signature meets
the criteria of a RFE (marked RFE) or a flow structure
(marked FS). RFEs and their attributes are written in bold
and flow structures in italic for easier distinction. Date lists
the date when a given event or structure occurred. Start/End
lists the start/stop times in UT of the first/last scan when an
event was visible. The very first and last signs which could
be associated with an RFE or flow structure have been taken
as beginning and end times. Number of scans states the
number of consecutive scans a given signature was visible.
Dur. [s] (duration) gives the lifetime of one single RFE/flow
structure. Q (quadrant) indicates in which of the four
azimuthal quadrants of the ESR field of view an RFE or

flow structure was located, as defined in Figure 1d. The
particular RFE shown in Figure 1d, visible as a blue stripe
inside the yellow ellipse, was located in the third quadrant.
abs(vi) is the absolute value of the ion velocity of the RFE
or flow structure along the ESR line of sight, given within
ranges of 0–250, >250 m/s. M (motion) indicates whether
or not the RFE or flow signature moved north (N) poleward
or south (S) equatorward. W (widening) indicates whether
the RFE or flow signature widened throughout its lifetime,
indicated by an ‘‘X.’’ FOV (field of view) has an ‘‘X’’ set in
this column whenever an event was cut short or its onset
could not be observed as the radar field of view was altered
to look in a different azimuth sector. ‘‘PD’’ (poor data)
indicates that an RFE or structure was followed by ques-
tionable data. IMF BZ states the polarity of IMF BZ averaged
over the lifetime of an event (cf section 2.3). The notation
used is a plus symbol and a minus symbol for values larger
or smaller than zero. IMF BY has the same notation as for
IMF BZ. q (�) (clock angle) states the clock angle for RFEs
and flow structures calculated from average IMF BY and BZ

values (see above). The clock angle is defined with respect
to IMF BZ north, increasing clockwise from 0 to 360� in the
IMF BY/BZ plane. SD Cov (SuperDARN coverage) indi-
cates whether SuperDARN had data coverage at the loca-
tion of the ESR field of view at any time. ‘‘N’’ means that
there are no SuperDARN flow vectors at the location of the
ESR fan, and convection is derived entirely based on the
SuperDARN model [Ruohoniemi and Baker, 1998]. SD
Match indicates if the large-scale convection observed by
SuperDARN agreed with the line-of-sight measurements of
the ESR, as determined qualitatively by eye inspection. Ft
indicates whether or not the flow of an RFE was directed

Figure 3. ACE measurements of the IMF BY and BZ components between 0800 and 1200 UT on
16 December 2001. The time axis accounts for a time delay of 47 min from the spacecraft to the
ionosphere. The time axis shown is thus timeACE + 47 min.
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along with (A) or opposite to (O) the direction of the IMF
BY controlled magnetic tension force. For a positive (neg-
ative) IMF BY newly opened field lines are dragged by the
magnetic tension force to the west (east) in the Northern
Hemisphere before they convect tailward across the polar
cap driven by the solar wind flow [Heppner and Maynard,
1987].

4.2. Data Analysis Results

[37] Throughout the data set the ion velocity exhibited
much fine structure. In total 21 RFEs were identified in 123
of the 767 scans, meaning that they occur in 16% of the

scans. Flow structures that failed to satisfy one or more of
these strict criteria were registered separately and occurred
in 7.8% of the scans. There may be no principal difference
between the two, despite the fact that flow structures do not
fully develop into RFEs for still unknown reasons.
[38] The average lifetime of RFEs was �19 min. This

lifetime includes (if observed) the growth and decay of
RFEs, during which the ion flow not necessarily has to be
reversed but may only be a reduction of the background
convection. Almost every fourth RFE was however cut
short as the radar field of view was altered to observe in a
different azimuth sector. This obviously influences the

Table 2. Occurrence of All Reversed Flow Events and Flow Structures Which Have Been Identified Throughout the Data Set With

Columns Explained in Detail in Section 4.1

Number Class Date Start End
Number of

Scans Dur., s Q abs(vi) M W FOV IMF BZ IMF BY q, deg SD Cov SD Match Ft

1 FS 16.01.2001 0855 0859 2 256 3 > 250 – + 154 Y Y
2 FS 16.01.2001 0859 0903 2 256 3 > 250 � + 162 Y Y
3 FS 16.01.2001 0908 0910 1 128 3 > 250 PD � + 161 Y Y
4 FS 16.01.2001 0931 0933 1 128 3 0–250 � � 212 Y Poor
1 RFE 16.01.2001 1007 1016 4 512 3 > 250 � � 237 Y N A
5 FS 16.01.2001 1029 1033 2 256 3 > 250 � + 174 Y Y
6 FS 16.01.2001 1050 1052 1 128 3 > 250 � � 191 Y Y
7 FS 17.01.2001 0933 0935 1 128 2 > 250 + + 39 N
8 FS 19.01.2001 0611 0628 8 1024 1 > 250 + + 44 Y Y
9 FS 19.01.2001 1027 1029 1 128 2 0–250 + + 78 Y Y
10 FS 19.01.2001 1031 1033 1 128 2 0–250 + + 71 Y Y
11 FS 19.01.2001 1035 1039 2 256 2 0–250 + + 87 Y Y
12 FS 19.01.2001 1118 1122 2 256 2 0–250 � + 152 Y Y
13 FS 19.01.2001 1135 1141 3 384 2 > 250 � + 173 Y Y
14 FS 19.01.2001 1143 1146 1 128 2 > 250 � + 175 Y Y
15 FS 19.01.2001 1154 1156 1 128 2 0–250 � + 180 Y Y
2 RFE 20.01.2001 0645 0649 2 256 1 > 250 N � � 189 Y Y O
16 FS 20.01.2001 1001 1005 2 256 2 > 250 + + 89 N
17 FS 20.01.2001 1022 1027 2 256 2 > 250 + + 73 N
18 FS 20.01.2001 1022 1027 2 256 2 0–250 S + + 73 N
19 FS 20.01.2001 1029 1031 1 128 2 0–250 + + 67 N
20 FS 20.01.2001 1031 1037 3 384 2 0–250 + + 61 N
21 FS 20.01.2001 1044 1048 2 256 2 0–250 + + 53 N
3 RFE 15.12.2001 0736 0743 2 384 1 > 250 X � + 97 Poor Y O
22 FS 15.12.2001 0914 0921 2 384 4 > 250 � + 97 Y Y
4 RFE 15.12.2001 0924 0927 1 192 1 > 250 � + 90 Y Y O
23 FS 15.12.2001 0941 0947 2 384 2 > 250 + + 72 Y Y
5 RFE 15.12.2001 1003 1058 17 3264 2 > 250 X X + + 73 Y Y O
6 RFE 16.12.2001 0731 0737 2 384 4 > 250 + + 44 Y Y O
7 RFE 16.12.2001 0803 0852 15 2880 1 > 250 + + 60 Y Y O
8 RFE 16.12.2001 0839 0848 3 576 1 > 250 + + 80 Y Y O
9 RFE 16.12.2001 0852 0930 12 2304 1 > 250 X X + + 61 Y N O
24 FS 16.12.2001 0944 0950 2 384 3 > 250 + + 67 Y Y
10 RFE 16.12.2001 1016 1045 9 1728 3 > 250 N X + + 79 Y Y O
25 FS 16.12.2001 1029 1035 2 384 2 > 250 � + 94 Y Y
11 RFE 16.12.2001 1051 1059 3 576 3 > 250 X + + 89 Y Y O
26 FS 17.12.2001 1010 1013 1 192 3 0–250 + + 86 Y Y
27 FS 17.12.2001 1017 1020 1 192 3 0–250 + + 76 Y Y
12 RFE 18.12.2001 0643 0650 2 384 1 > 250 � + 118 N O
13 RFE 18.12.2001 0754 0803 3 576 1 > 250 X � + 160 Y Poor O
14 RFE 18.12.2001 0938 1007 9 1728 3 > 250 N X � + 140 Y Y O
15 RFE 18.12.2001 0951 1020 9 1728 3 > 250 N X � + 157 Y Y O
16 RFE 18.12.2001 1007 1030 7 1344 3 > 250 N X � + 170 Y Y O
28 FS 19.12.2001 0841 0847 2 384 3 0–250 � � 180 N
17 RFE 20.12.2001 0619 0622 1 192 1 > 250 � + 102 Y Poor O
29 FS 20.12.2001 0651 0657 2 384 1 > 250 + + 83 Y Y
30 FS 20.12.2001 1016 1025 3 576 3 > 250 � + 128 Y Y
18 RFE 20.12.2001 1025 1051 8 1536 3 > 250 N X � + 150 Y Y O
19 RFE 20.12.2001 1041 1057 5 960 3 > 250 X � + 105 Y Y O
20 RFE 21.12.2001 0738 0755 5 1280 3 > 250 X � + 113 N A
21 RFE 21.12.2001 0855 0912 4 1024 3 > 250 � + 156 N A
31 FS 21.12.2001 0929 0938 2 384 3 0–250 � + 157 N
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calculated average lifetime. Four very long lived RFEs were
found, each lasting for 28 min and hence �10 min longer
than the average lifetime of 19 min. They developed from a
small-scale reduction of the background flow into a large
RFE. One of these four RFEs is shown in Figure 1. The
background flow in the ESR field of view was relatively
uniform during these four RFEs. From a study like the one
presented here, it is not possible to further parameterize the
lifetime of RFEs. Around 30% of the RFEs exhibited
latitudinal, poleward motion during their lifetime and all
except one of these RFEs occurred during IMF BZ negative.
Around �50% of the RFEs widened, but there was no
correlation with IMF BZ. However, no relationship between
motion and widening has been found.
4.2.1. Quadrant Appearance of RFEs
[39] Of the time scanned in each of the four quadrants, the

relative frequency of occurrence of RFEs was much higher
in the first and third quadrant (Q1 and Q3) than in the
second an fourth (Q2 and Q4), and RFEs occurred more
than twice as often in Q3 than in Q1. In the context of the
SuperDARN large-scale convection maps the RFEs were
located in regions of enhanced plasma convection close to
or within the cusp inflow region. Furthermore, it became
clear that all events did have a nonzero IMF BY component
with a large zonal flow component. During moderate
activity the dayside auroral oval is centered on 75� MLAT,
i.e., close to Longyearbyen. Owing to the dipole tilt, the
auroral oval is oriented along the diagonal of Q1 and Q3 in
Figure 1. Q4 will only be covered by aurora in case of an

expanded polar cap. Similarly, the cusp may be situated in
Q2 only when the polar cap is contracted. In cases where the
zonal flow along the auroral oval dominates (large IMF BY)
the ESR will, owing to geometry of the line-of-sight
velocity measurements, be most sensitive to RFEs in Q1
and Q3 but not in Q2 and Q4 (cf. section 3.2).
[40] Examining the occurrence of flow structures, it is

apparent that flow structures actually occurred most fre-
quently in Q2. It seems as if the low appearance of RFEs in
Q2 may be related to the fact that the ESR is less sensitive
to Q2 for a nonzero IMF BY as discussed above.
4.2.2. MLT Occurrence of RFEs
[41] The ESR field of view spans over 2–4 hours in MLT

depending on the azimuth range, and the RFEs often exceed
the field of view. In order to derive the MLT occurrence of
RFEs, the start and stop times of the RFEs inferred from
Table 2 have been adjusted to account for the actual MLT of
the measurements at the midposition in longitude of each
ESR scan (listed in Table 1 column 10).
[42] The resulting MLT occurrence of RFEs was deter-

mined, and is shown in Figure 4. Figure 4a shows how
many times an RFE was observed at a certain MLT
throughout the data set, binned in minutes. The figure
revealed that the maximum occurrence of RFEs was around
1200 MLT but skewed slightly over toward postnoon. The
activity peaked with a total number of eight RFEs around
1215 MLT. No activity occurred before 1030 MLT and
activity was low with on average one RFE occurring
between 1030 and 1130 MLT, before it tripled from two

