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[1] X-ray images from space and optical and riometer data from the ground are used to
examine two discrete high-latitude dayside arcs. The dayside auroral oval is usually
associated with soft precipitation of �1 keV electrons but the observed X-ray features
and riometer data indicate more energetic precipitation as the X-rays are produced by
electrons with energies >2.5 keV and cosmic radio absorption is associated with �10 keV
electron precipitation. Both the X-ray images from space as well as the ground based
optical and riometer data show two energetic precipitation events appearing at high
latitudes and subsequently moving equatorward at �0.5 km/s. The average energy of the
electrons is estimated to be 4–8 keV, and the energy deposition is 6–10 mW/m2. Owing to
the high latitudes it is unlikely that these electrons were energized on the nightside and
adiabatically drifted to the dayside. Instead, we think that the high-latitude events are
controlled by the solar wind. The precipitation appears at �77–79� magnetic latitude and
coincides with a northward turning of the interplanetary field. Owing to the uncertainties in
determining the exact location of open-closed boundary we interpret the events to be
caused by either KH instabilities at the inner edge of the LLBL or by lobe reconnection. In
the latter case the arcs are produced by electrons accelerated by parallel electric fields
resulting from converging horizontal electric fields associated with convection
enhancements due to lobe reconnection at the front surface of the magnetotail. These flux
tubes map to the poleward edge of the cusp. The equatorward movement is attributed to
erosion of field lines as the interplanetary field turns southward with associated dayside
reconnection on flux tubes with footpoints at lower latitudes. INDEX TERMS: 2724
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1. Introduction

[2] Solar wind plasma entering the magnetosphere via
reconnection produces electron precipitation and optical
signatures that can be monitored from ground [Rairden and
Mende, 1989; Denig et al., 1993; Øieroset et al., 1996;
Sandholt et al., 1998a, 1998b]. When the interplanetary
magnetic field (IMF) has a southward component, dayside
reconnection with auroral signatures at the equatorward edge
of the cusp (�73–75� magnetic latitude) will be observed
[Sandholt and Newell, 1996; Sandholt et al., 1998a] while
lobe reconnection with auroral signatures at the poleward
edge (�77–79� magnetic latitude) of the cusp will be seen

during northward IMF [Sandholt et al., 1996; Øieroset et al.,
1997; Sandholt et al., 2000]. The location of the merging
region is also modulated by the BY component of the IMF
with a prenoon (postnoon) displacement for positive (neg-
ative) BY in the Southern hemisphere, while the displacement
will be opposite in the Northern hemisphere [Cowley et al.,
1991]. The BX component of the IMF is also important during
northward IMF, as BX > 0 (BX < 0) will favor lobe reconnec-
tion in the Southern (Northern) hemisphere due to the anti-
parallel field condition [Crooker, 1986].
[3] Typical energies of cusp electron precipitation are �1

keV [Sandholt and Newell, 1996; Sandholt et al., 1996].
However, high-latitude discrete arcs poleward of the cusp
during northward IMF associated with lobe reconnection
[Murphree et al., 1990; Frey, 2003; Sandholt et al., 2001,
2002] indicate that electrons can be accelerated to a few
keVs in this region as well. Conjugate satellite passes
through these arc structures by FAST (Frey et al., submitted
manuscript, 2002) and DMSP [Sandholt et al., 2002]
showed evidence of inverted-V events indicating parallel
electric fields of 1–5 kV poleward of the cusp. Sandholt et
al. [2001] suggested that lobe reconnection resulting in
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strong flow shears (converging electric fields) with associ-
ated sheet of outflowing field-aligned current can explain
these observations of polar arcs.
[4] In the literature the poleward and equatorward edge of

