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[1] We present two transpolar arc events where for the first time we are able to analyze
changes in field-aligned currents associated with high-latitude transpolar auroral arcs on
time scales of a few minutes. This is accomplished through the use of highly accurate
multipoint magnetic field measurements provided by the Space Technology 5 mission,
which consists of three microsatellites in low-Earth orbit. In the first event we examine
measurements of an arc that is part of a highly dynamic auroral pattern, that of a
hook-shaped arc. In the second event, a more stable dusk oval-aligned arc is analyzed.
These events illustrate the dynamic nature of arc formation and show the usefulness of
high-resolution multipoint measurements. Minimum variance analysis is used to determine
the appropriateness of the infinite current sheet approximation and to calculate arc
alignment angles which are then compared with those estimated from UV images or

precipitating particle data.

Citation: Cumnock, J. A., G. Le, S. Imber, J. A. Slavin, Y. Zhang, and L. J. Paxton (2011), Space Technology 5 multipoint
observations of transpolar arc—related field-aligned currents, J. Geophys. Res., 116, A02218, doi:10.1029/2010JA015912.

1. Introduction

[2] High-latitude arcs occur as part of a variety of highly
dynamic auroral configurations and are often observed
during northward interplanetary magnetic field (IMF) with
their formation and motion dependent on IMF B,. These
arcs may appear as single Sun-aligned arcs or as numerous
arcs spread across the polar region and are typically
embedded in regions of weak diffuse particle precipitation.
They also vary in spatial extent and magnetospheric source
regions [Bonnell et al., 1999]. These arcs range in width
from less than 50 km to over 1000 km where the wider arcs
may also consist of thin distinct arcs [Cumnock et al., 2009].
The motion of the small-scale Sun-aligned arcs is controlled
by IMF B, in the same way as large-scale transpolar arcs
[Gusev and Troshichev, 1986; Valladares et al., 1994;
Cumnock et al., 1997; Kullen et al., 2002]. It has been
proposed that small-scale Sun-aligned arcs are embedded in
polar rain and thus occur on open field lines [e.g., Carison
and Cowley, 2005, and references therein]. In the present
study we investigate only the larger-scale high-latitude arcs
(>100 km width).

[3] A statistical study of high-latitude arcs by Kullen et al.
[2002], expanding on a study by Gussenhoven [1982],
surveyed three months of winter hemisphere Polar UVI data
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and found that large-scale auroral arcs located poleward of
the auroral oval may be assigned to five categories: mid-
night (nightside originating) arcs, bending (hook-shaped)
arcs, multiple arcs, oval-aligned arcs, and moving arcs. In
some cases arcs are transpolar and when aligned along the
noon-midnight meridian form a theta aurora [Frank et al.,
1982, 1986]. Single large-scale transpolar arcs aligned
along the noon-midnight meridian, form almost exclusively
during northward IMF. Gussenhoven [1982] found that these
transpolar arcs show increased occurrence with increasing
solar wind velocity. Moving arcs start as oval-aligned arcs
that move poleward and eventually cross the entire polar
region when there is an IMF B, sign change during north-
ward IMF [Cumnock et al., 1997, 2002]; these are the longest
lived (up to several hours) of the high-latitude arcs [Kullen
et al., 2002]. They form regardless of IMF B, and dipole
tilt [Cumnock, 2005] implying that this kind of transpolar
arc occurs simultaneously in both hemispheres; with a dawn-
dusk asymmetry and the opposite dawn-dusk motion [Craven
et al., 1991; Cumnock et al., 2006]. Moving arcs may occur
simultaneously with increased auroral oval activity such as
optical substorms [Cumnock et al., 2000] or auroral oval
intensifications [Blomberg and Cumnock, 2005], and occur
during times when IMF B, makes a sudden large decrease
and IMF B, changes sign.

[4] Strong correlations between the field-aligned currents
(FACs) and plasma flows associated with groups of thin
distinct high-latitude arcs are seen only in the sunlit hemi-
sphere [Cumnock et al., 2009]; this is in agreement with
results for FAC current dependence on hemisphere where
transpolar arc luminosity is much higher in the sunlit
hemisphere [Kullen et al., 2008]. Convection signatures
have been observed to vary a lot along the transpolar arc,
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Figure 1. (top) A typical hook-shaped arc measured by TIMED GUVI during a 17 min scan of the
global aurora from the Southern Hemisphere taken on 28 March 2006 centered at 1025 UT. The image
is displayed in corrected geomagnetic coordinates with the Sun at the top and the lowest latitude at 60°.
The pattern consists of the hook-shaped arc and oval-aligned arcs on both the duskside and dawnside,
where the dawn oval-aligned arc is more separated from the oval than the dusk arc. (bottom) The STS
satellite track (black line) and DMSP F13 cross-track plasma flows (red trace) are plotted in corrected
geomagnetic coordinates. These spacecraft pass through the high-latitude arcs about 10 min prior to
the GUVI measurements. The black crosses along the DMSP track correspond to the particle boundaries
marked by vertical lines in Figure 2. The black crosses along the STS track correspond to the vertical lines

in Figure 3.

