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[1] Bright aurorae can be excited by the acceleration of electrons into the atmosphere
in violation of ideal magnetohydrodynamics. Modeling studies predict that the accelerating
electric potential consists of electric double layers at the boundaries of an acceleration
region but observations suggest that particle acceleration occurs throughout this region.
Using multispacecraft observations from Cluster, we have examined two upward current
regions on 14 December 2009. Our observations show that the potential difference below
C4 and C3 changed by up to 1.7 kV between their respective crossings, which were
separated by 150 s. The field-aligned current density observed by C3 was also larger than
that observed by C4. The potential drop above C3 and C4 was approximately the same
in both crossings. Using a novel technique of quantitively comparing the electron spectra
measured by Cluster 1 and 3, which were separated in altitude, we determine when these
spacecraft made effectively magnetically conjugate observations, and we use these
conjugate observations to determine the instantaneous distribution of the potential drop
in the AAR. Our observations show that an average of 15% of the potential drop in the
AAR was located between C1 at 6235 km and C3 at 4685 km altitude, with a maximum
potential drop between the spacecraft of 500 V, and that the majority of the potential drop
was below C3. Assuming a spatial invariance along the length of the upward current
region, we discuss these observations in terms of temporal changes and the vertical
structure of the electrostatic potential drop and in the context of existing models and
previous single- and multispacecraft observations.

Citation: Forsyth, C., et al. (2012), Temporal evolution and electric potential structure of the auroral acceleration region from
multispacecraft measurements, J. Geophys. Res., 117, A12203, doi:10.1029/2012JA017655.

1. Introduction

[2] Aurorae can be caused by the collisional excitation of
ionospheric particles by charged particles, predominantly
electrons, accelerated or scattered out of the magnetosphere.

The majority of magnetospheric electrons are trapped in
the magnetosphere through the conservation of the first adi-
abatic invariant in the geometry of Earth’s magnetic field
(magnetic mirroring). These electrons can only escape into
the atmosphere when their equatorial pitch angle approaches
0� or 180� such that they are inside the loss cone. Electrons
that are pitch angle scattered by electromagnetic chorus
waves cause dim, diffuse aurorae [Thorne et al., 2010].
Electrons accelerated along the magnetic field to keV ener-
gies by magnetic field-aligned electric fields, either from
quasi-static potential drops [McIlwain, 1960; Carlqvist and
Boström, 1970; Frank and Ackerson, 1971; Mozer et al.,
1977, 1980; Lyons et al., 1979; Reiff et al., 1988; Mozer
and Kletzing, 1998] or from low-frequency Alfvén waves
with short perpendicular scales [Hasegawa, 1976; Goertz
and Boswell, 1979; Lysak and Carlson, 1981; Lysak and
Dum, 1983; Wygant et al., 2000; Keiling et al., 2002; Watt
et al., 2005; Chaston et al., 2007] produce bright aurora.
Acceleration through quasi-static potential drops takes place
at altitudes in the range 1,400–14,000 km [Reiff et al., 1988;
Lindqvist and Marklund, 1990; Lu et al., 1992] in a region
called the auroral acceleration region (AAR).
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[3] Mono-energetic electron distributions seen in regions
of upward field-aligned current have been associated with
quasi-static potential drops forming U or S shaped struc-
tures [Mozer et al., 1980; Lindqvist and Marklund, 1990;
Marklund et al., 2011a, 2011b; Sadeghi et al., 2011] in the
AAR. Vlasov models of this region [Ergun et al., 2000]
suggest that this potential is concentrated in two strong
electric double layers [Block, 1972] at the upper and lower
boundaries of the acceleration region. A statistical study has
shown that double layers at the bottom of the AAR can
contain 10%–50% of the total potential drop [Ergun et al.,
2002]. Double layers within the AAR were not present in
the models but have been observed by spacecraft [Ergun
et al., 2004]. Furthermore, it has been suggested that the
fine structure of auroral kilometric radiation (AKR) is related
to moving electrostatic shocks or oblique double layers inside
the AAR [Pottelette et al., 2003]. However, the Vlasov
simulations of Ergun et al. [2000] also showed that a small
proportion of the potential was distributed throughout the
AAR. These studies suggest that particle acceleration occurs
both in distinct steps and gradually throughout the region.
[4] Dedicated single spacecraft missions, such as Viking,

Freja, FAST and Polar, have offered insights into the localised
physical processes within the AAR. However, for practical
reasons, single spacecraft data are of limited use in determin-
ing the temporal evolution and spatial structure of the AAR.
Mozer and Hull [2001] showed that, statistically, the fraction
of the electric potential drop along the magnetic field below a
given location tends to decrease with altitude. Similarly,
Olsson and Janhunen [2003] showed that the absolute value of
the potential drop below a spacecraft’s height decreased with
altitude and, along with Hull et al. [2003], showed that the
magnetic field-aligned electric field (potential gradient) tended
to be larger at lower altitudes.
[5] Previous multispacecraft or multimission studies of the

AAR have used spacecraft separated by large distances
(>10,000 km), typically with only one spacecraft in the AAR.
These studies have shown that particles are accelerated by
quasi-static electric fields [Reiff et al., 1988] and that the alti-
tude at which ions are accelerated is around 1700 km for large
potential drops, but increases to 2000–2500 km for small
potential drops [Reiff et al., 1993]. Combining FAST and
Polar data in a small number of case studies, Janhunen et al.
[2001] showed that low-potential-drop inverted-V signatures
at FAST (1900–4100 km altitude) tended to be associated with
a Maxwellian electron source population at Polar (20,000–
37,000 km) and that broadband electrostatic wave activity was
well correlatedwith the acceleration of cold electrons when the
source distribution was non-Maxwellian.
[6] Recent observations by Cluster have, for the first time,

provided observations within the AAR at heights separated
by less than a few thousand kilometers. Marklund et al.
[2011a] and Sadeghi et al. [2011] have examined AAR
crossings on the dayside and nightside respectively during
which two or three of the Cluster spacecraft passed through
the quasi-static AAR within a few minutes of each other and
at slightly different heights. By assuming that each individual
AAR was temporally invariant during these events, based on
the same total potential drop being observed, these studies
showed that the potential drop between the two spacecraft in
the AAR had values between 0.6 and 4 kV. The potential
structure in the dayside AAR studied by Marklund et al.

[2011a] appeared to be invariant on a timescale of at least
5 min whereas the potential structures in the nightside
upward current AARs examined by Sadeghi et al. [2011]
showed variations on a timescale of 40–100 s.
[7] In this study, we present the first observations from

a period when three of the Cluster spacecraft passed through
an AAR with one pair of the spacecraft separated along their
orbit and another pair of spacecraft coming into magnetic
conjugacy during the AAR crossing. The multispacecraft data
enable us to simultaneously make observations of the plasma
populations at two different heights within the AAR separated
by �1,500 km and to determine the temporal variation of the
AAR. We compare the particle populations at two altitudes to
identify those periods in which the spacecraft were magneti-
cally conjugate. We use these data to examine the accelera-
tion of the particle population and to determine the potential
and the average electric field between the spacecraft, as well
as above the spacecraft pair. We also compare the field-
aligned current densities and potential drops above and below
the spacecraft to determine the temporal variability of the
AAR. These results are presented in the context of recent
multispacecraft studies and previous single-spacecraft statis-
tical studies.

