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[1] Space Technology 5 (ST5) is a constellation mission consisting of three
microsatellites. It provides the first multipoint magnetic field measurements in low Earth
orbit, which enables us to separate spatial and temporal variations. In this paper, we
present a study of the temporal variability of field-aligned currents using the ST5 data. We
examine the field-aligned current observations during and after a geomagnetic storm and
compare the magnetic field profiles at the three spacecraft. The multipoint data
demonstrate that mesoscale current structures, commonly embedded within large-scale
current sheets, are very dynamic with highly variable current density and/or polarity in
�10 min time scales. On the other hand, the data also show that the time scales for
the currents to be relatively stable are �1 min for mesoscale currents and �10 min for
large-scale currents. These temporal features are very likely associated with dynamic
variations of their charge carriers (mainly electrons) as they respond to the variations of
the parallel electric field in auroral acceleration region. The characteristic time scales
for the temporal variability of mesoscale field-aligned currents are found to be consistent
with those of auroral parallel electric field.
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1. Introduction

[2] We report the first in situ observations of temporal
variability of field-aligned currents (FACs) at low altitudes
in time scales of �10 min and less using multipoint
observations from Space Technology 5 (ST5) constellation.
Our knowledge about properties of FACs comes mainly
from single-spacecraft measurements by assuming these
currents to be stationary and time independent. However,
the currents are expected to be not only in motion, but also
changing with time, as indicated in optical observations of
aurora. Temporal variability of the field-aligned currents at
time scales less than the orbit period of low Earth orbit
spacecraft (�100 min) cannot be assessed using data from
single spacecraft.
[3] Field-aligned currents flow along the geomagnetic

lines emanating from the auroral ovals and connect the
Earth’s magnetosphere to the ionosphere. They are formed
in response to the stress exerted on the magnetosphere by
the solar wind and act as the primary mechanism for
dissipating energy from the magnetosphere to the iono-

sphere and upper atmosphere. For nearly three decades,
much work has been done to describe and classify the
observed field-aligned currents. Extensive investigations
using single spacecraft have produced statistical distribution
of FACs in the ionosphere and shown that the auroral field-
aligned currents usually appear as quasi-planar ‘‘sheets’’
that tend to be loosely parallel to lines of constant geomag-
netic latitude [e.g., Iijima and Potemra, 1978]. Typically,
there is a set of ‘‘Region 1’’ or ‘‘R1’’ FACs along the high-
latitude edge of the auroral oval, which originate near the
equatorial edge of the magnetosphere. The R1 currents flow
into the ionosphere in the dawnside and out of the iono-
sphere in the duskside. At the lower-latitude edge of the
auroral oval there is also a set of ‘‘Region 2’’ or ‘‘R2’’ FACs
with polarities opposite to R1, which originate in the region
where the ring current has a divergence. Other field-aligned
current systems are present in the oval near local noon and
midnight, the so-called ‘‘magnetic cusp’’ [Erlandson et al.,
1988] and ‘‘substorm current wedge’’ [McPherron et al.,
1973] current systems, respectively. They appear to share
many characteristics of the R1 and R2 currents, but are
associated with other aspects of the solar wind interaction
with the geomagnetic field and the ‘‘substorms’’ that occur
within the magnetosphere. The interaction between the solar
wind and the magnetosphere is intimately controlled by
the interplanetary magnetic field (IMF) and solar wind
conditions [e.g., Cowley, 1984]. The IMF and solar wind
are constantly varying, making the field-aligned current
systems highly dynamic.
[4] The data from ISEE 1 and 2 magnetometers provided

the first dual-point simultaneous measurements of FACs at
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midaltitudes (2.4–7 RE). Kelly et al. [1986] and Chun and
Russell [1991] used these data to determine large-scale FAC
properties. They found that the latitudinal speed of the
current sheets ranges from 0.05 to 0.2 km/s (mapped to
ionospheric altitudes) and the FACs’ thickness and speed
appear to change with substorm phases. Most recently, the
four-spacecraft Cluster data have also been used to study
FACs at midaltitudes and high altitudes (4–11 RE) [e.g.,
Cargill et al., 2001; Johansson et al., 2004; Draper et al.,
2005; Figueiredo et al., 2005]. The three-spacecraft ST5
mission provides the first multipoint measurements of FACs
at low altitudes (�300–4500 km), which are complemen-
tary to the midaltitude and high-altitude observations.
[5] ST5 is a three-microsatellite constellation deployed

into an elliptical (300 km perigee and 4500 km apogee),
dawn-dusk, Sun-synchronous polar orbit from 22 March to
21 June 2006 for technology validations [Slavin et al.,
2008]. The three spacecraft are maintained in a string-of-
pearls constellation with controlled spacing ranging from
just over 5000 km down to under 50 km [see Slavin et al.,
2008, Figure 1]. Each spacecraft carried a miniature triaxial
fluxgate magnetometer, and returned high-quality magnetic
field data as the constellation flew in formation and made
simultaneous multipoint measurements of the magnetic field
through the Earth’s dynamic ionospheric current systems. A
substantial volume of magnetic field data was taken over a
range of intersatellite spacing. These separations allow us to
separate spatial versus temporal structures of auroral field-
aligned currents over a wide range of spatial (�50–
4000 km) and temporal (�5 s to 10 min) scales. Herein we
report the first study on the temporal variability of FACs in
these spatial and temporal scales using the multipoint ST5
data. We examine the multipoint FAC observations during a
geomagnetically active period as well as a quiet period, and
attempt to separate spatial and temporal variations. We
evaluate time scales of temporal variations for both meso-
scale and large-scale FACs. The active period we study in this
paper occurs during the main phase of a geomagnetic storm
when intense FAC activities are expected and also indeed
observed. The quiet period occurs near the end of the
recovery phase of the same geomagnetic storm.
[6] In this study, we focus on large-scale and mesoscale