Figure 4. (a) The counted number of RFEs versus MLT corresponding to the radar fan midposition. The
curve represents how many times an RFE was observed during a 1 min interval integrated over the entire
data set. (b) Data coverage as a function of MLT corresponding to Figure 4a. For example if the radar
scanned from 0900 until 1200 MLT, the number of times this region was scanned was augmented by one
for every minute from 0900 until 1200 MLT. (c) Relative occurrence of RFEs with respect to the data
coverage. This plot was inferred by dividing the RFE occurrence versus MLT (Figure 4a) by the number
of times any given MLT minute had been scanned (Figure 4b).
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to six RFEs just after 1130 MLT. The RFE activity was high
with four to eight RFEs between 1145 and 1245 MLT,
before a steep decrease to zero just prior to 13 MLT. One
event occurred around 1330 MLT.
[43] However, our database does not have uniform cov-

erage between 0900 and 1500 MLT. Hence, Figure 4b
indicates how many times the radar has scanned a certain
MLT throughout the data set, binned in minutes. The figure
reveals that the ESR scanned the region between 1015 and
1245 MLT more than five times (mostly around 10 times),
whereas the regions between 0900 and 1015 MLT and 1245
and 1430 MLT were scanned less than five times. Hence a
relative occurrence plot for RFEs has been generated and is
shown in Figure 4c. In Figure 4b the number of RFEs at a
certain MLT has been divided by the number of times the
ESR has actually scanned that MLT. From Figure 4c it can
be seen that the RFE activity onset occurred at 1030 MLT
and was low between 1030 and �1145 MLT. Please note
that one single RFE occurred during an interval of low data
coverage postnoon. Not much importance should be paid to
the size of such a single-event peak. At 1145 MLT the
activity increased steeply and remained high until a steep
decrease at �1245 MLT. During this time period RFEs were
observed in 40% of the scans. Comparing Figures 4b and
4c, the increase of activity prenoon occurred in a region of
high data coverage, but the steep decrease of event occur-
rence in the postnoon sector before 1300 MLT coincides
with a steep decrease in data coverage. Hence the distribu-
tion on the postnoon side may be strongly affected by data
coverage.
[44] Since IMF BY was predominantly positive in the

available data set, the apparent postnoon shift of the RFE
activity occurrence is consistent with RFEs being a cusp
related phenomena, as the active cusp is expected to be
shifted toward postnoon for positive BY [Cowley et al.,
1991].
[45] Placing the RFEs in the context of SuperDARN

polar cap convection patterns showed that RFEs most often
appeared in the cusp inflow region postnoon, near the
equatorward border strong convection.
4.2.3. IMF Dependency and Ion Flow Direction With
Respect to the Magnetic Tension Force
[46] The entire data set was biased toward IMF BY

positive, and only 8.7% of the time, BY was negative. In
total, 2 RFEs (9.5%) occurred during an interval of negative
IMF BY. The IMF BZ component was negative 57.2% of the
time, and 14 RFEs (66.6%) occurred during an interval of
negative BZ. It seems thus as if the occurrence is indepen-
dent of IMF BZ. For IMF BY the number of scans and events
involved is really too low to determine the BY polarity
dependence. However, the occurrence of RFEs is not
exclusively related to one IMF BY polarity. All RFEs and
flow structures occurred in the clock angle range between
40� and 240�.
[47] The ion flow direction of RFEs was defined to be in

the opposite direction of the background flow observed in
the ESR field of view. Furthermore, 85.7% of the time (18
RFEs) the RFE flow direction was opposite to the direction
of the magnetic tension force suggested by IMF conditions.
This is illustrated with the RFE in Figure 1. The time shifted
IMF for the actual time interval is shown in Figure 3. The
RFE shown in Figure 1 takes place from 1016 to 1045 UT,

thus in an interval of clearly positive IMF BY. Hence newly
opened field lines would experience a pull dawnward. The
ion flow direction of the RFE shown in Figure 1 however is
clearly ‘‘blue’’ and hence duskward. Looking at the back-
ground flow in the ESR field of view, and comparing it to
the SuperDARN plot for the actual time interval (Figure 2)
shows that the background flow is uniform and directed
dawnward, as expected for positive IMF BY. Moreover, the
RFE is located in a region of enhanced dawnward plasma
flow observed by SuperDARN.
[48] SuperDARN had good coverage for 17 of the 21

RFEs (81%), poor coverage for one RFE (5%), and no
coverage for three RFEs (14%). The background flow seen
by the ESR was confirmed by SuperDARN for 15 of the 17
RFEs (88%) with good coverage and for the one RFE with
poor coverage. If the three RFEs without SuperDARN
coverage are excluded, 17 of 18 RFEs (94.4%) had a flow
opposite to the magnetic tension force. If only the 15 RFEs
where SuperDARN had a sufficient coverage and was
moreover confirming the background flow observed by
the ESR are considered, 15 of 15 RFEs (100%) exhibit an
ion flow opposite to the magnetic tension force.

5. Discussion: RFEs as Southwood FTE?

[49] The MLT occurrence and the location of RFEs with
respect to the large-scale polar cap convection monitored by
SuperDARN indicate that RFEs indeed are a regular phe-
nomenon occurring near cusp inflow region. It is therefore
reasonable to consider RFEs as a possible signature of
reconnection events. The RFEs in this study were observed
within the clock angle range between 40� and 240�, which
is within the clock angle range for reconnection bursts at the
magnetopause reported by Neudegg et al. [2000].
[50] However, since the ion flow direction of RFEs is per

definition opposite to the large-scale convection and the
IMF BY controlled magnetic tension force pulls on newly
opened field lines, they can definitely not be interpreted in
terms of the centre flux in an FTE twin-vortex flow pattern.
If RFEs relate to the Southwood FTE model, they must
correspond to the return flow, as suggested by Oksavik et al.
[2004]. From the RFE definition in section 3.2, RFEs have
to extend over at least 400–600 km in the ESR field of
view. The longitudinal extent of almost all RFEs exceeded
the ESR field of view and hence it seems as if RFEs usually
exceed 600 km in length. Since the longitudinal dimension
of the return flow would have to be approximately equal to
the longitudinal extent of the centre flux according to the
Southwood model, the spatial dimensions appear consistent
with those suggested by Lockwood et al. [1990].
[51] The Southwood model predicts however two return

flow channels; one on the equatorward edge and one on the
poleward edge of the center flux. This means that the
footprint of a single FTE in the ionosphere should consist
of three flow channels, one in the newly open flux area with
direction determined by the magnetic tension force and two
flow channels of reduced or reversed return flow.
[52] Throughout the entire data set, only three occasions

were identified in which two RFEs coexisted within the
ESR field of view. Since these occasions were similar, only
one of them, which was presented by Oksavik et al. [2004,
2005], is discussed in more detail and shown in Figure 5.
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Figure 5. (a–l) A sequence of ion velocity fan plots from 18 December 2001 in geographic coordinates,
covering the development of RFE 14 and RFE 15 (same format as Figure 1). The scans presented by
Oksavik et al. [2004] are framed red. The first signs of RFE 14 are encircled by a yellow ellipse in
Figures 5a–5c; the first signs of RFE 15 are indicated by a yellow arrow in Figures 5e and 5f. The red
arrow in Figure 5i indicates the Southwood center flow as interpreted by Oksavik et al. [2004].
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Oksavik et al. [2004] presented the scans which are framed,
in Figures 5g, 5i, and 5k. They observed the signature of
Southwood twin-vortex flow, where the narrow region of
enhanced ion flow directed away from the radar indicated
by the red arrow in Figure 5i, from 1004 to 1007 UT was
classified as the signature of the center flux in the South-

wood model, and the areas of flow directed toward the radar
termed ‘‘RFE 14’’ and ‘‘RFE 15’’ as the return flow
predicted by the Southwood model. The direction of the
center flux as defined by Oksavik et al. [2004, 2005] is
consistent with the background flow inferred from Super-
DARN convection maps and the IMF BY controlled mag-
netic tension force on newly opened field lines for the given
IMF conditions. However, as demonstrated in Figure 5,
RFE 14 and RFE 15 did not develop simultaneously. The
onset of RFE 14 occurred at 0938 UT, when reversed flow
became visible; marked out by the yellow ellipse in
Figure 5a. This flow signature grew in size and developed
into a large and strong RFE at 0948 UT, Figure 5d. Some
minutes later, at 0951 UT, a second region of reversed flow
became visible and is indicated by the yellow arrow in
Figure 5e. It rapidly developed into RFE 15. RFE 14 and
RFE 15 coexisted from 0951 to 1007 UT (Figures 5e–5i).
After 1007 UT, RFE 14 moved out of the field of view.
Even though two RFEs coexisted inside the ESR field of
view for some time, they did not develop simultaneously
but with a �13 min delay in onset.
[53] According to the Southwood FTE model, the return

flow from a newly reconnected field line moving through
the ionosphere is expected to occur simultaneously, and
hence the two RFEs cannot be regarded as the return flow
channels surrounding one single event of newly opened flux
but have to be regarded as separate flow events. This is also
the case for the other two occasions in which two RFEs
were observed to coexist in the ESR field of view. They
were both characterized by a time delay in onset of �36 and
�17 min.
[54] If one were to attempt to fit the data to a Southwood

model, there remains the question why the ESR does not
observe two return flow channels with simultaneous onset
as predicted by the Southwood FTE model within its field
of view, and which of the two return channels would be
represented by the RFE. From the ESR observations alone it
cannot be determined for sure on which side of the RFE the
flow enhancement associated with the motion of the newly
reconnected flux tube would be located. For RFE 14,
however, Oksavik et al. [2005] presented a comprehensive
set of observations using the EISCAT Svalbard radar, the

