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SuperDARN HF radars are powerful tools to diagnose large-scale plasma convection in the
Geospace. Utilizing the King Salmon radar and the magnetometer chain data, we show that
transient ionospheric flow shears appearing at sub-auroral latitudes in the dusk to evening sec-
tor are convection patterns caused by the transient imbalance between the Region-1 and

Region-2 field-aligned currents.
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1 Introduction

1.1 Space weather research and
international cooperation

The ceaseless pace of human expansion
into outer space that began in the 1970s has
resulted in several hundreds of communica-
tions, observatory and other kinds of artificial
satellites coming into daily service, with inter-
national manned space stations hosting astro-
nauts for many long months. Recent news of
the incorporation of private space travel agen-
cies remains fresh in our memory. Thus, the
doors to outer space have been opened to gen-
eral private citizens, as well selected groups of
people, such as technicians and researchers.
Amid mankind’s growing dependence on
outer space, the need for basic research on
space weather phenomena and the related
application of space weather prediction is
expected to heighten.

With this background, space weather
research has become a worldwide trend. The
world’s first space weather research began in
1988 by the Communications Research Labo-
ratory (now the National Institute of Informa-
tion and Communications Technology), with
later research initiated by the United States of
America as a national project in the 1990s.

The European Space Agency (ESA) subse-
quently followed suit. More recently, frame-
works for full-scale space weather research
have also been built in such Asian nations as
China and Korea, sparking intensive research.
Plans have also been made to combine inter-
national research efforts. Among these efforts,
CAWSES (Climate And Weather of the Sun-
Earth System), a five-year program success-
fully carried out from 2004, has now evolved
into a project called “CAWSES-II" since 2009
and is being driven by international joint
research efforts like CAWSES on space
weather.

1.2 Magnetosphere-ionosphere con-
vections and the international
SuperDARN project

Space weather is concerned with the far-
reaching expanse of geospace extending from
the terrestrial upper atmosphere (i.e., mesos-
phere, ionosphere, thermosphere) to near-earth
outer space. Attempts to observe the variety of
phenomena occurring in geospace essentially
involve the international cooperation and
international joint planning described above.

One of these research projects is the interna-

tional SuperDARN (Super Dual Auroral

Radar Network) project(1]. In this project,
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large high-frequency (HF) radars having the
same set of functionality are installed in dif-
ferent parts of the globe, with observational
data collected from these radars being shared
across the international community to facili-
tate significant advances in space weather
research. More than 20 radars are currently in
service in the northern and southern hemi-
spheres. Figure 1 shows the locations of the
fields of view for SuperDARN radars erected
in the northern hemisphere. Each SuperDARN
radar site irradiates short-wave signals against
the ionosphere and receives reflected echoes
to measure plasma behavior in the F-layer of
the ionosphere among other things. With an
azimuth angle of 50° and a measuring range of
3000 km, the large field of view delivers a
two-dimensional picture of the ionospheric
plasma flow or so-called plasma convections.
Because ionospheric convections amount
to an electric-field drift of ionospheric elec-
trons, observing these convections provides
insight into the convection electric field applied
to the ionosphere. The dynamo source of this
electric field is driven by interactions between
the geomagnetosphere and solar winds, and
brought into the ionosphere on field-aligned
current. This means that measuring the electric

King Salmon

SuperDARN radar fields of view in
the northern hemisphere

The sector denotes the field of view for each
SuperDARN radar site.

field in the ionosphere as a huge screen will
shed light on the convection structure of the
entire magnetosphere as projected in the
ionosphere along the field-aligned current.
SuperDARN leverages a set of radars to per-
form network observations, thereby demon-
strating its power to monitor the large-scale
structure of these convections [2][3].

Extensive research has been directed at the
large-scale structure of convections in the
polar ionosphere, since it is believed to be an
electronic projection of magnetospheric con-
vections in the ionosphere. Prior to the 1980s,
electric field observations from wide-area
radars and extensive radars like those now
being used had not been available, and many
research efforts had exclusively derived an
equivalent current system from data collected
with magnetometers deployed worldwide and
assumed that it is a hall current Qmﬁxﬁ) for
the purpose of estimating an electrical poten-
tial structure. Nishida, et al. (4] demonstrated
that the Disturbance of Polar Field 2 (DP2)
current system consisted of two vortex struc-
tures as shown in Fig. 2. Nishida[5] went on
to demonstrate that intensity fluctuations (DP2
fluctuations) in this current system had good
correlations with fluctuations in the north-
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il }”4| DP2 current system identified from
geomagnetic observations

A dual-vortex structure reaching the lower lati-
tudes
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south component of the Interplanetary Mag-
netic Field (IMF).