2. Instrumentation and Spacecraft Locations

[8] The Cluster mission consists of four identically instru-
mented spacecraft launched into closely separated, highly
elliptical polar orbits of the Earth. In-flight manoeuvres opti-
mize the spacecraft formation for making 3-D measurements
of the local plasma environment in specific regions. In 2008,
the spacecraft were manoeuvred to allow short intervals of
magnetic conjugacy between Cluster 1 (C1) and Cluster 3 (C3)
or Cluster (C4) during crossings of the predicted auroral oval.
In practice, only a fraction of these conjugate intervals coin-
cided with passages through an active AAR. Here we present
an event in which the spacecraft were very close to conjugacy
as they crossed the AAR.
[9] Figure 1a shows the position of the spacecraft in GSM

(Geocentric Solar Magnetospheric) coordinates at 10:46 UT
on 14 December 2009 during the event that we present
here. The spacecraft were moving predominantly westward.
A magnetic field model [Tsyganenko and Stern, 1996] shows
that C1 and C3 were close to magnetic conjugacy during the
event (Figure 1a, dotted line). Figure 1b shows the spacecraft
foot points between 10:40 and 10:50 UT in MLAT/MLT
coordinates. The magnetic foot points of C1, C3 and C4 were
at approximately 70� invariant latitude throughout while C2
was further poleward. Figure 1c shows the separation of C1
and C3 perpendicular to the model magnetic field and that
their closest separation across the model field was �100 km
at 10:45:57 UT (Figure 1c). Between 10:44 and 10:47 UT,
C1 and C3 were separated along the model magnetic field by
between 1850 and 1475 km (C1 at higher altitude). C4 was
on the same orbit as C3, but leading C3 by 192 s. C2 was at a
higher magnetic latitude and data from this spacecraft show it
was inside the polar cap throughout the interval of interest.
The spacecraft crossing of the AAR occurred at around 1MLT
and nearly 2 hours after a substorm onset, identified from
auroral electrojet activity indices (not shown), when the AE
index was <70 nT and the AL index was >�20 nT.
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[10] In this study we use data from the Cluster Ion Spec-
trometer (CIS) [Rème et al., 2001], Fluxgate Magnetometer
(FGM) [Balogh et al., 2001], Electric Field and Wave instru-
ment (EFW) [Gustafsson et al., 2001] and Plasma Electron
And Current Experiment (PEACE) [Johnstone et al., 1997] on
Cluster. CIS data were not available from C3. CIS ion data
were available only from the Hot Ion Analyzer (HIA) on C1
or the Composition Distribution Function sensor (CODIF)
on C4; thus we cannot compare either conjugate ion measure-
ments or ion measurements at the same altitude. We can,
however, compare the electric potential change below the
spacecraft inferred from the ion and electric field measure-
ments and use the available ion measurements to show the
acceleration of ionospheric particles into the magnetosphere.
The two PEACE sensors (HEEA and LEEA, with fields-of-
view separated by 180� in the spacecraft spin plane) had fully
overlapping energy ranges during this interval and, as such,
we were able to determine the 2-D pitch angle distribution of
the electrons every half-spin (2 s). Electron moments were
calculated from the PEACE 3DX data using the latest avail-
able ground calibrations [Fazakerley et al., 2010]. The
spacecraft were operating in a “burst” telemetry mode so
these 3-D electron distributions were available at 4 s cadence.

The EFW instrument measures the electric field in the
spacecraft spin plane using spherical sensors deployed
orthogonally on 44 m long wire booms in the spin plane of
the spacecraft. The two pairs of opposing sensors, separated
by 88 m tip-tip, provide two orthogonal components of the
electric field. The failure of one of the sensors on C2 and C3
prior to the time of our event results in somewhat reduced
data quality. The failure of two of the sensors on C1 prior to
our event means that only one component of E in the spin
plane is measured, and that the 2-D electric field can be
measured only at spin resolution [Khotyaintsev et al., 2010].

3. Observations of the Auroral Acceleration
Region

[11] An overview of the AAR crossing by C1, C3 and C4 is
presented in Figure 2. Data from the PEACE and CIS
instruments on Cluster are plotted against the magnetic local
time (MLT) of the spacecraft foot points, calculated from the
Tsyganenko and Stern [1996] field model, which is approx-
imately equivalent to the IGRF model at the altitude of the
observations. Figure 2a shows the times at which the space-
craft passed over each MLT (note C1 crosses over C3).
Figures 2b–2f show the phase space density of the upward

Figure 1. (a) Locations of the Cluster spacecraft in GSM coordinates (C1, black; C2, red; C3, green; C4,
blue) at 10:46 UT. The dotted lines show the model magnetic field lines. The arrows indicate the direc-
tions of travel of the spacecraft. (b) The foot points of the spacecraft in MLT and invariant latitude
(MLAT) coordinates between 10:40 and 10:50 UT. The asterisks indicate the start positions of the space-
craft, and the crosses indicate their position every 2 minutes. The spacecraft were moving tailward and
westward, covering approximately 4 hours of magnetic local time between 10:40 and 10:50 UT.
(c) The separation of C1 and C3 perpendicular to the model magnetic field direction. C1 and C3 were clos-
est to a model conjugacy at 10:45:57 UT.
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Figure 2. Data from C1, C3 and C4 as they passed through the AAR, plotted against MLT. (a) The times
at which the spacecraft foot point was at each MLT. (b–f) Spectrograms of the phase space density of
upgoing field-aligned ions from C1, down-going field-aligned electrons from C1, C3 and C4 and upgoing
field-aligned ions from C4 respectively. (g–k) Spectrograms of the phase space density versus pitch angle
of ions from C1, electrons from C1, C3 and C4, and H+ ions from C4. The black trace in Figures 2b and 2f
shows the characteristic energy of the ions. The black traces in Figures 2c–2e show the energy of the peak
of the phase space density of the electrons. The vertical lines delimit the upward (dashed) and downward
(dotted) current systems identified from the field-aligned current densities (see Figure 3).
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field-aligned ions detected by C1, the downward field-
aligned electrons detected by C1, C3 and C4, and the upward
field-aligned H+ ions detected by C4 respectively. Overlaid
on the ion data is the ion characteristic energy in black
(calculated as the total upgoing energy flux divided by the
total upgoing number flux), which has previously been shown
to be a good measure of the electric potential drop below the
spacecraft [e.g. Reiff et al., 1988; McFadden et al., 1998,
1999]. Overlaid on the electron data is the energy of the
peak of the phase space density distributions. Figures 2g–2k
show the phase space density, summed over a range of
energies and plotted against pitch angle and MLT, of the ions
from C1, the electrons from C1, C3 and C4 and the H+ ions
from C4, respectively.
[12] The observations of the particles in the AAR are

broadly consistent with previous in-situ measurements (for a
review, see Paschmann et al. [2003]). C1, C3 and C4 all
encountered an auroral acceleration region, indicated by the
presence of energised ion and electron populations. The
eastern side of the AAR (�1.3–1.7 MLT on C1 and C3 and
�1.1–1.35 on C4) was dominated by low energy electrons
predominantly flowing away from the Earth (not shown) and
low energy ion conics centred on pitch angles of 120�–130�,
indicating a downward current region (delimited by vertical
dotted lines in the figure). The western side of the AAR
(�0.9–1.3 MLT on C1 and C3 and �0.4–1.1 MLT on C4)
contained downward-going electrons with a mono-energetic
peaked distribution with peak energies of 300–2300 eV and
field-aligned upward going ions with characteristic energies
of up to 1 keV, indicating an upward current region (delim-
ited by the dashed vertical lines in the figure). Ion composi-
tion data from C4 (not shown) shows that the presence of
upgoing H+, He+ and O+ ions in the upward current region,
consistent with an ionospheric ion source.
[13] In the upward current region, data from the C3 and