Figure 6. (a) Schematic illustration of the initial state of a
suggested IMF BY asymmetry of the Southwood flux
transfer event (FTE). The black line indicates the open-
closed field line boundary, and the grey shaded region
represents the region of newly opened flux due to an FTE
for IMF BY > 0. Plasma streamlines are indicated by dashed-
dotted arrows. Circled dots and crosses represent the
location of the upward and downward field-aligned currents
of the FTE current system, respectively. (b) The asymmetric
Southwood model in a later state, after the magnetic tension
force on the newly opened field line has pulled the field line
dawnward and slightly into the polar cap. (c) A new pulse
of reconnection takes place and pushes the previous
reconnected flux tube further into the polar cap. (d) Both
reconnected flux tubes have propagated into the polar cap
and elongated due to the magnetic tension force and plasma
convection.
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SuperDARN HF radar network, ground-based optics, and
three low-altitude polar orbiting spacecraft.
[55] At the same time as RFE 14 develops from a flow

structure to an RFE in the ESR field of view over
Figures 5a–5d, a region of strong, westward convection
became visible at its equatorward side, consistent with the
expected direction of motion of newly reconnected flux.
Oksavik et al. [2005] found a PMAF coinciding with the
equatorward edge of RFE 14, indicating an upward Birke-
land current. Furthermore, a DMSP F13 satellite passage
revealed the existence of a field-aligned current system with
an upward Birkeland current flowing on the equatorward
side of REF 14 confirming the location of the PMAF, and a
downward Birkeland current on the equatorward side of the
enhanced westward flow equatorward of RFE 14. These
observations of FTE currents, a term inferred by Oksavik et
al. [2005] to describe the Birkeland currents of individual
flux transfer events, identify RFE 14 as the polewardmost of
the two return flow channels. Hence RFE 14 and the region
of enhanced westward flow equatorward of it are consistent
with being the signature of the poleward clockwise cell of a
Southwood FTE. RFE15 develops �13 min after RFE14
and is as well associated with a belt of strong westward
convection equatorward of it, best visible in Figures 5i and
5j. Moreover, Oksavik et al. [2005] found a second PMAF
coinciding with the equatorward boundary of RFE 15,
confirming that RFE 15 and the region of enhanced west-
ward flow equatorward of it are consistent with being the
poleward clockwise cell of a new FTE, pushing the previous
FTE further into the polar cap.
[56] Since almost all RFEs observed in this study oc-

curred during significant IMF BY conditions and the ESR
never detected both return flow channels predicted by the
Southwood model, we suggest that the Southwood model
takes an asymmetric form in the case of strong IMF BY, in
which only the poleward cell of the Southwood FTE model
becomes observable. This conceptual idea of IMF BY

asymmetry in the Southwood model is illustrated schemat-
ically in Figures 6a–6d.
[57] The grey shaded region in Figure 6a is the newly

opened flux resulting from a pulse of magnetopause recon-
nection under large IMF BY positive. The open-closed field
line boundary (OCB) leaps equatorward and eastward. On
the flanks of the newly opened flux the FTE current system
which consists of a pair of FACs is indicated by circled dots
and crosses, which represent the upward and downward
FACs, respectively. This current system marks off the
poleward and equatorward boundary of the newly opened
flux. The first force to act on the reconnected flux tube is the
azimuthal magnetic stress due to IMF BY. The magnetic
tension force initially pulls the newly reconnected flux tube
westward along the adiaroic OCB. Hence the plasma
pushed aside by this motion will move almost exclusively
in the region of open field lines poleward of the FTE, since
there cannot exist plasma flow across the OCB as indicated
by the dashed-dotted plasma streamlines. A diffuse cell
may, however, develop equatorward of the OCB due to
induced Hall currents across the boundary. As a conse-
quence, for significant IMF BY only the poleward cell of the
Southwood model will develop, as observed in our data set
where RFE 14 represents the poleward return flow of the
first FTE. This differs from the FTE flow disturbance

suggested by Milan et al. [2000] in their Figure 4a, which
proposes a return flow channel on closed field lines, but no
return flow channel on the poleward side of the upward FTE
current sheet/PMAF. As the patch of newly opened flux
evolves into the polar cap as indicated in Figure 6b, it
elongates due to the magnetic tension and solar wind pull.
[58] A new pulse of reconnection creates a new region of

open flux as indicated in Figure 6c. Its motion is initially as
well determined by the magnetic tension force pull and
pushes the previous FTE even further into polar cap. The
first FTE is now entirely part of the older open flux in the
polar cap. The grey shading is kept just to remind us about
the area of flux that was added by the reconnection pulse.
Owing to the current sheet on the equatorward side of the
first FTE, no mixing of plasma occurs, and the two
clockwise cells visible by their return flow channels RFE
14 and 15 coexist. Finally (Figure 6d), both FTEs have
entirely propagated into the polar cap and form a train of
cigar-shaped ‘‘recently opened flux.’’ We think that the
symmetric FTE twin cell flow pattern suggested by
Southwood [1987] represents the situation when IMF is
due south [Cowley and Lockwood, 1992], while the situation
in Figure 6 represents the extreme of IMF BY dominance. The
truth can be anything in between. Nevertheless, the schematic
summarizes what we observe.

6. Summary and Concluding Remarks

[59] The phenomenon of transient small-scale flow chan-
nels in the cusp, observed by the ESR in a new fast scan
mode, has been investigated systematically in order to
reveal detailed characteristics and determine the occurrence
of these features.
[60] From the discussion above it can be concluded that

RFEs seem to be a regular feature of the cusp, occurring at
least 16% of the time in the current data set. Since there are
several constraints such as the cusp location and the limited
ESR field of view, the line of sight viewing geometry with
respect to the flow pattern, and a strict RFE definition, it is
likely that the occurrence rate is higher. Flow structures that
failed to satisfy one or more of these strict criteria were
registered separately and occurred in 7.8% of the scans.
Several constraints of detectability as well as the presence of
less pronounced flow structures lead to the assumption that
RFEs may occur even more frequently. There may be no
fundamental difference between flow structures and RFEs,
despite the fact that flow structures do not fully develop into
an RFE for still unknown reasons.
[61] RFEs occurred near the cusp inflow region and were

observed in 40% of the scans during the 60 min around
1200 MLT. They occurred in association with enhanced
large-scale plasma flow observed by SuperDARN and
seemed to be aligned with the auroral oval (L-shell aligned).
RFEs thus seem to be a regular feature of the active cusp.
[62] The average lifetime of RFEs was 19 min. However,

their lifetime can be even longer, since �25% of the events
were interrupted as the radar field of view was altered to
look in a different azimuth sector. No general motion or
widening could be found. Furthermore, RFEs seem to occur
independently of the IMF BY and BZ polarity, and for clock
angles in the range of 40 to 240�. The data set is strongly
biased toward IMF BZ positive (IMF BY was positive for
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�91% of the events). The fact that 9.5% of the RFEs
occurred during IMF BY negative, however, indicates that
the phenomenon is not exclusively related to one BYpolarity.
[63] More than 85% of the RFEs were characterized by

ion flow opposing the magnetic tension force. Since RFEs
never occurred simultaneously in pairs, they cannot be
interpreted as the return flow of a single Southwood twin
cell FTE signature. However, an asymmetric version of the
Southwood model for significant IMF BY conditions, where
only the poleward cell located on open flux develops, has
been suggested based on the observations made by Oksavik
et al. [2005]. The asymmetry arises due to the fact that a
flow vortex cannot develop across the OCB. However,
owing to closure of Hall currents in the ionosphere, we
believe that a diffuse cell might develop on closed flux.
[64] More observations are needed to better characterize

the MLT-MLAT occurrence of RFEs and to quantify the
eventual relationship to IMF orientation. The physical
explanation for the RFE phenomenon will be further inves-
tigated. The discovery of RFEs by the ESR and the
documentation presented here provide new and very impor-
tant information about cusp dynamics that is relevant for
studies of, e.g., cusp irregularities and patch formation.
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On the relationship between thin Birkeland current arcs and reversed

flow channels in the winter cusp/cleft ionosphere

J. Moen,1,2 Y. Rinne,1 H. C. Carlson,1,3 K. Oksavik,4 R. Fujii,5 and H. Opgenoorth2
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[1] In this paper we study reversed flow events (RFEs) that seem regulated by Birkeland
current arcs in the winter cusp ionosphere above Svalbard. An RFE is a longitudinally
elongated, 100–200 km wide channel, in which the flow direction is opposite to the
background convection, persisting for 10–20 min. The RFE onset occurs with the
brightening of a discrete arc near the open-closed boundary. The auroral arc is situated
exactly at a sharp clockwise flow reversal, consistent with a converging electric field and
an upward field-aligned current. One category of RFEs propagates into the polar cap
in tandem with poleward moving auroral forms, while another category of RFEs moves
with the cusp/cleft boundary. The RFE phenomenon is addressed to a region void of
electron precipitation, and in lack of direct sunlight the E-region conductivity will be very
low. We propose two possible explanations: (1) the RFE channel may be a region
where two MI current loops, forced by independent voltage generators, couple through a
poorly conducting ionosphere and (2) the reversed flow channel may be the
ionospheric footprint of an inverted V-type coupling region. Electron beams of <1 keV
will not give rise to significant conductivity gradients, and the form of a discontinuity
in the magnetospheric electric field will be conserved when mapped down to the
ionosphere, although reduced in amplitude. These two explanations may be related in
the sense that the boundary discontinuity in the magnetospheric electric field in (1) may be
the driver for the inverted V in (2).

Citation: Moen, J., Y. Rinne, H. C. Carlson, K. Oksavik, R. Fujii, and H. Opgenoorth (2008), On the relationship between thin

Birkeland current arcs and reversed flow channels in the winter cusp/cleft ionosphere, J. Geophys. Res., 113, A09220,

doi:10.1029/2008JA013061.

1. Introduction

[2] Since Haerendel et al. [1978] and Russell and Elphic
[1979] discovered transient and spatially limited Flux
Transfer Events (FTEs) at the magnetopause, there has been
an ongoing search for FTE footprints in the ionosphere.
Goertz et al. [1985] were the first to relate ionospheric flow
bursts observed by the STARE radar to magnetopause
reconnection. Southwood [1987] put forward a model for
FTEs. According to the Southwood model, newly recon-
nected fast moving flux will set up a local twin vortex flow
disturbance. Consistent with this flow picture there will be
an upward field-aligned current (FAC) sheet at the clock-
wise flow shear and a downward FAC sheet at the counter
clockwise cell of the flow disturbance, and these are closed
via an ionospheric Pedersen current. Lockwood et al. [1989]

discovered a correspondence between cusp auroral transi-
ents and flow enhancements, and this was interpreted by
Sandholt et al. [1990] as Southwood FTEs. Afterwards
there has been a systematic search for three observable
elements of the Southwood twin cell model: (1) the newly
open fast moving center flux, (2) the upward/dawnward
pair of FACs on the flanks of newly open flux, and (3) the
proposed return flows on either side.
[3] (1) Pinnock et al. [1993, 1995] identified a class of

longitudinally extended Flow Channel Events (FCEs) by
the PACE HF radar, consistent with the magnetic tension
pull on newly open flux. The same category of events was
further elaborated and termed pulsed ionospheric flows
(PIFs) by Provan et al. [1998] and Provan and Yoeman
[1999]. Sandholt et al. [2004] investigated spatial and
temporal structures in the dayside aurora and flow channels
for southeast IMF orientation. They identified three types of
flow channels: (i) on sunward return flow on closed field
lines, (ii) on newly open flux containing FTEs, and (iii)
on old open field lines. Category (i) was found by
Lockwood et al. [1993] and Moen et al. [1995, 2006]
consistent with the Cowley and Lockwood [1992] model
of flow generation by pulsed reconnection. Category (ii)
contains the above mentioned FCEs and PIFs. Category (iii)
flow channels were attributed by Sandholt et al. [2004],
Farrugia et al. [2004], and Sandholt and Farrugia [2007]
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to the solar wind magnetosphere dynamo in the high-latitude
boundary layer [Stern, 1984]. It should be noted that flow
directions for all these categories are consistent with the
large scale polar cap flow pattern. In this paper we will
examine a fourth category of flow channels, the reversed
flow events (RFEs) defined by Rinne et al. [2007]; reversed
by means of flow opposing the background convection. We
will come back to a more detailed description.
[4] (2) Candidate signatures of the FAC system of the