Electric field observations by satellite and
electric field drift observations of the ionos-
pheric plasma flow have subsequently come
into practice, offering insight into the large-
scale convection structure of the ionosphere
based on electric field observations. Figure 3
shows the average convection pattern resulting
from statistical manipulations of SuperDARN
observations. As shown in Fig. 3, the evening-
side magnetic latitudes of 60 to 70° are associ-
ated with that part of the evening-side convec-
tion vortex returning from night to daytime,
with westward ionospheric convections being
normally dominant in this region.

Ionospheric convections are not always
westward in this region, since an eastward
plasma flow of convection opposite to the typ-
ical direction of convection is sometimes
observed for a short interval of time. Because
such an eastward plasma flow is often formed
at lower latitudes than in the auroral region
(normally 65° latitude or higher), a greater
proportion of this flow often cannot be

Without Wallops

G=40kV

observed with existing SuperDARN radars
having a field of view in the auroral region or
on the higher-latitude side. Although this phe-
nomenon is interesting, whether the eastward
plasma flow is part of the global flow or is
local has yet to be clarified.

Among all SuperDARN radars, the King
Salmon radar operated by the National Insti-
tute of Information and Communications
Technology can be considered optimally locat-
ed to observe this phenomenon. In service
since 2001 as part of SuperDARN, the King
Salmon HF radar (KSR) can monitor the low-
est-latitude range among existing SuperDARN
radars, with the exception of a set of mid-lati-
tude radars that recently came into service.
Moreover, it is capable of directly measuring
ionospheric plasma flow in the east-west
direction as a Doppler velocity, because its
radar beam is directed almost westward in the
auroral and subauroral regions. Such transient
eastward convections have been often
observed by the KSR. The KSR has also spot-
ted many instances of east-west flow shears
(structure with adjoining reverse plasma flow)

With Wallops

1000

1500

Gridded Measurements

7o 51 Average convection pattern determined from SuperDARN observations
The left and right diagrams denote results not including and including of mid-latitude observation data derived

from Wallops radar, respectively.
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involving westward convections opposite the
eastward convections on the high-latitude
side. The NICT-SWM (Space Weather Moni-
toring) magnetometers and RapidMag magne-
tometers (http://kogma.nict.go.jp/cgi-bin/geo-
mag-interface/) also deployed by the National
Institute of Information and Communications
Technology are in service in the latitude and
longitude bands covered by the KSR to mea-
sure broad ranges of geomagnetic fluctuations,
and available for implementing multi-phased
research using radar and a set of magnetome-
ters[6]. Research has been conducted by lever-
aging these enhanced research resources with
regard to the characteristics and mechanism of
occurrence of flow shears accompanied by
eastward convections appearing on the low-
latitude side, with the aid of ground and satel-
lite observations. This paper reports the find-
ings of this research.

2 Case study

An example of eastward convections
observed by the King Salmon radar in the lati-
tude zone of normal westward convections is
presented here. Figure 4 shows the field of
view (inside the sector shown in the diagram)
of the KSR at 09:00 UT on August 10, 2007,
along with the locations of the RapidMag
magnetometers (PBK, TIK, NOK, AMD) and
NICT-SWM magnetometers (KSM, STC,
PTK) (orange points in the diagram). Rapid-
Mag magnetometers are located to monitor
intensity fluctuations (corresponding to inten-
sity fluctuations in large-scale convections) of
the DP2 current system, since they cover the
auroral region over a wide range of local times
in the afternoon. In contrast, the KSR has a
field of view split into 16 beams (beams 00 to
15) in the arc direction of the sector, with each
beam being further split into 75 range gates in
the radial direction. Since it normally takes
two minutes for a full field of view scan, the
horizontal velocity field of plasma in the F-
layer of the ionosphere can be obtained every
two minutes. In particular, beam 02 (marked
by a red line) passes almost directly above

KSR field of view at 09:00 hours UT
on August 10, 2007

This shows the locations of the King Salmon
radar (KSR), NICT-SWM magnetometers, and
RapidMag magnetometers. The red line
denotes the location of the second beam of the
KSR (Altitude Adjusted Corrected Geomagnet-
ic Coordinates: AACGM coordinate system).