from sunward to antisunward flow depending on the relative
importance of the arc-associated electric field. Sunward
convection (and the associated field-aligned currents) has
been observed in the most intense segments of the transpolar
arc [e.g., Marklund et al., 1991]. Many observations of
the field-aligned currents associated with TPAs indicate the
existence of upward and downward current sheet pairs. A

study of the relationship between the large-scale convection
pattern and the transpolar arc associated field-aligned cur-
rents was performed using a numerical model by Markiund
and Blomberg [1991]. They modeled cases with locally
balanced upward and downward arc currents, as well as the
case of a single upward current associated with the arc but
not locally balanced. With locally balanced currents the effect
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Figure 2. Data shown from a DMSP F13 pass on 28 March 2006 (1005-1021 UT) that occurs during
the STS data period. The spectrogram includes (top to bottom) electron and ion integral energy flux, elec-
tron and ion average energy, precipitating electron spectrogram, precipitating ion spectrogram, and cross-
track horizontal plasma drift. The vertical lines correspond to the black crosses shown along the DMSP

satellite track in Figure 1 and mark (right to left)

the poleward edge of the dusk auroral oval, the

boundaries of the Sun-aligned part of the hook-shaped arc, and the poleward edge of the dawn oval-

aligned arc.

on the convection pattern is localized, whereas an unbalanced
arc current system leads to a modification of the convection
pattern on a global scale. Satellites have observed all three
current configurations [e.g., Frank et al., 1986; Menietti and
Burch, 1987; Marklund et al., 1991; Obara et al., 1993;
Blomberg and Marklund, 1993; Blomberg and Cumnock,
2005]. Thus far observations of FACs associated with
TPAs have been limited to single satellites resulting in
measurements separated by large time scales (>100 min) or
are limited by location of ground based measurements
especially in the Southern Hemisphere (for example, mag-
netometer and/or convection velocity measurements).

[5s] Observations indicate that transpolar arcs lie on closed
field lines and have their origin in the plasma sheet or
its boundary layer [Frank and Craven, 1988; Peterson and
Shelley, 1984; Craven et al., 1991]. Different magnetotail
topologies have been proposed to explain these observa-
tions, suggesting that the tail lobes are bifurcated by closed
field lines of plasma sheet origin. Frank et al. [1982, 1986]
describe the tail plasma sheet as bifurcated such that a plasma

3 of

sheet bulge extends into the lobes, which is consistent with
observations of midnight originating arcs. Huang et al.
[1987, 1989] showed that a filamentary extension of the
plasma sheet into the lobes may be responsible for the plasma
sheet bifurcation and is consistent with observations of
transpolar arcs. There are two types of conceptual magne-
tospheric models that attempt to explain transpolar arc for-
mation: dayside merging and magnetotail twisting, both of
which depend on IMF orientation. Kan and Burke [1985]
and Toffoletto and Hill [1989] showed that merging (based
on the antiparallel merging model of Crooker [1979]) near
the cusps during northward IMF produces two regions of
open flux along the flanks of the tail magnetopause, sepa-
rated by a central channel of plasma sheet that spans the
magnetotail from north to south. These models do not
explain the dawn-dusk motion observed in oval-aligned and
moving arcs and the influence of IMF B,; however, they do
account for the formation of midnight originating arcs and
may play an important role in the formation of hook-shaped
arcs. Many observed features of TPAs may be explained by
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Figure 3. Time-shifted components of the ST5 mag-
netic field variations in the Southern Hemisphere (1000—
1028 UT) plotted in solar magnetic coordinates taken at about
the same time as data available from DMSP F13 (Figure 2)
and 10 min prior to the GUVI image (Figure 1). The leading
(ST5-155, red trace) and trailing (ST5-224, blue trace)
spacecraft are shifted in time (162 and 24 s with respect to the
center satellite ST5-094, respectively) so that measurements
taken at the same location are aligned. The time shown is that
of the center satellite, ST5-094 (black trace).

IMF rotations which cause magnetotail twisting; where arcs
move poleward when the near earth and far tail portions of
the magnetotail are twisted in opposite directions [Kullen,
2000]. MHD simulations of magnetotail twisting partially
replicate observations of oval-aligned and moving arcs;
where a moving Sun-aligned arc maps to a bar of closed field
lines [Slinker et al., 2001; Kullen and Janhunen, 2004].
However, in these simulations the polar cap is not entirely
bifurcated by closed field lines and these simulations do not
explain how field-aligned currents are generated in the tail.
Naehr and Toffoletto [2004] analyzed results from both
antiparallel merging and tail twist models and determined
that transpolar arc formation and evolution are primarily
magnetotail twisting but they also do not obtain a complete
bifurcation of the polar cap. Thus it is assumed that at least
two types of drivers, magnetotail twisting and dayside
merging, are necessary for high-latitude arc formation.

[6] These high-latitude auroral phenomena are all very
dynamic and change significantly (both spatially and in
intensity) on time scales much faster than the ~100 min orbital
period of low-Earth orbit satellites like DMSP. In the pre-
sent study we use data from the Space Technology 5 (ST5)
mission consisting of three microsatellites which provide
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the first multipoint measurements of field-aligned currents
in low-Earth orbit (~300-4500 km) [Slavin et al., 2008]. We
examine the FACs associated with high latitude arcs using
STS because they give us three highly accurate measurements
of the FACs with temporal spacing of ~1-10 min which
enable us for the first time to analyze variations in high-
latitude arcs on short time scales. Spatial and temporal chan-
ges in TPAs on these time scales are not possible to observe
with single satellites in low-Earth orbit and thus are not well
understood or examined. Minimum variance analysis (MVA)
is used to estimate the arc aligned angles in the sunward
direction which are then compared with those estimated
from UV images or precipitating particle data in order to
determine the validity of using FACs to estimate transpolar
arc alignment.

