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[1] On 28 March 2001, when the interplanetary magnetic field was strongly duskward,
the DMSP F12 spacecraft observed an ion precipitation burst in a latitudinally narrow
region near 1200 MLT. A few minutes earlier, the Low Energy Neutral Atom (LENA)
imager on the IMAGE spacecraft, whose field of view (FOV) looks into the high-altitude
cusp, detected an enhancement of energetic neutral atom signals, which are produced
by the ion injection. The LENA data suggest that the ion injection moved out of its
FOV after approximately 4 min. At this time, the ground-based magnetometers of the
IMAGE chain in Svalbard, located westward of LENA’s FOV, began to indicate
perturbations. These perturbations immediately reached a peak and then ceased; the
perturbations lasted 2–3 min. During this interval, there was an enhanced westward flow
over Svalbard, as observed by the SuperDARN radars. The EISCAT Svalbard radar
detected an enhancement of electron density and temperature that was concurrent with this
flow enhancement, suggesting that a plasma precipitation burst accompanied with the
flow. These observations, which cover a longitudinally extending region of the cusp,
strongly suggest the existence of moving mesoscale plasma precipitation (MMPP). The
MMPP travels westward with a longitudinally elongated form. Its leading and trailing
edges should be created by the temporal effect of the cusp. The other edges, which lie
along the streamline, would originate in a spatially limited region along the open-closed
line. The boundary of the MMPP form is delineated by both the temporal and spatial
structures of the cusp.
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1. Introduction

[2] Ions precipitating into the low-altitude cusp provide
important information on how magnetic reconnection
occurs on the magnetopause. A typical feature observed in
the low-altitude cusp is ion dispersion signatures in which
the average ion energy decreases smoothly as the distance
from the footprint of the reconnection line increases [e.g.,
Reiff et al., 1977]. This reflects the fact that the injection
occurs in a spatially limited region on the moving flux tubes
newly opened by magnetic reconnection [e.g., Reiff et al.,
1977; Menietti and Burch, 1988; Onsager et al., 1995].
[3] The low-altitude cusp also shows ion signatures with

sudden changes in the energy and energy flux instead of
smooth dispersion [e.g., Newell and Meng, 1991; Escoubet
et al., 1992; Pinnock et al., 1995]. The significance of these
‘‘stepped’’ signatures remains a topic of controversy. While

these changes can be explained only by temporal variations in
the reconnection rate [e.g., Cowley et al., 1991; Lockwood
and Smith, 1992], i.e., the temporal structure of the cusp, they
can be interpreted as a result of crossing the boundary
between the spatially separated flux tubes, i.e., the spatial
structure of the cusp [e.g., Weiss et al., 1995; Wing et al.,
2001; Trattner et al., 2002].
[4] An ion step created by temporal variations in the

reconnection should move downstream. Remote sensing
techniques for observing the precipitating ions from space-
craft, such as the spectrographic imager SI-12 of the Far-
Ultraviolet Instrument (FUV) [Mende et al., 2000] onboard
the IMAGE spacecraft, may be used to determine whether the
ion step moves. However, it is not easy to detect the motion
with velocity 1–2 km s�1 from the FUV data alone, because
the spatial resolution of the FUV is roughly 100 km at the
ionospheric heights and the temporal resolution is 120 s.
[5] Recently, by using simultaneous observations of the

FUV proton aurora emissions and energetic neutral atom
(ENA) signals detected by the Low Energy Neutral Atom
(LENA) Imager [Moore et al., 2000] on IMAGE, Suzuki et
al. [2008] have reported moving signatures in the cusp
proton aurora. As used by Suzuki et al. [2008], LENA is
known to be capable of detecting ENA emissions produced
by ion injection into the cusp through a charge exchange
with the Earth’s hydrogen exosphere [e.g., Taguchi et al.,

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 114, A06211, doi:10.1029/2009JA014128, 2009

1Department of Information and Communication Engineering, Uni-
versity of Electro-Communications, Tokyo, Japan.

2Sugadaira Space Radio Observatory, University of Electro-Communications,
Tokyo, Japan.

3Now at National Institute of Polar Research, Tokyo, Japan.
4National Institute of Polar Research, Tokyo, Japan.
5NASA Goddard Space Flight Center, Greenbelt, Maryland, USA.