the cusp region is sometimes called the cleft (or exterior cusp)
[see e.g. Murphree et al., 1990; Cowley et al., 1991]. Woch
and Lundin [1992] and Basinska et al. [1992] have reported
accelerated plasma at the equatorward (poleward) edge of the
cusp during southward (northward) IMF conditions and
suggested different acceleration mechanisms. Dayside events
involving even higher electron energies (�20 keV) are
usually associated with central plasma sheet (CPS) electrons
injected in the midnight region that subsequently drift to the
dayside [Matthews et al., 1988; Newell and Meng, 1992;
Østgaard et al., 1999b]. Recently such high electron energies
(�20 keV) have been reported during a hot flow anomaly
(HFA) event [Sitar et al., 1998; Weatherwax et al., 1999;
Sibeck et al., 1999]. Energetic electron precipitation was
observed by riometers and photometers from ground [Weath-
erwax et al., 1999] when an abrupt rotations in the IMF
forming a HFAwas observed just upstream from the prenoon
bow shock by Interball-1. HFA events are generally associ-
ated with sharp rotations in the IMF and are characterized by
a rapid deflection of hot plasma from the Earth-Sun line
[Thomsen et al., 1986], which can be observed as a moving
wave structure on the magnetopause and anti-sunward
motion of (upward) field aligned current structures and
optical features in the ionosphere [Sibeck et al., 1999].
Cosmic radio noise absorption (CNA) enhancements asso-
ciated with intensifications of the cusp currents system have
been reported by Clauer et al. [1995] and Stauning et al.
[1995]. These CNA events are due to electrons with energies
above �10 keV and indicate the presence of strong electric
fields in the cleft region. Acceleration of electrons and
precipitation have also been associated with Kelvin-Helm-
holtz (KH) instabilities. The instabilities are usually thought
to result on the dawn and dusk flanks of themagnetosphere as
the solar wind flows past, but they can also occur at shear
flow boundaries on the inner edge of the low latitude
boundary layer (LLBL) [Clauer et al., 1997].
[5] In this study we report two high-latitude discrete arcs

that were observed on May 8, 1998 (1345 UT and 1407 UT)
over the South Pole station (1030 MLT) involving electrons
with an average energy of 4–8 keV. The two events were
observed by riometer, all-sky-cameras (ASC) and photo-
meters at the South Pole station and by X-ray imaging
camera from space. Both events were first seen as discrete
arcs at high latitudes (�77–79� magnetic latitude) with
subsequent movements to lower latitudes (�73�). Our
observations indicate that these electrons did not originate
on the nightside and drift adiabatically to the dayside, but
were rather accelerated locally by processes controlled by
the solar wind. Different candidate mechanisms that may
produce discrete arcs at such high latitudes are discussed.
The subsequent equatorward motion is attributed to the
erosion of fieldlines due to the IMF rotation from northward
to southward.

2. Data and Instruments

[6] The X-ray imaging data from space were obtained by
the Polar Ionospheric X-ray Imaging Experiment (PIXIE)

onboard the Polar spacecraft. PIXIE is a pinhole camera
providing X-ray measurements in the energy range �2.5–
22 keV. When the Polar satellite is at perigee the camera
provides X-ray images with a spatial resolution of �170
km. Due to the low altitude at perigee (�5000 km) the
higher count rates allow us to fully utilize the adjustable
time resolution of the PIXIE camera. We first accumulate
images for 20 sec and then add 3 time frames to obtain 1
min time resolution. By doing this we get significant count
rates in the 6 energy bins of X rays we use to derive electron
energy spectra without decreasing the spatial resolution (the
Polar satellite moves 80 km in 20 sec at perigee). Due to its
large field of view (FOV), the PIXIE camera provides close
to global coverage even when Polar is at these low altitudes.
The X rays measured by PIXIE are produced by electrons
from �2.5 keV to 100 keV. A detailed description of the
data processing from PIXIE is given by Østgaard et al.
[1999a] and details on deriving four-parameter electron
spectra from PIXIE measurements are given by Østgaard
et al. [2000, 2001].
[7] The optical data from the ground were collected from

the South Pole station located at 74.02�S and 18.35�E in
corrected geomagnetic (CGM) coordinates. Data from two
photometers and a two-wavelength all-sky-camera (ASC)
were used in this study. We have used meridian slices of the
ASC data to present keograms in the same format as shown
by e.g., Mende et al. [2001]. One photometer and the ASC
measure the atomic Oxygen (OI) emission line at 630.0 nm.
This is not a prompt emission (lifetime 110 sec) and is
consequently suppressed due to non-radiative processes at
lower altitudes where the atmosphere gets denser. The OI
line therefore reflects the soft electron precipitation (<1
keV) and the average peak intensity is taken to be at
�200 km altitude (used for the keogram from ASC data),
which may be a lower altitude estimate as discussed below.
The other photometer and the ASC measure the singly
ionized molecular Nitrogen (N2

