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The bright night-time aurorae that are visible to the unaided eye
are caused by electrons accelerated towards Earth by an upward-
pointing electric ®eld1±3. On adjacent geomagnetic ®eld lines the
reverse process occurs: a downward-pointing electric ®eld accel-
erates electrons away from Earth4±11. Such magnetic-®eld-aligned
electric ®elds in the collisionless plasma above the auroral iono-
sphere have been predicted12, but how they could be maintained is
still a matter for debate13. The spatial and temporal behaviour of
the electric ®eldsÐa knowledge of which is crucial to an under-
standing of their natureÐcannot be resolved uniquely by single
satellite measurements. Here we report on the ®rst observations
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Figure 1 Acceleration structures (black) within the auroral current circuit (red). This

diagram shows a negatively charged potential structure (indicated by equipotential

contours) representative of the aurora (left) and a positively charged potential structure

representative of the auroral return current (right). The two branches of the equipotential

contours close at typical altitudes of 5,000±8,000 km in the upward-current region above

the aurora and at 1,500±3,000 km in the auroral return-current region, respectively,

above which they extend to very high altitudes along the geomagnetic ®eld, forming the

characteristic U-shape. The ®eld-aligned currents are carried by the downward and

upward accelerated electrons, respectively (blue). Together with the ionospheric closure

current and the magnetospheric generator these form the complete auroral current

circuit. The ®gure shows a north±south section through the structures that usually extend

several hundreds of kilometres in the east±west direction.

b

a

1,000

500

0

–500

–1,000

R = 4.3RE

B

MLat =  69.8

MLT = 3.6

80

70

60

6

0

12

18

Rumba
dt = 105 s

Samba
dt = 0 s

Salsa
dt = –90 s

Tango
dt = –182 s

–1,000 –500 0

East (km)

N
or

th
 (k

m
)

500 1,000

Figure 2 Location and con®guration of the Cluster satellite formation passing over the

Northern Hemisphere auroral oval. It passed between 4:20 and 4:40 UT on 14 January

2001, in the recovery phase of a weak substorm, peaking at 04:00 UT. a, The nightside

auroral oval as observed by the ultraviolet imager on the IMAGE satellite at 04:30 UT. The

post-midnight auroral oval forms a relatively homogeneous diffuse band between 65 and

70 degrees magnetic latitude. The ionospheric projection of the Cluster orbit (between

4:20 and 04:45 UT) is shown by the white line intersecting the auroral oval near 3:00

magnetic local time. b, Cluster satellite con®guration on 14 January 2001. Relative

positions and time differences (dt) between the Cluster 1, 2, and 4 spacecraft with respect

to the reference Cluster spacecraft 3 (Samba) in a plane transverse to the magnetic ®eld.

The four Cluster spacecraft are aligned nearly as pearls on a string, with the separation

transverse to the velocity vector being small, and follow in the sequence 1-3-2-4. The

direction of motion of Samba projected onto this plane is shown by the dotted line.

B denotes the direction of the geomagnetic ®eld, R is the geocentric distance of the

Samba spacecraft expressed in units of the Earth radius (RE ), MLat denotes magnetic

latitude, and MTL denotes magnetic local time.



by a formation of identically instrumented satellites crossing a
beam of upward-accelerated electrons. The structure of the
electric potential accelerating the beam grew in magnitude and
width for about 200 s, accompanied by a widening of the down-
ward-current sheet, with the total current remaining constant.

The 200-s timescale suggests that the evacuation of the electrons
from the ionosphere contributes to the formation of the down-
ward-pointing magnetic-®eld-aligned electric ®elds. This evolu-
tion implies a growing load in the downward leg of the current
circuit, which may affect the visible discrete aurorae.
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Figure 3 Evolution of the electric ®eld, magnetic ®eld-aligned current, and plasma density

between the four crossings. The time axes for all satellites except for Samba (T ) are

shifted to account for the time delay between the satellites. a, Geomagnetically northward

electric ®eld component normal to the magnetic ®eld, derived from measurements by the

Electric Field and Wave (EFW) instrument onboard the four satellites. The bipolar structure

(a southward excursion followed by a northward excursion) is highlighted in bold in the

centre of each panel. It is seen to grow both in latitudinal width (from 15 km to 25 km

projected to the ionospheric level) and magnitude between the ®rst three crossings

and then fade away by the time of the last crossing. Electric potentials obtained by

integration along the orbit increase from 0.4 kV on Rumba, to 1.7 kV on Samba, to over