Southwood FTE model have been reported in a series of
papers. Sandholt and coworkers proposed that poleward
moving auroral forms (PMAFs) are the optical footprint of
the upward FTE current sheet [e.g., Sandholt et al., 1990;
Sandholt and Farrugia, 2007, and references therein].
Similarly, Milan et al. [2000], McWilliams et al. [2001],
and Lockwood et al. [2001] located east–west elongated
arcs observed by Polar UVI on one side of cusp flow
channels consistent with an FTE current system. By direct
measurements of FACs Marchaudon et al. [2004] placed a
pair of upward and downward sheet currents on each side
of a flow channel observed by SuperDARN consistent with
the Southwood FTE model.
[5] (3) The final test of the Southwoood FTE model was

to observe return flow channels. Lockwood et al. [1990]
proposed that the return flow around Southwood FTEs may
not be pronounced, but rather give rise to a reduction in the
background flow. Pinnock et al. [1993] noticed a reduction
in the background flow. Thorolfsson et al. [2000] carried out
a detailed study of distorted flow around poleward moving
auroral forms (PMAFs) combined with SuperDARN and
optical data. They found clear evidence for return flow near
the eastward and westward edges of east–west elongated
PMAFs, consistent with their own simulation of Southwood
FTEs, but no continuous return flow channels were to be
expected.
[6] The Special Norwegian Fast Azimuth Scan Mode

(SP-NO-FASM) on the EISCAT Svalbard Radar (ESR)
provides a new important tool to map mesoscale flow
structures in much greater detail. Applying this technique,
Oksavik et al. [2004, 2005] were the first to observationally
map out a clockwise flow shear around an east–west
elongated PMAF that is consistent with an upward FAC
sheet. They reported evidence for a twin-cell signature in
support of the Southwood FTE model. Rinne et al. [2007]
introduced the new term, reversed flow events, to charac-
terize �100–200 km wide east–west elongated channels
that exceed the ESR field of view (�600 km) and have an
average life time of �18 minutes, i.e., quasi-static flow
structures. In a systematic search through the SP-NO-FASM
database of winter cusp observations, Rinne et al. [2007]
did not find RFEs that developed in pairs, as the twin-cell
FTE model predicts. Because the RFEs always occurred as
east–west elongated channels, Rinne et al. [2007] proposed
an asymmetric version of the Southwood FTE model, in
which return flow develops predominantly on the poleward
side of newly open flux since on the equatorward side it is
inhibited by the open-closed boundary (OCB) boundary.
[7] The aim of this paper is to reveal more information

about RFE flow channels and examine their relationship to
discrete arcs/Birkeland currents sheets. Each RFE develops
with the intensification of a discrete arc, consistent with
converging electric fields and a sheet of upward FAC. The

RFE phenomenon contains PMAFs as reported by Oksavik
et al. [2004, 2005] but is not exclusively related to this
category. They rather appear to be a specific feature of a
Birkeland current arc system and we will propose two new
explanations for the RFE phenomenon. In one explanation
the RFE electric field, ERFE, develops in the gap between
two MI current loops. The other explanation links the flow
perturbation to an auroral acceleration region.
[8] The paper is organized as follows. The instrumenta-

tion is briefly described in the following section. Section 3
presents combined radar and all-sky observations of RFEs
observed on 16 and 20 December 2001. The observations
are discussed in section 4, and section 5 provides a
summary and concluding remarks.

2. Instrumentation

[9] The EISCAT data used in this study were obtained by
the Special Norwegian Fast Azimuth Scan Mode (SP-NO-
FASM [Carlson et al., 2002]) that utilizes the 32 m
steerable antenna at Longyearbyen (78.15�N, 16.03�E).
The antenna beam was moved as a windshield wiper over
the azimuth range from 180� to 300� at the lowest possible
elevation of 300. The azimuth angle increases clockwise
from geographic north. Geomagnetic north corresponds to
328� azimuth. At a slew speed of 0.625�/s it takes 192
seconds to complete one scan in each direction. During a
scan data is stored every 3.2 s giving 60 adjacent beams
each 2 degree wide in azimuth. The radial resolution is
about 40 km and the azimuth resolution is varying from
10 km to 30 km with increasing distance from the radar. The
altitude of the radar gates is increasing from 116 km at range
226 km to 585 km at range 1050 km.
[10] The all-sky imager located at Ny-Ålesund (78.92�N,

11.95�E) acquired 6 images per minute, one 630.0 nm
image every 30 second followed by two 557.7 nm images.
The exposure time was 1 sec for the 630.0 nm wavelength
and 0.5 sec for the 557.7 nm wavelength. The aurora was
red-dominated and we are only going to present 630.0 nm
images projected on a geographic frame of reference as-
suming 250 km as the peak emission altitude.
[11] The Interplanetary magnetic field (IMF) and plasma

parameters of the solar wind were obtained from the ACE
spacecraft [Chiu et al., 1998] located near the L1 point. In
this paper we will present data from the magnetic field
experiment [Smith et al., 1998] and the Solar Wind Electron
Proton Alpha Monitor (SWEPAM [McComas et al., 1998]).
[12] SuperDARN convection maps [Ruohoniemi and

Baker, 1998] are used to frame the large scale flow context
of the mesoscale flow channels observed by ESR. These
convection maps have been reanalyzed to yield IMF con-
ditions for the estimated time lag.

3. Observations

3.1. 16 December 2001

[13] Figure 1a illustrates the fan swept by ESR in the
framework of the SuperDARN convection map for 10:30–
10:32 UT on 16 December 2001. The radar field of view
spanned from �12:00–13:30 MLT. The cusp inflow region
was shifted several hours prenoon due to a strong IMF BY

positive, and the ESR scan region was situated under north-
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westward flow of the afternoon cell. Figure 1b presents
the line-of-sight velocity observed during the clockwise
ESR scan from 10:29.04–10:32.12 UT together with

SuperDARN convection vectors from Figure 1a. Pink color
means away flow and blue means toward flow. The reversed
flow event (RFE) is the blue channel elongated east–west
between Svalbard and Greenland. The pink away flow is
consistent with the north-westerly oriented large scale con-
vection. However, it is the blue RFE channel of flow
opposing the background that is of particular interest for
this study. The black measure bar (0–1200 km) west of
Spitsbergen marks the line from where we are going to
present all-sky keograms (Figure 4h and Figure 5h). The
�100 km wide RFE channel was not resolved by the
SuperDARN radars, probably due to a nonideal geometry.
[14] ESR scanned the area between Greenland and Sval-

bard from 09:30 UT to 11:00 UT. Rows 1–6 in Figure 2
display line-of-sight velocity data for six consecutive scans
from 10:13–10:32 UT. Start and stop times (UT) for each
ESR scan and the scan direction, clockwise (cw) or counter
clockwise (ccw), are given on the top of each radar plot.
Column 1 displays only the positive line-of-sight velocities
radially away from the radar (negative values have been
whitened out). This is complemented by column 2 that
displays only the negative line-of-sight velocities (positive
values have been whitened out). The first scan (10:13.04–
10:16.12 UT) is entirely consistent with the large scale
convection monitored by SuperDARN. Nearly homogenous
strong westward flow (�1 km s�1) is directed away from
the radar (red color) in Sectors 4–6. Then there is a sharp
transition to a blue region of weak flow further south.
Comparing the first and the second row, the onset of a flow
disturbance (Fs) occurred in the equator-most region of
strong away flow, indicated by an arrow in Frame (2,1).
In row 3 (10:19.28–10:22.36 UT) the reduced flow signa-
ture had developed in length to �400 km, and the velocity
at the centre was close to zero. In the subsequent scan
�3 minutes later (10:22.40–10:25.48 UT) the flow struc-
ture had developed in strength and size to accomplish the
RFE definition introduced by Rinne et al. [2007]: the line-
of-sight velocity inside the RFE must be larger than 250 m
s�1 in at least 1 scan and a longitudinal extent of at least
400–600 km. The event presented in Figure 2 is RFE #10 in
the statistical work by Rinne et al. [2007]. In the subsequent
scan RFE10 exceeded the longitudinal extent of the
ESR field of view (>600 km) and was �150 km wide
(Frame (4,1)). As annotated on the top row in Figure 2, the
ESR field of view is subdivided in 6 wedge formed Sectors,
1 to 6 increasing clockwise, and 3 regions a–c with
increasing distance in range. There are 10 beams in each
sector. In order to quantify the flow disturbance of RFE10,
we introduced a low-pass noise filter by averaging the
velocity numbers for �5 radar gates selected along iso-
contours of the flow channel in Region b, Sectors 3–6. In
the third column the averaged velocity numbers have been
plotted referring to the ESR Beam number 21–60 from
Sectors 3–6. From Frame (4,3) we see a flow minimum of
�400 m s�1 within the RFE. RFE10 was located at nearly
the same position in Row 5 (10:25.52–10:29.00 UT), the
reversed flow had slightly reduced and the width had
narrowed to �100 km. It is also noticed that the flow
equatorward of the channel had increased. 3 minutes later in
Row 6, the equatorward boundary of RFE 10 had moved
100 km north, corresponding to an average drift speed of
�0.5 km s�1. The westward flow equatorward of the RFE

Figure 1. (a) SuperDARN convection map obtained for
10:30 UT on 16 December 2001. The fan-shaped grid
located between Svalbard and Greenland indicates the ESR
field of view. (b) Comparison of SuperDARN convection
vectors and high-resolution velocity data measured by ESR
west of Spitsbergen. Pink color in the ESR fan means line-
of-sight velocity away from the radar, and blue color means
flow toward the radar. The narrow blue channel elongated
east–west between Svalbard and Greenland represents a
reversed flow event, opposing the large scale background
convection. The black measure bar from 0 to 1200 km
indicates the orientation of the line used to stripe out
keograms from all-sky data in Figures 4h and 5h.
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Figure 2
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had increased further. The RFE had almost disappeared
from Sector 5a, indicating it had moved westward, or, a
gradual fade had started from the eastern end.
[15] In Figure 3, the evolution of RFE10 is placed in the

context of the auroral morphology. A selection of 8 radar

scans acquired during a half hour interval from 10:16.16–
10:43.50 UT is presented side by side with the correspon-
ding 630.0 nm all-sky image. As the 630.0 nm all-sky
image was updated 6 times during each radar sweep, we
have presented all-sky images from the middle of each

Figure 3. ESR velocity data side by side with 630.0 nm all-sky data. The ESR and the all-sky data have
both been projected to 250-km altitude. The Fs (flow signature) and RFE10, indicated by arrows in the
ESR scans, are ringed out with pink contours on the corresponding all-sky data. Please note that RFE10 is
located on the poleward side of a discrete auroral form.