+) emission line at 427.8
nm. This is a prompt emission and proportional to the total
energy flux of the precipitating electrons. All electron
energies contribute in the production of these emissions
and for the keogram derived from the ASC data the average
peak intensity is assumed to be at �110 km (corresponding
to maximum energy deposition of �7 keV electrons,
according to Rees [1963]), which also is a lower altitude
estimate as will be discussed. From the intensity of the
427.8 nm emissions the total electron energy flux can be
estimated. As these two emission lines are sensitive to
different electron energies, the ratio of the two intensities
can be used to extract information about the average energy
of the precipitating electrons [Eather and Mende, 1971;
Rees and Luckey, 1974; Rees and Roble, 1986]. The two
photometers with a 55� full angle FOV are used to derive
energy characteristics of the electron precipitation.
[8] The cosmic radio noise absorption (CNA) at 38.2

MHz was measured by the imaging riometer [Detrick and
Rosenberg, 1990], whereas a broadbeam riometer measured
the CNA at 30 MHz at the South Pole station. The
attenuation of cosmic radio noise depends exponentially
on the absorption coefficient, which in turn is proportional
to the electron density (ne) and the collision frequency
between electrons and neutral particles (n). As v falls off
rapidly with height due to decreasing neutral density, the
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CNA is usually not very significant above �100 km, i.e., at
the altitude of maximum energy deposition for 10 keV
electrons [Rees, 1963]. This implies that most absorption
occurs at altitudes below �100 km where electrons in the
energy range from 10 keV to 100 keV deposit their energy
[Berkey et al., 1974]. The FOVof the imaging riometer is a
factor 5 smaller than the FOV of the ASC (radius of �100
km compared to �500 km for the ASC). The broadbeam
riometer which is used to derive energy characteristcs of the
electron precipitation has an approximately 60� full angle
FOV that matches the FOV of the photometers described
earlier.
[9] The solar wind density and velocity and measure-

ments of the interplanetary magnetic field (IMF), with a
time resolution of 79 s and 46 s, respectively, were available
from the solar wind experiment [Ogilvie et al., 1995] and
the magnetic field experiment [Lepping et al., 1995] on
board the Wind spacecraft.

3. Observations

[10] Figure 1 shows geomagnetic conditions encompass-
ing our events from 1300 UT to 1430 UT on May 8, 1998.
Dashed lines (Figure 1b) show the time interval we focus on
and solid lines indicate the onsets of the two arcs (1345 UT
and 1407 UT). Dst (Figure 1a) is still significant at �40 nT
during this recovery phase of a magnetic storm (�205 nT)
that occurred 4 days earlier. The AE index (Figure 1b)
indicates that a substorm occurred between 1135 UT and
1255 UT. At 1410 UT there was another increase related to
a new substorm in progress in the midnight sector, but this
increase occurred too late to affect the dayside precipitation
we examine in this paper. Ground based magnetometers in

the midnight sector (MM 210, not shown) as well as
geosynchronous satellite data (not shown) confirm this
picture of no substorm activity during the time interval we
examine. As seen in Figure 2i, the H-component measured
at the South Pole station does not indicate any substorm
activity either. We therefore conclude that our dayside
events were neither magnetic storm nor substorm related,
but occur during late recovery of both a substorm and a
magnetic storm.
[11] The two upper panels in Figure 2 show the keograms

derived from the ASC data at the South Pole, from 1300 UT
to 1430 UT (0930–1100 MLT). The red 630.0 nm emission
line (Figure 2a) is due to soft (<1 keV) electrons while the
blue 427.8 nm emission line (Figure b) is due to a few keV
electrons. Although the FOV is similar for the two wave-
lengths of the ASC the different altitudes of peak intensity
result in different ranges of magnetic latitudes. Figure 2c
shows keograms derived from the imaging riometer. Notice
that the riometer FOV is a factor 5 smaller than the ASC
FOV. The 200 km FOV corresponds roughly to 2� magnetic
latitude, which means that we obtain keograms from �73�
to �75�. In the next five panels we show the solar wind
data; Figure 2d shows the clock angle of the IMF, defined as
the polar angle between the IMF as projected into the Y-Z
plane and the Z-axis in GSM coordinates, Figures 2e–2h
show IMF BZ, IMF BY, IMF BX and the solar wind dynamic
pressure, respectively. The solar wind data are shifted 41
min to take into account the solar wind propagation time
from the Wind satellite location at [211, 7.6, 30] RE in GSM
coordinates to the subsolar magnetopause (at 10 RE). This
time shift also includes 5 min to approximate the braking of
the solar wind at the bow shock and the propagation from
the magnetopause to the ionosphere. During the time