Copyright 2009 by the American Geophysical Union.
0148-0227/09/2009JA014128

A06211 1 of 12



2004, 2005, 2006, 2009; Murata et al., 2007] as well as the
emissions from the magnetosheath flow near the subsolar
magnetopause [Collier et al., 2001a, 2001b, 2005; Moore et
al., 2003; Fok et al., 2003; Hosokawa et al., 2008] and the
ion outflow from the ionosphere [e.g., Moore et al., 2001;
Wilson and Moore, 2005; Nosé et al., 2005]. As shown in
some of the above studies, the combination of the LENA
cusp signal obtained simultaneously with data from other
instruments has provided us with insights into the dynamics
of the cusp.
[6] In this paper, we report the results of multi-instrument

observations of the dayside cusp: ENA signals obtained
from IMAGE/LENA, the ion precipitation burst observed
by the DMSP spacecraft, convection and related features
obtained from the EISCAT Svalbard radar (ESR) and two
SuperDARN radars [Greenwald et al., 1995], and the
enhanced ionospheric current measured by the ground-
based magnetometers of the IMAGE chain [Syrjaasuo et
al., 1998]. The ion burst was observed by DMSP F12 in a
latitudinally narrow (approximately 100-km wide) region
within the cusp. Remote sensing data from IMAGE/LENA,
the EISCAT/SuperDARN radars, and the IMAGE magne-
tometer chain suggest that the ion burst region is accompa-

nied by an enhanced westward flow. We discuss how the
temporal and spatial structures of the cusp coexist in this
moving plasma precipitation region.

2. Observations

[7] Figure 1 shows the orbit of the DMSP F12 and F14
spacecraft, the mapped field of view (FOV) of IMAGE/
LENA at 0820 UT (the dark distorted rectangle in the
postnoon sector), and the FOV of the SuperDARN radars
at Pykkvybaer (PYK), Iceland (63.86�N, 19.20�E) and
Hankasalmi (HAN), Finland (63.32�N, 26.61�E), in the
MLAT-MLT coordinates for the event investigated in this
study. The bold dashed lines in the FOV of the PYK and
HAN radars indicate the crude location of the FOV for
beams 6 and 9, respectively; these beams cover the FOV of
the ESR at Longyearbyen (LYR), Svalbard. Data from these
beams of the SuperDARN radars and the field-aligned beam
of the ESR are shown later.
[8] The position of the IMAGE spacecraft at 0820 UT

was (XGSM, YGSM, ZGSM) = (3.1 RE, 1.2 RE, 6.8 RE) in the
magnetosphere. A sphere of radius 8 RE was used as a
‘‘screen’’ [e.g., Taguchi et al., 2005] to monitor the source
ions for the LENA cusp signal. We used LENA data from
the FOV of 16 sectors covering the general direction of the
high-altitude cusp while excluding the ‘‘Sun signal,’’ which
is produced primarily by the charge exchange of solar wind
protons prior to the protons being slowed and heated across
the bow shock [Collier et al., 2001a, 2001b, 2003]. For
mapping to the ionosphere (and Figure 3, shown later), we
used the Tsyganenko 96 (T96) model with the inputs of
(BY, BZ) = (10, –5) nT, Pdyn = 8 nPa, and Dst = –38 nT.
[9] As shown by the timestamps for the DMSP passes

(red and blue lines) in Figure 1, both spacecraft flew
through the near-noon sector from the postnoon to prenoon
sectors using similar trajectories. DMSP F12 (red line)
crossed the 1200 MLT meridian only 50 s later than F14.
The green and red triangles on the passes indicate the
boundaries of the ion precipitation, which were determined
from the ion spectrogram shown below in Figure 2.
[10] Figures 2a and 2b show particle measurements

obtained from DMSP F14 and F12, respectively, as func-
tions of UT, which include the intervals shown in Figure 1.
The spectrogram shown in Figures 2a and 2b indicates the
directional differential fluxes of the electrons and ions with
energies between 30 eV and 30 keV. Both spacecraft
initially measured regions in which the energy fluxes of
electron precipitation were very low and the ion precipita-
tion had relatively high energies (the so-called central
plasma sheet). The DMSP F14 (Figure 2a) and DMSP
F12 (Figure 2b) spacecraft entered the boundary plasma
sheet at approximately 0815:20 UT and 0817:10 UT,
respectively; here, the ions have energies as low as a few
hundred eV, and the electrons have accelerated fluxes with
peak energies between �1 keV and a few hundred eV. The
high-latitude portion of the boundary plasma sheet appears
to be smoothly connected to the low-latitude boundary
layer, where the fluxes of the ions and electrons are much
lower.
[11] Subsequent to the time indicated by the green triangle

on the left, each spacecraft entered a region where the ion
precipitation had energies of roughly 1 keV and relatively