Figure 2. Column 1 displays positive line-of-sight velocities measured by ESR for six consecutive azimuth scans from
10:13 to 10:32 UT. Column 2 displays the corresponding negative line-of-sight velocities. Column 3 presents averaged
velocity along RFE 10 in Region b, Sectors 3–6. This part of the ESR sweep is marked out with a black contour in Frame
(1,1) and (1,2).
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scan. The all-sky camera log book reports thick clouds
around 08:00 UT, a slight weather improvement around
09:20 UT. At 10:15 UT it was reported clear sky with some
clouds at the southern horizon, and entirely clear sky from
10:45 UT. In the image sequence, the cloud contamination
is seen as turquoise glow in the southern part of the field of
view that gradually faded. The aurora was dominated by the
630.0 nm line, and the 630.0 nm all-sky images have been
projected to a common reference altitude of 250 km. The
ESR reference grid has been overlaid on the all-sky images
to ease the comparison. The all-sky data have been adjusted
for zenith angle effects (loss of sensitivity toward the
horizon), calibrated and plotted in kR with a color scale
ranging from blue to red with increasing intensity. As
pointed out by Moen et al. [1995] one has to execute care
when dealing with projected data. Long auroral structures
pointing at the observation site indicate the presence of tall
rays projected to one altitude. The upper part of a tall ray
filament will appear at a shorter radial distance from the
observation site than the lower altitude part. For an auroral
form that is located south of the observation site the part that
is farthest away (i.e., at highest zenith angle) represents the
bottom end of tall rays.
[16] Svalbard was situated near the transition between

two different regimes of auroral activity. East of Svalbard in
the direction of Franz Josef Land, the activity was less
intense and we see examples of multiple arcs, which could
be of boundary plasma sheet origin [Sandholt et al., 1998].
In contrast, the cusp type auroras west of Svalbard were
much more intense, a broad region with strong intensifica-
tions in the 630.0 nm aurora. A movie of the image
sequence revealed episodes of eastward expansions of this
cusp aurora followed by westward retreats. The first three
images in Figure 3 (10:18.20–10:24.20 UT) demonstrate
the end of such an eastward expansion, followed by a
westward retreat out of the all-sky field of view
(10:27.50–10:43.50 UT). The equatorward expansion arises
through the appearance of a new auroral form equatorward
of the preexisting activity at 10:24.20 UT. This new auroral
form represents the new activity boundary that subsequently
retreats poleward. In frame pair 3, the pink contour located
adjacent to the new auroral form on the poleward side,
represents the contour of RFE10 observed by ESR. In the
following sequence, the auroral form and RFE10 moved
together; that is, the auroral form stayed fixed to the
equatorward border of RFE10 during the rest of its lifetime.
Notably, the auroral form is situated near the clockwise flow
reversal. A flow signature, Fs25, is annotated in ESR scans
5 and 6. It is sandwiched between two auroral brightenings.
In frame pair 7 (10:37.50 UT) these two auroral filaments
and Fs25 had disappeared.
[17] Figures 4a–4e presents solar wind plasma and IMF

conditions for the period of interest, Figure 4g presents time
variations in the SuperDARN polar cap potential, and
Figure 4h presents a 630.0 keogram derived from the all-
sky imager along the black line drawn across the ESR field
of view in Figure 1b. The ACE satellite was located around
[X, Y, Z]GSM = [239, 29, 2]RE. The radial solar wind
velocity was around 530 km s �1 which means an advection
time of �50 minutes from ACE to the magnetopause. Since
ACE was off the sun–earth axis by 29 RE we used the

formula provided by Lockwood et al. [1989] and found the
time lag to be varying between 50–60 minutes, and we
introduced a time shift of �55 min for the ACE data. IMF
BY was steadily positive (�10 nT) throughout the one hour
time interval presented. IMF BZ fluctuated but was pre-
dominantly positive. A brief negative excursion occurred at
the end of the primary time interval but it is not considered
to have any relationship to RFE10. However, it may be
related to a narrowing of the auroral activity. IMF BX

underwent large fluctuations as well, but was predominantly
negative.
[18] In Figure 4h, the poleward and the equatorward flow

reversal boundaries of RFE 10 are drawn as the two
pink lines for the duration of the event from 10:22 UT to
10:39 UT. It is clear that the onset of the RFE occurred in
association with the brightening of a new discrete auroral
form equatorward of the previous activity. The discrete
auroral form stayed close to the equatorward edge of RFE
10 during the 17 minute lifetime of the event. The auroral
form and the boundary moved poleward together. The
location of the auroral form at the flow reversal is confirmed
by ESR. It gave rise to discrete intensifications in the
electron concentration below 200 km consistent with parti-
cle impact ionization exactly at the equatorward edge of the
RFE (data not presented). A subsequent reversed flow
event, RFE11, was detected by ESR at 10:56 UT, and was
seen in only two scans before the radar experiment was
stopped. From Figure 4h the onset of RFE11 was also
associated with the occurrence of an auroral form equator-
ward of the previous activity.
[19] The broad cusp activity poleward of the RFE covered

Sectors 5 and 6 of the radar fan, was associated with strong
north-westward flow seen by SuperDARN. Figure 4g
presents the SuperDARN Polar Cap Potential. The cross
polar voltage was pulsed between 60–80 kV with 4 maxima
in one hour. There is no apparent relationship between the
pulsing in the local cusp luminosity and the global polar cap
potential. The onset of RFE10 occurred 5 minutes prior to
the onset of the enhanced polar cap potential. The duration
of RFE10 and the enhanced polar cap potential was about
the same. The polar cap potential was decaying during the
onset of RFE11.

3.2. 20 December 2001

[20] Figure 5 presents observations from 20 December
2001 in the same format as Figure 4. The ACE data has
been time shifted 70 minutes to account for the approximate
signal delay between ACE and the ionospheric response.
IMF Bz was steadily negative around �5 nT until 10:50 UT
when it rapidly turned to +5 nT and then back negative
7 minutes later. The ESR scanned the same area as on
16 December, and monitored northwestward flow of the
afternoon cell. It continuously swept this area from
10:06 UT to 10:58 UT. The auroral activity displayed in
Figure 5h represents the classical sequence of PMAFs. The
onset of RFE18 occurred in the middle of a sequence of
poleward moving forms (PMAFs). The RFE developed in
association with a new auroral form, on the poleward side.
This RFE event moved poleward in tandem with the
PMAF. By definition of reversed flow, the RFE faded
around 10:42 UT, but a reduction in the background flow
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Figure 4. (a–f) Solar wind parameters from the ACE satellite measured in GSM coordinates on
16 December 2001 and shifted in time to correspond with ground observations from 10 to 11 UT. The
IMF clock angle increases from 0� due north to 180� due south. (g) The solid curve represents the
northern hemisphere polar cap potential (kV, left axis) derived from SuperDARN convection maps. The
dashed curve represents the number of data points (right axis) from which the convection maps were
calculated. (h) Color-coded 630.0 nm emission intensity (kR) versus time and MLAT along the black
measure bar in Figure 1b (also given on the right axis). The pink lines mark the RFE boundaries. The
vertical blue guidelines in panels a–g mark the duration of RFE10.
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was observed until 10:48 UT, marked by the two white dots,
that is, as long as the PMAF was observed. The subsequent
event (RFE19) also occurred in association with a bright-
ening auroral form. However, instead of moving poleward
with the faint PMAF that broke loose from the background

arc around 10:53 UT, it stayed with the bright background
arc. Traces of particle impact ionization were observed at
the equatorward edge of both RFE 18 and 19; that is, the
discrete auroral forms were located on the clockwise flow
reversal.

Figure 5. Solar wind, SuperDARN, and optical data for 10 to 11 UT on 20 December 2001,
presented in the same format as Figure 4. The vertical blue guidelines in panels a–g mark the duration
of RFE18.
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[21] Although the RFE onsets occurred in association
with increased polar cap potential, over their life time there
is no clear trend between RFEs and the modulation of the
polar cap potential. The RFE-FAC system is likely to be
part of a localized current–voltage system.

4. Discussion

4.1. Observation Summary

[22] Up to now we only have three days of combined
radar and optical observations of reversed flow events
(RFEs). One of these days was reported by Oksavik et al.
[2004, 2005] and the other two days were presented in
section 3 above. Oksavik et al. [2005] analyzed a sequence
of RFE channels located on the poleward side of discrete
PMAFs, in the sense consistent with a clockwise flow shear
and an upward FAC. Their RFEs occurred under conditions
of IMF BY positive and IMF BZ negative. With regard to
the auroral morphology, the situation is more complex on
16 December 2001 presented here when IMF BZ and BY are
both positive (Figure 4). RFE 10 occurred in association
with a brightening arc filament equatorward of a broad
region of preexisting cusp type auroral activity. Also, in this
case, the RFE clockwise flow shear is collocated with a
discrete auroral form consistent with an upward Birkeland
current sheet. The RFE and the Birkeland current arc moved
poleward in tandem, and the RFE disappeared when the
arc fainted. On 20 December 2001, IMF BZ was south and
IMF BY was positive, and the classical sequence of PMAFs
was observed (Figure 5h). On this day, RFE18 moved in
tandem with a PMAF, but RFE19 did not; it stayed with the
background instead of breaking loose to follow a weak
PMAF. It should however be noted that no RFE occurrence
does not necessarily mean lack of flow disturbance. Rinne et
al. [2007] reported a flow structure (Fs30) lasting from
10:16–10:25 UT, and from Figure 4h we see that a weak
but discrete PMAF actually separated from the background
aurora during that time interval. Fs25 in Figure 3 occurred
between two arc filaments (frame 5 and 6). Hence the RFEs
may represent the ‘‘top of the iceberg’’ of flow disturbances,
strong enough to reverse the flow, while the less prominent
flow structures may be related to a flow reduction only.
[23] Most of the RFEs documented so far developed post

noon, near the equatorward boundary of the cusp inflow
region for IMF BY positive. However, the current SP-NO-
FASM database is strongly biased toward IMF BY positive
[Rinne et al., 2007].
[24] In contrast, to the three categories of flow channels

reported by Sandholt et al. [2004], all speeding up the large
scale convection pattern, the RFE category reverts the
background flow (cf. Introduction). The RFEs reported here
occurred in the afternoon cell, as 100–200 km wide
channels of eastward flow, i.e., flow opposing the magnetic
tension pull for IMF BY positive. Farrugia et al. [2004]
reported antisunward (eastward) flow bursts in the same
time sector, but for IMF BZ negative. Their flow events
occurred in a broad region of antisunward flow, poleward of
a well-defined flow reversal consistent with a crescent
shaped dusk cell. Their flow bursts were in same direction
as the background flow and attributed to the solar wind
magnetosphere dynamo in the high-latitude boundary layer
[Stern, 1984], i.e., fundamentally different from RFEs.