2. Observations and Discussion

[7] The three ST5 satellites provide highly accurate
magnetic field measurements during a three month period.
The satellites follow the same trajectory and their separation
varies between 5000 and 50 km. The STS magnetometers
(MAG) provide 16 vectors per second to the spacecraft
command and data handling system [Slavin et al., 2008].
These instruments have two ranges: +64,000 and 16,000 nT
that are controlled by the individual satellites using the
measured magnetic field strength. The digital resolution of
the MAG is 1.25 nT and 0.30 nT, respectively, in its high and
low field ranges. The intrinsic noise for these miniature
magnetometers was less than 0.1 n'T RMS at 1 Hz. Prelaunch
testing in the Goddard Space Flight Center Magnetic Coil
Facility showed that stray magnetic fields due to the satellite
at the MAG sensor are less than 1 nT [Slavin et al., 2008].
The MAG data processing is described in the Wang et al.
[2009] statistical study of field-aligned current sheet motion
using the multispacecraft Space Technology 5 observations.
The instrument gains and offsets changed by less than 0.1%
over the course of the mission and no evidence of contami-
nation due to stray satellite magnetic fields has been found
[Slavin, 2006].

[8] The 105.6° inclination orbit of 300 to 4500 km has a
period of 136 min, resulting in a few orbits per day when the
track is in an optimal location for passing through high-
latitude arcs, that is, on the nightside of the dawn-dusk
meridian which in this case occurs in the Southern Hemi-
sphere. The three spacecraft follow the same trajectory
separated by 3 to 10 min. Thus, they cross the FAC region
successively and their magnetic field profiles should be the
same (if shifted in time) if the magnetic variations are all
spatial and the FAC structures do not have any temporal
variation. Since the high-latitude arcs must be identified
by UV images and/or precipitating particle measurements,
we are limited by the lack of imagers during the STS mis-
sion which are capable of taking multiple images during
each polar pass. For the two events presented TIMED GUVI
is available only for the first event. The GUVI cross-track
FUV (115 to 180 nm) scanning imaging spectrograph pro-
vides one horizon-to-horizon image per polar pass, made
during a 17 min period. The DMSP satellites have a Sun-
synchronous circular polar orbit where the satellite track
is aligned approximately along the dawn-dusk or ~9 to
20 MLT meridians. The SSJ/4 instrument includes curved
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Figure 4. Time-shifted ST5 magnetic field variations associated with the dusk oval-aligned arc (right
quarter of the region marked by vertical lines in Figure 3) plotted in (left) SM coordinates and (right)
MVA coordinates. The leading (ST5-155, red trace) and trailing (ST5-224, blue trace) spacecraft are
shifted in time so that measurements taken at the same location are aligned. The time shown is that of the

center satellite, ST5-094 (black trace).

plate electrostatic analyzers to measure electrons and ions
from 32 eV to 30 keV at a rate of one complete electron and
ion spectrum per second resulting in a spatial resolution of
about 7 km. The SSIES instrument provides measurements
of the horizontal plasma flow and ion density at a rate of
6 samples per second. In addition to STS5, for both events
multiple satellite data are available.

[9] We here present two examples of high-latitude arc and
auroral oval associated field-aligned currents where the
currents are expected to change temporally or spatially
corresponding to changes in the interplanetary magnetic
field. We are able to observe large-scale, mesoscale and
small-scale changes in the magnetic fields (~1000, ~150 and
<150 km, respectively). The two STS events shown occur
during quiet times and thus have much weaker FACs than
those measured during geomagnetic storms [Le et al., 2009].
The first event occurs when the STS spacecraft are within
3 min of one another measuring part of a highly variable
high-latitude arc pattern; in the second they are spread apart
by 11 min and make measurements of the more slowly
evolving oval-aligned arc. Thus, we can analyze temporal
variations within these time scales.

[10] In analyzing the magnetic field data we treat the
large-scale FACs as infinite planar sheets. Using this
approximation we expect the magnetic field variations
associated with a transpolar arc to be locally aligned with
the Sun-aligned direction. The infinite sheet assumption is
not appropriate when the spacecraft crosses an actual finite
length current sheet near one of its ends where the magnetic

field perturbation will not be confined to one component.
To determine the direction along which the magnetic field
variation is at a minimum we use minimum variance anal-
ysis (MVA) [Sonnerup and Cahill, 1967; Sonnerup and
Scheible, 1998]. The MVA also allows us to evaluate the
applicability of the infinite sheet assumption.