C4 PEACE instruments show two distinct electron structures;
a relatively narrow (�0.1 MLT) structure to the east (1.2–
1.3MLT onC3 and 1–1.1MLT onC4) and awider (>0.3MLT)
structure to the west (0.9–1.2 MLT on C3 and 0.4–1 MLT
on C4). These structures are separated by a dropout in the
electron flux at 1.2 and 1 MLT on C3 and C4 respectively.
The electron data from C1 indicate a single, continuous struc-
ture, although the ion data shows a flux dropout approximately
co-located with the electron dropout on C3.
[14] Figure 3 shows the magnetic field data fromC1, C3 and

C4 as they passed over the auroral region. The top panels show
the observed magnetic field in GSE coordinates. The middle
panels show the residual magnetic field when the Tsyganenko
and Stern [1996] magnetic field model is removed, plotted in
two directions perpendicular to the model magnetic field
direction (westward and northward). The bottom panels show
the field-aligned current densities, which were calculated from
the residual magnetic field data using a single spacecraft
approximation of Ampére’s law (black) [Marchaudon et al.,
2006] and from the electron moments (blue). The gradient of
the component of the residual magnetic field perpendicular to
the background field and the spacecraft velocity (in the vsc� b
direction) and the spacecraft velocity relative to the current
system and perpendicular to the magnetic field (in the
b � vsc � b direction) give the field-aligned current density
through Ampére’s law, assuming that the current system is
an infinite field-aligned current sheet. We do not use the

curlometer technique [Dunlop et al., 1988] because the Cluster
tetrahedron was much larger than the current systems
encountered and as such, the results of this technique would
not be very precise [Runov et al., 2005; Forsyth et al., 2011].
The component of the field-aligned current calculated from the
ion moments is not included as this was much smaller than
from the electrons throughout the crossings.
[15] The field-aligned current densities determined from

the FGM data showed similar features on the three space-
craft. From these data we identify 4 distinct current regions:
two downward current regions (D1 and D2) and two upward
current regions (U1 and U2). These are most clearly seen in
the data from C3. Comparing the current densities, it appears
that D1 was not observed by C4 (or was very weak), that D2
was bifurcated at C1 and U1 was bifurcated at C4 (indicated
by the dot-dashed lines). The locations of these current sys-
tems matches the upward and downward current regions
identified in the particle data and are delimited by the dashed
(upward currents) and dotted (downward currents) vertical
lines.
[16] Table 1 shows the maximum variance directions and

ratio of the maximum and intermediate Eigenvalues deter-
mined using minimum variance analysis (MVA) [Sonnerup
and Cahill, 1967; Sonnerup and Scheible, 1998] for each of
the marked current sheets in Figure 3. Also shown are the
angles between the maximum variance direction and the
magnetic field direction, the perpendicular northward direc-
tion, and the spacecraft velocity perpendicular to the magnetic
field. Figure 4 shows the orientation of the current systems
from C4 (Figure 4a) and C1 and C3 (Figure 4b) mapped into
the ionosphere using the Tsyganenko and Stern [1996] mag-
netic field model. Upward field-aligned currents are shown in
red and downward field-aligned currents are shown in blue. In
Figure 4b, the orientations from C3 are shown as dashed lines,
the spacecraft ground track is shown as a dot-dashed line.
[17] The current systems observed by each of the spacecraft

were consistent with field-aligned current sheets. The maxi-
mum variance direction for each of the current system was
well defined (lmax/lint > 20) and the maximum variance
direction was perpendicular to the magnetic field direction.
Furthermore, Figure 3 shows that the westward component of
the magnetic field varied much less in each of the current
regions as compared to the northward component, indicative
of a current sheet structure. Data from C1 and C3 showed that
the maximum variance directions of D1, U1 and U2 were
close to the perpendicular northward direction (within 20�)
but that D2 was tilted away from this direction (with tilts of
>40�). Data fromC4 showed a similar situation in D2, but also
that U1 and U2 were tilted away from the perpendicular
northward direction by�30�. Similarly, the data from C1 and
C3 shows that the maximum variance direction was almost
perpendicular to the spacecraft velocity perpendicular to the
magnetic field in U1 and U2, while the maximum variance
direction in U1 and U2 observed by C4 was 30�–40� away
from perpendicular to the spacecraft track. As such, we have
confidence in the current densities determined by FGM on
C1 and C3 in the upward current regions. Using a model of a
current sheet which is infinitely long along the magnetic field
direction and infinitely wide in the north-south direction, we
conclude that the current densities from the FGM on C4 in
the upward current regions presented in Figure 3 are under-
estimated by a factor �4/3 due to the spacecraft passing
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Figure 3. Data from the FGM instruments on C1, C3 and C4, plotted against MLT. (a, d, g) Traces of the
magnetic field observed by C1, C3 and C4 respectively, plotted in GSE X (black), Y (red) and Z (blue)
directions. (b, e, h) The residual magnetic field (FGM-T96 model), plotted in the directions northward
(black) and westward (red) perpendicular to the model field from C1, C3 and C4 respectively. (c, f, i)
The field-aligned current density from C1, C3 and C4 from the FGM (black) and PEACE (blue) instru-
ments. The field-aligned currents from the FGM instruments are calculated as the gradient of the residual
magnetic field perpendicular to the spacecraft track and the spacecraft velocity perpendicular to the model
magnetic field. The vertical lines delimit the upward (dashed) and downward (dotted) current systems. The
dot-dashed lines indicate a bifurcation of a current sheet.