currents with spatial scale length greater than �150 km. The
large-scale currents generally refer to the structures which
can be roughly divided into two layers with oppositely
flowing R1-R2 currents. Their scale lengths are in the order
of �1000 km. The mesoscale currents here refer to the
sublayers embedded within the R1-R2 layers and with
scale lengths greater than �150 km. The small-scale
(�10–150 km) and microscale (�500 m to 10 km) currents
are not the subject in this study.

2. Observations

[7] As the three spacecraft cross the FAC region succes-
sively along the same trajectory, their magnetic field profiles
would exactly track each other except with time delays if
the magnetic variations are all spatial and the FAC struc-
tures do not experience any temporal variation. Otherwise,
differences in the magnetic field profiles would indicate
temporal changes in the structure of the current sheets.

Thus, we can study the temporal variability of the FACs
using the magnetic field profiles from multiple spacecraft.
[8] We present here the observations of FACs during and

after a geomagnetic storm on 13–20 April 2006 and when
ST5’s interspacecraft separations provide us an opportunity
to study the temporal variability at both �1 min and
�10 min time scales. Figure 1 shows the Wind interplan-
etary magnetic field (IMF) and solar wind speed, the Dst
index, and the Kp index from 12 April to 22 April 2006.
The Dst index at its minimum is �111 nT for the storm and
the minimum Dst occurs around 10 UT on 14 April. The
first dashed line indicates the center time of two ST5 polar
cap passes near the Dst minimum on 14 April: a northern
pass near the orbit perigee (0951–1025 UT) and a southern
pass near the orbit apogee (1035–1140 UT). The second
dashed line near the end of the storm recovery phase
indicates the time of two ST5 polar cap passes for the quiet
period on 21 April: a northern pass near the orbit perigee
(1305–1345 UT) and a southern pass near the orbit apogee
(1355–1455 UT).

2.1. FACs During the Active Period

[9] Figure 2 shows an overview of the two polar cap
passes during the active period on 14 April 2006. The
spacecraft trajectories are shown in Figure 2 (top), in which
we have mapped the spacecraft positions to their iono-
spheric footprints at 110 km altitude along the magnetic
field lines. The nested circles represent constant magnetic
latitudes separated by 10� and centered at the Earth’s
magnetic Pole. (Note we have flipped the trajectory for
the southern polar cap pass to the northern hemisphere.) The
three ST5 spacecraft are named SC094, SC155 and SC224
and their trajectories are color coded in black, red and blue,
respectively. The tick marks on the trajectories are separated
by 10 min with color-coded time tags. During this time
period, the spacecraft move across the polar cap near the
dawn-dusk meridian plane: from dusk (dawn) to dawn
(dusk) in the northern (southern) hemisphere. In the
string-of-pearls configuration, the midspacecraft SC094
and the trailing spacecraft SC224 are close together and
have a large separation from the leading spacecraft SC155.
The lag time along the orbit is about 10 min from SC094 to
SC155 and about 1 min from SC224 to SC094. The
spacecraft spacing is �5331 (�3564) km from SC155 to
SC094 and �531 (�368) km between SC094 and SC224
over the northern (southern) polar cap. Thus, the observa-
tions from this pass allow us to evaluate the FAC variability
at these two temporal and spatial scales.
[10] Figure 2 (bottom) shows an overview of ST5

magnetic field variations generated by the field-aligned
currents during these two passes, including the three com-
ponents of the magnetic field residual vector (data with the
internal IGRF model magnetic field removed) in the solar
magnetic (SM) coordinate system, as well as the residual of
the magnetic field strength. Since this is an active period
with a strongly southward IMF, we have observed in the
data strong FAC activities in the auroral region as expected.
The data from the three spacecraft are color coded
corresponding to those in the spacecraft orbits, but the
labels for the spacecraft positions (altitudes, magnetic
latitudes and magnetic local times) on the bottom of
Figures 2 (bottom left) and 2 (bottom right) are for
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midspacecraft SC094 only. The magnetic field data shown
in Figure 2 all have a time resolution of 1 s, which are spin-
averaged data with overlapped averaging windows. The
spin periods are about 3 s and are slightly different for the
three spacecraft.
[11] Since FACs flow along the background magnetic

field direction, their magnetic field perturbations are trans-
verse to the background field (as FACs are carried by shear
Alfven waves). In the high field region where the Earth’s
magnetic field (�10,000 to 40,000 nT) is much larger than
the perturbation field (�10 to 1000 nT), the presence of
FACs twists the field line directions without changing the
field strength. Thus, the signatures of FACs can be seen
only in the components of the magnetic field data but not in
the magnetic field strength (similar to those of transverse
waves). We do see some perturbations of the magnetic field
strength associated with FACs in the passes near the orbit
perigee with altitudes less than �1000 km, such as the case
in Figure 2 (bottom left). But these perturbations are
generated by the ionospheric horizontal currents (mainly
the Hall currents), and are not the subject of this paper. As
the altitude increases, magnetic perturbations of ionospheric
currents decrease and eventually become undetectable, as in
the case in Figure 2 (bottom right).
[12] In Figure 2, the encounters of field-aligned currents

are evident by perturbations of magnetic field components
as large as �1000 nT, and occur two times in each pass,

once in the dawn side and once in the dusk side. In each
encounter, the FAC signatures are first seen by the leading
spacecraft SC155 (red), and then by the midspacecraft
SC094 (black), and finally by the trailing spacecraft
SC224 (blue). The magnetic field profiles at the three
spacecraft enable us to distinguish spatial and temporal
variations.
[13] Traditionally, it is common to treat the large-scale