PBK and TIK (essentially facing westward),
thereby enabling the monitoring of plasma
velocity in the east-west direction near the
magnetic latitudes of 62 to 64°.

The upper part of Fig. 5 shows fluctua-
tions (using a color contour chart) in the plas-
ma velocity observed along beam 02 in the
line-of-sight direction at time 611 UT. In the
vicinity of range gates 10-30 (from the east
coast of Siberia to the air over the west coast
of Alaska) from which effective echoes return,
a greater proportion of the plotted time period
appears from yellow to red, indicating domi-
nance of the westward plasma flow apart from
the radar, or as predicted from the average pat-
tern of large-scale convections. Since the
westward plasma flow was interrupted for
about 10 minutes twice—once at ~08:10 UT
and once at ~09:00 UT, with the contour
appearing yellowish green—the direction of
plasma flow is found reversed to face slightly
eastward.

The diagram below depicts fluctuations in
the H-component (horizontal northward com-
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Fig.5 Comparison of Doppler velocity observed on the KSR beam 2 and geomagnetic fluctuations

Doppler velocity (upper diagram) heading towards the KSR has been observed twice (during time intervals

enclosed by vertical lines), when DP2 current system decay is found from geomagnetic observations (lower dia-

gram: 50 nT/div) at the same time.

ponent) of ground magnetic field observed by
PBK, TIK and NOK at the same time. The
continuous solid lines in red, green and blue in
the diagram represent observed values at the
same time (on August 10 of the same year)
when extremely calm geomagnetic activities
as represented in gray lines were observed.
The appearance of very coherent fluctuations
among three observatories varying in terms of
local time apparently suggests that such geo-
magnetic fluctuations are due to DP2 current
system fluctuations that represent large-scale
convections. The H-component is sensed to
essentially increase starting from 08:00 UT on
this date, but begins to temporarily decrease at
08:10 and 09:00 UT. Because the increase in
the H-component signifies an increase in east-
ward ionospheric current (assuming hall cur-
rent, equivalent to westward plasma convec-
tions), or the development of the DP2 current
system (large-scale convections), it does not
contradict the observation of westward plasma
flow. In addition, the eastward plasma flow
mentioned above appears at the timing of

decay in the DP2 current system, and if the
eastward flow is assumed to represent decay
of the westward flow, degradation of the DP2
current system, hence that of large-scale con-
vections, may be manifested as a radar obser-
vation.

While the one-dimensional spatial struc-
ture of plasma flow observed along a specific
beam in the radar has been presented above,
the KSR can perform similar observations
along another beam in the field of view to pro-
duce a velocity field in a latitude-longitude
two-dimensional plane. Figure 6 shows time
changes in this velocity field for which snap-
shots were taken every four minutes during a
36-minute period involving a time zone (09:00
to 09:15 UT) where a second appearance of
eastward flow was witnessed. Obviously, the
eastward flow shown in Fig. 5 on the west
side from 21 h magnetic local time (MLT) and
distributed on the lower-latitude side (lower
than 64° latitude), was coupled with a continu-
ation of the same westward flow as that
appearing at the preceding and succeeding

HORI Tomoaki 81



IGruur
Scatte

Z[e}l-} Time-related chanyges in the two-dimensional plasma flow structure
Two-dimensional structure of the ionospheric plasma flow observed by the KSR, and its temporal changes

V_Ishell (+/—: eost/westward) MLT= 20.0 +/-0.25

70

68

66

64

Mog. Lot. [deg]

G2

o7*® 08 0% Qe 09%° 0g* 100
V_Ishell (+/—: ecst/westword) 20.8 +/-0.25 o

60

Mag. Lat. [deg]