[11] The minimum variance analysis consists of finding
the three eigenvalues and corresponding eigenvectors of
the covariance matrix of the magnetic field. The eigen-
vector corresponding to the smallest eigenvalue represents
the direction of minimum field variance. Similarly, the
eigenvector corresponding to the largest eigenvalue repre-
sents the direction of maximum variance. The third eigen-
vector completes an orthogonal coordinate system, the
MVA system. In the MVA coordinate system, i, j, and k are
defined to be the maximum, intermediate, and minimum
variance directions, respectively. In regards to field-aligned
currents, the coordinate k is also the field-aligned direc-
tion and i and j are the two directions transverse to the
magnetic field. Magnetic field variations exclusively in the
i direction indicate an infinite and homogeneous current
sheet; the current sheet normal direction would then be
along the j direction. For the more realistic case with
magnetic field variations in both transverse directions, the
ratio of the maximum and intermediate variance eigen-
values (e;/e;) indicates how much variation is in one direc-
tion. If the spacecraft is close to the end of a finite current
sheet we would expect to see magnetic field variations in
both the i and j directions. Thus we can ascertain the validity
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Table 1. MVA Results for the Dusk Oval-Aligned Arcs on
28 March 2006 and 20 April 2006*

Angle of Current Sheet
With Sun-Aligned

Date Spacecraft e;/e; Ratio Direction
28 Mar 2006 ST5-155 26 33
ST5-094 17 29
ST5-224 8 26
20 Apr 2006 ST5-094 21 22
ST5-224 20 21

“The satellites are ordered by time, with the leading spacecraft first. The
e;/e; ratio and the angle of the current sheet with respect to the Sun-aligned
direction are given for each event and spacecraft. A large ratio of the
maximum to intermediate variance eigenvalues (e;/e;) indicates that the
FACs can with some confidence be approximated by infinite current
sheets. Comparison with the Sun-aligned direction is appropriate for
high-latitude transpolar arcs which are often observed to be Sun aligned.

of the infinite current sheet approximation for the large-scale
currents associated with both the auroral oval and high-
latitude arcs first by looking at the ratio of the maximum
and intermediate variance eigenvalues (e/e;). The larger the
ratio of the maximum to intermediate variance eigenvalues
(e;/e;) we can with more confidence assume the FACs can be
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approximated locally by infinite current sheets. We then also
calculate how closely the current sheets are Sun aligned.

2.1. Event 1: Hook-Shaped Arc, 28 March 2006

[12] Hook-shaped arcs are usually short lived, faint and
highly variable. They originate as poleward moving trans-
polar arcs where one end of the arc separates from the main
oval and moves toward the other side of the oval whereas the
other end remains fixed [Ismail and Meng, 1982; Murphree
et al., 1982; Gusev and Troshichev, 1986; see also Kullen
et al., 2002]. These arcs occur during average northward
IMF conditions and start to occur typically in connection with
a short southward IMF B, time period [Kullen et al., 2002]. In
our case, a short southward IMF B, time period occurs at
0945 UT, about 35 min before the GUVI image is taken
and where the arc has already moved considerably poleward.
It is often the case that an oval-aligned transpolar arc is seen
simultaneously on the opposite side of the oval.

[13] Figure 1 (top) shows a hook-shaped arc measured
during a 17 min scan of a TIMED GUVI global aurora
image from the Southern Hemisphere taken on 28 March
2006 where the time shown (1025 UT) denotes the midpoint
of the scan. The image is displayed in Altitude Corrected
geomagnetic coordinates (AACGM) (see Baker and Wing

20 Aprll 2006
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Figure 5. Polar plot with the STS5 satellite track (red line) and DMSP F13 (red trace) and F16/15 (green
trace) cross-track plasma flows plotted in corrected geomagnetic coordinates from 20 April 2006. DMSP
F16 has the same track as F15 but precedes F15 by 9 min. The blue cross on the DMSP F16/15 satellite
track corresponds to the poleward edge of the expanded duskside oval marked by the vertical line in
Figure 6; the black crosses along the DMSP tracks correspond to the particle boundaries associated
with the high-latitude arc marked by vertical lines in Figures 7 and 8. The black crosses along the ST5
track mark the boundary of the FAC pair and correspond to the vertical lines in Figure 9.
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Figure 6. Data shown from a DMSP F16 pass on 20 April 2006 (1741-1757 UT), which occurs during
the ST5 time period. The spectrogram includes (top to bottom) electron and ion integral energy flux, elec-
tron and ion average energy, precipitating electron spectrogram, and precipitating ion spectrogram. Cross-
track horizontal plasma drift data are not available for this pass. The spectrogram shows an expanded
duskside oval (right side of plot) with a thin region of energetic particles at the poleward edge. The ver-
tical line corresponds to the blue cross shown along the DMSP satellite track in Figure 5 and marks the

poleward edge of the expanded dusk auroral oval.

[1989] for details) with the Sun at the top and the lowest
latitude at 60°. It is common to see such faint large-scale
arcs during northward IMF. The pattern shown in Figure 1
consists of the hook-shaped arc and oval-aligned trans-
polar arcs on both the duskside and dawnside, although
the dawn oval-aligned arc is only partially seen in the image.
The Sun-aligned part of the hook-shaped arc is aligned
along the duskside of the noon-midnight meridian and is
attached to the dayside of the auroral oval. The other end of
the hook-shaped arc is attached to a dusk oval-aligned arc.
The poleward edge of the dawn oval-aligned arc is at higher
latitudes than the poleward edge of the dusk oval-aligned arc.
We note that a hook-shaped arc is seen also in the Northern
Hemisphere (GUVI data not shown) on the dawnside of
the noon-midnight meridian, which is the expected dawn-
dusk asymmetry between hemispheres resulting from IMF B,
influence on high-latitude auroral arcs.