Figure 1. DMSP F12 and F14 passes, the mapped field of
view (FOV) of the IMAGE/LENA at 0820 UT (dark gray
area in the postnoon sector), and the FOV of the
SuperDARN radars at Hankasalmi (HAN), Finland, and
Pykkvybaer (PYK), Iceland in the MLAT-MLT coordinate
for an ion burst event on 28 March 2001. The geographic
map at 0820 UT is overlaid. The interval bounded by the
two red triangles along the F12 pass shows the location of
the observation of the ion precipitation burst. The green
triangles for both passes indicate the equatorward and
poleward boundaries of the cusp, which is determined in
Figure 2. Dashed line in the FOV of the SuperDARN radar
shows the location of the FOV of beam 6 of the PYK radar
and beam 9 of the HAN radar, which cover the FOV of the
field-aligned beam of the EISCAT Svalbard radar in
Longyearbyen (LYR).
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high fluxes. The spacecraft remained in this high-flux
region until the time indicated by the green triangle on the
right. The interval between the two green triangles can be
defined as the cusp. For both passes, the latitude of the
green triangles on the right is approximately 72� MLAT in
the prenoon sector. In the postnoon sector, the two poleward
boundaries of the cusp (indicated by the green triangles on
the left) also lie at similar latitudes (�75�). The range 72�–
75� is typical for the cusp of IMF with BZ from –5 to –3 nT
[Newell et al., 1989]. The IMF data are shown later.
[12] For both passes, the cusp ion precipitation had

multiple stepped structures. As expected, these structures

are similar for both passes. The multiple stepped pattern for
this event is different from the one reported in previous
studies based on DMSP [e.g., Newell and Meng 1991;
Pinnock et al., 1995] and DE 2 observations [Escoubet et
al., 1992] in that the most equatorward portion did not have
the highest average energy.
[13] In Figure 2b, the red triangles show the interval

during which the ion precipitation had very large energy
fluxes or the ion precipitation burst occurred. The energy
flux at energies of �700 eV to a few keV is particularly
large, namely, �1 � 108 eV cm�2 s�1 sr�1 eV�1, and the
total energy flux is as high as 1 � 1012 eV cm�2 s�1 sr�1

Figure 2. DMSP F12 and F14 measurements for electrons and ions on 28 March 2001. The green
triangles indicate the interval of the cusp observation. The red triangles in the ion spectrogram of F12
show the ion precipitation burst, which is focused on in this study.

A06211 TAGUCHI ET AL.: MOVING MESOSCALE PLASMA PRECIPITATION

3 of 12

A06211



(not shown). The ions seem to have significant fluxes at
energies above the upper limit of the sensor (30 keV). This
type of intense precipitation was observed only by DMSP
F12 and not by F14, although the general ion precipitation
patterns observed by these spacecraft in the cusp are similar
to a certain degree. F14 traversed the cusp at slightly lower
latitudes and slightly before the traversal of F12; therefore,
the fact that an ion burst was not observed indicates that the
ion burst either occurred after the cusp crossing of F14 or
was observable only on the poleward side of the F14
trajectory. We used LENA data to determine when the ion
burst actually occurred.
[14] For more than 1 h, including the duration of the

DMSP ion burst observations, LENA observed ENA signals
from the high-altitude cusp. LENA responds to neutral
atoms with energies from 10 eV up to at least 3–4 keV
[Moore et al., 2003]. ENAs are emitted by the charge

exchange of ions with the hydrogen exosphere, and the
flux of the ENAs detected by the instrument can be
expressed as the line of sight (LOS) integration of the
product of the source ion flux and the hydrogen exospheric
density [e.g., Roelof and Skinner, 2000]. The ENAs essen-
tially retain the energy and the direction of the incoming
ions, and the detected ENA flux is proportional to the
source ion flux.
[15] Figure 3 shows the LENA snapshots from the FOV

looking into the general direction of the high-altitude cusp
and the ionospheric projection of the snapshots. In the left
column, the hydrogen count rate for each line of sight is
plotted on the sphere with a radius of 8 RE. The purple color
represents the region with a relatively high count, which is
defined as a count that is �3. The plots on the right are the
ionospheric projections in which the LENA snapshots are
mapped to an altitude of 110 km from the sphere with a
radius of 8 RE by using the T96 model.
[16] When we compared the ENA signals at 0819 UT

(Figures 3a and 3b) and 0821 UT (Figures 3c and 3d), we
noticed that the ENA emissions are enhanced at 0821 UT.
This suggests that the flux of the injected ions increased at
0821 UT. Relatively high counts are mapped to latitudes
higher than 73� MLAT (Figure 3d). This latitude is very
close to that for the DMSP F12 observation of the ion burst.
Under the assumption that the ion transit time from the high
altitude to the low altitude is 2 min, the enhanced injection
observed by LENA should appear in the ionosphere at
around 0823 UT. This is in agreement with the DMSP
F12 observations of the ion burst and is consistent with the
fact that no ion burst was observed by F14 in a similar
position approximately 1 min earlier.
[17] The LENA snapshot at 0823 UT (Figure 3e) shows