FAC current sheet as an infinite planar sheet locally aligned
with the circle of constant magnetic latitude (L shell
alignment) in analyzing the magnetic field data. Under the
infinite current sheet approximation, if the spacecraft
crosses the current sheet with a large attack angle (the angle
between the orbit track and the current plane), the FAC
signature appears to be a magnetic field variation only in the
azimuthal component perpendicular to the magnetic merid-
ional plane and along the east–west direction. Then the
current density can be calculated from the gradient of this
azimuthal component by assuming the magnetic field var-
iation is completely due to the spatial variation when
crossing the current sheet. Fung and Hoffman [1992]
evaluated the finite geometry effects of the field-aligned
current sheet and concluded that the infinite current sheet
assumption works well except when the spacecraft crosses
the finite length current sheet near the end. Near the end of
the finite current sheet, the magnetic field perturbation will
not be confined to one azimuthal component. Instead, the
FAC magnetic field signatures will appear in both the east–
west azimuthal component and the north–south component.
Furthermore, there are commonly mesoscale and small-
scale currents embedded within large-scale FACs [e.g.,
Fukunishi et al., 1991; Hoffman et al., 1994; Higuchi and
Ohtani, 2000; Neubert and Christiansen, 2003]. Previous
studies have indicated these currents generally consist of
filamentary or finite current segments and cannot be treated
as large-scale sheet currents.
[14] Thus, our first analysis to the magnetic field data is

to evaluate the infinite current sheet assumption for the
large-scale currents and how close the current sheet is
aligned with the L shell. We first perform the Minimum
Variance Analysis (MVA) [Sonnerup and Cahill, 1967] to
the magnetic field variations in the FAC region using the
low-pass-filtered data (so that the minimum variance coor-
dinates are determined by large-scale currents only). The
coordinate system determined by the MVA are denoted as
(i, j, k), where i, j, and k are the maximum, intermediate,
and minimum variance directions, respectively. For FACs, k
is also the field-aligned direction, and i and j are the two
directions transverse to the magnetic field. If the magnetic
field variations are mainly seen in the i direction, the infinite
current sheet would be a good approximation, and the
current sheet normal direction would be along the j direc-
tion. Otherwise, the spacecraft is close to the end of a finite
current sheet where the magnetic field variations would be
seen in both i and j directions.
[15] Here we use the data from the northern polar cap

pass to describe the details of our data analysis, and the
same techniques will be applied to other intervals presented
in this paper. Figure 3 shows the FAC magnetic field
variations displayed in the MVA coordinate system for the
northern polar cap pass, with the duskside FACs on the left
and dawnside FACs on the right. In performing the MVA to

Figure 1. The Wind interplanetary magnetic field (IMF)
and solar wind speed, the Dst index, and the Kp index from
12 April to 22 April 2006. The dashed lines indicate the
times for a northern polar cap pass and a southern polar cap
pass presented in the paper.
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Figure 2. (top) The spacecraft ionospheric footprints at 110 km altitude for the two polar cap passes
during the active period on 14 April 2006. The footprints for the southern pass have been flipped to the
northern polar cap. The nested circles represent constant magnetic latitudes separated by 10� and centered
at the Earth’s magnetic Pole. (bottom) Overview of ST5 magnetic field variations generated by the field-
aligned currents on 14 April 2006. The three components of the magnetic field residual vector (data with
the internal IGRF model magnetic field removed) are shown in SM coordinates. The labels for the
spacecraft positions (altitudes, magnetic latitudes, and magnetic local times) on the bottom are for
midspacecraft SC094 (black) only.
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the data, we have used the smoothed data so that the MVA
coordinate system is determined by variations in spatial
scale greater than �150 km. In Figure 3, the data from
SC155 and SC224 are time shifted by the amount deter-
mined from the cross-correlation analysis of large-scale
current structures in the maximum variance component
dBi; the time labels on the bottom of the horizontal axis
are for SC094 only.
[16] For the duskside FACs in Figure 3, the large-scale

magnetic field variations are mainly in the dBi component,
and the dBj component contains mainly mesoscale variations
at all three spacecraft. The ratios of the maximum variance
eigen-value to the intermediate variance eigen-value, ei/ej, are
listed in Table 1. They are 13.1, 12.8, and 15.5 for SC094,
SC155, and SC224, respectively. These observations indicate
that the infinite current sheet approximation applies to the
large-scale FACs observed here. Since the mesoscale varia-
tions are seen in both dBi and dBj, the mesoscale currents are
filamentary, and cannot be treated as an infinite sheet current.
To examine the L shell alignment of the large-scale current
sheet, we also list the azimuthal angle of the j direction (the
current sheet normal direction defined by MVA) from the
magnetic meridional plane in Table 1. This angle will be 0 if
the current sheet has a perfect L shell alignment. For the
duskside FACs, this angle is very small at all three spacecraft,
indicating the large-scale current sheet is closely aligned to
the L shell in this case.
[17] For the dawnside FACs in Figure 3 (right), the large-