[14] Figure 1 (bottom) shows the nightside of a polar plot
with the STS satellite track and DMSP F13 cross-track
plasma flows (red). These measurements are made about
10 min prior to the time period of the GUVI image in
Figure 1 and thus, because of the dynamic nature of the
hook-shaped arc, we do not expect the arc signatures mea-
sured by the different satellites to be colocated. The Sun is
toward the top, magnetic local time is denoted by the dashed
lines and the lowest latitude is at 60°. The black crosses
along the DMSP track correspond to the particle bound-

aries marked by vertical lines in Figure 2. These lines mark
(from left to right in Figure 1) the poleward edge of the
expanded dusk oval, the boundaries of the high-latitude
arc and the poleward edge of the dawn oval-aligned arc.
The black crosses along the STS track mark where the
spacecraft passes through the nightside of the hook-shaped
arc and dusk oval-aligned arc and correspond to the ver-
tical lines in Figure 3. Because of the variability of the arc
and the 10 min time delay between ST5/DMSP and GUVI,
all of the emission regions are not aligned. In the GUVI
image the hook-shaped arc appears to have moved to
slightly higher latitudes and the dusk oval-aligned trans-
polar arc to lower latitudes since the DMSP measurements
were taken.

[15] Figure 2 shows data from a Southern Hemisphere
DMSP F13 pass in the dawn-to-dusk direction corre-
sponding to the DMSP orbit track in Figure 1 and occurs
about 10 min prior to the GUVI image. Figure 2 includes,
from top to bottom, electron and ion integral energy flux,
electron and ion average energy, electron differential energy
flux spectrogram, ion differential energy flux spectrogram,
and cross-track horizontal plasma drift. The vertical lines
correspond to the black crosses shown along the DMSP
satellite track in Figure 1. DMSP F13 passes through the
dawnside of the expanded oval (left side of Figure 2) from
which the poleward edge has separated forming an oval-
aligned transpolar arc. The dawnside oval has remained
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Figure 7. Data shown from a DMSP F15 pass on 20 April 2006 (1749-1805 UT). These DMSP mea-
surements are closest in time to the high-latitude arc measured by ST5 and occur about 9 min after F16
but along the same satellite track. The spectrogram includes (top to bottom) electron and ion integral
energy flux, electron and ion average energy, precipitating electron spectrogram, precipitating ion spec-
trogram, and cross-track horizontal plasma drift. The vertical lines correspond to the black crosses shown
along the DMSP satellite track in Figure 5 and mark the boundaries of the dusk oval-aligned arc.

relatively stable in the 10 min between the DMSP and
GUVI passes, thus, the poleward edge of the expanded oval
is roughly aligned in both the UV and the particle data.
However, the small gap which exists between the dawn
transpolar arc and oval in the DMSP spectrogram is not
apparent in the GUVI image. On the duskside of the noon-
midnight meridian (right side of Figure 2) DMSP F13 passes
through both the Sun-aligned part of the hook-shaped arc
and the duskside oval. In this case in the 10 min between the
DMSP and GUVI measurements the hook-shaped arc has
moved poleward and thus measurements are not aligned
with GUVL In addition, the poleward edge of the dusk oval
has evolved from an enhancement in the DMSP precipitat-
ing particles to a separated dusk oval-aligned arc as seen in
the GUVI image.

[16] The Sun-aligned part of the hook-shaped arc (marked
by the two center vertical lines in Figure 2) is colocated
with antisunward flow on the duskward part (right side of
Figure 2) and reduced antisunward flow on the dawnward
part (left side of Figure 2) corresponding to a pair of FACs
(not shown). In this case the convection associated with the
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Sun-aligned part of the arc is not locally balanced and thus
may affect the large-scale convection. However, the global
ionospheric plasma drift pattern is very structured with no
coherent large-scale pattern, thus it is difficult to determine
if the arc has modified the convection pattern on a global
scale. The subsequent Southern Hemisphere DMSP pass
(not shown) shows that the hook-shaped arc has almost
completely faded by about 1200 UT. The Northern Hemi-
sphere pass is at too low latitudes on the dayside to detect
high-latitude arcs.

[17] Figure 3 shows ST5 magnetic field measurements
from the Southern Hemisphere taken at about the same time
as data available from DMSP F13 (Figure 2) and 10 min
prior to the GUVI image (Figure 1). The time-shifted
components of the ST5 magnetic field variations are plotted
in solar magnetic (SM) coordinates, with the background
IGRF geomagnetic field subtracted and the endpoints shif-
ted to zero. The data have a time resolution of 1 s which are
spin averaged (with a spin period of ~3 s) with overlapping
averaging windows. The leading (ST5-155, red trace) and
trailing (ST5-224, blue trace) spacecraft are shifted in time
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Figure 8. Data shown from a DMSP F13 pass on 20 April 2006 (1803—-1819 UT) in the same format as
Figure 7. The vertical lines correspond to the black crosses shown along the DMSP F13 satellite track in
Figure 5 and mark the boundaries of the dusk oval-aligned arc.