2 kV on Salsa. b, Field-aligned current derived from the geomagnetic east-west variation

of the magnetic ®eld, measured by the Flux Gate Magnetometer (FGM) instrument. A

downward-current sheet is co-located with the bipolar structures. The total current

integrated over the sheet is roughly constant, but the current density decreases between

the consecutive crossings, as the current sheet widens. The most signi®cant widening

occurs between the last two crossings. c, Negative of the spacecraft potential, as

measured by the EFW instrument. The spacecraft potential depends primarily on the

ambient plasma density, and is thus a monitor thereof. The electric-®eld structure is co-

located with a density gradient in the ®rst three crossings, separating a region of higher

and less variable densities southward of the structure from a region of low and variable

densities to the north. At the time of the fourth crossing the density gradient is no longer

seen.



In situ observations of electric ®elds, ®eld-aligned currents, and
energetic electrons and ions made by numerous satellites above and
below the regions where the auroral acceleration takes place have
been used to con®rm1±3 that the quasi-static electric potential
structures formed above the aurora are typically U-shaped and
negatively charged, as ®rst suggested in ref. 14 on the basis of studies
of the motion of auroral forms. These structures are aligned in the
geomagnetic east±west direction, and are located in the region of
upward-®eld-aligned current with an upward electric ®eld (auroral
acceleration region) at typical altitudes of 5,000±8,000 km (Fig. 1,
left). A satellite moving poleward above the auroral acceleration
region will measure the typical bipolar signature of a converging
electric ®eld and an upward beam of ions having a characteristic
energy corresponding to the parallel potential drop below the
satellite, whereas a satellite below this potential drop will observe
accelerated auroral electrons and a much reduced electric ®eld. The
Swedish satellite Freja, with an apogee at 1,700 km, well below the
lower limit of the auroral acceleration region, observed very intense
(of the order of 1 V m-1) and narrow (a few km) diverging electric
®elds7,8 accompanied by upward ¯uxes of energetic electrons (a few
keV)9 on ®eld lines adjacent to the aurora, where the downward
current ¯ows. These unexpected observations suggested that posi-
tively charged potential structures develop there (Fig. 1, right),

forming the counterpart to the negative potential structures of the
aurora. Now there is conclusive evidence, particularly from
observations by the satellite FAST at higher altitudes around
4,000 km, to con®rm this picture10. A few theories of how to
maintain such a structure with a downward electric ®eld have
been suggested4,6,15±17. The Polar satellite, exploring the region at
altitudes high above the acceleration region (19,000±38,000 km),
has detected electric ®elds occasionally exceeding 100 mV m-1

(refs 18 and 19).
We need to understand the temporal behaviour of these struc-

tures to reveal by what mechanism they are formed. However,
despite the excellent quality of the data from auroral missions such
as Freja, FAST and Polar the spatio-temporal ambiguity inherent
in these measurements prevented any conclusive answers. The
European Space Agency mission Cluster20,21, with four identically
instrumented spacecraft (spacecraft 1, 2, 3 and 4 named Rumba,
Salsa, Samba and Tango, respectively) in orbit since summer 2000,
is the ®rst ambitious and carefully planned attempt to carry out
multipoint in situ measurements in the near-Earth space environ-
ment. Such measurements should be capable of solving this
problem.

The Cluster observations presented here are from a poleward
crossing of auroral ®eld lines at an altitude of 22,000 km, where the
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Figure 4 Upward-accelerated electron beam: evolution of energy and width. a±d, Time-

energy spectrograms show electrons moving anti-parallel to the magnetic ®eld as

measured by the Plasma Electron and Current Experiment (PEACE) instrument between

4:30 and 4:40 UT, 14 January 2001 (the full pitch angle distribution is not shown here).

The arrowheads at the top of the panels indicate the encounters with the bipolar-electric-

®eld structures, occurring at a transition between two characteristically different electron

populations, a high-energy isotropic electron population characteristic of the central

plasma sheet to the south, and a lower-energy population characterized by intermittent,

bi-directional, and ®eld-aligned electron bursts, typical of the plasma sheet boundary

layer to the north, and collocated with an upward more energetic electron beam. The

beam (b) ®rst increases in energy from about 0.7 keV on Rumba (a), to 1.2 keV on

Samba (b), to 2 keV on Salsa (c), but at the time of the Tango crossing (d) the energy

has dropped to 0.8 keV and the beam becomes bi-directional. High-resolution data

(not presented here) show that the width of the beam on spacecraft 1, 3, and 2 was

roughly the same as the width of the potential structure. The false colour code

represents the number ¯ux of electrons in counts per second ranging from 103 (dark

blue) to 5 ´ 105 (red).