Table 1. Table of the Maximum Variance Directions From MVA of the Residual Magnetic Field in the Four Current Systems Observed
by Clustera

D1 D2 U1 U2

C1 Max Dir. (–0.438, –0.032, –0.899) (–0.525, 0.488, –0.697),
(–0.494, 0.719,–0.488)

(–0.357, –0.073, –0.931) (–0.229, –0.374, –0.899)

C1 lmax/lint 24.24 44.83, 157.8 170.0 68.22
C3 Max Dir. (–0.549, 0.058, –0.834) (–0.580, 0.515, –0.632) (–0.362, –0.155, –0.919) (–0.245, –0.391, –0.887)
C3 lmax/lint 35.53 40.10 37.025 48.43
C4 Max Dir. (–0.526, 0.693, –0.493) (–0.308, 0.932, 0.190),

(–0.486, 0.399, –0.778)
(–0.447, 0.309, –0.839)

C4 lmax/lint 750 33.80, 32.54 50.42
C1 Max - B 92.41 90.29, 89.01 89.82 90.14
C1 Max - N 9.53 41.21, 58.81 3.77 15.97
C1 Max - V? 77.51 44.80, 26.89 81.48 100.36
C3 Max - B 93.33 90.61 88.18 88.07
C3 Max - N 17.63 45.25 1.81 16.67
C3 Max - V? 70.64 41.88 86.39 101.49
C4 Max - B 89.93, 91.80 87.91 87.59
C4 Max - N 57.11, 101.23 33.03 25.84
C4 Max - V? 28.76 15.85, 52.24 58.52

aThe lmax/lint ratio is shown to indicate how well resolved the maximum variance direction was. Also shown are the angles between the maximum
variance direction and the magnetic field direction, the perpendicular northward direction and the spacecraft velocity perpendicular to the magnetic field.
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through the current sheet at an angle of 30� to the sheet
normal.
[18] In the upward current region, the current densities

from PEACE and FGM were well matched on C1 and C3,
but the downward currents inferred from PEACE data were
very much smaller (or absent) as compared to those inferred
from FGM. A possible explanation is that the current-
carrying upgoing electrons in the downward current region
were below the low-energy cut-off of the PEACE instrument
(34 eV during this event).
[19] The north-south orientation of the current sheets

reported here is different to the orientation of the large scale
Region 0, 1 and 2 current systems (such as observed by
Higuchi and Ohtani [2000] and Peria et al. [2000]), which
tend to be oriented east-west. However, small-scale struc-
tures, such as omega bands [e.g. Opgenoorth et al., 1983;
Wild et al., 2000, 2011], can have a range of orientations; in a
study of small-scale field-aligned currents by FAST [Peria et
al., 2000], over 6% of the small-scale field-aligned current
sheets observed were orientated at more than 75� to the sta-
tistical auroral oval. Given that the FAST crossings of the
auroral oval where predominantly in a north-south direction,
it would preferentially detect east-west current sheets, so
these observations do not fully represent the range of auroral
current sheet orientations. As such, although observations of
a north-south aligned current system may be uncommon,
they are not unprecedented.
[20] Figure 5 shows the electric fields and electric poten-

tials calculated from the EFW instruments on C1, C3 and C4.
Figures 5a–5c show the electric field components perpen-
dicular to the magnetic field, in the northward and westward
directions. The EFW instruments measure the spin plane
electric field so this coordinate rotation was performed by
calculating the unmeasured component assuming E. B = 0.
We note, however, that the AAR is a region in which mag-
netic field-aligned electric fields are expected to be present
such that E. B = 0 may not be valid at all points in the AAR
and hence there is some uncertainty about whether the cal-
culated electric field component is valid at all times.
Figure 5d shows the integral of the electric field along each
spacecraft trajectory (C1 in black, C3 in green, C4 in blue),

along with an estimate of the background potential, calcu-
lated by spline fitting the electric field data at those points
at which the field-aligned current density was minimized
(dashed lines) where we expect the electric potential also to
be minimized. Figures 5e–5g show the potential drop below
the spacecraft, calculated as the difference between the inte-
grated electric field and the background potential. Also shown
are the energies of the peaks of the upgoing ion distributions
(red) and characteristic energies (total energy flux divided
by total number flux, blue) of the upgoing ion distributions.
No ion data are available from C3 for this event, so we have
plotted the ion data from C1 in Figure 5f. C1 and C3 were
approximately magnetically conjugate as they crossed the
AAR but separated by �1500 km, so we expect the potential
below C3 from the EFW measurements should follow a
similar trend to the ion data from C1, but with a lower
amplitude.
[21] The electric field data calculated from the EFW mea-

surements shows that the northward component of the electric
field was greater than the westward component throughout the
AAR crossings. This is in contrast to the observations of
Sadeghi et al. [2011], who reported almost no variation in the
northward component of the electric field during a Cluster
crossing of the AAR, but consistent with the observations of
Marklund et al. [2011a, 2011b] who reported large variations
in the northward component during Cluster crossings of the
AARs. In the events presented by Sadeghi et al. [2011],
Marklund et al. [2001] and Marklund et al. [2011b], the
spacecraft motion was more north-south aligned than in the
case presented here. In this event, the magnetic field was
inclined at less than 20� to the spin plane during the AAR
crossings. As such, the northward component of the electric
field presented is primarily the unmeasured component of
the electric field, calculated assuming E. B = 0. As noted
above, it is unclear where in the AAR this assumption is met
and therefore how reliable the calculation of the northward
component of the electric field is. This uncertainty could be
important, given that observations from spacecraft with 3-D
electric field measurements have shown that the parallel elec-
tric field in the AAR can be comparable to the perpendicular
field [Ergun et al., 2002]. However, because the spacecraft

Figure 4. Plots of the orientations of the field-aligned current systems from (a) C4 and (b) C1 and C3, as
determined using MVA on the residual magnetic field, mapped into the ionosphere using the Tsyganenko
and Stern [1996] magnetic field model. The spacecraft foot points are shown as the solid (C1 and C4) or
dot-dashed (C3) black lines. The upward currents are shown in red and the downward currents in blue. The
currents from C3 and C4 are shown as dashed lines.
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velocity was predominantly east-west during this event, this
unmeasured component has only a small effect on the calcu-
lation of the electric potential. By comparing calculations of
the AAR potentials below the spacecraft from the EFW mea-
surements made with and without the unmeasured component,
we estimate that this uncertainty is of the order of 100 V.
[22] The peak energy and characteristic energy of the field-

aligned upgoing ions measured by C1 and C4 were moder-
ately well correlated with the potential below the spacecraft
from EFW between 0.6–1 MLT for C4 and between 0.9–
1.3 MLT for C1 with correlation coefficients between 0.68
and 0.88 significant above the 99.9% confidence level.

We expect these data to be correlated as they are both
measures of the potential below the spacecraft, assuming a
quasi-static potential structure [Reiff et al., 1988; McFadden
et al., 1998, 1999]. We cannot compare the electric poten-
tial with the ion characteristic or peak energy from C3 due
to the ion data being unavailable. However, the shape of
the electric potential from C3 was a good match for the ion
data from C1 (correlation coefficients of 0.77 and 0.57 for the
characteristic and peak energies respectively, both significant
to above the 99.9% confidence level), which was at higher
altitude but close to conjugate to C3 throughout. It should be
noted that during this event there were only two working