(162 and 24 s with respect to the center satellite ST5-094,
respectively) so that measurements taken at the same loca-
tion are aligned. The time shown is that of the center sat-
ellite, ST5-094 (black trace).

[18] The gradients in 6By correspond to field-aligned
currents, assuming that the currents may be approximated
by Sun-aligned sheets. Positive slope corresponds to upward
FACs and negative slope to downward. Most of the mag-
netic field variations are in the 6B, component (~80 nT);
however variations along the dawn oval (left side of
Figure 3) in the 6B, and 6B, directions are also fairly large
(~30 nT). Field-aligned currents associated with the auroral
oval are seen on the left (dawn) and right (dusk) sides. The
maximum perturbations are much less than those seen at
these altitudes during active periods, during which values of
~1000 nT are more typical [e.g., see Le et al., 2009]. The
magnetic field measurements corresponding to the nightside
portion of the hook-shaped arc and the dusk oval-aligned
arc are marked by two vertical lines which correspond to the
black crosses on the ST5 satellite track in Figure 1. Even
though this region consists of multiple upward and down-
ward directed mesoscale currents, there is very little tem-
poral variation during the 3 min between leading and trailing
STS satellites. However, fairly large temporal variations are

seen in the measurements corresponding to the auroral oval,
especially on the duskside (right side of Figure 3). These
variations occur during the ~162 s separation between ST5-
155 and ST5-094.

[19] The magnetic field variations associated with the
dusk oval-aligned arc are displayed in both SM and MVA
coordinates in Figure 4. These measurements also corre-
spond to the right quarter of the region marked by vertical
lines in Figure 3. The large-scale magnetic field variations
are seen mainly in the 6B; component, while 6B; contains
mostly mesoscale variations. All three ST5 satellites mea-
sure a pair of field-aligned currents associated with the dusk
oval-aligned arc. Only mesoscale changes occur during the
~30 s between ST5-094 and ST5-244. Large-scale changes
are seen between ST5-155 and the two following spacecratft.
During this 2.5 min time period the current pair has nar-
rowed by ~50%. It is only the upward current which has
narrowed, and since it retains about the same magnitude this
means that the current density is increasing and thus auroral
arc luminosity may also increase. This assumption could
be verified if we had multiple consecutive UV images (or
precipitating particle data) on these time scales, and could
observe a dusk oval-aligned arc which intensifies as it
separates from the oval.
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Figure 9. Time-shifted components of the ST5 magnetic
field variations in the Southern Hemisphere (1733-1808 UT)
plotted in solar magnetic coordinates taken at about the same
time as data available from DMSP F16, F15, and F13. The
leading (ST5-155, red trace) and trailing (ST5-224, blue trace)
spacecraft are shifted in time so that measurements taken at the
same location are aligned. The time shown is that of the center
satellite, ST5-094 (black trace). The vertical lines correspond
to the black crosses shown along the STS5 satellite track in
Figure 5 and mark the boundaries of the dusk oval-aligned arc.

[20] The ratios of the maximum and intermediate variance
eigenvalues (e;/e;) and the angles the dusk oval-aligned arc
makes with the Sun-aligned direction are listed in Table 1.
In temporal order (ST5-155, ST5-094 and ST5-224) they
are 26, 17 and 8. Such large ratios indicate that an infinite
current sheet approximation is adequate for our purposes.
The angles the arc makes with the Sun-aligned direction are
also given and are consistent with those of a dusk oval-
aligned arc. The nightside portion of an oval-aligned arc
may tilt either positive or negative with respect to the Sun,
with positive tilt more commonly observed. On the duskside
of the noon-midnight meridian, positive orientation is where
the arc is angled away from noon as is observed in this
case. Not only has the arc decreased in width between ST5-
155 and ST5-094, the angle of the current sheet with the
Sun-aligned direction is also decreasing in time. The result
of this motion is seen in the GUVI image 10 min later. This
change is consistent with the variability observed in the
aurora associated with hook-shaped arcs. As discussed
earlier, for the hook-shaped arc pattern, the changes in the
merging region are thought to cause the deformation of the
arc. Multiple events with measurements on ST5 time scales
may provide insight into the importance of magnetic
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merging and magnetotail twisting in the formation of the
hook-shaped arc.

[21] The portion of the arc currents (left portion of the
region marked by vertical lines in Figure 3) where ST5
passes along the nightside part of the hook-shaped arc
cannot be assumed to represent a current sheet and thus is
not appropriate for MVA. As already mentioned, the largest
variations between ST5 spacecraft measurements are in the
auroral ovals. MVA confirms this with low e;e; ratios,
with the lowest being associated with the dusk auroral oval
(3, 3, 2), indicating that the FACs are not sheet-like structures
or that the spacecraft has crossed the finite length current
sheet near the end such that the magnetic field perturbation
is not confined to only one sheet-aligned component.