4.2. Comments on the FTE Twin-Cell Explanation
for RFEs

[25] The connection between PMAFs and RFEs was
readily documented by Oksavik et al. [2004, 2005]. In a
statistical work Rinne et al. [2007] found that all their flow
events (31 flow structures and 21 RFEs) were scattered
within the IMF clock angle range from 40–240�, i.e., within
the wide range of clock angles (30–330�) for which bursty
reconnection at the magnetopause may occur [Neudegg et
al., 2000]. Oksavik et al. [2004, 2005] interpreted the
reversed flow channels in terms of the return flows of the
twin-cell FTE model by Southwood [1987]. However, there
are problems with this FTE explanation:
[26] (1) Rinne et al. [2007] did not find evidence for

RFEs developing in pairs as the twin-cell FTE model
predicts. In cases when two RFEs coexisted within the
radar field of view there was �10–30 minutes delay in
the onset time between the first and the second event.
[27] (2) The RFE channels remain extremely narrow

during their life time. The RFE channels are usually around
100 km wide but up to 250 km on occasion. In the rest
frame of a Southwood FTE event there will be return flow
on either side of the newly opened centre flux moving fast
under the action of the magnetic tension force, pushing
its way through the ambient plasma moving more slowly.
In the case of no background flow, one would also see
the return flow in the rest frame of the radar. Due to
incompressibility the return flow pattern will broaden very
quickly. However, in the normal case when one event
after the other superimposes on decent background convec-
tion, the ‘‘return’’ flow around each event should rather
appear as reductions in the background flow, as suggested
by Lockwood et al. [1990] and Pinnock et al. [1993], and
simulated by Thorolfsson et al. [2000].
[28] (3) The category of PMAF events in the cusp have

been attributed to transient magnetopause reconnection
[e.g., Sandholt et al., 1990, 1993; Denig et al., 1993; Milan
et al., 1999, 2000; Thorolfsson et al., 2000; Moen et al.,
2001]. From Figure 5 we noted that the RFE phenomenon
does not uniquely relate to the category of PMAFs; RFE 19
stayed with the background arc.
[29] Let us now consider an FTE approach on RFE10 on

16 December (Figures 2, 3, and 4). RFE10 and the associ-
ated Birkeland current arc developed equatorward of a
broad region of cusp precipitation (cf. Figure 3 and
Figure 4h). From the image sequence in Figure 3 the broad
region of intense cusp auroral activity at the beginning
subsequently faded and/or moved westward out of the all-
sky field of view. RFE10 moved with the trailing edge of
the cusp activity. Assume that the arc brightening was part
of an FTE event. In this case when IMF BY was large and
positive, the initial magnetic tension on newly open flux is
expected to have a strong westward component [Cowley et
al., 1991]. This excludes the RFE channel itself from being
the newly opened flux, but potentially it could represent the
return flow on the poleward side of the newly opened flux
region [Oksavik et al., 2004, 2005; Rinne et al., 2007]. For
IMF BY large positive, a longitudinally elongated channel
of newly opened flux pulled westward, will be bounded by
an upward FAC sheet on the poleward edge and a down-
ward FAC sheet on the equatorward edge [Taguchi et al.,
1993]. However, if the Birkeland current arc actually
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Figure 6. (a) A schematics to summarize the observations of RFE10 on 16 December 2001. The hvii
curve is from Figure 2. hvii negative east corresponds to a southward electric field within the RFE flow
channel. hvii positive west corresponds to a northward electric field addressed to the closed
magnetosphere equatorward of this channel, and open cusp field lines correspond to poleward of this
channel. The discrete arc represents an upward FAC at the clockwise flow reversal boundary. (b) The
large scale north electric field vector associated with the dusk cell overlaid the SuperDARN flow pattern
as shown in Figure 1 for 10:30 UT on 16 December 2001. (c) A schematic illustration of the RFE
phenomenon that occurs between two current loops, forced by two separate voltage generators. The ERFE

is located in a region void of precipitation.
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marked the poleward border of newly opened flux, the
region of newly opened flux equatorward of it was invisible
to our all-sky imager. Newly opened flux is supposed to be
associated with bulk injection of magnetosheath plasma,
and magnetosheath electron precipitation efficiently heats
F2 region electron plasma [Lockwood et al., 1993;Waterman
et al., 1994; Nilsson et al., 1996; Pryse et al., 2000; Doe et
al., 2001; Moen et al., 2004b]. With certain constraints the
elevated electron temperature (Te) can be used to identify
the cusp open-closed boundary [Doe et al., 2001; Moen et
al., 2004b]. ESR did observe elevated Te with the discrete
auroral form, but not equatorward of it. This makes us
conclude that the RFE10 Birkeland current arc was either
located on closed field lines, or it was a signature of the
OCB. That is, we discard the possibility of newly open
flux equatorward of the RFE10 channel and the RFE10-
Birkeland current arc system does not fit into the FTE
picture anticipated.
[30] On December 20 in Figure 5 on the other hand, a

broad 630 nm flash, �2 degrees in latitude, was observed
equatorward of RFE18 at the beginning, before it narrowed
to a thin arc at �10:42. This region was associated with
elevated Te observed by ESR (data not presented). The flash
region may indeed signalize the expected bulk injection of
magnetosheath electrons on newly opened field lines,
bounded with an upward FAC sheet on the poleward side
and a downward FAC sheet on the equatorward side. That
is, RFE18 is consistent with a PMAF-FTE signature for
IMF BY positive and BZ negative.

4.3. Relationship Between RFEs and Birkeland
Current Arcs

[31] For all the RFEs observed with complementary optics,
the clockwise shear does always develop together with a
discrete auroral form consistent with an upward Birkeland
current sheet. Discrete auroral forms represent a footprint of
accelerated electron precipitation. There are two acceleration
mechanisms frequently observed above the ionospheric
cusp: Kinetic Alfvén waves (KA waves [Chaston et al.,
2007]) and inverted Vs [Lin and Hoffman, 1982]. Inverted
V-type electron precipitation gives rise to monoenergetic
beams while dispersive KA waves give rise to a broader
energy range within the beam [Chaston et al., 2007]. The
maximum energy of KAwaves is very similar to that reported
for dayside inverted Vs [Lin and Hoffman, 1982], both
around 1 keV. Inverted Vs and KA waves can easily be
distinguished from each other in satellite and rocket data,
while more difficult from ground.
[32] The schematics in Figure 6a is based on the averaged

hvlosi curve in Frame (4,3) of Figure 2. Superimposed on
this plot is the location of the Birkeland current arc, and the
diffuse 630.0 nm auroral cusp region that straddled the
northern part of the radar field of view. It is noted from
Figure 3.1, that intense cusp auroral activity covered
Sectors 5 and 6 of the ESR fan, while the region of strong
flows covered Sectors 4–6. That is, the background of
strong westward flow was extended well equatorward of the
cusp auroral boundary, taken as a proxy of the open-
closed boundary [Moen et al., 1996, 1998]. The electric
field EI, CPS, south of the discrete arc structure is located at
subauroral latitudes. EI,CUSP is the electric field associated

with the strong westward flow in the auroral cusp region.
ERFE is situated in a region void of auroral precipitation.
The most poleward flow reversal (counter-clockwise) is
consistent with a downward current.
[33] Let us now put these observations in the context of

expected large scale current systems. Figure 6b illustrates the
convection electric field vector consistent with sunward flow
in the dusk cell. As indicated this E-field vector requires a
downward FAC near the equatorward boundary of the dusk
cell and an upward FAC at the dusk cell flow reversal. The
poleward part of this vector was straddled with cusp auroral
activity on open field lines.
[34] The portion of this vector at subauroral latitudes; that

is, equatorward of the discrete auroral form was likely
mapping to the central plasma sheet (CPS). On the top of
Figure 6c, we have therefore indicated two different electric
fields forcing a westward movement of ionospheric plasma;
EM,CUSP and EM,CPS, representing open and closed flux,
respectively. The RFE channel itself could be on open or it
could be on closed field lines. Anyway, this idealized
picture suggests two different MI-current loops. One is the
Region 2–Region 1 current system on closed field lines,
and the other is the large scale cusp current system forced
by the solar wind. The polarity of the cusp current system is
consistent with reconnection for IMF BY positive [Taguchi
et al., 1993]. In this large scale perspective, the RFE
convection channel was located at the boundary between
two different current systems mapping to widely different
flow generators in the magnetosphere. In this perspective,
it appears that the E-field discontinuity associated with
RFE10 developed locally at a boundary transition region.
According to the auroral arc classification made by
Marklund [1984], the RFE flow signature bear resem-
blance to his category IIb of Birkeland current arcs, with
a double flow reversal.
[35] We can think about two possible explanations for the

RFE phenomenon:
[36] (1) In Figure 6c, the ERFE is located in between two

MI-current loops, each forced by a separate voltage gener-
ator. For this particular case one loop was on open field
lines and the other loop appears to be on closed field lines.
However, in a sequence of RFEs/PMAFs as presented by
Oksavik et al. [2005], it could be that successive current
loops map to distinct reconnection sites. The major point
here is that each current loop is forced by an independent
voltage generator, and that there is a small gap or E-field
discontinuity between them. RFE10 was located between
the discrete auroral form and the cusp auroral activity, i.e.,
in a region void of precipitation. In absence of solar EUV
ionization in the E and lower F region, this means very low
height-integrated Pedersen conductivity there. A large ERFE

arises if the two current loops at different potential couple
through the low conducting ionosphere. Low Pedersen
conductivity and poor cross coupling provides an explana-
tion for the long life time.
[37] (2) The bipolar form of RFE10 may possibly be the

ground signature of an inverted V acceleration region. As
was noted in Figure 2 the background flow was gradually
suppressed in the development phase of RFE10. This may
indicate a partial decoupling from the magnetosphere due to
a field-aligned potential drop. A dayside inverted V is
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typically of the order of 1 keV and it will have a very
different effect on the ionosphere than a nighttime inverted
V of the order of 10 keV.
[38] Due to the relatively long life time RFEs can be

treated as a quasi-stationary phenomenon. Assuming that
the E and F region neutral winds are negligible compared to
the E? � B drift, the current density perpendicular to the
electric field can be written as

j? ¼ sE? þ sHB
�1B� E? ð1Þ

where sH and sP are the Hall and Pedersen conductivities,
respectively, and B is the magnitude of Earth magnetic field.
[e.g., Boström, 1964; Burch et al., 1976]. Assuming
divergence free currents, r � j = 0 or r � j? + r � jjj = 0
(i.e., no accumulation of space charges), and quasi-stationary
electric field structures,r� E =r� E? +r� Ejj, we have
the following expression for the FAC:

�r � jk ¼ sPr � E? þ rsPð Þ � E? þ rsHð ÞB�1 B� E?ð Þ
þ sHB

�1B � r � Ek
� � ð2Þ

Escoubet et al. [1995] found narrow 0.2–1 keV electron
precipitation structures on the boundaries of the cusp in 80%of
the DE2 cusp/cleft crossings, typically 1 or 2 structures per
cusp/cleft crossing, possibly related to shears in plasma
convection [Escoubet et al., 1992]. Such low energy electron
beams will not give rise to significant enhancements in E-
region Hall and Pedersen conductivities. For the events
presented here on 16 and 20 December 2001, traces of particle
impact ionization were observed down to 140–200 km, i.e.,
gradients in the electron concentration occurred well above the
peak in the Pedersen and Hall mobility coefficients [Moen and
Brekke, 1990]. Hence the conductivity gradient terms in the
second and the third term in equation (2) can be neglected.
Furthermore, if we assume no field-aligned acceleration
underneath the ESR flow measurements, the fourth term on
the right hand side can also be neglected as well and the field-
aligned distribution of current density is directly proportional
to r � E? and will hence peak at the flow shear, as actually
observed for all the RFE events presented here.
[39] The 10 keV electron beams at night will give rise to

strong gradients in the Pedersen conductivity and subse-
quently a short circuiting effect due to the second term on the
right-hand side in equation (2) [Burch et al., 1976]. Auroral
potential structures at night are therefore observed as spikes
in the E-field [e.g., Burch et al., 1976; Marklund, 1984, and
references therein]. However, in the cusp ionosphere, an
auroral potential structure of a few hundred eV will not give
rise to significant modulation in the Pedersen conductivity
and is therefore not subject to a significant E-region short
cutting effect. A flow shear that develops near a magne-
tospheric discontinuity will therefore be preserved when
mapped down to the ionosphere.
[40] From ground-based data alone we are not in the

position to describe the auroral potential region. Features
driven by KA waves will generally be highly variable (on
second timescales) and have forms/structures generally less
than 10 km in width [e.g., Kletzing, 1994; Chaston et al.,
2007]. The 10–20 min long RFE life time means a quasi-
static nature. The half-width of the RFE disturbance is of the

order 100–200 km as for inverted Vs [Lyons, 1980]. The
flow potential across the RFE in Figure 6a is 0.8 kV, i.e., of
the same order as the field-aligned potential drop.
[41] All the RFEs covered by optics developed near the