scale FACs still appear mainly in the dBi component, but

there are significant mesoscale variations in the dBj com-
ponent. The large-scale current sheet is not as closely
aligned to the L shell as in the previous case since the
azimuthal angle of the j direction becomes much larger
(Table 1). The eigen-value ratio ei/ej (Table 1) also becomes
smaller, especially at SC155 where the magnitude of
mesoscale variations in dBj is comparable to that of large-
scale variations in dBi. It is possible that the large dBj

variations are caused by mesoscale currents that cannot be
described as planar current sheets. It is also possible that
SC155 crosses the edge of the large-scale current sheets,
followed by SC094 and SC224 further into the current
sheets. Here it is difficult to separate large-scale and
mesoscale currents unambiguously.
[18] The time-shifted magnetic field data from the three

spacecraft in Figure 3 enable us to distinguish the FAC’s
temporal variations from spatial ones. After lining up the
large-scale spatial structures at the three spacecraft, the
characteristics of FACs temporal variations are very evident
for the both FAC intervals. First of all, large-scale currents
shown mainly in the top plots are relatively stable in time
scales of �10 min. The duration and magnitude of the
overall dBi variations maintain the similar values at the three
spacecraft. However, the mesoscale structures within the
large-scale currents show significant changes in the same
time scales. The magnetic field variations of the mesoscale
currents are in both dBi and dBj components. Comparing the
observations �10 min apart between the leading and the
midspacecraft or trailing spacecraft (red versus black/blue

Figure 3. The FAC magnetic field variations displayed in the MVA coordinate system for the northern
polar cap pass during the active period. The magnetic field data from the leading (red) and trailing (blue)
spacecraft have been time-shifted by the amount listed in the top to line up with the large-scale current
structures of the midspacecraft (black). The arrows indicate the general direction of the large-scale
currents with a downward arrow for currents flowing into the ionosphere and an upward arrow for
currents flowing out of the ionosphere.
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traces), the mesoscale structures at SC155 exhibit the largest
differences from those of SC094 and SC224. We can
observe changes in magnitude, polarity, as well as locations
for the mesoscale currents.
[19] Figure 4 is in the same format as Figure 3 but for the

FACs observed during the southern polar cap pass. Their
properties from the MVA are also listed in Table 1. For the
dawnside FACs (Figure 4, left), the large-scale currents are
not very planar, as we can see large variations in dBj

component (small ratio of ei/ej). On the other hand, the
large-scale duskside FACs (Figure 4, right) appear to be a
very planar current sheet with large ei/ej ratio. The observed
current sheet is not perfectly aligned with the L shell as the
azimuthal angle of the j direction is greater than 10� in this
case.
[20] Again, the mesoscale currents show significant tem-

poral variations in �10 min time scales. In particular for the
dawnside FACs, the mesoscale currents observed by the

Figure 4. The FAC magnetic field variations displayed in the MVA coordinate system for the southern
polar cap pass during the active period. It is in the same format as Figure 3.

Table 1. Results of Minimum Variance Analysis

FACs ei/ej Ratio Azimuthal Angle of j Axis Attack Angle S/C Velocity (km/s)

14 April 2006 (Active Period)
North/dusk (Figure 3) SC094: 13.1 SC094: 5� 45� vi = �5.223

SC155: 12.8 SC155: 1� vj = �5.302
SC224: 15.5 SC224: 8�

North/dawn (Figure 3) SC094: 9.8 SC094: 41� 77� vi = 1.951
SC155: 2.2 SC155: 39� vj = �8.305
SC224: 6.0 SC224: 29�

South/dawn (Figure 4) SC094: 3.1 SC094: 25� 66� vi = �2.429
SC155: 7.0 SC155: 2� vj = 5.574
SC224: 2.3 SC224: 36�

South/dusk (Figure 4) SC094: 97.8 SC094: 21� 61� vi = �2.456
SC155: 61.2 SC155: 9� vj = 4.520
SC224: 398.5 SC224: 22�

21 April 2006 (Quiet Period)
North/dawn (Figure 6) SC094: 25.9 SC094: 17� 22� vi = 7.934

SC155: 7.5 SC155: 15� vj = �3.276
SC224: 15.2 SC224: 16�

South/dawn (Figure 7) SC094: 38.8 SC094: 6� 73� vi = �1.776
SC155: 75.9 SC155: 9� vj = 5.949
SC224: 30.5 SC224: 5�

South/dusk (Figure 7) SC094: 46.8 SC094: 2� 81� vi = 0.786
SC155: 33.2 SC155: 6� vj = 5.122
SC224: 62.8 SC224: 5�
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Figure 5. (top) The spacecraft ionospheric footprints at 110 km altitude for the two polar cap passes
during the quiet period on 21 April 2006. (bottom) Overview of the ST5 observations of the FAC
magnetic field variations. It is in the same format as Figure 2.