1 i " " . 1 . 1 .
[+ran pg™ og® 0s* 0% 0g#?
uT

Latitude structure of plasma flow velocity in the L-shell direction
The latitude structure (upper diagram) of plasma drift velocity in the geomagnetic latitude direction (L-shell
direction) produced by assuming that the Doppler velocity observed during a geomagnetic local time range of
20.0h + 0.25 h is the line-of-sight direction projection of plasma flow velocity in the geomagnetic latitude
direction. Similar to the lower diagram, except that observations took place during a geomagnetic local time

range of 20.8 h £ 0.25 h.
times on the higher-latitude side. Thus, flow lower-latitude side have been formed.
shears that invoke westward flow on the high- Figure 7 shows the plasma flow observed
er-latitude side and eastward flow on the in the line-of-sight direction as converted to
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plasma flow velocity in the magnetic longi-
tude direction (i.e., direction along the L-shell)
to demonstrate the latitude dependence of
velocity in the longitude direction, in an effort
to gain detailed insight into the latitude struc-
ture of the flow shear. In this diagram, it is
assumed that the velocity component of the
actual plasma velocity existing in the longi-
tude direction is projected in the line-of-sight
direction to provide an actual radar view of
the observed velocity. Thus, assuming that the
actual plasma velocity and velocity projected
in the line-of-sight direction are Visen and
Vios, respectively, and the angle formed by
the line-of-sight direction of the beam with the
longitude direction is 6, Vishen has been calcu-
lated by solving the equation:

Vishet = VLos/cosf (1)

The latitude structure of Visen has been
obtained from plasma velocities observed in
the ranges of MLT = 20.0h = 0.25 h in the
upper panel in Fig. 7 and MLT = 20.8 h +
0.25 h in the lower panel. As can be under-
stood from this diagram, the first flow shear
formed at magnetic latitudes up to 64.5° at
08:05 to 08:15 UT, with the second flow shear
appearing in the vicinity of magnetic latitude
64.0° at 08:58 to 09:15 UT. As flow shears are
formed and extinguished, plasma flow varies
from westward to eastward to westward on the
lower-latitude side, but such reversals in
velocity only take a few minutes. In terms of
shear polarity and intensity, both shears form a
westward flow at 300 to 500 m/s on the high-
er-latitude side and an eastward flow up to
~100 m/s on the lower-latitude side. The shear
polarities apparently suggest a flow of down-
ward field-aligned current (FAC). Because the
earth’s main magnetic field has a magnitude
up to 60,000 nT in this vicinity according to
the IGRF model, the poleward electric field at
up to 24 mV/m on the higher-latitude side in
this flow shear has changed to an equator-
ward electric field up to 3 mV/m on the lower-
latitude side across the boundary of ~ only 1°
in latitude, suggesting a steep spatial gradient
in the electric field.

3 Statistical analyses

In the case study presented in the preced-
ing chapter, the flow shear appearing on the
evening side was formed at magnetic latitudes
up to 64° at the timing of decay in the DP2
current system. Statistical analyses were then
conducted to examine the extent to which such
a result universally applies to other flow
shears. First, all KSR data in effect from April
2007 to July 2008 were visually scanned to
identify all instances of flow shears being con-
firmed between 15 h to 22 h MLT. In addition,
when only those instances in which solar wind
and IMF data were yielded from the ACE
satellite concurrently with flow shear observa-
tion, and in which RapidMag geomagnetic
data and THEMIS-GMAG geomagnetic data
needed to grasp higher-latitude geomagnetic
activities were available, a total of 26
instances of flow shear events was obtained
during this period.

Figure 8 shows the locations of the 26
instances of flow shear events. Because the
KSR field of view has a certain width in the
MLT direction and flow shears are typically
visible over a certain MLT width, the flow
shear visible in each event is plotted as one
polyline. As a result, flow shears have lati-
tudes distributed between ~63 and 68° and

noon
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7o -1 Locations of flow shear observation
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most events are located at 18 h to 21 h MLT.
Since such distributions are in virtual agree-
ment with a range in which ionospheric
echoes are easily observable, one can simply
delineate a rough scope of distributions in the
effective observation area of the KSR. Hence,
this result does not exclude the possibility of
flow shears having occurred outside the effec-
tive observation area.

Next, the geomagnetic activities that
occurred concurrently with the flow shear
events were identified with reference to
RapidMag and THEMIS-GMAG geomagnetic
data, along with the associated IMF fluctua-
tions. Table 1 summarizes the results. One sig-
nificant finding is that eight (up to 31 %) out
of the 26 instances of flow shears had
occurred in association with decay of the DP2
current system, when compared with double
the occurrences (up to 62 %) during a sub-
storm period, and not involving decay of the
DP2 system. In seven of the eight instances of
flow shears occurring at DP2 current system
decay, a southward decrease in IMF or north-
ward turn of IMF had occurred at the same
time, which is not inconsistent with DP2 sys-
tem decay. The instances of flow shears occur-
ring during a substorm period showed no dis-
tinctive characteristics of IMF fluctuations. A