Figure 1. (a) Dst index May 1–12, 1998. (b) AE index May 8, 1998. The dashed lines indicate the time
interval we focus on. The two solid lines indicate the onset of the high latitude dayside precipitation
events.
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interval shown in Figure 2 the solar wind velocity stays
constant at 600 km/s (which is above the average speed; 400
km/s, data not shown) and the dynamic pressure varies
slightly (3–5 nPa, see Figure 2h) which is also above the
average value (2.5 nPa). The last 3 panels (Figures 2i–2k)
show the magnetic data from the South Pole station. Both
the ASC keograms and the riometer keogram show two
distinct features of arc structures at high latitudes with
subsequent equatorward movements. The thick arrows
indicate the onset times of the two events. For the first
event (1345 UT and �1015 MLT) the riometer arc seems to
precede the ASC arcs (1350 UT) by 5 min, but looking at
the 427.8 emission an intensity increase is seen between
�75� and �74� simultaneously with the riometer peak at
��74.8� CGM latitude. We therefore attribute the apparent
time lag to the riometers limited FOV. The second event, 20
min later, was observed simultaneously in all three panels
(1407 UT and �1035 MLT). The red line (630.0 nm)
indicates that the first event starts at �77� and the second
one at �79� and they both move to �73� in about 10 min,
which gives an equatorward velocity of �0.5 km/s. It
should be noticed that these latitudes are lower estimates
as we have used a low altitude estimate of the peak intensity
for both 630.0 nm and 427.8 nm (200 km and 110 km,
respectively). During the events IMF BY and BX are positive
(Figures 2f and 2g) and both events begin with distinct
northward clock angle (q) turnings. Subsequent southward
turning coincides with the equatorward movement of the
arcs.
[12] During one of these events the Polar satellite made a

perigee pass and the PIXIE camera provided images of the
dayside aurora from 1408–1413 UT, which enables us to
view the second event from space.
[13] In Figure 3 we show three of the X-ray images

during this 5 min time interval. The large red circle shows
the FOV of the ASC. In the first image (1408:20–1409:20
UT) X rays are seen between �73� and �77� CGM
latitude which is consistent with ASC keograms and
riometer data at that time (Figure 2). In the last image
(1411:20–1412:20 UT) the high-latitude X-ray feature has
moved equatorward a degree or so, but is still separated
from the morning side precipitation which is seen in all the
images at lower latitudes (equatorward of �73�) from 6 to
10 MLT.
[14] The photometer and broadbeam riometer data from

the South Pole and the X-ray data from space enable us to
estimate the energy characteristics of the electron precip-
itation using three different methods. The photometers with
a 55� full angle FOV looking towards zenith at the South
Pole are used for this calculation, which explains why the
peaks are slightly delayed relative to the times indicated in
Figure 2. In the three upper panels of Figure 4 we show the
timeseries of (Figure 4a) the 630.0 nm emissions, (Figure
4b) the 427.8 nm emissions and (Figure 4c) the 30 MHz
broadbeam riometer. The two lower panels show (Figure
4d) the average energy and (Figure 4e) the energy flux of
the precipitating electrons based on the different methods.
The solid line shows the result based on the 630.0 nm and
427.8 nm emission lines following the procedure described
by Rees and Luckey [1974] and Rees and Roble [1986],
who used Maxwellian electron distributions to model
emission ratios. The intensity ratio of the two lines is used