that the injection region shifted somewhat poleward when
compared to that at 0821 UT. A corresponding shift can be
seen in Figure 3f, which indicates that the equatorward
boundary of the relatively strong signals moved poleward
by 1�–2� over a period of 2 min. Figure 3g (for 0825 UT)
shows no significant signals within the FOV. This suggests
that the ion injection within the FOV ceased or became so
weak that the produced ENAs were not detectable. Since an
intense ion injection is observed by DMSP F12 at 74�–75�
MLAT near 1200 MLT, westward side of the LENA’s FOV,
it appears that the ion injection region with very large fluxes
moved out of the LENA’s FOV through the westward
boundary of the FOV.
[18] Such westward motion and related features were

observed by the SuperDARN radars, ESR, and the
ground-based magnetometers of the IMAGE chain.
Figure 4 shows the LOS velocity obtained from the Super-
DARN radars (PYK and HAN), the field-aligned ion
temperature obtained from ESR, and the Y component
(eastward) of the perturbation to the geomagnetic field
obtained by four ground-based magnetometers of the
IMAGE chain at Ny Alesund (NAL), Longyearbyen
(LYR), Hornsund (HOR), and Bear Island (BJN). Figure
4 also shows the ACE solar wind and the Polar magnetic
field in the magnetosheath. For comparison with the
ground station data, the ACE and Polar data were delayed
by 40 and 4 min, respectively.
[19] Over the entire plotted interval, the solar wind speed is

relatively constant at approximately 650 km s�1 (Figure 4a)

Figure 3. (left) LENA snapshots plotted on the sphere
with a radius of 8 RE and (right) their ionospheric
projection. ENA signals were enhanced at 0821 UT.
Ionospheric projection is not given for 0825 UT because
no significant ENA signals were detected.
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and the solar wind number density varies from 6 to 13 cm�3

(Figure 4b). Because of the enhanced density and the
relatively high solar wind speed, the solar wind dynamic
pressure (Figure 4c) is also relatively high (4–10 nPa). The

dynamic pressure is calculated from the speed (Figure 4a)
and density (Figure 4b) assuming the presence of 4% He++

particles.
[20] During this interval, the ACE IMF BY (blue in

Figure 4d) was strongly positive and was the dominant
component. The variations in the IMF BZ component (red in
Figure 4d) were mostly within ±7 nT. Figure 4e shows the
magnetic field data obtained from the Polar spacecraft. The
data at the beginning of the plotted interval corresponds to
the magnetosphere; the Polar spacecraft exited the magneto-
sheath several minutes later. The Polar magnetic field
variations in the sheath are correlated with the ACE
magnetic field variations (Figure 4d). On the basis of this
correlation, we chose 36 min (=40 min – 4 min) as the solar
wind convection time from ACE to Polar.
[21] Figure 4f shows the data obtained from the

SuperDARN PYK radar (beam 6). The LOS velocities
around range gate 43 (indicated by the dashed line),
corresponding to the LYR position, were directed toward
the radar (bluish/greenish color); this shows that the flow
had a westward component. The PYK data also indicate that
the LOS velocities increased at around 0825 UT (indicated
by an arrow), a few minutes after the time of the ion burst
(red triangles), and that the LOS velocities reached
1.4 km s�1. The HAN radar (Figure 4g) observed the
appearance of LOS velocities toward the radar (greenish
and bluish colors indicated by an arrow) concurrently with
the flow enhancement observed by the PYK radar. The
magnitude of the LOS velocities toward the HAN radar was
approximately 500 m s�1.
[22] Although the HAN radar is located in the near-noon

sector (Figure 1), the LOS velocities toward the radar do not
necessarily indicate sunward flow. If the flow has a strongly
azimuthal component, some beams of the HAN radar would
indicate LOS velocities toward the radar. For example, if we
assume that the flow is parallel to beam 6 of the PYK radar,
i.e., strongly westward above LYR, and that the flow
magnitude is approximately 1.4 km s�1, the velocities
projected on beam 9 of the HAN radar would have a
component toward the radar with a magnitude of approxi-
mately 500 m s�1 (=1.4 km s�1 � cos 70�).

Figure 4. (a) Plasma velocity, (b) number density,
(c) dynamic pressure, (d) three components of the inter-
planetary magnetic field in GSM coordinates, as seen by the
ACE spacecraft in the solar wind, (e) three components of
Polar magnetic field in GSM, (f) LOS velocity from the
SuperDARN radar at Pykkvybaer, (g) that from Hankasalmi,
(h) field-aligned ion temperature from ESR, and (i) Y
component (eastward) of the perturbation to the geomagnetic
field obtained by four ground-based magnetometers of the
IMAGE magnetometer chain, NAL, LYR, HOR, and BJN. In
Figure 4d, 64-s averages of IMF data that were created from
original 16-s averages are plotted so as to make comparison
between the IMF and plasma data easier. The ACE and Polar
data are delayed by 40 and 4min, respectively. The dashed line
in Figures 4f and 4g show the range gate corresponding to the
ESR position. The vertical red lines in Figures 4h and 4j show
the peak of the perturbation, which we focus on.
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[23] In general, the velocity observed by the SuperDARN
radar tends to be slightly smaller than the ion drift velocity
observed by in situ spacecraft. Drayton et al. [2005] have
shown that the slope of the best linear fit of the velocity
observed by the PYK radar to that observed by the DMSP ion
drift meter is approximately 0.6. The actual speed obtained
from this ratio would be approximately 2.3 km s�1