1[e/s)[=3 | Correspondence between geo-
magnetic activities and IMF fluc-

tuations upon the formation of
flow shears

A summary correspondence between the
presence or absence of DP2 decay and sub-
storms on the occurrence of flow shears,
and IMF fluctuations

IMF N- IMF S- Unclear

turning turningor  variation

or SIMF SIMF

decrease  increase TOTAL
DP2 decay 7 0 1 8
With 2 2 12 16
substorm
(unclear) 0 0 2 2

TOTAL 9 2 15 26

probe into the substorm phase, though not pre-
sented here, located flow shears occurring at
the onset of a substorm or during its expansion
or recovery phase, thereby falling short of
confirming the noticeable phase dependence
of flow shears as being confined to a particu-
lar phase.

Those flow shear events characterized by
precipitating particles concurrently observed
by the NOAA/POES satellite (http://www.oso.
noaa.gov/poes/) and Metop-2 satellite (http://
www.esa.int/esalLP/LPmetop.html) were then
extracted to examine the positional relation-
ship between flow shears and the aurora oval.
Because the precipitating particles distributed
in the polar region have a complex spatial
structure and involve marked time changes,
our analyses focused only on those instances
of flow sheers observed during the time zone
in which the shears were observed by the KSR
or during the preceding or succeeding five-
minute period, and also observed by
NOAA/POES or Metop-2 within the MLT
range of their observation and within 0.5 h
MLT from the east and west ends of the MLT
range. Of all the 26 instances of flow sheer
events, 12 yielded both extremely adjacent
simultaneous observations spatially and timely.
Figure 9 shows one such instance. The upper,
middle and lower panels in the diagram repre-
sent the 30 to 80 keV ions, 30 keV and higher
electrons, and the energy flux resulting from
20 keV and lower precipitating electrons
observed by METOP-2 at 06:51 to 07:01 UT
on April 5, 2007, respectively, when Metop-2p
was orbiting at an altitude of about 850 km on
the even side of the northern hemisphere
(from the lower-latitude side to the higher-lati-
tude side). As can be seen from the lower
panel, the precipitating electron energy flux
begins to show sharp advances starting from
06:56 UT, exceeding 0.1 erg/cm? - str - keV -
sec at 06:56:30 UT (68°magnetic latitude,
18.3 h MLT) and an empirical flux level of
1.0 erg/cm? - str - keV - sec[7] needed to create
a visible aurora at 06:58:30 UT (72° magnetic
latitude, 17.4 h MLT). The satellite is assumed
to have reached an altitude above the electron-
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Positional relationship between Metop-2 satellite aurora oval observations and flow shear

Trapped and precipitating ions (upper panel) having energy of 30 to 80 keV observed by the

Metop-2 satellite over Alaska at 06:51 to 07:01 UT on April 5, 2007, and trapped and precipitating electrons

(middle panel) having energy of 30 keV or more and energy flux (lower panel) caused by precipitating electrons

having energy of 20 keV or less (lower panel).

(Right diagram) The orbit of Metop-2 at this time. The red arrow denotes where the precipitating energy flux

exceeds 0.1 (blue bold line) and 1.0 (green bold line) on the orbit [erg/cm? - str - ke - Esec] for the first time.

Tonospheric plasma drift velocities in the L-shell direction observed by the KSR are represented in a color con-

tour chart.

ic auroral oval in that vicinity (68 to 72° mag-
netic latitude). The diagram on the right shows
the satellite orbit at this time and the flow
shear observed at 06:58 to 07:00 UT. The flow
shear was observed not only during this two-
minute period, but all the time from 06:50 to
07:10 UT including that period. The aurora
oval had an estimated low magnetic latitude
boundary of 68° at the lowest, so the flow
shear occurring in the vicinity of 65° is found
to have been forced on the lower-latitude side
of the auroral region, or in a subauroral
region.