Figure 2. The three upper panels show meridian slices of
the ASC and riometer data from the South Pole station,
presented as keograms. (a) 630.0 nm emissions (<1 keV
electrons). (b) 427.8 nm emissions (�10 keV electrons). (c)
38.2 MHz CNA (�10–100 keV electrons). Arrows indicate
the onset times of the high latitude precipitation. Red
(black) horizontal lines indicate the latitude of the onsets.
The five next panels show the solar wind data. (d) q is the
IMF clock angle from 0� (northward) to 180� (southward).
(e) IMF BZ (f) IMF BY (g) IMF BX (h) Solar wind dynamic
pressure. Dashed line indicates average solar wind pressure.
The three bottom panels (i–k) show the magnetic data from
the South Pole station. See color version of this figure at
back of this issue.
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to estimate the average energy but as the intensity of 630.0
nm emission approaches zero for electrons above 1–2 keV
this method is not very accurate for average energies larger
than �2 keV. The dashed line is based on the absorption of
30 MHz cosmic radio noise and the 427.8 nm emission line
which allow us to estimate higher average energies. This
technique uses a computer code developed at the University
of Maryland based on the TANGLE code [Vondrak and
Baron, 1976; Vondrak and Robinson, 1985] and the for-
mulas from Rees [1989]. This code is decsribed in more
detail by Aksnes et al. [2002]. Maxwellian electron distri-
butions were used in this calculation. The average energy
estimated from X rays (shown by horizontal thick line) is
estimated from the 2.5–22 keV X-ray spectrum which
gives us a double exponential electron spectrum from 2.5
keV to �100 keV [Østgaard et al., 2001]. In Figure 4d we
have plotted the average energy between 1410 UT and 1414
UT in the energy range from 2.5 keV to 100 keV, which
may be higher than the average estimated from the other
methods as the photometers respond to the lower part of the
electron spectra which is not seen by the PIXIE camera.
Although the average energy derived from the three meth-
ods varies they indicate that the average energy is between
4 keV and 8 keV, if the average energies based on the 630.0
nm emission line are disregarded for reasons mentioned
above. The energy flux is very similar for the solid and
dashed line which is reasonable because they are both
estimated from the 427.8 nm emission line. The mean
energy flux between 1410 UT and 1414 UT derived from
the X rays confirm an energy deposition rate of 6–10mW/m2

during the two events. The peaks of the energy flux lag the
peaks of the average energy. This apparent softening of
the spectra during the events is not real but rather due to the
long lifetime of the 630.0 nm emission (110 s). The
observed time delay is close to the 3 min modeled estimate
of the delay between the initiation of precipitation and the
peak of the emission reported by Roble and Rees [1977].
The reason for not using the ASC data for this calculation
is that the photometers and ASC are not intercalibrated.
The FOV of the photometers and riometer correspond to a
50 km radius circle at 100 km (riometer and 427.8 nm) and
100 km at 200 km (630.0 nm), which are comparable to the
spatial resolution of PIXIE (170 km � 170 km). The results
are therefore averages within these areas. Although the
form of the incident electron distribution used to determine
the energy characteristics will affect the results slightly, the
accuracy of our results are mostly determined by the
calibration accuracy. For the energy characteristics derived
from PIXIE, the X-ray count rates will determine the
accuracy. Considering the different sources of uncertainties
and limitations of the methods we are not able to determine
the energy characteristics precisely but our results give

Figure 3. (opposite) 2.5–9.0 keV X-ray images on a CGM
grid, 1 min time resolution from (a) 1408:20–1409:20UT (b)
1409:20–1410:20 UT and (c) 1411:20–1412:20. The
distorted red squared box indicates PIXIE FOVand the large
red circle in (b) and (c) indicates the ASC FOV. The South
Pole station and the AGO stations are indicated in (a). See
color version of this figure at back of this issue.
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strong indication of average energies of 4–8 keVand energy
flux of 6–10 mW/m2.

4. Discussion

[15] Is this a purely dayside phenomenon controlled by
the solar wind or are these electrons energized on the
nightside and adiabatically drifted to the morning sector?
In the latter case this will correspond to Boundary Plasma
Sheet (BPS) or Central Plasma Sheet (CPS) electrons. Using

low altitude satellite measurements Newell and Meng
[1992] identified different electron populations and found
that electron distributions with BPS characteristics statisti-
cally extend to 10 MLT at 75–76� magnetic latitude. In a
study by Matthews et al. [1988] two electron precipitation
events involving energies from 20 keV to 250 keV were
observed by balloon-borne X-ray detectors over the South
Pole station. Due to dispersion signatures one of the events
was explained as drifting electrons from a midnight injec-
tion, while the other event was interpreted as electrons being