Figure 5. Plot of the electric fields and electric potentials observed by C1, C3 and C4. (a–c) Plots of the
electric field measured by C1, C3 and C4 respectively in the directions northward and westward perpen-
dicular to the magnetic field. In order that the electric field could be rotated into this coordinate system, the
unmeasured component of the electric field was calculated by assuming E. B = 0. (d) Traces of the electric
field integrated along the spacecraft orbits for C1 (black), C3 (green) and C4 (blue). The background
potentials, calculated as a spline fit to those points at which the field-aligned current density from FGM
was minimized, are plotted as dashed lines. (e–g) The electric potential drop below the spacecraft calcu-
lated from the EFW electric potential (black), ion characteristic energy (red) and peak energies of the
ion phase space density spectra (blue) from C1, C3 and C4 respectively. As there is no ion data from
C3, the ion data from C1, which was conjugate to but �1500 km above, is plotted in Figure 5f. The ver-
tical lines delimit the upward (dashed) and downward (dotted) current systems.
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EFW probes on C1 and we expect the possible presence of a
magnetic field-parallel electric field of unknown size, thus
E. B ≠ 0. This may account for the discrepancies between the
EFW and CIS measurements.
[23] Across �0.9–1.3 MLT on C1 and C3 and �0.4–

1.1 MLT on C4 we observed a potential drop below the
spacecraft as expected for an upward current region (as plotted
in Figure 5). However, all three spacecraft also encountered
an apparent potential increase, indicating a downward point-
ing electric field, at various points in the AAR. In our analysis,
the determination of a potential drop or potential increase
below the spacecraft is highly dependent on the determination
of the background potential that is removed. The data from
C1 show that the variability in the potential in the region in
which the potential increase was observed was small and the
potential increase on C1 occurred inside a region of down-
ward accelerated electrons, suggesting that these are less likely
to be real potential increases below the spacecraft andmay be a
product of the calculation technique. Conversely, the potential
increase below C4 occurred close to the boundary between
the upward and downward current regions, is prominent in
Figure 5d and coincides with ion conics. This suggests a real
potential increase below the spacecraft, which will be dis-
cussed in more detail in section 5.

4. Conjugate, Multipoint Observations
of the Electric Potential

[24] In order to quantitatively compare data from C1 and
C3, it is necessary to determine when the spacecraft were
conjugate or the spatial and temporal variations in the
potential structure and incoming particle populations were
negligible. We do this by directly comparing the field-
aligned currents and particle spectra from the two spacecraft
with respect to MLT.
[25] Liouville’s Theorem states that the phase space den-

sity of an electron population accelerated by a magnetic
field-aligned potential drop will be shifted in energy by the
electrostatic potential energy gained through that potential
drop. As such, the phase space density spectra measured by
C1 and C3 should be highly correlated when the energy shift
between the spacecraft is accounted for. However, given
that, for Maxwellian and kappa distributions, phase space
density decreases exponentially with energy, cross correla-
tion of the electron phase space density spectra is dominated
by variations in low energy plasma. As we are interested in
comparing plasma populations at�1 keV, we cross correlate
the electron differential number flux spectra, which are less
sensitive to variations at energies lower than are important
here.
[26] Figure 6a shows the times at which the spacecraft were

over each MLT, Figures 6b and 6c show the field-aligned
current density per unit magnetic field from FGM and
PEACE. Assuming that the current density is conserved
along the magnetic field and that the separation distance
perpendicular to the magnetic field shown in Figure 1 is small
enough to cause no differences, these values should be equal
at C1 and C3. We have compared the PEACE spectra by
cross-correlating the differential number flux of the electrons
at each MLT with respect to energy. Figures 6d and 6e show
the square of the maximum correlation coefficient and
the associated energy shift (black trace) respectively. The red

trace in Figure 6d shows the general trend of the square of
the correlation coefficient using a 20 s boxcar filter. The blue
trace in Figure 6e shows the difference in the energies of
the peaks of the electron phase space densities. This, and the
energy shift from the cross-correlation analysis are measures
of the potential drop between the spacecraft.
[27] The field-aligned current densities per unit magnetic

field calculated from the magnetic field data were similar
throughout the AAR crossing (Figures 6b and 6c). The field-
aligned current densities per unit magnetic field observed by
PEACE were comparable to those observed by FGM in the
upward current region. Between 0.97 and 1.17 MLT, the
current densities from C1 and C3 were almost identical from
both FGM and PEACE. This coincides with the time at
which the Tsyganenko and Stern [1996] model predicts that
the spacecraft were closest to conjugacy (Figure 6a). The
observations of the field-aligned current densities show that
C1 and C3 passed through the same AAR and strongly sug-
gest that the spacecraft were either conjugate in this AAR or
that the AAR was sufficiently similar across the magnetic
field that they can be considered to have sampled the same
region at different heights.
[28] Figure 6d shows that the square of the maximum

cross-correlation coefficient is quite variable throughout the
crossing, but the general trend between 1 and 1.5 MLT is for
this to be above 0.6. Between 0.97 and 1.17 MLT this vari-
ability is reduced and the square of the correlation coefficient
tends to be greater than 0.6, peaking at 0.978. At this loca-
tion, the current densities per unit magnetic field were iden-
tical and the spacecraft foot point separation, determined
using a model magnetic field, was minimized. Also, the
energy shift from the cross correlation analysis was a match
for the difference in the energies of the phase space density
peaks (Figure 6e). These data all indicate that C1 and C3
were effectively magnetically conjugate between 0.97 and
1.17 MLT.
[29] During the period of conjugacy, the potential drop

between C1 and C3 varies between 0 V and 500 V. The
potential drop between the two spacecraft dropped to 0 V
twice during the period of conjugacy. This may be indicative
of electric double layers containing potential drops of 300–
500 V passing into and out of the region between the two
spacecraft. Confirmation of this requires higher time resolu-
tion electric field data than is presented here. Due to the
failure of two of the electric field probes on C1, significant
additional work is required to confirm the quality of the high-
time resolution electric data in the AAR thus the investiga-
tion of double layers with Cluster is beyond the scope of
this paper.
[30] Using the interval of magnetic conjugacy between

C1 and C3, we can examine the distribution of the electric
potential drop across three distinct regions in the AAR; above
C1 (the higher altitude spacecraft), between C1 and C3,
and below C3 (the lower altitude spacecraft). Figure 7 shows
the total potential drop seen by C1, calculated as the sum of
the potential drop calculated from the ion data and the peak
energy of the electron distributions on C1 (Figure 7a), the
potential drop above C1 (black), between C1 and C3 (red),
and below C3 (blue) (Figure 7b), and the proportion of the
total potential above C1, between C1 and C3, and below C3
(Figure 7c). For consistency, the potential drop below C3
was calculated as the characteristic ion energy at C1 (the
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potential drop below C1) minus the potential drop between
the C1 and C3, calculated from the cross correlation of the
electron spectra at the two spacecraft. The region between the
vertical solid lines in the figure shows where the spacecraft
were in conjunction.
[31] The total potential drop exhibited a maximum of 2000

and 2500 V in U1 and U2 (1.28 and 1.075 MLT), respec-
tively (Figure 7a). In U1, the potential dropwas predominantly
above C1 (Figure 7c). When C1 and C3 were conjugate, the
potential above C1 increased steadily (spacecraft moving to
lower MLTs), but made up a fairly steady proportion of the
total potential drop, with a median value of 613 V (upper
quartile: 951 V; lower quartile: 492 V) corresponding to 40%