Such analyses were iterated for all 12
instances of flow sheers to develop the rela-
tionship between flow shear latitude and the
low latitude boundary of the aurora oval as
shown in Fig. 10. The results reveal that flow
shears always formed in a subauroral region 1
to 6° lower in latitude than the aurora oval.
According to comparisons with the ion
isotropic boundary determined by the flux
ratio of trapped and precipitating ions, though

Flow shear events for MLT = 18-21 hr

74 T T T T T
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_8 72 | low latitude boundary of the .
= region of electron precipitation
9) with energy flux > 0.1
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7l [1 Comparison of flow-shear latitude
with lower-limit lafitude of the
qurora oval

Comparisons of the latitude of flow shears
with the low-latitude boundary location of
the aurora oval observed by NOAA and
Metop satellites

not presented in this paper, flow shears have
been found to reside 2 to 3° lower in latitude
than the 30 to 80 keV ionic isotropic boundary,
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suggesting that flow shears have been formed
in the region dominated by 30 to 80 keV
trapped particles in a subauroral region.

4 Discussions

Flow shears on the evening observed this
time can generally be perceived as a conse-
quence of relative intensity changes in Region-1
field-aligned current (Region-1 FAC) and
Region-2 field-aligned current (Region-2
FAC)(8]. Figure 11 shows a schematic view.
In a situation where southward IMF intensifies
similarly to magnetospheric convections (left
in the diagram), FAC that generates an ionos-
pheric electric field driving a clockwise con-
vection vortex (orange arrow), or upward FAC
(sensed in Region 1 on the evening side) is
found to increase. Expanding convections
allow particles to be injected into the inner
magnetosphere on the night side, thereby
forming a partial ring current (PRC)[9]. Since
this PRC closes as a current, a downward FAC
(sensed in Region 2, blue dotted arrow) should
be produced in the lower-latitude region than
that of FAC, but while the PRC has not yet

Under
Southward IMF

Upward
FAC (R1)

FAC (R2

fully grown, the clockwise convection vortex
resulting from the upward FAC electric field
excels, resulting in a westward flow (black
arrow) in the auroral region to subauroral
region on the evening side. But once the
southward IMF that drives the convection
weakens or turns northward (right in the dia-
gram), the magnetic reconnection will rapidly
degrade on the daytime magnetospheric
boundary, possibly followed by rapid weaken-
ing of the upward FAC and clockwise convec-
tion vortex driven by an electric field generat-
ed by the upward FAC. Then, if the PRC has
fully grown, the downward FAC produced by
PRC generates a reverse electric field, result-
ing in a counterclockwise convection vortex
(blue continuous solid arrow) being driven. A
westward flow is consequently predicted to
develop on the higher-latitude side of given
latitude, with an eastward flow appearing on
the lower-latitude side (black arrow). This pre-
cisely reflects the status of the ionospheric
electric field and FAC at the time of DP2 cur-
rent system decay, but from the standpoint of
PRC-originated downward FAC (Region-2
FAC) gaining intensity relative to upward

After SIMF
weakens
and/or PRC
develops

Jle B8 Fluctuations in the balance of Reyion-1/Reyion-2 field-aliyned currents and convection

patterns

Schematic diagram representing southward IMF fluctuations, and changes in the balance of the Region-1/

Region-2 FAC-originated convection vortex associated with the growth of partial ring current (PRC)
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FAC (Region-1 FAC), a similar condition is
also assumed to be in effect during a substorm
period (particularly after its onset). It may thus
be concluded that flow shears observed at both
decay of the DP2 current system and during a
substorm period are the result of a transient
intensification of Region-2 FAC relative to
Region-1 FAC.

The intensifying Region-2 FAC as com-
pared with Region-1 FAC, with a reverse elec-
tric field appearing on the lower-latitude side,
is exactly the same as the overshielding
observed during a magnetic storm or substorm
period(101(11]. Ishikawa et al.[12] have con-
ducted earlier studies on the subject of over-
shielding with reference to IMAGE geomag-
netic chain data. The following presents a
comparative discussion of the results of this
research with such earlier studies.