four spacecraft moved along essentially the same orbit separated by
100 s (Fig. 2). During this auroral crossing spacecraft 1, 3 and 2
observed a diverging, bipolar electric ®eld (Fig. 3) changing from a
southward to a northward direction. Together with a dominant
east±west magnetic-®eld variation this implies that the structure
was sheet-like and extended in the east±west direction. It grew in
latitudinal width and magnitude, corresponding to an increase in
the positive electric potential peak of the structure from 0.4 kV on
Rumba, to 1.7 kV on Samba, to over 2 kV on Salsa. Accompanying
this structure was an upward uni-directional electron beam,
increasing in energy (from about 0.7 keV on Rumba, to 1.2 keV on
Samba, and to 2.0 kVon Salsa), as well as in width (Fig. 4). However,
when Tango reached the position of the structure, the electric ®eld
structure and the unidirectional upward electron beam had van-
ished. The electric ®eld structure and associated upward electron
beam are located in the transition region between the central plasma
sheet and the plasma sheet boundary layer. The region of diffuse
aurora seen in the post-midnight auroral oval (Fig. 2) corresponds
to the central plasma sheet electron precipitation, whereas the
darker region just poleward of it corresponds to the plasma sheet
boundary layer. This transition is also indicated by the gradient in
the plasma density, which ®rst steepens as the electric ®eld
increases, then becomes less steep as the electric ®eld structure
widens, and ®nally fades away together with the electric ®eld at the
time of the last crossing. The ®eld-aligned current associated with
the structure is downward, as shown in Fig. 3b. The total downward
current integrated over the structure remains roughly constant
during the crossings by the four spacecraft, whereas the width of
the current sheet is seen to increase, in particular between the two
last crossings.

The consistency between the evolution of the parallel acceleration
potential (inferred from the energy of the upward electron beam)
and that of the perpendicular potential (integrated from the electric
®eld) indicates that the Cluster spacecraft were crossing the upper
reaches of a U-shaped positive potential structure. The data show
that this positive potential structure (diverging electric ®eld struc-
ture) in the downward current region extends to altitudes greater
than 20,000 km and that it grows in size and intensi®es over a time
period of a few hundred seconds, after which it fades away
accompanied by a drop in the characteristic energy of the electron
beam, a signi®cant widening of the downward current sheet, and no
distinct plasma density gradient. It has been shown by numerical
simulations that this time period is comparable to the time it takes
to evacuate the ionosphere electrons over the region of the down-
ward current sheet22. This evacuation, accomplished by upward-
moving electrons and by transport of ions perpendicular to the
geomagnetic ®eld in the lower ionosphere, implies an increasing
load over the downward-®eld-aligned current branch of the auroral
current circuit. From Freja observations9 we know that both the
occurrence and the magnitude of the diverging electric ®elds peak
for minimum ionospheric conductivity conditions, near winter
solstice and local midnight9. Thus, it is possible that the evolution
of the potential structure, with its region of a parallel electric ®eld
predominantly above the ionosphere, is closely related to the
formation of such ionospheric plasma density holes, although the
nature of this relationship remains to be understood. Temerin and
Carlson16 have presented a model of the current±voltage relation-
ship in the return current region based on quasi-neutrality. This
model, however, does not include the plasma evacuation, which we
believe is an essential feature of this region. A possible explanation
for the fading of the potential structure by the time Tango reached
its location may be found in the sudden widening of the return
current sheet seen at this time (Fig. 3b). The current carriers now
become available from a much wider region, so that the current can
easily be maintained. This again agrees with the results from the
numerical simulation of the return current dynamics that as the
plasma density hole develops, charge carriers are collected from

regions further and further away from the core of the return current
¯ux tube.

The negatively charged auroral potential structure and the
positively charged return current structure are connected to each
other in a common current circuit (Fig. 1), driven by an external
generator23,24. This generator may be connected with the diverging
bipolar-electric-®eld structure observed, which could re¯ect a
strong velocity shear, imposed by the magnetosphere at the interface
between the central plasma sheet and the boundary plasma sheet.
Whether the generator is connected along the magnetic ®eld to the
structure or not, the evolving potential structure and the associated
ionospheric density hole form a growing load which in¯uences the
whole circuit, either through a direct feedback or through load
redistribution, and thus it may have an impact on the ordinary
visible aurora. M
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