Figure 4. (a) 630.0 nm photometer (b) 427.8 nm photometer. (c) 30 MHz broadbeam riometer. (d–e)
Energy characteristics of the precipitating electrons estimated from photometer, broadbeam riometer and
X-ray data. (d) The average electron energy. (e) The electron energy flux. Solid line: Based on 630.0 nm
and 427.8 nm emission lines. Dashed line: Based on absorption of 30 MHz cosmic radio noise and
photometer 427.8 nm emissions. Thick solid line: Average values for 1410–1414 UT based on the X-ray
measurements.
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scattered into the loss cone close to the station. In the
present study we see electrons with average energies of 4–8
keV and due to the CNA features the fluxes of >10 keV
electrons also have to be significant. Although the energy
characteristics of the electrons are similar to BPS (or CPS)
electrons we have reasons to doubt such an explanation.
Using the Tsyganenko 1996 model [Tsyganenko, 1995]
parametrized with realistic solar wind input parameters we
found that the X-ray features over the South Pole station
map to the boundary of open-closed field lines (not shown).
Due to the uncertainties of mapping results we will not
interpret this as more than a weak indication of a source
region in the magnetosheath. Although there were no passes
by low-altitude satellites through this region in the southern
hemisphere, DMSP F14 passed through the same local
times in the northern hemisphere 5 min prior (1340 UT)
to the first event. These measurements (not shown) indicate
that the cusp was located at �76� CGM latitude, the LLBL
between 75 and 76� CGM latitude and that the CPS was
encountered at �74.5� CGM latitude. We have also looked
at the flux-gate magnetometer data from the Automatic
Geophysical Observatory (AGO) stations and at the South
Pole. Following the procedure described by Lanzerotti et al.
[1999] the dynamic power spectra of the H and D compo-
nent of the magnetic field can be used to locate the
boundary between open and closed field lines. Power
spectra from the AGO stations and the South Pole (not
shown) indicate that the open-closed boundary lies equator-
ward of the South Pole station at �74� CGM latitude
(personal communication, L. J. Lanzerotti, 2002). An
open-closed boundary equatorward of the South Pole is
consistent with the above-average solar wind pressure,
which results in a compressed magnetopause [Shue et al.,
1997, 1998]. This brief discussion leads us to believe that
the open-closed boundary in the southern hemisphere was
somewhere between �74� and �76� CGM latitude. The
arcs we see in the ASC keograms are formed at �77� and
�79�. This means that they are either formed poleward of
the cusp or that the IMF northward turning moved the open-
closed boundary to such high latitudes that the arcs were
formed just equatorward of the cusp.
[16] Are these arcs the same features we observe in CNA

and X rays? As the riometer FOV does not extend poleward
of �75� CGM latitude we cannot be certain that CNA
would be seen at �77� and �79� CGM latitude where the
arcs formed. However, Figure 2c shows that the CNA
features orginated beyond our FOV and we therefore think
it is very likely that we see the CNA features as they moved
above the South Pole station from high to lower latitudes
(Figure 2c). The imaging riometers from the AGO stations
P1 (�80.1� CGM latitude and 1140 MLT) and P4 (�80.0�
CGM latitude and 1200 MLT) both with a similar FOV as
the South Pole riometer (2�) did not show any signature of
enhanced absorption (not shown). The first X-ray image
(Figure 3a) shows X-ray features from �73� to �77� CGM
latitude, while the last image (Figure 3c) shows a slight
equatorward movement by a degree or so. The morning
precipitation at lower latitudes (equatorward of �73�) is
seen from 6 to 10 MLT and is separated from high-latitude
precipitation. The spatial resolution of the PIXIE camera of
170 km explains why this separation is not so clearly seen in
the X-ray images as in the ASC keograms.

[17] Our observations might have been due to some
anomalously large fluxes of energetic (>10 keV) electrons
in the solar wind, but neither ACE [at L1], Wind [211, 7.6,
30 RE in GSM coordinates] or Geotail [�1,30,�2 RE in
GSE coordinates] show any signatures of such electrons
(data not shown). One possible mechanism that would result
in auroral features as we observe at the South Pole is the
passage of a hot flow anomaly (HFA) as reported by Sibeck
et al. [1999] and Weatherwax et al. [1999]. Such an
anomaly should be related to very sharp discontinuities in
the IMF, which are not apparent in our data. As abrupt IMF
BY and BZ changes might have been averaged out in the 1
min data we also checked the 3 sec resolution data from
WIND. Except for small-scale variations, the high-resolu-
tion data show similar changes as the 1 min data during the
two events. Magnetic measurements from Geotail and Inter-
ball-1 (both located just upstream from the bow shock, data
not shown) also confirm the 1-min WIND data as well as
the time shift of 41 min we have applied. Magnetic field
measurements from South Pole (Figures 2i–2k) do not
show the abrupt large amplitude disturbances that are
expected during HFA events. The Z-component shows a
step-like decrease during the two events and the D-compo-
nent shows a rotation during the second event but the H-
component is fairly stable during both events. Magnetic
data from the Automatic Geophysical Observatory (AGO)
stations (P2, P3 and P4, data not shown) do not show any
abrupt large amplitude disturbances either. Instead of anti-
sunward motion of the optical signatures as predicted by
Sitar et al. [1998] and observed by Sibeck et al. [1999] we
observe an equatorward movement of the optical features.
We conclude that our data do not give very strong support
for the HFA hypothesis. However, as HFAs have not been
observed very often the characteristics of such events are
not very well established and we should be cautious to rule
out such an interpretation completely.
[18] KH instabilities are typically thought to be found on