OCB, which is an observed feature also for inverted Vs.
Burch et al. [1990] found that the dayside inverted Vs
typically occur on the immediate equatorward side of the
cusp/cleft region which contains trapped electrons. Menietti
and Smith [1993] presented examples of dayside inverted
Vs for IMF BZ negative which they attributed to the low-
latitude boundary layer (LLBL), on closed or freshly open
flux. As pointed out in a recent work by Menietti et al.
[2007] it is still not clear if dayside inverted Vs are
magnetically connected to reconnection sites or not. Moen
et al. [2004a] observed the connection between PMAFs and
ion up-flow events observed by ESR. The ion up-flow
events broadened in a characteristic V-shape consistent with
an inverted V-potential structure moving over the radar.
However, future work is needed to eventually establish a
connection between RFEs and inverted Vs.

5. Summary and Concluding Remarks

[42] Reversed Flow Events (RFEs) are characterized by
longitudinally elongated 100–200 km wide channels of
10–20 min life time, i.e., a mesoscale quasi-stationary
phenomenon. The direction of zonal motion within the
channel opposes the background convection governed by
magnetic tension [Rinne et al., 2007]. The RFEs stay in
stark contrast to the 3 categories of flow channels reported
by Sandholt et al. [2004], which all added drive to the large-
scale convection. (cf. section 1). In this paper we have
performed a detailed examination of this event category by
comparing EISCAT Svalbard Radar and all-sky camera
observations near winter solstice.
[43] For every RFE there was a thin auroral form aligned

with the clockwise convection reversal, consistent with a
converging electric field and an upward Birkeland current
sheet. The RFE phenomenon appears to be an intimate part
of a Birkeland current arc system with a double flow shear,
similar to category IIb in Marklund [1984]. As discussed in
section 4.2 there are problems with the Southwood FTE
interpretation of the RFE phenomenon. The Southwood
[1987] FTE model is lacking a current sheet to put a
latitudinal constraint on the return flow. Instead, the return
flows are supposed to broaden very quickly due to incom-
pressibility [Thorolfsson et al., 2000]. In section 4.3
we proposed two alternative explanations for the RFE
phenomenon:
[44] (1) The RFE electric field arises in between two

large-scale current loops as schematically illustrated in
Figure 6c; each mapping to a different boundary layer/
reconnection site. Notably the RFE channel is a region void
of precipitation and particle impact ionization will not
contribute to the Pedersen conductance. This interpretation
works only for low Pedersen conductance across RFE
channel, which means a summer–winter asymmetry in the
occurrence rate.
[45] (2) The quasi-stationary nature and the bipolar form

of the RFE flow disturbance seem consistent with an
inverted V type potential structure. Inverted Vs is a com-
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monly observed phenomenon near the dayside OCB [Burch
et al., 1990; Menietti and Smith, 1993; Menietti et al.,
2007]. Electron beams of <1 keV on the dayside will not
give rise to significant conductivity gradients and the shape
of the magnetospheric E-field discontinuity will be con-
served when mapped down onto the ionosphere. As was
noted in Figure 2 the background flow was gradually
suppressed (Fs) in the development phase of RFE10. This
may indicate a partial decoupling from the magnetosphere
due to a field-aligned potential drop.
[46] The two explanations above may be closely related

to each other. For example, the discontinuity in the magne-
tospheric electric field proposed in (1) may be the precon-
dition for the inverted V proposed in (2). Combined ground
and in situ observations will be needed to establish the
electrodynamic context of the RFE phenomenon, including
Alfvén waves and field-aligned acceleration, small and large
scale FACs, and how these flow channels map relative to
active reconnection sites/FTEs.
[47] We plan to continue SP-FASM experiments at EIS-

CAT Svalbard Radar to search for summer–winter asym-
metry in the occurrence rate of reversed flow channels.
Although the RFE phenomenon has not yet been reported
based on SuperDARN observations, given their spatial
dimension and long lifetime they should be observable.
For the large scale convection picture the RFEs are negli-
gible. The flow potential of a typical event is �1 kV.
However, this phenomenon may in fact be very important
for the production of HF backscatter irregularities in the
cusp region. KHI will grow very rapidly at the RFE flow
reversals [Carlson et al., 2007].
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[1] During a period of predominantly north‐westward flow
for IMF BZ negative and IMF BY positive, a sequence of
three distinct negative excursions of IMF BY resulted in a
train of three eastward directed flow channels, interleaved
by westward flow enhancements propagating into the
polar cap. The high resolution of the EISCAT Svalbard
radar data enables us to track formation and movement of
the flow channels, which are interpreted as a sequence of
intermittent reconnection alternating between different
reconnection sites. Our observations are consistent with
the view that a new region of reconnected flux manifests
as development of a distinct flow channel near the polar
cap boundary, and that successive events stay separated
while pushing each other into the polar cap. Each flow
channel will remain separated from neighboring channels
mapping to different reconnection sites as long as the
magnetic tension force with its associated field aligned
current systems is maintained. Citation: Rinne, Y., J. Moen,
H. C. Carlson, and M. R. Hairston (2010), Stratification of east‐
west plasma flow channels observed in the ionospheric cusp in
response to IMF BY polarity changes, Geophys. Res. Lett., 37,
L13102, doi:10.1029/2010GL043307.

1. Introduction

[2] The Interplanetary Magnetic Field (IMF) BY control
of the zonal flow in the ionospheric cusp is a key charac-
teristic of magnetopause reconnection. The east‐west com-
ponent of the IMF (BY) displaces the reconnection site out
to the flanks towards dawn for negative values and towards
dusk for positive values, and the magnetic tension associ-
ated with the kink in newly opened flux gives rise to an
initial eastward drag for negative, and westward for positive
IMF BY [e.g., Heelis et al., 1982; Heppner and Maynard,
1987; Cowley et al., 1991; Moen et al., 1999]. Magnetic
stress is transferred to the ionosphere via a pair of field
aligned current sheets along the magnetic field [Southwood
and Hughes, 1982; Southwood, 1985, 1987; Glassmeier
and Stellmacher, 1996].
[3] Pinnock et al. [1993, 1995] reported a longitudinally

elongated, latitudinal narrow channel of enhanced convection
by the PACE HF radar, consistent with the magnetic tension
pull on newly open flux. Marchaudon et al. [2004] docu-
mented a pair of field‐aligned current (FAC) sheets on each

side of such a cusp flow channel observed by SuperDARN,
and found their observation consistent with the current sheets
in Southwood’s [1985, 1987] Flux Transfer Event (FTE)
model. The polarity of the FTE currents is consistent with the
IMF BY dependent polarity of large scale cusp currents
[Taguchi et al., 1993]. In case of a westward flow channel
for IMF BY positive, there is a sheet of downward current
near the equatorward border of the flow channel and a sheet
of upward current near the poleward border of the flow
channel.
[4] Lockwood et al. [2001] suggested that channels of

newly opened flux due to very short reconnection pulses
would append immediately adjacent to each other. The field
aligned current sheets associated with each channel would
decrease in strength with increasing time elapsed since
reconnection. Lockwood et al. [1990] estimated that newly
opened flux tubes only excite plasma flows for ∼10 minutes.
According to Saunders [1989] it should take ∼7 minutes to
release curvature on newly opened field. Hence, one would
expect ionospheric flow channels only to be actively driven
for ∼7–10 minutes after reconnection.
[5] We present high resolution incoherent scatter radar

observations of the convection in the vicinity of the iono-
spheric projection of the magnetospheric cusp during a
sequence of IMF BY polarity reversals. We observe the for-
mation of a series of latitudinally localized shear reversals
extending through the EISCAT Svalbard radar (ESR) field of
view ∼1.5 hours in local time in response to the sequence of
IMF BY polarity reversals. The series of alternating east/
westward flow channels forming inside the ESR field‐of‐
view is interpreted as signature of reconnection events at the
magnetopause, and they provide the opportunity to test the
conceptual model for how a sequence of reconnection
events stacks in the polar cap.

2. Data Presentation

[6] Figures 1a–1c show the three components of the IMF
measured by the Advanced Composition Explorer (ACE) on
September 6th, 2005 in GSM coordinates. In the fourth
panel, the calculated IMF clock angle is shown. The time
displayed in Figure 1 has been lagget by one hour which is
the time lag for the solar wind from ACE to the ionospheric
response, calculated following the approach used by Moen
et al. [1999]. The IMF BY component undergoes a sequence
of three negative excursions starting at 10:49, 11:05 and
11:17UT (shaded grey in Figure 1), after having been steadily
positive for more than two hours. Each excursion in BY,
together with almost simultaneous positive excursion of IMF
BZ moved the clock angle � in the GSM YZ‐plane from 90–
180° to 45–90°. The solar wind speed as well as the particle
density remained nearly constant (∼−440 km/s and ∼5 #/cm−3
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respectively) during an at least 2 hour interval comprising the
time of interest.
[7] A sequence of six counterclockwise scans showing ion

velocity data from the ESR are displayed in Figure 2a. Start
and stop times of each scan are indicated at the respective
beams by time tags. Located on Svalbard at 78.09°N,
16.03°E, the magnetic local time (MLT) at the ESR is
approximately UT + 3h. During the time of interest, the ESR
was scanning an area of 120° in azimuth at a constant 30°
elevation [Carlson et al., 2002]. Positive values (colored
from grey through yellow and red to dark red) indicate the
line‐of‐sight component of the ion flow directed away from
the ESR, while negative velocities (colored from black
through blue to light blue) indicate line‐of‐sight component
of the ion motion towards the ESR. In order to give a com-
plete picture of the development of the features seen inside the
ESR field‐of‐view, a movie sequence (Movie 1) is added,
displaying all available scans during the time period of
interest.
[8] Between 10:42 and 11:43 UT, the ESR observed a

sequence of alternating eastward/westward flow channels in
response to the IMF BY polarity changes. The selection of
scans in Figure 2a shows snapshots of their development.
[9] The background flow measured inside the ESR field‐

of‐view before 10:42 UT was directed westwards. This is
consistent with the large scale convection expected in the
early post‐noon sector for steady IMF BZ negative and BY