(=1.4 km s�1/0.6). As shown below, this speed is consistent
with that estimated from the ESR observation.
[24] The ESR observation is shown in Figure 4h. Varia-

tions in the field-aligned ion temperature (2 min integrations)
at a height of approximately 650 km show an enhancement
that occurred concurrently with flow enhancements identi-
fied by the HAN radar (Figure 4g). The temperature increases

Figure 5. (left) Backscatter power and (right) line of sight velocity for beams 7 to 13 at the SuperDARN
Hankasalmi radar. Two solid circles in the plot for the line of sight velocity from beam 9 indicate the flow
enhancements, which have been identified in Figure 4. Dotted circles represent power and velocity
enhancements in beams 10–12.
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up to �1700 K relative to the background level of �3000 K
both at 0815 and 0827 UT (indicated by the red line).
[25] When an ambient gas is assumed to consist of atomic

oxygen, the ion temperature, Ti due to the frictional heating
can be expressed in MKS units as

Ti ¼ Tn þ 6:5� 10�4jV i � V nj2; ð1Þ

where Vi and Vn are the ion and neutral gas velocity,
respectively, and Tn represents the neutral gas temperature
[e.g., Schunk et al., 1975]. Taking into consideration the
increase in the flow and the consequent increase in ion
temperature, DTi, equation (1) can be written as

jV iE � V nj2 ¼ 1:5� 103 Ti þDTi � Tnð Þ; ð2Þ

where ViE is the enhanced ion velocity. Then the following
rough inequality is obtained for the enhanced ion velocity
when ViE//Vn is assumed:

jV iEj > jV nj þ 40 DTið Þ1=2: ð3Þ

[26] For a DTi (�DTik) of 1700 K (shown in
Figure 4h), jViEj is estimated to be greater than 2.1�
103 m s�1 when 500 m s�1 is taken as a typical value of
jVnj [e.g.,Hays et al., 1984]. This speed is consistent with the
flow speed estimated from the SuperDARN radar
(2.3 km s�1). We note that this speed is also very close to
that of themoving proton aurora spot (2.4 km s�1) reported by
Suzuki et al. [2008].
[27] The magnetometer data from four stations (Figure 4i)

also support the occurrence of enhancements of the west-
ward flow. A clear negative perturbation in the Y component
occurs almost at the same time as when the field-aligned ion
temperature measured by ESR reaches a peak. From the
theorem by Fukushima [1969], the magnetic field of the
Pedersen current is canceled by that of the field-aligned
current. The magnetic perturbation must be explained by the
Hall current.
[28] A negative perturbation in the Y component indicates

that the Hall current has a component toward the North Pole
(Figure 1); in other words, the flow must have a southward
component in the geographic coordinates. This is seemingly
contradictory to the observation that the flow is enhanced in
the westward direction. However, if the westward flow only
has to be aligned with the azimuthal direction in the MLAT-
MLT coordinates, it can have a southward component in the
geographic coordinates (map in Figure 1); this explains a
negative magnetic perturbation in the Y component.
[29] How the enhanced westward flow region moves can

be seen in data from several beams of the HAN radar. In
Figure 5, we show the backscatter power and LOS velocity
data from beams 7 (top) to 13 (bottom) as functions of UT
and magnetic latitude. Radar beams labeled with higher
numbers are directed toward the further eastward portion
of the FOV. For example, beam 13 crosses the noon meridian
(12 MLT) at 74� MLAT, which is 1 h in MLT away from
LYR.
[30] In the third row (beam 9) in Figure 5 (right), the data

used in Figure 4g are plotted on a different unit of the
vertical axis. The two solid circles (�0815 and �0826 UT)

represent the enhancement of the westward flow mentioned
above. The dotted circles represent the power and flow
enhancements observed in beams 10–12. For the first event,
the enhancement started at 0812 UT in beams 11–12 and
arrived at the region just westward of LYR, which is
covered by beam 8. The backscatter power data (left
column) show that the enhanced power features are associ-
ated with the velocity enhancement. For the second event,
which is the main event discussed in this paper, a similar
isolated enhancement can be observed although its motion
is not clearly identified. The enhancement both in the LOS
velocity and in backscatter power was observed at 0825–
0827 UT (beams 10–12), 1–3 min after the DMSP obser-
vation of the ion burst.
[31] Beams 9 and 12 cross the�1100MLTand�1145MLT