A08206 LE ET AL.: TEMPORAL AND SPATIAL VARIABILITY OF FACS

7 of 14

A08206



leading spacecraft (red traces) are quite different from those
at the other two spacecraft (black/blue traces). Before
�1058 UT, the mesoscale currents have clearly weakened
after �10 min, but the currents after 1058 UT has intensi-
fied over the same 10 min time scale. For the duskside
FACs, the largest temporal variations occur within the
lower-latitude portion of the current sheet, where a sublayer
of currents at �1132 UT observed by SC155 appears to
have smoothed out after �10 min. The currents observed
�1 min apart at SC094 and SC224, on the other hand, are
very similar except at very fine scales.

2.2. FACs During the Quiet Period

[21] Figure 5 shows an overview of the two polar cap
passes during the quiet period on 21 April 2006, when the
geomagnetic storm has nearly fully recovered (see Figure 1).
It is in the same format as Figure 2. The spacecraft spacing
is �5407 (�3534) km from SC155 to SC094 and
�501 (�335) km between SC094 and SC224 over the
northern (southern) polar cap. Comparing to the case of
the active period in Figure 2, the FACs during the quiet time
are clearly much weaker, as evident by the smaller magni-
tude of the magnetic field variations. In addition, there is
only one encounter with FACs during the northern polar cap
pass. The FACs are not observed in the duskside during the
pass. The signatures of the FACs appear during �1328–
1336 UT (for SC094), when the spacecraft are mainly in the
prenoon sector moving toward the dawn.
[22] Figure 6 shows the time-shifted magnetic field var-

iations displayed in the MVA coordinate system for the
FACs in prenoon sector during the northern polar cap pass
in the same format of Figure 3. The properties of the FACs
from the MVA are listed in Table 1. The attack angles listed

Figure 6. The FAC magnetic field variations displayed in
the MVA coordinate system for the northern polar cap pass
during the quiet period. It is in the same format as Figure 3.

Figure 7. The FAC magnetic field variations displayed in the MVA coordinate system for the southern
polar cap pass during the quiet period. It is in the same format as Figure 3.
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in Table 1 are determined using data from the reference
spacecraft SC094. Although the spacecraft cross the FACs
with a very small attack angle from the current layers (the
attack angle is 22�), the MVA still yields reasonably large
ratio of ei/ej, indicating a sheet-like current structure at the
large scale. Comparing to the active period cases, the MVA
also yield very agreeable j directions (the current sheet
normal directions) among the three spacecraft, because the
large-scale magnetic field variations appear to be less
dynamic and more coherent at the three spacecraft. Here
the angle between the j direction and the azimuthal direction
is not a good measure of the L shell alignment of the current
sheet as in other cases owing to the relatively large
azimuthal extent of the current sheet observation (since
the azimuthal direction has changed significantly during
the FAC interval). Similar to the observations during the
active period, the temporal variations of the FACs during
the quiet period also occur mainly for mesoscale currents. In
�10 min time scale, the mesoscale structures have changed
markedly.

[23] Figure 7 shows the time-shifted magnetic field var-
iations in the MVA coordinate system for the FACs during
the southern polar cap pass. During this pass, the spacecraft
observe the FACs both in the dawn and dusk. The FACs are
fairly week in comparison with those during the active
period. But in both locations, the L shell aligned infinite
current sheet approximation works remarkably well at all
three spacecraft. The ei/ej ratios from the MVA (Table 1) are
largest among all the FAC cases; and the azimuthal angles
of the j direction are very small and agreeable among the
three spacecraft. For these two cases, the attack angles of
the spacecraft crossing the current sheets are also very large,
good for the determination of the current properties using
the magnetic field variations.
[24] In Figure 7, the magnetic field profiles of the FACs

exhibit the similar characteristics in their temporal varia-
tions. Again, the large-scale structures of the FACs, which
are only shown in the dBi component, are very stable over
the �10 min time scale. But the mesoscale structures, which
appear in both the dBi and dBj components, are quite

Figure 8. Profiles of the magnetic field variations in the maximum variance component as a function of
the spacecraft geomagnetic latitudes, showing the motion of the large-scale current sheet as seen by the
three spacecraft.
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variable in �10 min time scales, as the magnetic field
variations at the leading spacecraft (red traces) are markedly
different from the midspacecraft and trailing spacecraft
(black/blue traces).

2.3. Motion of Large-Scale Current Sheets

[25] The multipoint observations also allow us to deter-
mine if and how the FACs move in space. One way to
visualize the current sheet motion is to display the three
magnetic field profiles as a function of the spacecraft
latitudes, as the FAC current sheet moves mainly latitudi-
nally. Figure 8 shows the magnetic field variations in the
maximum variance component dBi as a function of space-
craft latitudes for all the FAC intervals presented above. In
Figure 8, the poleward direction is always to the right, and
the equatorward to the left. Each plot illustrates how much
the large-scale current sheet has moved in magnetic lati-
tudes when the three ST5 spacecraft see them sequentially.
In all cases, we observe the motion of the large-scale current
sheets, either poleward or equatorward, especially between
the leading spacecraft (red traces) and the midspacecraft/
trailing spacecraft (black/blue traces).
[26] Figure 8 also shows that the current sheet motion