Ishikawa et al.[12] defined that, while
eastward current (or the H-component) point-
ing to DP2 current in the mid-latitude to auro-
ral region on the afternoon to evening side
increases, the H-component may change due
to a reduction in mid-latitude across a certain
point of time, and that such an event may sug-
gest the presence of shielding (or overshield-
ing), and also examined in detail to what lati-
tude the reduction in the H-component is visi-
ble. Figure 12 plots the latitude at the high-lat-
itude limit of H-component reduction super-
imposed with the latitude of flow shears
observed in this research. Assuming that fluc-
tuations in the ground magnetic field reflect
those in hall current in the ionosphere directly
above, the structure of eastward current being
formed on the higher-latitude side and west-
ward current on the lower-latitude side may
have a direct bearing on westward ionospheric
convections on the higher-latitude side and
eastward ionospheric convections on the
lower-latitude side. The boundary can be
regarded as a boundary of contact with a
region dominated by the electric field and cur-
rent resulting from Region-1/Region-2 FAC at
overshielding. Despite uncertainties about lati-
tude differences from the magnetometer
(where the H-component increases) directly

adjoining the higher-latitude side, the work
done by Ishikawa et al.[12] seems to be essen-
tially in agreement with the flow shears
observed in this research. Although identical
flow shears should be located at the same lati-
tudes, and against our expectations, the lati-
tude of flow shears identified by the KSR is
about 5° higher on average than the geomag-
netically identified high-latitude limit of the
westward current at overshielding. This is
larger than the installation latitude intervals
(up to about 2°) of the magnetometers men-
tioned earlier. There are also systematic differ-
ences in the Kp index on the statistical popula-
tion of events between the work done by
Ishikawa et al.[121 and this research, and such
differences are clearly evident when compar-
ing only the events with Kp = 2 common to
both populations.

The latitude differences described above
can be understood by allowing for fluctuations
in the H-component caused by ionospheric
current other than that existing directly above.
Figure 13 summarizes the KSR observations
at the formation of flow shears, the ionospher-
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\Zle P4 Comparison of the high-latitude
boundary of ionospheric westward
current with flow sheer location

Comparison of the location of (latitude, local
time) of flow shears (triangle in the diagram)
with the location (plus sign in the diagram)
on the high-altitude boundary of ionospheric
westward current determined from the
IMAGE geomagnetic chain by Ishikawa et
al. [11]. Marked in different colors according
to KP index values at the same time.
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ic current estimated therefrom, FAC and fluc-
tuations appearing in the ground magnetic
field to promote such understanding. Plasma
flow (green mark in the diagram) moving
westward or eastward on the higher- or lower-
latitude side of a certain latitude, respectively,
has been observed by the KSR, suggesting the
presence of a poleward electric field (equator-
ward electric field) on the higher-latitude side
(lower-latitude side indicated by the red
arrow). This electric field is imparted to the E-
region along the field-aligned current to lead
hall current (Ju) in the east-west direction.
Based on these KSR observations, however,
the electric field that drives the hall current is
considered up to five times higher on the high-
er-latitude side than on the lower-latitude side,
with hall conductivity of the auroral region on
the higher-latitude side several to more than
ten times higher than that of the lower-latitude
side. As a result, the eastward current in the
auroral region is estimated to be several tens
of times higher than the westward current on
the lower-latitude side. At a geomagnetic
observation point (orange rectangle in the

lower-left corner of the diagram) positioned in
the subauroral region, the H-component fluc-
tuations (AHiowiat) caused by ionospheric cur-
rent directly above and the effect (AHioval)
from current in a horizontally separate auroral
region deserve notice. Because AHiowiac and
AHiovar are opposed to each other, H-compo-
nent variations apparently canceled at an
observation point on a lower latitude than the
boundary of the poleward and equator-ward
electric fields (black undulating line); in other
words, the boundary of east-west current
determined from the geomagnetic H-compo-
nent is expected to be located on the lower-lat-
itude side rather than the boundary of the
poleward and equator-ward electric fields,
thereby showing good agreement with the
findings shown in Fig. 12.

The actual extent to which the point of
cancellation in H-component fluctuations (i.e.,
AHiova = AHiowlar) is shifted towards a lower
latitude (“d” in the diagram) can be estimated
by using line current approximation to assess
the effect of hall current in the ionosphere on
the ground magnetic field.
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A Hjlowlat € JHjowioe/h 2)
AHjoval € Jigey sin 6/4/ (d2 +h2) (3)