meridians at 75� MLAT. The simultaneous observation of
the flow enhancement in beams 9–12 indicates that the
longitudinal range of the flow enhancement is approximately
350 km. This observation is discussed later. We note that the
maximum backscatter power of beam 12 shifts toward
lower latitudes at around 0826 UT. This observation will
be incorporated in the interpretation presented later.
[32] Figure 6 shows 1-min integrations of the ESR data in

the interval from 0800 to 0830 UT. The data on electron
density, electron temperature, field-aligned ion temperature,
and field-aligned ion velocity are plotted as functions of
altitude and time. The electron-density data (Figure 6a)
show that an enhancement occurs at 0826 UT. The electron
temperature (shown in Figure 6b) is also increased at this
time, and these facts suggest that the electron precipitation
becomes strong above ESR at 0826 UT. This indicates that
the enhanced westward flow above ESR is accompanied by
intense plasma precipitation. A similar correspondence can
be identified at �0815 UT, suggesting that the same process
occurs at �0815 and �0826 UT. Figure 6c shows that the
ion temperature increases at 0815 and 0826 UT, as was
shown in Figure 4h. The upward flow is enhanced at the
same time as the increase of the electron density/tempera-
ture, and of the ion temperature (Figure 6d).

3. Interpretation and Discussion

3.1. Moving Mesoscale Plasma Precipitation

[33] The abovementioned enhancement of the westward
flow explains the 3-min (0826 UT–0823 UT) delay in the
ground magnetic field perturbation at �1100 MLT from the
ion burst detected at �1200 MLT. Since the magnetic
perturbations at �1100 MLT were larger at LYR and
HOR than at NAL and BJN, the center latitude of the
enhanced convection was close to LYR and HOR (74�–75�
MLAT). These latitudes are just �1� poleward of the
latitude at which the ion burst was observed. The distance
from the location of the ion burst observation (74�–75�
MLAT at �1200 MLT) to the location above LYR and
HOR (74�–75� MLAT at �1100 MLT) is approximately
450 km. The delay of 3 min can be attributed to the flow
speed of 2.3 km s�1 because the transit time would be
approximately 3 min (=450 km/2.3 km).
[34] As shown in Figures 4h and 4i, the duration of the

flow enhancement (or ground magnetic perturbation) was
2–3 min. From this duration and the estimated flow speed
of 2.3 km s�1, we can estimate the scale of the flow
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Figure 6. One-minute integrations of the data from the field-aligned ESR beam for the interval of
0800-0830 UT. (a, b) Electron density and temperature. (c) Field-aligned ion temperature and (d) field-
aligned ion velocity.
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enhancement region in the direction of motion to be 300–
400 km. This scale is in agreement with the longitudinal
range obtained from the SuperDARN data shown in
Figure 5.
[35] Figure 7 shows a schematic illustration of our interpre-

tation of the time sequence for the enhanced westward flow in
the mesoscale ion precipitation region. Hereinafter, we refer
to this region as the moving mesoscale plasma precipitation
(MMPP). The dark-gray-colored region in each map in
Figure 7 represents the MMPP. From a part of the footprint
of the reconnection line (bold curve at �72� MLAT), MMPP
appeared together with enhanced flow.
[36] We draw the reconnection line between 1100 and

1430 MLT (3.5 h) simply on the basis of the MLT of the
cusp crossing (green triangles in Figure 1). The light gray
region extending poleward from the reconnection line

represents the cusp where the ion precipitation occurred.
The poleward boundary of this region is shown to be at
�75� MLAT, which reflects the position of the green
triangles on the left in Figures 1 and 2. Since the two
DMSP passes exited the cusp at 1100 MLT or later, we do
not know how the cusp extended to the earlier MLT.
However, the 3.5-h width of the cusp may be representative
of a situation for this relatively high dynamic pressure
because this width agrees with the statistical results of
Newell and Meng [1994] for high dynamic pressure.
[37] In Figure 7a, an illustration of the situation just after

the appearance of the MMPP is shown. The ion injection
burst in this situation was not detected by LENA at the high
altitude. We do not have direct evidence that shows exactly
when the ion burst started. However, since the DMSP
observation of the ion burst at 74�–75� MLAT at
�1200 MLT is 0823 UT, and a plausible transit time to
this site from the footprint of the reconnection line, for a
speed of 2–3 km s�1, is approximately 2 min, the ion burst
must have appeared at the ionospheric height immediately
after 0821 UT (shown as 0821+ UT in Figure 7a.) In
Figure 7a, the two star marks indicate the location of DMSP
F12 and F14 at around 0821 UT. At this time, the MMPP
was located away from the spacecraft.
[38] At 0823 UT (Figure 7b), F14 reached the equator-