(upper quartile: 47%; lower quartile: 34%) of the total poten-
tial drop. Figure 7c shows that the potential drop above C1was
less than that below C3 (median value of 50% with an upper
quartile of 57% and a lower quartile of 28%), and that 15%
(upper quartile 25%, lower quartile 2.5%) of the potential drop
was between the two spacecraft.
[32] Marghitu et al. [2006] developed a technique based

on fitting a bi-Maxwellian distribution to the down-going
electron population and using the fit parameters along with
the flux of the upward going ions and total potential drop to
determine the height of the top of the AAR. We have
adapted this technique for use on the CIS and PEACE data
from C1 to determine the height of the top of the AAR above

Figure 6. Plots showing the conjugacy between C3 and C4. (a) The times at which the spacecraft were
over each MLT. (b and c) Field-aligned current densities per unit magnetic field from FGM (Figure 6b)
and PEACE (Figure 6c) on C1 (black) and C3 (green). (d) The square of the maximum correlation coef-
ficient from the cross-correlation of field-aligned electron differential number flux spectra from C1 and
C4. (e) The energy shift of the maximum correlation coefficient (black) and the difference between the
peak energies of the electron phase space density spectra. The vertical lines delimit the upward (dashed)
and downward (dotted) current systems. The solid vertical lines show the region in which the spacecraft
were effectively magnetically conjugate.
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C1 (see Appendix A). Figure 8a shows the c2 per number of
energy bins (〈c2〉) for the fit of the electron distribution
function to the model function in the magnetic field-parallel
(black) and perpendicular (red) directions, indicative of the
goodness-of-fit of the model. Figure 8b shows the altitude of
the top of the AAR calculated at those points where
〈c2〉 <20 from both the parallel and perpendicular fits. The
dotted line indicates a distance of 2 RE for reference.
[33] Using the calculated height of the top of the AAR and

the altitudinal separation of C1 and C3, we can determine the
spatially averaged electric field across the AAR above and
between the spacecraft. These are shown in Figure 8c. The top
of the AAR was between 3100 km and 7100 km above C1
when the C1 and C3 were conjugate and the 〈c2〉 values

suggest that the model fit to the distributions was good, with
values generally less than 10 for the perpendicular spectra and
less than 1 for the parallel spectra. The spatially averaged
electric field above C1 varied between 0.04mV/m and 0.3 mV/
m whereas the spatially averaged electric field between the
spacecraft varied between 0 mV/m and 0.47 mV/m. These
electric field values are less than half those determined by
Sadeghi et al. [2011] for the average electric field inside the
AAR in their event.
[34] TheMarghitu et al. [2006] technique assumes that the

source population is Maxwellian. From a small number of
case studies in which the Polar and FAST satellites were
conjugate, Janhunen et al. [2001] suggested that the source
particle populations were non-Maxwellian in AARs in which

Figure 7. Plots of distribution of the total magnetic field-aligned potential drops above, below and
between the spacecraft. (a) The total magnetic field-aligned potential drop, calculated as the sum of the
peak electron energies and the ion characteristic energies from C1. (b) The magnetic field-aligned poten-
tial drops above C1 (black), between C1 and C3 (red) and below C3 (blue). (c) The proportion of the total
magnetic field-aligned potential drop above C1 (black), between C1 and C3 (red) and below C3 (blue).
The vertical lines delimit the upward (dashed) and downward (dotted) current systems. The solid vertical
lines show the region in which the spacecraft were effectively magnetically conjugate.
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the total accelerating potential was large (>2 kV). In their
study, the low altitude electron distributions could be explained
by a U-shaped potential drop accelerating the high-altitude
Maxwellian distribution, but not the non-Maxwellian distribu-
tions. The total potential drop in our event is close to the limit
at which Janhunen et al. [2001] expect to stop seeing a Max-
wellian source population, with our total potential drop peak-
ing above 2 kV but the majority of the potential drop below
2 kV. The relatively good fit of the data to model Maxwellians
(Figure 8a) and the strong cross-correlation between the
spectra of the down-going electrons (Figure 6d) suggest that
the source was sufficiently Maxwellian that theMarghitu et al.
[2006] technique is appropriate.

5. Differences in the AAR Observed by C3 and C4

[35] During this event, C3 and C4 were on the same orbit
track separated by 192 s, although their observations of the
AAR were separated by only 150 s, suggesting that the AAR
moved between the crossings. In this section, we analyze
the differences between these two spacecraft crossings and
present an interpretation of these differences in terms of
the temporal evolution of the electrostatic potential drop by

assuming a spatial invariance in the potential structure along
its length.
[36] Figure 9 shows the field-aligned current densities from

FGM and the potential drops above and below C3 (green)
and C4 (blue), determined from the peak of the electron phase
space densities and the integrated electric field respectively.
The blue dashed line in Figure 9c shows the potential below
C4 from the ion characteristic energy. The black line in
Figure 9c shows the potential below C3 calculated as the
potential below C1 from the ion characteristic energy less the
potential difference between C1 and C3 from the peaks of the
electron phase space density when these spacecraft were
conjugate (see section 4). The data from Cluster 4 have been
shifted by 0.21 MLT to bring them into alignment with the
data from C3. The field-aligned current densities calculated
from FGM on C4 have been multiplied by 4/3 to correct for
the upward current sheets being tilted at an angle of �30� to
the spacecraft path. Examining the field-aligned current
densities and potential drops above the spacecraft from C4
suggests that rather than a single upward current region, U2
consisted of two upward current regions (hereafter U2a and
U2b). These are split by the dotted vertical line at 1.08 MLT

Figure 8. Plots of the distance between C1 and the top of the AAR, based on the technique of Marghitu
et al. [2006], and the average electric fields above C1 and between C1 and C3. (a) The c2 value per energy
bin for the fits of the model electron distribution to the measured distributions in the parallel (black) and
perpendicular (red) directions. (b) The altitude of the top of the AAR calculated using the technique of
Marghitu et al. [2006]. The dashed line indicates a height of 2 RE. (c) The average electric field between
C1 and the top of the AAR (black) and between C1 and C3 (blue). The vertical lines delimit the upward
(dashed) and downward (dotted) current systems. The solid vertical lines show the region in which the
spacecraft were effectively magnetically conjugate.
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in Figure 9. The field-aligned currents at C3 show that U2
was a single current system.
[37] Between the crossings by C4 and C3, the AARs

were somewhat similar, in particular showing similar poten-
tial drops above C3 and C4, but had moved eastward by
0.21 hours MLT. There were, however, some notable dif-
ferences. The FGM magnetic field data show an additional
downward current region was observed by C3 at the eastward
side of the AAR. The current density in U1 and U2b was
0.15–0.3 mA m�2 higher during the C3 crossing, whereas in
U2a the current density was <0.05 uA m�2 lower during the
C3 crossing. In U1, the potential drop above the spacecraft
was �250 V lower during the C3 crossing, but we note that
this is equivalent to the energy resolution of the data at
2000 eV. As such, the difference in the potential drop above
the spacecraft in U1 may have been somewhat smaller. Data

from the EFW instrument on C4 indicates that there was a
downward pointing parallel electric field below the space-
craft, whereas there was an upward pointing electric field
below C3. The potential difference below C3 was reversed
compared to C4 and changed by 1.7 kV.
[38] In the classic model of quasi-static potential drops