also exhibits rapid temporal variations. For example, for the
FACs observed at dusk in the northern hemisphere during
active period (Figure 8, top left), the large-scale currents
appear to be moving equatorward during the observing
period. They are first observed by SC155 at higher latitudes,
and subsequently at lower latitudes when encountered by
the other two spacecraft. Similarly, we can determine that
the FACs observed at dusk in the southern hemisphere
during the active period (Figure 8, bottom left) move
poleward during the observing period, as they are first
observed at lower latitude and subsequently at higher
latitudes. The FACs during the other two active intervals
(Figure 8 (left), second and third panels) show more
complicated patterns. For FACs at dawn in the northern
hemisphere (Figure 8 (left), second panel), the large-scale
currents show both equatorward (from SC155 to SC094)
and polarward (from SC094 to SC224) motion during the
�10 min interval. For FACs at dawn in the southern
hemisphere (Figure 8 (left), third panel), the low-latitude
portion of the currents clearly show equatorward motion,
but we are not able to determine the motion of the high-
latitude portion of the currents owing to their large temporal
variations in this time period. For the FACs observed during
the quiet period, we observe the similar latitudinal motion of
the current sheets.
[27] We can calculate the velocity of the large-scale

current sheet vj(FAC), which is the velocity along the
current sheet normal j direction from SC094, using the
spacecraft position and timing information observed here.
For example, using the data from SC094-SC155 pair, we
have determined the time delay dt for the large-scale current
structure based on cross-correlation analysis as shown in
Figures 3, 4, 6, and 7. (Note it may be different from time
delays of mesoscale structures.) If we select a single key
data point at time t in SC094 data, the corresponding key
point in SC155 data is at time t + dt. We use the midpoint of
the large-scale currents as the key point in the calculation.
Using the spacecraft positions for SC094 at time t and
SC155 at time t + dt, we can calculate the large-scale FAC

velocity along the current sheet normal direction (which is
mainly in the latitudinal direction). The errors in this
calculation are discussed by Slavin et al. [2008] and Wang
et al. [2009]. Using data from SC155 and SC094 pair which
are �10 min apart, the calculated velocities represent the
average over �10 min periods. If we use the closely spaced
spacecraft pair, SC094 and SC224, the calculated FAC
velocities more closely represent the instantaneous value.
The calculated velocities vj(FAC) are listed in Figure 8,
where positive and negative values indicate equatorward
and poleward motion, respectively. These observations
show that the velocities of FACs are quite variable over
�10 min time scale, as the average velocity is quite
different from the instantaneous velocity. But all of them
remain in the range �1 km/s, comparable to the inferred
velocities at the ionosphere from previous observations at
midaltitudes and high altitudes [Kelly et al., 1986; Chun and
Russell, 1991]. At the low altitudes of ST5 orbit, they are
much smaller than the spacecraft velocity listed in Table 1.
In these examples, the ratio of vj(FAC)/vj(S/C) are typically
less than 10%, but can reach up to 25%. At midaltitudes and
high altitudes where the spacecraft velocity gets smaller, we
expect the overall ratio will increase [Lockwood et al.,
2001]. A statistical study of the large-scale current sheet
velocity using ST5 multipoint observations has been
reported by Wang et al. [2009]. Their results show that
the current sheets tend to move faster when the level of
geomagnetic activities increases.

2.4. Current Sheet Thickness and Current Density

[28] Previously, we have to make the assumption of
stationary current sheets, or vj(FAC) = 0, in calculating the
thickness of the current sheet and the current density using
data from single spacecraft. The vj(FAC)/vj(S/C) ratio rep-
resents the error in the calculations under this assumption.
Multispacecraft observations allow us to determine the FAC
current sheet thickness and the current density more accu-
rately. Here, we can determine the relative velocity between
the FACs and the spacecraft using the average velocity of
the FACs obtained above, and transform the magnetic field
temporal profile, dB versus t, into the spatial profile along
the current sheet normal, dB versus xj, where xj = vj(t� to), vj is
the relative velocity between the FAC current sheet and the
spacecraft along the j direction vj = vj(S/C) � vj(FAC), and to
is an arbitrary starting time (since we are only interested in
the thickness). The field-aligned current density jk can be
calculated as jk = (1/mo)[@(dBi)/@xj � @(dBj)/@xi], where xi is
the spacecraft displacement within the current sheet along
the i direction xi = vi(S/C)�(t�to). Here we still use the
single-spacecraft data to deduce the current density as in the
calculations in previous studies. But in most previous
works, the FACs are assumed to be an infinite current
sheet and the magnetic field variations are only in the dBi

component. The difference here is that the magnetic field
variations in the j direction are also considered as we have
demonstrated that the mesoscale currents cannot be treated as
infinite current sheets. In our calculations, the field-aligned
current density jk contains two terms: jk = jk(Bi) + jk(Bj), where
jk(Bi) = (1/mo)[@(dBi)/@xj] and jk(Bj) = � (1/mo)[@(dBj)/@xi].
Since the large-scale FACs are mainly in dBi but mesoscale
FACs are in both dBi and dBj, the first term jk(Bi) contains
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both large-scale and mesoscale FACs, and the second term
jk(Bj) contains mainly mesoscale FACs.
[29] Figure 9 shows the spatial profile of the current

density across the current sheets for all the FAC intervals
presented in this paper. In Figure 9, the spatial profiles from
the three spacecraft have been time-shifted so that the large-
scale current structures are lined up in space. We have also
smoothed the current density profiles by applying a running
average so that the spatial resolution is �50 km. In each
plot, we show jk(Bi), jk(Bj)and jk from top to bottom. The
positive (negative) density is for currents flowing in the
same (opposite) direction of the magnetic field. The hori-
zontal axis is only labeled with spatial scale along the
normal direction of the large-scale current sheet. The arrow
at the bottom of each profile shows the poleward direction
across the large-scale current sheet.
[30] The FACs can be loosely divided into two large-scale