where, JHiowae and Juova denote the west-
ward ionospheric hall current directly above
the geomagnetic observation point and the
eastward hall current in the auroral region,
respectively, and h denotes the altitude
(assumed at 100 km for now) of the E-region
of the ionosphere. The magnitude of hall cur-
rent is proportional to the product of hall con-
ductivity X1 in the ionosphere and the magni-
tude of the poleward electric field Ep (Juoc
Yu-Ep). The ratio of the poleward electric
field of flow shears on the higher-latitude side
to their equator-ward electric field on the
lower-latitude side has been typically found to
be about five from the KSR observations in
this research. Assuming that the ratio of Xu in
the auroral oval to the subauroral region is
about five to ten times, then one obtains a
value of 25 to 50 for Juiova/ Jriowa. When this is
applied to Equations (2) and (3), and assuming
AHiowlat/AHiovat = 1, d 1s calculated to be 500
to 700 km. This distance is equivalent to a lat-
itude width of 4.5 to 6.3° and is in good agree-
ment with the latitude difference of 5° shown
in Fig. 12. This finding should quantitatively
support that the point of polar reversal in H-
component fluctuations in the ground magnet-
ic field gets shifted on the lower-latitude side
by several degrees from the position of
changes in ionospheric current directly above
under the influence of high westward current
at higher latitudes.

Next, we will discuss the relationship
between the ionospheric plasma flow on the
evening side (known from past studies) and
the flow shears identified in this research. The
findings shown in Fig. 10 indicate that the
flow shears observed by the KSR had been
formed in the subauroral region several
degrees lower than the auroral oval. Fast (300
to 500 m/s) westward plasma flow exists on
the higher-latitude side of the flow shears at
this time, with the low-latitude portion of the
westward flow also being positioned in the
subauroral region. With flow shears formed

during a substorm period in particular, one
may be viewing the same thing as Subauroral
Polarization Streams (SAPS)[13] from the
standpoints of location (latitude, MLT) and
magnitude of plasma flow velocity. A similar
westward flow has actually been identified as
SAPS or an Auroral Westward Flow Channel
(AWFC) by the same KSR or another Super-
DARN radar(1411151. Therefore, the flow
shears analyzed this time may well be an
observational perception of the lower-latitude
side of SAPS or AWFC.

There is no simple way to compare the
central latitude and latitude width of SAPS
indicated by Foster and Vo113]1, because both
have been calculated using Kp = 4 or more,
which is different from the Kp level (Kp: O to
3) used for flow shear events in this research.
However, a look at the statistical findings
derived from Kp = 4 shows that the central
latitude of SAPS at 18 h MLT is 63.5°, with
the latitude width of SAPS at 22 h MLT aver-
aging at about 3.5°. Therefore, it follows that
the low latitude boundary of SAPS is about
60°. Flow shears treated in this research have
an average latitude of 66°, which is higher
than the low latitude boundary of SAPS. As
Kp increases, however, the aurora oval and
SAPS get shifted on the lower-latitude side by
several degrees to 10° or more, suggesting that
the differences fall into a fully conceivable
range in both quantitative and qualitative
terms. If statistical findings based on lower Kp
values are yielded from ground radar or polar-
orbiting satellite observations other than
SuperDARN, a more detailed comparison
might be possible.

5 Summary and conclusions

East-west flow shears formed on the
evening side in the auroral region to the sub-
auroral region of the ionosphere as observed
by the King Salmon radar have been subjected
to a case study and statistical analyses to draw
the following conclusions:

* Flow shears found on the evening side are a

HORI Tomoaki 89



fast westward flow (~300 — 500 m/s) on the storm period, resulting in the electric field

higher-latitude side and an eastward flow structure and convex vortex associated with
having a velocity of several tens to 100 m/s Region-2 FAC being intensified relative to
on the lower-latitude side, with the east-west those associated with Region-1 FAC, there-
plasma flow boundaries being distributed by accounting for the occurrence of such
across magnetic latitudes of 63 to 68°. transient flow shears.

* In addition to being formed at the timing of

DP2 current system decay, flow shears tend Acknowledgements
to occur in the expansion and recovery phas-

es associated with substorms. This research has been conducted with the
* Flow shears on the higher-latitude side dur- aid of SuperDARN King Salmon radar data,
ing a substorm period and fast westward NICT-SWM geomagnetic data, and RapidMag
plasma flow are associated with SAPS/ geomagnetic data furnished by the National
AWFEFC, so the flow shears identified in this Institute of Information and Communications
research can be considered to represent the Technology. The author wishes to thank Mr.
structure of the lower-latitude side bound- Shinichi Watari and the administrators of
aries of SAPS/AWEC. SuperDARN, NICT-SWM and RapidMag.
* The electric field associated with Region-1 The ACE satellite data used in this research
may weaken at decay of the DP2 current was downloaded from the ACE Science Cen-
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