2.2. Event 2: Dusk Auroral Oval-Aligned Transpolar
Arc, 20 April 2006

[22] Oval-aligned arcs [Murphree and Cogger, 1981]
usually appear near the dawn or duskside oval and may
become separated from the auroral oval before they fade.
They are a common northward IMF phenomenon persisting
from tens of minutes up to hours. When oval-aligned arcs
occur on both sides of the auroral region (usually during
very small IMF B,) the pattern is called “horse collar” aurora
[Hones et al., 1989]. For this event, during the previous
2 h, IMF B, is weakly positive (~2 nT) and B, was nega-
tive then increasing to near zero. These IMF conditions
result in an expanding duskside oval in the Southern Hemi-
sphere. Precipitating particle data show arcs that are located
along the poleward edge of the expanded oval and appear
to separate from the auroral oval as B, increases (becomes
less negative)

[23] Figure 5 shows a polar plot with the ST5 satellite
track (red line) and DMSP F13 (red) and F15 (green) cross-
track plasma flows (plotted in corrected geomagnetic coor-
dinates) from 20 April 2006. DMSP F16 has the same track
as F15 but precedes F15 by 9 min. The Sun is toward the
top, magnetic local time is denoted by the dashed lines and
the lowest latitude is at 60°. The blue cross on the DMSP
F16/15 satellite track corresponds to the poleward edge of
the expanded duskside oval marked by the vertical line in
Figure 6; the black crosses along the DMSP tracks corre-
spond to the particle boundaries associated with the high-
latitude arc marked by vertical lines in Figures 7 and 8.
The black crosses along the ST5 track mark the boundary of
the FAC pair and correspond to the vertical lines in Figure 9.
High-latitude arc currents and precipitating particles are
located at latitudes poleward of what would normally be the
location of the dusk auroral oval.

[24] Figures 6, 7, and 8 show DMSP spectrograms of
Southern Hemisphere passes in the dawn-to-dusk direction
from DMSP F16, F15, and F13, respectively. Same format
as Figure 2 except cross-track horizontal plasma drift data
are not available for F16. F16 precedes F15 by 9 min along
the same satellite track (see Figure 5). The F16 spectrogram
shows an expanded duskside oval (right side of Figure 6)
with a thin region of energetic particles at the poleward
edge. The energetic particle region at the duskward edge of
the auroral oval widens and separates from the oval forming
a high-latitude arc as seen in the subsequent passes of
DMSP F15 and F13. This arc evolution in the Southern
Hemisphere corresponds to negative but increasing IMF B,
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Figure 10. Time-shifted ST5 magnetic field measurements associated with the dusk oval-aligned arc
marked by black crosses in Figure 5 and by vertical lines in Figure 9 showing the magnetic field var-
iations in (left) SM coordinates and (right) MVA coordinates. The trailing (ST5-224, blue trace)
spacecraft is shifted in time so that measurements taken at the same location are aligned. The time shown

is that of the center satellite, ST5-094 (black trace).

and northward IMF. Northern Hemisphere DMSP passes
(not shown) show that the dawn oval has expanded pole-
ward similar to the dusk expansion seen in the Southern
Hemisphere; this is the expected hemispheric asymmetry
when IMF B, is negative. Subsequent passes in both
Northern and Southern hemispheres show that this event
remains an oval-aligned transpolar arc and does not move
across the polar region. Although data gaps exist at highest
latitudes, F15 and F13 measurements show similar cross-
track ionospheric plasma flows associated with the arc.
These data gaps occur because the ion density has dropped
below the instrument sensitivity (<500/cm). In this case,
only measurements made at less than ~82° are reliable. The
plasma flows are strongly sunward on the duskward part of
the oval-aligned arc, and antisunward on the poleward part;
magnetic field data (not shown) also show locally balanced
field-aligned current pairs. Because of the data gaps, we
cannot determine the large-scale convection pattern. How-
ever, the currents are locally balanced and their effect on
the convection pattern should be localized.

[25] Figure 9 shows ST5 magnetic field measurements
from the Southern Hemisphere taken at about the same time
as data available from DMSP F16, F15, and F13. The
leading (ST5-155, red trace) and trailing (ST5-224, blue
trace) spacecraft are shifted in time (631 and 58 s, respec-
tively) so that measurements taken at the same location
are aligned. The time shown is that of the center satellite,
ST5-094 (black trace). Large changes are seen in the auroral
oval FACs measured by ST5 with maximum perturbations
in B of ~90 nT. Magnetic field variations along the dawn

oval (left side of Figure 9) in the 6B, direction are also quite
large (~40 nT). The largest changes in the auroral oval
currents occur during the ~10 min interval between ST5-
155 and the two trailing spacecraft. On the dawn side (left
side of Figure 9) ST5-155 shows there are two upward
current sheets poleward of the auroral oval which have a
common return current. As these sheets move in opposite
directions the return current separates resulting in two
current pairs. In the duskside auroral oval (right side of
Figure 9) STS shows multiple mesoscale variations in the
R1 and R2 currents during the ~10—11 min interval between
ST5-155 and the trailing spacecraft (ST5-094/224). Even
though the largest changes occur in the FACs between ST5-
155 and the two trailing spacecraft, there is much more
variation between ST5-094 and ST5-224 in the auroral oval
than in the high-latitude arc.

[26] A high-latitude arc signature consisting of a single
current pair (upward/downward in the dawn-dusk direction)
is seen in the ST5 data (marked by vertical lines in Figure 9)
at about the same magnetic latitude as those seen in the
DMSP precipitating particle data. However, the STS pass is
on the nightside of the dawn-dusk meridian, while DMSP is
on the dayside. The arc signature does not appear in the first
STS5 spacecraft (ST5-155), but does appear ~10 min later in
the data from the following two spacecraft.