ward edge of the cusp without traversing the MMPP, while
F12 observed the MMPP, which had just extended from the
eastward side of F12. Figure 7b also depicts the situation
when the ion injection burst was detected by LENA. Since
the equatorward boundary of the relatively strong ENA
signals is mapped to �73�MLAT (Figure 3d), which is very
close to the equatorward boundary of the cusp, the MMPP
would still be connected to the reconnection line. We draw
the reconnection line for the MMPP at this time in somewhat
earlier MLT than that for 0821 UT+. The westward flow
emerging from such a reconnection line tends to pass through
lower latitudes. This may explain the shift in the maximum
backscatter power toward lower latitudes (Figure 5).
[39] The center latitude of the MMPP at noon was

roughly 75�. This appears to be the typical latitude at which
the flow speed, i.e., electric field, or the equivalent magnetic
perturbation caused by the field-aligned current for the cusp
shows a maximum during the jBYj � jBZj condition
[Taguchi et al., 1993]. As estimated above, the horizontal
size of the MMPP in the flow direction is roughly 350 km.
As shown in the F12 observation, the MMPP was detected
in a latitudinally narrow (approximately 100-km wide)
region. These suggest that the MMPP has a longitudinally
elongated form. During the interval of this event, FUV/
IMAGE did not provide proton aurora data. However, if
FUV/IMAGE was in operation, the moving proton aurora
spot would have been observed as reported by Suzuki et al.
[2008].
[40] The illustration in Figure 7c shows the situation at

0825 UT, which corresponds to the LENA observation at
0823 UT (Figures 3e and 3f). As suggested by the motion of
the LENA signals, the MMPP was no longer connected to
the reconnection line. The leading edge of the MMPP
approached the location of LYR. This is inferred from the
SuperDARN radar and ground magnetometer data. The
SuperDARN observed flow enhancements at this time
(Figure 4f), and the ground magnetometer detected the start

Figure 7. Schematic illustration of the time sequence for
the moving mesoscale plasma precipitation, shown in the
MLAT-MLT coordinate.
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of the magnetic field perturbation (Figure 4i). The trailing
edge would be located at 1230–1300 MLT because the
ENA emissions were still in LENA’s FOV (Figure 3e).
[41] Figure 7d shows the situation after 1 min. At this

time, LYR and HOR were within the MMPP, and the
enhanced Hall current in the MMPP produced the magnetic
perturbations with a negative Y component (Figure 4i). As
suggested by the ESR data, the plasma precipitation still
occurred at this stage (�5 min after the appearance of the
MMPP). This is consistent with the duration (4–6 min) of
the moving proton aurora spot reported by Suzuki et al.
[2008].

3.2. Temporal and Spatial Structures of the Cusp

[42] In Figure 8 we show how the MMPP is related to the
temporal and spatial structures of the cusp. Since the
particle injection in the cusp is caused by reconnection,
the leading and trailing edges of the MMPP should be
created by the temporal effect of the reconnection. The
decrease in the reconnection rate leads to the creation of the
trailing edge; in other words, the MMPP is detached from
the reconnection line. These edges move in the direction of
the flow, and appear as traveling discontinuities within the
cusp. The other edges of the MMPP, which lie along the
streamline, are the equatorward and poleward boundaries of
the MMPP during the majority of this period. These edges
originate in a spatially limited region along the reconnection
line. The MMPP has a form whose boundary is delineated
by both the temporal and spatial structures of the cusp. The
latitude at which the poleward/equatorward edge appears is
almost constant during a certain period of time because the
longitudinally elongated structure moves in the longitudinal
direction. In this sense, these edges are quasi-stable dis-
continuities within the cusp.
[43] Spatial cusp structures are thought to be the result of

multiple reconnection lines [e.g., Weiss et al., 1995; Wing et
al., 2001, Trattner et al., 2002, 2005]. In the present event,
the MMPP appeared as a mesoscale structure inside the
larger region of the cusp. Whether the MMPP and the cusp
region outside the MMPP originated from separate recon-
nection lines is not determined in this study. In Figure 8 (also
Figure 7), we have considered a single reconnection line for
simplicity (bold curve). Such a single reconnection line may

be possible if the temporal variation in the reconnection rate
is different along the line.

3.3. Relation of the MMPP to Previous Studies

[44] The above interpretation is valid for several previous
observations. If a low-altitude spacecraft enters or exits the
cusp through the equatorward boundary of the MMPP in the
situation depicted in Figure 7a or 7b, the satellite would
observe features in which the ion burst appears in the most
equatorward part of the cusp. This explains the observation
that the ion bursts occur in spatially discrete regions on the
equatorward edge of the cusp [Newell and Meng, 1991].
[45] In this event, no clear dispersion was observed inside