positive conditions.
[10] The first eastward flow channel (marked E1), devel-

oped from 10:42 UT in the ESR field of view (Figure 2a,
scans 1 + 2) in response to the first negative excursion of the
IMF BY at 10:49 UT, which yields the expected eastward

tension drag on newly opened field lines. The channels ori-
entation can be determined unambiguously as it is oriented
along several beams in the lower part of the field of view. In
addition, its narrow flow reversal boundary, delimiting the
eastward flow inside the channel from the surrounding
westward convection, is also aligned along the ESR beams.
E1 widens polewards as reconnection for the given IMF
conditions proceeds and more flux is opened, and velocities
increase up to 1300m/s before the entire channel starts to
move polewards (scan 3 + 4) and leaves the field of view
(scan 5 + 6). Velocity measurements in the upper part of the
field of view are distorted by the unfavorable channel beam
geometry as the ESR is only sensitive to plasma motion
along its line of sight.
[11] An enhancement in westward convection (W1) appears

at 11:01 UT in response to the IMF BY polarity reversal at
11:03 UT at the equatorward boundary of E1 (Figure 2a,
scan 3). A DMSP F16 pass through the ESR field‐of‐view at
11:04 UT (Figure 2b, scan 1) confirms the E1 and W1 flow
channels by drift meter measurements. The ion data show a
clear transition between two particle regimes coinciding
with the velocity reversal at 11:04:15 UT, and confirm
W1 as a footprint of ongoing low latitude magnetopause
reconnection. The opening of new flux by W1 immediately
equatorwards of E1 pushes E1 polewards. The second east-
ward flow channel, E2, appears sometime between 11:02 and
11:07 UT in response to the brief negative excursion of IMF
BY at 11:05 UT. E2 does not widen to more than around
50 km due to the short duration of the IMF BY excursion,
and is immediately pushed polewards by the opening of new
flux associated with the second westward flow enhancement
(W2) on its equator side (scans 4 − 5). W2 appears around

Figure 1. ACE data. Data from the Advanced Composition Explorer registered on 6 September 2005. Shown are the IMF
(a) BX, (b) BY and (c) BZ component as well as (d) the IMF clock angle, � = arctan[abs(BY)/BZ] for BZ > 0 and � = 180 −
arctan[abs(BY/BZ)] for BZ < 0. Periods with negative IMF BY are shaded grey.
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11:07 UT (Figure 2a, scan 4) as response to the second
positive IMF BY period from 11:08 UT onwards. The third
eastward channel, E3, appears at 11:14UT (Figure 2a, scan 5)
in response to the third IMF BY polarity reversal at 11:16 UT.
A pass by DMSP F15 at 11:16 UT (Figure 2b, scan 2) con-
firms the velocity reversals seen inside the ESR field‐of view
for W2 and E3. The velocity decrease marking the beginning
of E3 at 11:17 UT coincides with the transition between two
particle regimes. A clear step to higher ion energy and flux
marks the transition to cusp like precipitation and confirms
E3 as a footprint of reconnection. E3 evolves similar to E1,
and is seen inside the ESR field‐of‐view for 30 minutes until
the experiment at the ESR was stopped at 11:43 UT.

3. Discussion

[12] The flow channel events presented here appear to be of
the same class as those mapped out by Pinnock et al. [1993,
1995], and further elaborated by Provan et al. [1998, 2002].

The sequence of IMF BY polarity changes enables us to
bring evidence that patches of reconnection keep separated
as they are being pushed into the polar cap [Lockwood et al.,
2001]. It should be noted that the flow channels in this study
are fundamentally different from the reversed flow events
presented by Rinne et al. [2007] and Moen et al. [2008], as
the direction of plasma flow inside the channels observed by
these authors was in opposite direction of magnetic tension
pull on newly opened field lines.
[13] The ESR field‐of‐view extends ∼600 km to the west in

the middle of each scan, and previous studies have reported
cusp convection channels of up to 2500 km in length [Pinnock
et al., 1993, 1995; Milan et al., 1999; Nishitani et al., 1999;
Lockwood et al., 2001]. Hence, we most likely only see part of
the channels and cannot observe east‐ or westward motion of
the channels as a whole. An essential feature of the eastward
channels, which stay in stark contrast to the background
flow, is the uniform latitudinal thickening. E2, attributed to
the brief 2 min negative excursion in IMF BY, was fully

Figure 2. EISCAT Svalbard Radar data. (a) Six ion velocity scans from the ESR. The spatial resolution is ∼15 km in azi-
muthal direction and 30 km in radial direction. Data retrieved from increasing altitude were projected along the magnetic
field to a common reference altitude of 250 km and plotted in geographic coordinates. The eastward (E1‐3) and westward
(W1+W2) flow channels are marked by arrows. (b) Two counter‐clockwise ESR scans intersected by a DMSP F16 (left)
and DMSP F15 (right) pass as well as the respective driftmeter and precipitating ion data. Positive flow measured by DMSP
indicate sunward velocities.
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developed as ∼50 km wide channel around ∼11:07 UT and
faded into the background around 9 min later, which is
consistent with the expected time it takes to release magnetic
tension [Saunders, 1989; Lockwood et al., 1990]. E1, which
was due to a ∼13 min negative excursion in IMF BY, was
first detected at ∼10:43 UT and started to fade around
10:57 UT, which is consistent with a 13 minute growth

time. The sharp well‐defined boundaries of E1, and strong
flow across the entire width of the channel during the growth
phase, lead us to conclude that E1 is consistent with con-
tinuous reconnection [Lockwood et al., 2001] during the
∼13 min interval of negative IMF BY. E3 developed in a
similar manner to E1. From its first appearance in the ESR
data at 11:20 UT until 11:29 UT (Movie 1) there was strong
flow across the entire channel and sharp boundaries con-
sistent with quasi‐continuous reconnection. Since BY stayed
negative, the poleward edge blurred as it expanded out of the
field of view. We cannot tell how long quasi continuous
reconnection continued for E3 since the radar stopped
operating when E3 still was active. However, we conclude
that the flow channels developing inside the field of view are
footprints of ongoing reconnection in contrast to a flux tube
convecting across our field of view.
[14] The reconnection site on the dayside is controlled

by the IMF orientation. Reconnection is favored at the
low latitude magnetopause for clock angles � = 90–180°
[Sandholt et al., 1998], and the westward background en-
hancements are most likely the footprint of low latitude
reconnection. For clock angles � = 45–90°, reconnection has
been reported to occur either polewards of the dayside cusp
at the high latitude magnetopause, at the low‐latitude
magnetopause, or even at both locations simultaneously
[Sandholt et al., 1998; Chisham et al., 2004]. DMSP F16
intersected both E1 and W1. The ion signature of W1 is
prominent cusp ion injection telling us that W1 was actively
driven at the time of pass, and the sharp drop in energy and
flux density near the E1/W1 flow reversal is consistent with
E1 not being actively driven at the same time. Similarly for
the DMSP F15 passage, it is the equatormost channel E3
that is actively driven (Figure 2). For the eastward channels
E1–E3 the location of reconnection on the magnetopause
cannot be determined unambiguously. Independent of flow
direction, the equatorward boundary of the equator most
flow channel represents the OCB. Lobe reconnection which
is yields stirring of already open flux will develop poleward
of the OCB and the poleward widening of the blue eastward
channels give an indicative of lobe reconnection. However,
the important point for the main objective of this paper is
that the near simultaneous polarity changes in the IMF BY

and BZ component altering the IMF clock angle between
� = 90–180° and � = 45–90° leads to the activation of two
spatially different reconnection sites on the magnetopause as
indicated in Figure 3a, and only one of these two sites are
active at a time.
[15] In reconnection perspective each flow channel

represents a patch of newly opened flux, which is con-
strained by a pair of field aligned currents, constituting
adiaroic boundaries across which there is no plasma flow
[Lockwood et al., 2001]. The sharp flow reversal boundary
on each side of the flow channel implies the existence of a
FAC sheet. The clock wise flow reversal at equatorward
boundary is consistent with an upward current and the
counter clock wise reversal at the poleward side is consistent
with a downward FAC sheet, consistent with the polarities
of FAC systems observed by Taguchi et al. [1993]. Hence,
all three eastward channels (E1–E3) are longitudinally
delimited by a system of FACs delimiting them from the
surrounding flux, and connected to one magnetospheric
region or generator, driven by the release of magnetic ten-
sion. This interpretation is further substantiated by the ion

Figure 3. Schematic illustrations. (a) Schematic illustra-
tion of how idealized ionospheric flow channels, here a blue
eastward and a red westward channel, couple via FAC
sheets along the flanks of the channels to different generator
regions in the magnetopause. (b) Schematic illustration
showing two eastward channels (E1 and E2) as well as
the first westward flow enhancement (W1) appended imme-
diately adjacent to each other. Since the channels coupled to
different magnetospheric generators they do not share FAC
sheets but remain separated until magnetic tension and their
FAC system is exhausted. For the eastward channels, the
flow reversal on the poleward edge is consistent with a
downward FAC sheet, and the flow reversal on the equator-
ward edge with an upward FAC sheet. The tension force and
the FAC sheet required for each channel decays with
increasing time elapsed since reconnection, and hence E1
has a weaker FAC sheet than W1.

RINNE ET AL.: STRATIFICATION OF PLASMA FLOW CHANNELS L13102L13102

4 of 6



data boundaries evident in Figure 2b (scan 1). The westward
flow enhancements (W1 and W2) coupled to their respective
generator and are sandwiched in between the self contained
eastward channels E1–E3, as indicated in Figure 3b. The
flow channel systems remain hence separated from each
other and the surrounding plasma since no flux can cross the
FAC sheet boundaries. This is visible in scan 4–6; the
channels remain well‐defined and do not intermix. They
stack as individual flow channels, event by event and drift
into the polar cap when more open flux is created during the
episodes of magnetopause reconnection. The very first
observational evidence for stratification of newly reconnected
flux; that is stratification of the E1, W1, E2, W2 channels is
visible in the fourth scan in Figure 2a. With increasing time
elapsed since reconnection, however, the magnetic tension
force and the FAC system transferring stress to the iono-
sphere decay, and once magnetic tension has been released
the FAC system fades. With no FAC system exerting elec-
tromagnetic forcing and thereby locally accelerating plasma,
the new flux is assimilated into the large scale background
flow, on a timescale of about 10 minutes after reconnection
stops [Lockwood et al., 1990].

4. Summary

[16] The ESR data presented here give new detailed
insight into the complex mesoscale cusp dynamics which
have not yet been resolved satisfactory. They uncover the
formation and development of ionospheric meso‐scale flow
channels in response to a sequence of IMF BY polarity
changes in more detail than previously seen, and show how
a series of reconnection events arranges and coexists in the
ionosphere, separated from each other by FAC sheets. The
systematic change in the direction of magnetic tension
enabled us to tag and track alternately eastward and westward
directed flow channels, the ionospheric footprint of newly
reconnected flux. Our observations provide a clear concep-
tual picture for how newly reconnected flux stacks as separate
flow channels, event by event, pushing each other into the
polar cap. They do not intermix with each other across
the FAC/flow reversal boundary but are kept separated. The
strong flow shears associated with the flow channels should
create plasma instabilities and turbulence with severe impact
for communication and navigation systems in the Polar
Regions, applying the same physics for shears associated
with patch formation [Carlson et al., 2007].
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