[27] ST5-155 passes through the duskside edge of the
expanded auroral oval about 6 min before DMSP F16; ST5-
094, ST5-224, F15 and F13 pass through this region about
10, 11, 14 and 28 min after ST5-155, respectively. DMSP
F15 and F13 show increasing FAC strength associated with
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the high-latitude arc (data not shown). These DMSP mea-
surements which are taken on the dayside of the noon-
midnight meridian measure FACs of similar strength but
of opposite polarity of those measured by ST5. This is in
agreement with the so far unexplained observations of at
least partial sunward ionospheric plasma flow along the
dayside part of a TPA and antisunward flow along the
nightside section [Nielsen et al., 1990; Eriksson et al., 2005;
Liou et al., 2005]. This implies that the oval-aligned arc
is not formed by a single continuous current sheet but rather
one with a common upward current and return currents
on either the duskside (dayside part of arc) or dawnside
(nightside part).

[28] Figure 10 shows the ST5 magnetic field measured
across the high-latitude arc located poleward of the dusk
auroral oval (Figure 5) marked by vertical lines in Figure 9.
The magnetic field variations in SM coordinates are shown
on the left and in MVA coordinates on the right. Large-scale
variations are seen mainly in the 6B, and 6B; components.
At high latitudes the magnetic field variations consist of a
distinct pair of FACs which forms during the ~10 min time
period between the first and second ST5 spacecraft; as IMF
|B./B,| is increasing. The upward FAC associated with the
arc is increasing in strength during the time (~1 min)
between ST5-094 and ST5-224. The ratios of the maximum
and intermediate variance eigenvalues (e;/e;) and the angles
the arc makes with the Sun-aligned direction are listed in
Table 1, in temporal order. The ej/e; ratio for the arc is very
large (~20) indicating that an infinite current sheet approx-
imation is valid. The arc has an angle of ~21° with the Sun-
aligned direction which is in the range expected for the
nightside portion of a dusk oval-aligned arc.

3. Summary and Conclusions

[29] For the first time we are able to analyze changes in
field-aligned currents associated with high-latitude trans-
polar auroral arcs on time scales of a few minutes. This is
accomplished through the use of highly accurate multipoint
magnetic field measurements provided by the Space Tech-
nology 5 mission which consists of three microsatellites in
low-Earth orbit (~300—4500 km). Minimum variance anal-
ysis is used to determine the appropriateness of the infinite
current sheet approximation and to calculate arc alignment
angles which are then compared with those estimated from
UV images or precipitating particle data in order to deter-
mine the validity of using FACs to estimate arc alignment.

[30] The two events presented illustrate changes in high-
latitude arcs on time scales of minutes. In the first event we
examine measurements of an arc that is part of a highly
dynamic auroral pattern, that of a hook-shaped arc. Inter-
esting changes are seen on time scales of 1-3 min. In the
second event, a more stable dusk oval-aligned arc is ana-
lyzed; still large changes in FACs are seen on time scales of
1-11 min. Both events occur during quiet solar wind con-
ditions when the magnetic field variations measured at Earth
are much less than those measured during more active times.
Most of the magnetic field variations are seen in the 0B,
component. Minimum variance analysis results in large e/e;
ratios and indicates that with some confidence we can
assume that both of the high-latitude arcs can be represented
locally by infinite current sheets.
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[31] For event 1 the magnetic field measurements corre-
sponding to the nightside portion of the hook-shaped arc
and the dusk oval-aligned arc consist of multiple upward
and downward directed mesoscale (~150 km) currents.
However, there is very little temporal variation during the
3 min between leading and trailing STS5 satellites compared
with the fairly large temporal variations seen in the mea-
surements corresponding to the auroral oval. All three ST5
satellites measure a single field-aligned current pair associ-
ated with the dusk oval-aligned arc. Changes seen between
ST5-155 and the two following spacecraft include narrow-
ing of the current pair and increasing current density. The
calculated angle of the arc with the Sun-aligned direction
is consistent with that seen in the GUVI image and is shown
to be decreasing in time.

[32] For event 2 large changes are seen in the auroral oval
FACs measured during the ~10 min interval between ST5-
155 and the two trailing spacecraft. We also see two upward
current sheets poleward of the auroral oval with a common
return current that evolves such that the return current
separates resulting in two current pairs. Overall, the largest
changes in the FACs occur between ST5-155 and the two
trailing spacecraft, however there is much more variation
between ST5-094 and ST5-224 in the auroral oval than in
the high-latitude arc. A single field-aligned current pair
associated with the dusk oval-aligned arc is seen to form
during the ~10 min between the leading and two trailing
STS satellites. During the time (~1 min) between ST5-094
and ST5-224 the current is increasing in strength. Using
MVA we calculate the orientation of the arc which agrees
with what is typical for the nightside portion of a dusk oval-
aligned transpolar arc.

[33] These events illustrate the dynamic nature of arc
formation and show the usefulness of high-resolution mul-
tipoint measurements. We also show that MVA is useful in
estimating the sheet-like nature of the arc currents and the
angle these currents make with the Sun-aligned direction.
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