the MMPP. Figures 7a and 7b suggest that the DMSP F12
pass during the MMPP was roughly parallel to the recon-
nection line from which the MMPP originated. The precip-
itating ions along the pass inside the MMPP would have a
similar transit time from the reconnection line; therefore, no
clear dispersion may be observed. If the pass is more
meridional, the satellite will observe the clear dispersion
in which the average energy decreases with an increase in
latitude. On the other hand, if the satellite passes more
longitudinally through the MMPP, a reversed dispersion,
which is usually observed for lobe reconnections typical
for northward IMF [e.g., Burch et al., 1980], would be
observed. Caution must be exercised in interpreting the
reversed dispersion observed along the longitudinal pass
in terms of the lobe reconnection.
[46] Using particle data from the meridional pass of DE 2

at �1000 MLT, Escoubet et al. [1992] reported three
distinct ion populations whose peak flux energy decreases
with an increase in latitude. They interpreted these ion steps
as three consecutive flux transfer events (FTEs). In the
framework of our interpretation, these three regions can
be created by the three MMPPs originating in different,
adjacent MLT regions and then moving in a similar manner
in the azimuthal direction.
[47] The longitudinally elongated form of the MMPP

appears to be similar to the midday auroral breakup event
identified in the cusp from the ground-based optical obser-
vations made by Sandholt et al. [1989]. Sandholt et al.
[1989] have shown that this aurora often exhibits large
longitudinal motion, and that the duration of motion is
typically between 5 and 10 min, which is consistent with
our interpretation. Fasel et al. [1993] referred to this type of
aurora as the poleward-moving auroral form (PMAF), and
since then, PMAF has been widely accepted as the typical
transient auroral signature in the cusp.
[48] Although the PMAF and MMPP share some

common features, we do not refer to the present event as
PMAF for the following reasons. Firstly, the PMAF is
produced by the electron precipitation, but for our event,
intense ion precipitation is prominent. Secondly, the deduced
motion of the MMPP is westward and the poleward compo-
nent is very small, which was in fact reported earlier by
Sandholt et al. [1989]; hence the use of the term PMAFmight
lead tomisinterpretation. Finally, we would like to emphasize
the importance of the mesoscale structure of the plasma
precipitation rather than the direction of motion, which
reflects the characteristics of the dayside reconnection.
[49] We have shown that the MMPP can exist as a

detached structure from the reconnection line; i.e., a few

Figure 8. Relation of MMPP to the temporal and spatial
structures of the cusp.
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degrees poleward from the line. This indicates that the ion
injection still occurs along the flux tubes away from the
reconnection point, presumably at high latitudes on the
dayside magnetopause. Using high-latitude magnetic field
data from the HEOS-2 spacecraft, Haerendel et al. [1978]
identified signatures showing the transient nature of the
reconnection. Wild et al. [2001] observed FTE at the high-
latitude magnetopause using data from the Cluster space-
craft and inferred that the FTEs travel for a few minutes
after a reconnection burst. This kind of high-latitude FTE
would be the magnetospheric counterpart of the MMPP.
[50] Several studies have shown that the FTE is respon-

sible for the convection flow burst in the ionosphere. This
has been shown, for example, by Lockwood et al. [1990],
who utilized the ESR data. By using data from the HF radar
at Hallery, Antarctica, Pinnock et al. [1991, 1993] and
Rodger et al. [1994] showed that the flow burst can be
longitudinally elongated (by at least 900 km) and attributed
the burst to a patchy reconnection. In the present event, we
estimate the duration of the reconnection enhancement to be
approximately 3 min. If the reconnection enhancement
continued, a more elongated region would have formed,
as shown by Pinnock et al. [1991, 1993] and Rodger et al.
[1994]. Wild et al. [2001] also reported that multiple
poleward-moving enhancements were observed in the back-
scatter echoes of the SuperDARN radar during intervals
when many FTEs were observed in the magnetopause,
although the clearest signatures in the ionosphere are dis-
placed by �2 MLT from the Cluster footprint.

4. Conclusions

[51] We presented a study on an event that occurred on
28 March 2001, when the IMF was strongly duskward. This
study is based on simultaneous observations of the ENA
cusp signals obtained from LENA on the IMAGE space-
craft, the ion precipitation burst observed by the DMSP F12
spacecraft, the ion drift observed by the SuperDARN radar,
the plasma temperature and concentration obtained from
ESR, and the ground magnetic perturbation in the IMAGE
magnetometer chain. These observations cover a longitudi-
nally wide region of the cusp, and strongly suggest the
existence of a mesoscale plasma precipitation moving with
an enhanced flow in the longitudinal direction. The moving
speed is estimated to be approximately 2.3 km s�1. The
precipitation region has a longitudinal scale size of 300–
400 km and a latitudinal scale size of �100 km, i.e., a
longitudinally elongated form. The leading and trailing
edges of this form should be created by the temporal change
in the reconnection rate. The other edges appear as equa-
torward and poleward edges during most of the period and
originate in a spatially limited region along the footprint of
the reconnection line. The moving mesoscale plasma pre-
cipitation has a form whose boundary is delineated by both
the temporal and spatial structures of the cusp.
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