[e.g. Lyons, 1980; Temerin et al., 1981], the potential contours
have U-shapes such that a spacecraft sampling electric fields
above the potential drop region should detect a decrease
followed by a increase in the potential. As C4 passed fromD2
to U1 it observed an increase in potential below the spacecraft
followed by an decrease. At the same time, C4 observed
downgoing electrons and ion conics (Figure 2). These
observations all indicate that during C4’s passage through
the upward current region U1 there was a region of upward
electric field above the spacecraft and downward electric

Figure 9. Plots of (a) the field-aligned current density, (b) the potential above C3 and C4 and (c) the
potential below C3 and C4. Data from C3 is shown in green, data from C4 is shown in blue. The black
line in Figure 9c shows the potential below C3 calculated as the potential below C1 from the ion character-
istic energy less the potential difference between the spacecraft from the electron phase space density peaks
(see section 4). The blue dashed line shows the potential drop belowC4 from the CIS-CODIF data. The vertical
lines delimit the upward (dashed) and downward (dotted) current systems from C4.
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field below or in the vicinity of the spacecraft. This structure
could consist of a U-shaped potential at high altitude brack-
eted by an S-shaped potential at lower altitude. Such a situ-
ation was observed by Marklund et al. [2011b], although
with an upward electric field in the S-shaped structure. In the
upward current region U2, C4 made observations more typ-
ical of the classic model of auroral potential drops. C3
observed potential drops below the spacecraft in U1, U2a and
U2b indicating classic U-shaped structures. This is consistent
with the observations of upgoing ions in both U1 and U2
observed by C1 at higher altitude.
[39] Our observations of the magnetic field and particle

signatures show that the upward current regions investigated
here rotated and moved between the spacecraft crossings
(Figure 4). Furthermore, the near north-south, rather than
east-west, alignment of the current sheets may suggest that
these current systems cannot be treated as “infinitely” long
current sheets which are invariant along there length,
although the magnetic field data strongly indicates that the
upward current regions are long current sheets. As such, it is
unclear whether the differences described above are due to
the spacecraft passing through different sections of the
upward current regions, temporal variations in the structure
of the region or some combination of these factors, although
the data are sufficiently similar to suggest that both space-
craft passed through the same upward current regions. From
the observations presented, we cannot determine any motion
of the AAR perpendicular to the spacecraft track, we choose
to analyze these observations in terms of a purely temporal
evolution of the structure. This analysis assumes that the
structure is sufficiently invariant along its length so as to
negate any spatial variability in the structure. This analysis is
also highly dependent on our assumption that the various
current systems identified in the C3 and C4 data are the
same.

[40] The observations from C3 and C4 show that large
differences in the field-aligned currents appear to be associ-
ated with differences in the potential drop below �4000 km.
Assuming that these changes are temporal, the relationship
between the change in the current density and the change in
the potential drop is different in each current sheet, suggest-
ing that the current systems change size or that the conduc-
tivity along each individual current system is somewhat
different.
[41] Under the assumptions above, we calculate the aver-

age rate of change of the current density and potential by
dividing the change in these quantities by the interval
between the crossings. Comparing the current densities in
U1 and U2b, we calculate an average rate of increase in the
current density of 1–2 nA m�2 s�1 and an average rate of
decrease in the current density in U2a of <0.3 nA m�2 s�1.
Similarly, in U1 and U2b the potential below the spacecraft
increased at an average rate of 6.6 V s�1 using the particle
measurements (black and dashed blue lines) or 11 V s�1

using the electric field measurements.

6. Summary of Observations

[42] Figure 10 presents a schematic view of the electric
potential structure in the AARs encountered by Cluster based
on the observations in the upward current sheets U1, U2a and
U2b. The black lines show the potential structure observed
by C1 and C4 and the grey lines show the structure observed
by C3. Thick lines indicate a potential of 0 V. The spacecraft
path through the AAR and observations of upgoing ions and
down-going electrons are indicated by the colored arrows
and the direction of the electric field is shown by the light
blue arrows.
[43] From C3 and C4, which were on the same orbit but

separated in time, we observed that the potential structure

Figure 10. A schematic of the electric potential structure of the AAR based on the observations presented.
The diagram on the left shows the potential structure during the C4 crossing and the diagram on the right
shows the structure during the C1 and C3 crossings. The black lines indicate electric potential contours
in arbitrary potential steps, with the thick lines indicating 0 V. The light blue arrows indicate the electric
field. The grey lines indicate the potential structure observed by C3 and highlight the differences between
the C3 and C1 data. The presence of upgoing ions and down-going electrons is indicated by the orange and
red arrows respectively. The spacecraft path through the AAR is indicated by the blue arrow.
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moved eastward between the two crossings by 0.21 MLT.
The observations show that the field-aligned current density
was higher during the second spacecraft crossing in U1 and
U2b, but lower in U2a. Similarly, the potential difference
below the spacecraft was greater during the second spacecraft
crossing in U1 and U2b. In U2a, the field-aligned current
density and potential difference below the spacecraft was
slightly lower during the second spacecraft crossing, but the
potential drop above the spacecraft was the same between the
two crossings.
[44] C1 and C3 effectively came into magnetic conjugacy

during the crossing, as shown by their near-identical field-
aligned current densities per unit magnetic field and the
strong cross-correlation of the down-going electron spectra.
We observed that the potential drop inside the AAR between
the two spacecraft varied between 0 V and 500 V, �15% of
the total potential drop across the AAR. The majority
(>50%) of the potential drop was concentrated below C3
(�4600 km altitude) and the top of the AAR was �1 RE

above C1, which was at 6235 km altitude.

7. Discussion

[45] Multipoint observations offer a unique opportunity to
study the spatial structure and temporal variability of the
AAR. In the event presented here, we have studied both of
these aspects. We have shown that, for two neighboring
upward current regions, the vertical distribution of the par-
allel potential drop was quite different; the potential drop was
concentrated at low altitudes for one of the current system
and at high altitudes for the other. We have also shown that
the increases in the current density are associated with
increases in the potential drop below the spacecraft rather
than a uniform increase in the potential drop with altitude.
[46] The current systems presented in this study are small

compared to the global Region 0, 1 and 2 currents that define
the auroral regions. The combined upward and downward
current regions covered less than 1MLT which corresponds to
560 km in the ionosphere at 70� ILAT, with the upward cur-
rent regions covering between 80 km and 340 km inMLT and
the structures appeared to move eastward at 0.8 km s�1. These
scale sizes and eastward motion, along with the apparent
rotation of the upward current sheets, are consistent with pre-
vious observations of auroral omega bands [Opgenoorth et al.,
1983; Wild et al., 2000, 2011]. These features are commonly
seen toward the end of a substorm and our observations are
consistent with this. Such a structure might also explain why
Cluster 3 observed a dropout in the down-going electron flux
at 1.2 MLT but C1 did not, with C3 passing into the dark
region in the middle of an auroral band and C1 skimming
through the edge of the bright band itself. However, the lack of
suitable auroral images during our event means that we cannot
confirm what auroral forms were associated with the sig-
natures observed by Cluster.
[47] Recent observations of the upward current region have

shown that on the dayside the AAR can remain temporally
invariant over 5 min [Marklund et al., 2011a]. Sadeghi et al.
[2011] studied two nightside upward current regions crossed
by Cluster in a case where three of the spacecraft passed
through the same AAR one after another. During the Sadeghi
et al. [2011] event, the Cluster spacecraft crossed the AAR at
an altitude of 1–1.5 RE, higher than the event we present here.