the flanks of the magnetopause, but they have also been
reported to occur at the inner edge of the LLBL [Clauer et
al., 1997, and references therein]. On the dayside, the LLBL
maps to the ionospheric convection reversal [Newell and
Meng, 1992] equatorward of the cusp. If the open-closed
boundary is between �74� and �76� CGM latitude as
discussed earlier the arcs are formed poleward of the
convection reversal location. On the other hand, if the cusp
has moved significantly poleward due to the IMF northward
turning, KH instability can very well be the mechanism that
produces these arcs. The X-ray features we observe at lower
latitudes in the morning sector (06–10 MLT) (Figure 3)
may also be associated with KH instabilities.
[19] The two events can also be explained by high-

latitude lobe reconnection with a subsequent erosion of
field lines when the IMF turns southward. We first notice
that the geometry of field lines (see the sketch in Figure 5)
with the dipole tilted towards the sun (May 8), IMF BZ and
IMF BX both positive favors lobe reconnection on the front
surface of the magnetotail in the Southern magnetosphere
on flux tubes with footpoints poleward of the cusp
[Crooker, 1986], as indicated in Figure 5a. The positive
IMF BY will tend to locate the merging region prenoon in
the Southern hemisphere, as indicated in Figure 5b
(opposed to a postnoon displacement in the Northern
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hemisphere). Auroral signatures corresponding to lobe
reconnection have been reported in many studies using
scanning photometers at 630.0 nm emission and 557.7 nm
emission [see, e.g., Sandholt et al., 1996, 2000; Øieroset et
al., 1997]. The auroral signatures which have been termed
type 1 aurora [Sandholt et al., 1998b] are usually most
intense in the 630.0 nm emission line, which indicates soft
electron precipitation (<1 keV), but often show up as
significant 557.7 nm emissions, indicating higher electron
energies as well [Sandholt et al., 2001]. Murphree et al.
[1990] reported several cases of high-latitude discrete
auroral arcs observed in UV emissions by the VIKING
satellite. They related these structures to lobe reconnection
at the front surface of the magnetotail although the discrete
arc structures indicated precipitation by a few keV elec-
trons. Frey [2003] examined 2 months of IMAGE FUV
data and found 13 events covering 73 hours of observations

where UV arcs were seen poleward of the cusp during
northward IMF. In situ measurement by the FAST satellite
passing through the arcs provided clear evidence of
inverted-V events, indicating parallel electric fields of
1–5 kV. The arc structure reported by Sandholt et al.
[2001, 2002] during a sharp northward rotation of the IMF
was also seen in the conjugate DMSP data as accelerated
electrons of 1–5 keV. Acceleration of plasma associated
with reconnection has been reported by Woch and Lundin
[1992] who found that for IMF northward (southward) the
increase of the plasma bulk flow resulted in an ion energy
increase of �1 keV in the merging/current disruption
region which corresponds to a location at the poleward
(equatorward) edge of the cusp in the ionosphere. In
principle the electrons would be accelerated too, but as
this energy is gained by an increased bulk flow velocity
this acceleration mechanism will not have any noticeable
affect on the electron distribution. Basinska et al. [1992]
observed electromagnetic spikes at the poleward edge of
the cusp during northward IMF, but their electron measure-
ments do not indicate any acceleration on the order of a
few keV or energy fluxes in the 6–10 mW/m2 range.
Clauer et al. [1995] and Stauning et al. [1995] reported
solar wind driven modulations of the ionsopheric cusp
current system that were accompanied by repeating pulses
(�25–30 min) of CNA enhancements in the same range
(0.2–0.6 dB) as we observe, moving poleward. Their
observations are mostly during southward IMF conditions
and the poleward movement (0.5–1.0 km/s) of the current
system and CNA (to �77–78� invariant magnetic latitude)
is attributed to changes in the IMF BY component. They
interpret the field aligned currents to be caused by velocity
shears associated with changing convection patterns and
the pulses to be modulated by IMF BY variations.
[20] Although we find arcs involving higher electron