regions (>�1000 km) with opposite net currents. The
spatial scales for these large-scale regions are in the order
of �1000–4000 km. There are many mesoscale structures
(�100–500 km) with currents flowing upward or down-
ward, embedded within the large-scale current sheets.
During the active period, the mesoscale currents are at
times more intense than the large-scale currents. It is evident
that the large-scale current sheets as seen by the three
spacecraft are very similar in their spatial extent, but the
mesoscale structures within the large-scale current sheets
have shown many temporal variations. The temporal varia-
tions can be in the form of changing current density,

changing current polarity, or location changes. The meso-
scale current structures observed by SC155 are quite dif-
ferent from those by SC094 and SC224 at �10 min later,
but the current structures by SC094 and SC224 at �1 min
apart are similar. Thus, for the events presented here, the
time scales for the decay and intensification of mesoscale
current structures appear to be in the order of �10 min.
These examples have clearly shown that the temporal
variations of the magnetic field are caused by the variations
of mesoscale currents.

3. Summary and Discussions

[31] ST5 provides the first multipoint measurements of
the magnetic field in the field-aligned current region at low
altitudes, which enables us to evaluate the FACs’ temporal
variability. In the examples presented in this paper, we have
provided the first direct observations of rapid temporal
variations of mesoscale field-aligned currents at low alti-
tudes. Although the FACs examples presented in this report
occur during and after a geomagnetic storm, ST5 data show
that temporal variability in �10 min time scales is common
for mesoscale current structures at all levels of geomagnetic
activities. The temporal features in such time scales can be
inferred from observations of ionospheric convection or
optical observations of mesoscale auroral structures such
as auroral arcs [e.g., Marchaudon et al., 2004]. Although
previous observations have revealed that mesoscale current
structures are commonly embedded within large-scale

Figure 9. The deduced FAC current density profiles at the three spacecraft, which are time-shifted to
line up the large-scale structures. In each plot, jk(Bi) is the current density term calculated from the
derivatives of dBi along the j direction, jk(Bj) is from the derivatives of dBj along the i direction, and jk is
the sum of the two terms, or the total FAC current density.
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current sheets during disturbed time [Hoffman et al., 1985],
direct observations of their temporal variability in �10 min
time scales are not possible with single-spacecraft data. But
temporal variations in �10 min time scales fall right within
the bandwidth of the ionospheric variability as previous
observations show that majority of the temporal variations
in ionospheric convection has periods less than 1 h [Crowley
and Hackert, 2001]. With the single-spacecraft observa-
tions, one can only systematically study the temporal
variations with time scale in the order of 1 h, or one
spacecraft orbit. Thus, multiple spacecraft observations such
as the ones we present in this paper are necessary
to characterize the temporal variability of field-aligned
currents and associated phenomena.
[32] In this paper, we present an event study of the FAC

temporal variability using multipoint ST5 magnetic field
data. We examine the ST5 observations in an active period
during a geomagnetic storm and compare them with those
observed when the geomagnetic storm has fully recovered.
We summarize these observations as follows:
[33] 1. By performing the minimum variance analysis to

the FAC magnetic field data, we find that the large-scale
FAC’s magnetic signatures can be modeled as those of
infinite current sheets as they are mainly confined to one
single component dBi, but the orientation of the large-scale
current sheet is more likely to be aligned with the L shell
during the quiet time (Table 1). During the active period, the
observed current sheet orientation can be as much as �40�
off the L shell. The differences among the current sheet
orientations as seen by the three spacecraft are also much
larger for the active period than the quiet period, indicating
the FACs are more dynamic during the active period.
[34] 2. The magnetic field variations from the mesoscale

currents appear in both dBi and dBj components, indicating
that they are generally in the form of current filaments
instead of infinite sheet currents. The mesoscale currents are
more prominent during the active period, as the variations in
dBj become comparable to those in dBi in some cases during
the active period.
[35] 3. The mesoscale current structures which are

embedded in the large-scale current sheet exhibit significant
temporal changes. The temporal variations can be in the
form of changing current density, changing current polarity,
or location changes. The time scale of such temporal
variability is in the order of �10 min. On the other hand,
the data also show that the time scales for the currents to be
relatively stable are �1 min for mesoscale currents and at
least �10 min for large-scale current sheets.
[36] 4. The multipoint data also demonstrate the motion

of the current sheets and the temporal variations of the
velocity of the current sheets, especially during the active
period. At low altitude, the current sheet velocity is typi-
cally smaller than 1 km/s and much smaller than the
spacecraft velocity. But the effect of the current sheet
motion to the calculation of the current properties is
expected to increase at higher altitudes as the current sheet
will move faster and the spacecraft slower as the altitude
increases.
[37] Field-aligned currents are inherently very dynamic

and reflect temporal variations in the coupled magneto-
sphere-ionosphere system. Field-aligned currents are estab-
lished during the solar wind–magnetosphere coupling:

electric fields produced at the magnetosphere and imposed
on the ionosphere drive currents perpendicular to the
magnetic field in both regions; field-aligned currents must
flow because of gradients in these currents so that they
reach an agreement between the magnetosphere and iono-
sphere, and together form a closed current system. Temporal
variations in any part of the closely coupled system will
result in corresponding self-consistent adjustment of FACs.
For example, any change in the electric field will change
field-aligned currents so that the agreement and closed
current loop are maintained. Electromagnetic energy carried
by FACs are eventually deposited in the high-latitude
thermosphere-ionosphere system as Joule heating, which
causes changes of ionosphere and thermosphere in global
scale, such as ion outflows [Chappell et al., 1987; Moore,
1991], and changes in F region density [Emery et al., 1999]
and thermospheric composition and neutral wind [Buonsanto,
1999]. Meanwhile, changes in ionospheric conductivity
and neutral wind also modify the ionospheric horizontal
currents and field-aligned currents, which in turn modify
the electric field and ionospheric conductivity further.
Thus, studying temporal variations of field-aligned currents
helps us understand the dynamic nature of the coupled
magnetosphere-ionosphere system.
[38] Previous studies have shown that the charge carriers

of mesoscale FACs are mainly electrons [e.g.,McDiarmid et
al., 1979; Klumpar, 1979; Bythrow et al., 1982; Sugiura et
al., 1984; Yamauchi et al., 1998]. The observed FAC
temporal features are clearly associated with dynamic var-
iations of their charge carriers, as they respond to variations
of the electric field. The temporal time scales for the
mesoscale FACs imply the same time scales for electric
field temporal stability and variations. Among various
sources of temporal variations, observations of parallel
electric fields in the auroral acceleration show that their
temporal variations have a time scale in the order of a few
minutes, and thus are most likely to be the source of
temporal variations of mesoscale FACs. Strong parallel
electric fields have been observed or inferred in both
upward and downward FAC regions by in situ measure-
ments from satellites and sounding rockets [e.g., Mozer and
Kletzing, 1998; Ergun et al., 2000; Andersson et al., 2002].
Observations have also suggested the similar time scales of
a few minutes for their temporal variations. For example, on
the basis of FAST single-spacecraft observations, Ergun et
al. [1998] have suggested that the parallel electric field is
stable on time scales of tens of seconds and over distances
of tens to hundreds of kilometers. From Cluster multipoint
observations, Marklund et al. [2001] have determined that
the time scales for setting up the auroral parallel electric
field (as they grow in magnitude and width) are in the order
of �2–5 min. In another example, Marklund et al. [2006]
report that the time scale for the parallel electric field
intensification is on a time scale of�100–200 s. Boudouridis
and Spence [2007] studied the spatial and temporal structure
of auroral particle precipitation using data from conjunc-
tions of two DMSP satellites. They found that for auroral
features with scale lengths larger than �100 km, their time
scales for temporal stability are in the order of a few
minutes, similar to our observations of mesoscale FACs.
All these observations on the temporal stability of auroral
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features have revealed the similar time scales as in our FAC
observations.
[39] The most important contribution of the ST5 data to

understanding dynamics of field-aligned currents is that
they allow us for the first time to separate temporal and
spatial structures and to evaluate their temporal variability
in time scale �10 min or less. Despite the fact that ST5 have
provided first multipoint measurements of the magnetic
field in low-altitude FAC region, and the unique data set
enables us to determine the FAC properties more accurately,
we need to acknowledge that the method we use to estimate
the current density only makes incremental improvement
that of single-spacecraft observations. Because of its string-
of-pearls constellation configuration, we are not able to use
the true curlmeter technique such as the one developed for
Cluster data to calculate the current density [Dunlop et al.,
2002]. For some cases when two ST5 spacecraft are close
enough to remain in the FAC region simultaneously, we
were able to determine the current density using the
gradiometer method which has the advantage of rejecting
aliasing due to temporal variations [Slavin et al., 2008]. The
method we use in the paper is similar to the traditional
technique-based single-spacecraft data except for some
incremental improvements. First, we have corrected
the spacecraft velocity relative to FAC current sheet by
considering both the spacecraft and FAC motions, i.e., the
assumption of stationary current sheet is no longer needed.
We note that this correction is very small at low altitudes,
typically less than 10%. But the correction will become very
important at midaltitudes and high altitudes as the spacecraft
motion becomes slower but FAC motion faster [Wang et al.,
2009]. Second, we use the Minimum Variance Analysis
method to determine the current sheet orientation. Similar to
the traditional single-spacecraft method, we still need to
make the infinite current sheet assumption. But the MVA
method determines the orientation of the infinite current
sheet more accurately, and minimizes errors in the density
of large-scale currents. Finally, we do not ignore the
magnetic field variations in the direction along the FAC
current sheet normal (dBj) in determine the curl of the
magnetic field since the magnetic field variations associated
with mesoscale currents are very evident in the data. It
reduces the errors in determine the current density associ-
ated with mesoscale currents.

4. Conclusions

[40] We have presented an event study of multipoint
magnetic field measurements of field-aligned currents
during and after a geomagnetic storm at low altitudes from
ST5 constellation. The data show that mesoscale current
structures, commonly observed embedded within large-
scale field-aligned current sheets, are very dynamic with
highly variable current density and/or polarity in time scales
of �10 min during the active period. They exhibit large
temporal variations in such time scales during both quiet
and disturbed times. On the other hand, they appear to be
relatively stable in time scales of �1 min. These temporal
features are very likely associated with dynamic variations
of their charge carriers (mainly electrons) as they respond
to the variations of the parallel electric field in auroral
acceleration region. The characteristic time scales for the

temporal variability of mesoscale field-aligned currents are
found to be consistent with those of auroral parallel electric
field.
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