Similar to our analysis, Sadeghi et al. [2011] interpreted the
differences in the potential structure between the spacecraft
crossings as as a temporal change in the AAR, with the
potential below the spacecraft increasing by 2 kV during
the 100 s between the first and last spacecraft crossings in one
of the AARs the potential increased over the 100 s between
the first and last crossing, while the potential drop above the
spacecraft was relatively invariant. However, unlike the
event presented here, the orientation of the current sheets in
their event was east-west aligned.
[48] Taking the results of Sadeghi et al. [2011] and those

presented in this paper as showing a temporal evolution of the
AAR, it is unclear what physical parameters control this evo-
lution. Our observations suggest that in both upward current
regions, the potential above the height of C3 and C4 was
almost unchanged, but the current density and potential drop
below the spacecraft increased, with average rates of change
of 0.3–2 nA m�2 s�1 and �6–11 V s�1, respectively. This is
somewhat slower than the average rates of change from
Sadeghi et al. [2011], which we calculate to be 37.5–50 V s�1

with negligible change in the current density. It remains a
challenge for theorists andmodelers to reproduce this temporal
variability, while further multispacecraft observations of the
kind presented here are needed to understand how common
this increase in the low-altitude potential in conjunction with
an increase in the field-aligned current density is.
[49] Models of the vertical structure of the AAR [Ergun

et al., 2000] have indicated the presence of static double
layers at the limits of the region, acting to separate the high-
density ionosphere, low density auroral cavity and inter-
mediate-density magnetosphere. Double layers have also
been observed within the AAR by FAST [Ergun et al.,
2004], although this single spacecraft was unable to deter-
mine whether the double layers were stationary structures or
moving along the magnetic field. Pottelette et al. [2003]
suggested that double layers moving through the AAR could
be responsible for creating plasma distributions capable of
generating AKR, with their vertical motion responsible for the
increasing frequency of the fine structure. The observations
presented here show that there were times where the potential
difference between C1 and C3 was near 0 V. This may be due
to the energy resolution of the PEACE instrument, such that
the instruments were unable to resolve a potential difference
less than �100 V for 1000 eV electrons. If these measure-
ments are of a real effect, it may be that these periods of
high or no-potential-drop between the spacecraft might also
be explained by double layers passing into and out of the
region between the spacecraft. We note that the electric field
data were highly variable during this event, consistent with
a picture where the acceleration of electrons and ions took
place in localized potential drops rather than a smoothly
varying potential drop across the AAR. A further study,
examining the electron distributions perpendicular to the
magnetic field and the high-time-resolution electric field data,
will be undertaken to examine the possibility of identifying
double layers in the AAR with Cluster.

8. Summary

[50] In this study, we have examined the auroral acceler-
ation region using multipoint data from the Cluster space-
craft when two of the spacecraft (C3 and C4) were on the
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same orbit but separated by 192 s and two of the spacecraft
(C1 and C3) approached magnetic conjugacy, separated by
1500 km along the magnetic field. The spacecraft passed
through a region of downward field-aligned current, then
two regions of upward field-aligned current and observed
the associated flux of ionospheric ions flowing upward along
the magnetic field and magnetospheric electrons flowing
downward along the magnetic field. Multipoint observations
of the upward current AAR using two spacecraft on the same
orbit but separated in time show that the upward current
sheets rotated and moved between the two crossings. Due to
the limited observations along the current sheet length, we
interpreted these observations as an evolution of the quasi-
static potential structure assuming that the structure had
sufficient spatial invariance to make any cross-track varia-
tions negligible. We have shown that:
[51] 1. the overall structure of the AAR was fairly steady

on a timescale of 150 s, but the two neighboring upward
current regions showed different detailed evolution,
[52] 2. the potential difference below the spacecraft dif-

fered by 1–1.7 kV in the C3 crossing compared to the C4
crossing, giving an average rate of change in the potential of
�11 V s�1 under the above assumptions,
[53] 3. the field-aligned current density during the C3

crossing was 0.15–3 mA m�2 higher in two parts of the AAR
and 0.05 mA m�2 lower in another part of the AAR com-
pared to the C4 crossing, giving average rates of change of
0.3–2 nA m�2 s�1 under the above assumptions,
[54] 4. the potential drop above the spacecraft was almost

the same in both crossings.
[55] By comparing the field-aligned current density per

unit magnetic field and cross-correlating the electron spectra
from two spacecraft passing through the AAR at different
altitudes, we were able to determine that the spacecraft were
effectively conjugate during the AAR crossing. Our results
are the first such conjugate observations, with two spacecraft
separated by 1500 km inside the AAR. From these obser-
vations we were able to show that:
[56] 1. the potential drop was concentrated below 4685 km.
[57] 2. on average, 15% of the potential drop was seen

between C1 and C3 at 4685–6235 km altitude,
[58] 3. the average electric field between C1 and C3 was

higher than the average electric field above the spacecraft
[determined from the potential drop above the spacecraft and
the height of the top of the AAR, calculated using the
technique of] [Marghitu et al., 2006], suggesting that the
change in the potential drop decreases with altitude.
[59] These observations add to the growing number of

multipoint studies of the AAR using closely separated
spacecraft which are helping us to move to a more dynamic
picture of auroral acceleration in keeping with the observed
dynamics of the aurora.

Appendix A

[60] By assuming that a Maxwellian source distribution
of electrons was accelerated along the magnetic field by
an electrostatic potential drop, Marghitu et al. [2006,
equation (4)] showed that the electron distribution function

can be described in terms of the energy, density and
anisotropy of the electrons;

fM ¼ K � nS

AsW
3=2
0kS

� exp � WkM �WA

W0jjS
þ W?M

AMW0kS

 !" #
; ðA1Þ

where f is the distribution function, K = (m/2p)3/2, n is the
electron density, W is the energy, W0 is the temperature and
WA is the energy gained through the accelerating potential
drop. Subscript M indicates a measurement at the spacecraft
location and subscript S indicates a value at the source (top of
the potential drop).Marghitu et al. [2006] fit this function to
the 2-D pitch angle data from FAST to determine nS/AS and
AM, which can then be used to determine the height of the top
of the AAR [Marghitu et al. 2006, equations (12) and (13)].
[61] In this study we simplify the technique by fitting the

parallel and perpendicular components of the distribution
individually using the MPFIT [Markwardt, 2009] routines in
IDL. These return the c2 value for the fit of both the parallel
and perpendicular distribution functions. Similar to [Marghitu
et al., 2006], we use the reduced c2 to determine the goodness-
of-fit, however rather than comparing a single value we com-
pare the values from both directions.
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