energies than usually are reported from the cusp region
we notice that discrete arcs and field aligned currents are not
uncommon at the poleward edge of the cusp during north-
ward IMF conditions. We also find it interesting that the
discrete arcs found by Murphree et al. [1990] were strongly
related to IMF BY > 0 and BX < 0, which favors lobe
reconnection at the front surface of the magnetotail in the
Northern magnetosphere. Frey [2003] showed that high-
latitude electron precipitation events tend to occur during
IMF BY > 0 and BX < 0 in the Northern hemisphere. The
corresponding geometry in the Southern hemisphere would
be BY > 0 and BX > 0. In Figure 5 we have sketched the
geometry of the field lines to show where the most anti-
parallel field lines will appear. The magnetic tension force
associated with the merged field lines will act on the
plasma, creating the lobe convection cell and flow shears
which will induce field-aligned currents [Sandholt et al.,
2001, 2002]. The high-latitude discrete arcs we observe are
consistent with the current system one should expect during
lobe reconnection. According to Iijima et al. [1984] an
upward field aligned cusp current (i.e., in the cleft) will
result from lobe reconnection (northward IMF) in the
prenoon sector in the Southern hemisphere for IMF BY >
0. Both our events moved equatorward movement at �0.5
km/s. We attribute this to erosion of field lines as the IMF
turned southward. A similar transition from type 2 (lobe
reconnection) to type 1 (dayside reconnection) aurora

Figure 5. Sketch of the field line geometry and merging
location when IMF is northward and both BY and BX are
positive. (a) Meridian scan of the magnetosphere. (b) The
magnetosphere viewed from the Sun.
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caused by a rotation of the IMF was reported by Sandholt et
al. [1998a].

5. Conclusion

[21] In this study we have reported two events of discrete
dayside aurora at high latitudes controlled by solar wind
changes. Our interpretation of the observations can be
summarized as:
1. Discrete arcs formed at high latitudes (�77–79�). The

onsets coincided with northward turnings of the IMF.
2. An average electron energy of 4–8 keV and energy

deposition of 6–10 mW/m2 were estimated from the
combined optical and riometer data from ground and X-
ray images from space. Although this region is usually
associated with <1 keV electron precipitation, several
studies have reported locally accelerated electrons of a
few keV in this region.
3. We attribute the equatorward motion of the arcs at

�0.5 km/s to the IMF southward turning.Due to the
uncertainties connected to the determination of the open-
closed boundary we suggest two different scenarios
involving different mechanisms that can explain our
observations.
4. KH instabilities: The IMF northward turning moves

the cusp location significantly poleward and the arcs are
formed equatorward of the cusp due to KH instabilities at
the inner edge of the LLBL. The subsequent equatorward
movement is a response to the IMF southward turning
which moves the boundaries back to lower latitudes.
5. Lobe reconnection: The geometry of the IMF and the

Earth’s magnetic field favored lobe reconnection on the
front surface of the magnetotail in the Southern magneto-
sphere. These flux tubes have footprints poleward of the
cusp. The precipitating electrons were probably accelerated
by parallel electric fields resulting from converging
horizontal electric fields associated with convection en-
hancements due to lobe reconnection. The subsequent
equatorward motion is attributed to the IMF southward
turning that favored reconnection at the dayside magneto-
sphere and erosion of magnetic field lines.
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Figure 2. The three upper panels show meridian slices of the ASC and riometer data from the South
Pole station, presented as keograms. (a) 630.0 nm emissions (<1 keV electrons). (b) 427.8 nm emissions
(�10 keV electrons). (c) 38.2 MHz CNA (�10–100 keV electrons). Arrows indicate the onset times of
the high latitude precipitation. Red (black) horizontal lines indicate the latitude of the onsets. The five
next panels show the solar wind data. (d) q is the IMF clock angle from 0� (northward) to 180�
(southward). (e) IMF BZ (f) IMF BY (g) IMF BX (h) Solar wind dynamic pressure. Dashed line indicates
average solar wind pressure. The three bottom panels (i–k) show the magnetic data from the South Pole
station.
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Figure 3. (opposite) 2.5–9.0 keV X-ray images on a CGM
grid, 1 min time resolution from (a) 1408:20–1409:20 UT
(b) 1409:20–1410:20 UT and (c) 1411:20–1412:20. The
distorted red squared box indicates PIXIE FOVand the large
red circle in (b) and (c) indicates the ASC FOV. The South
Pole station and the AGO stations are indicated in (a).
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