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Abstract. Cluster multipoint measurements of the electric 1  Introduction

and magnetic fields from a crossing of auroral field lines at

an altitude of 4Ry are used to show that it is possible to re- In trying to obtain unambiguous spatially and temporally
solve the ambiguity of temporal versus spatial variations inhigh resolution measurements of electric fields, currents and
the fields. We show that the largest electric fields (of theparticle properties associated with the aurora, one has so
order of 300 mV/m when mapped down to the ionosphere)far run into a dilemma. There has been the choice of ei-
are of a quasi-static nature, unipolar, associated with upther rocket or satellite in situ measurements, which provide
ward electron beams, stable on a time scale of at least half gery high time resolutions but suffer from the inherent spatio-
minute, and located in two regions of downward current. Wetemporal ambiguity of one-dimensional measurements, or
conclude that they are the high-altitude analogues of the intwo-dimensional, multipoint remote sensing methods, such
tense return current/black auroral electric field structures obas radar and optical observations, which are able to discern
served at lower altitudes by Freja and FAST. In between thes®etween spatial and temporal variations but do not provide
structures there are temporal fluctuations, which are showthe high resolution.

to likely be downward travelling Alfén waves. The peri- The resolution of the dilemma is to use multi-point, high-
ods of these waves are 20-40 s, which is not consistent wittiesolution in situ measurements. Early efforts include using
periods associated with either the Adfvic ionospheric res- data from conjunctions between several satellites of different
onator, typical field line resonances or substorm onset relate@rbits (e.g. Jorgensen and Spence, 1997), or rocket multi-
Pi2 oscillations. The multipoint measurements enable us t@oint measurements, such as that obtained from the Auro-
estimate a lower limit to the perpendicular wavelength of theral Turbulence Il flight (Lynch et al., 1999; Ivchenko et al.,
Alfvén waves to be of the order of 120 km, which suggests1999). The only continuous source of such multi-point mea-
that the perpendicular wavelength is similar to the dimen-surements is presently the four Cluster satellites, which have
sion of the region between the two quasi-static structuresbeen in scientific operation since 2 February 2001. In a pa-
This might indicate that the Aln waves are ducted within per by Marklund et al. (2001), the first results from a Cluster
awave guide, where the quasi-static structures are associat@tiossing of an evolving divergent electric field structure were
with the gradients making up this waveguide. reported, with the satellites crossing over a time of the order
of a few minutes, in a string of pearls configuration.

In this paper we will present electric and magnetic field
measurements from a Southern Hemisphere Cluster crossing
of auroral field lines, and show how these can be used to sep-
arate spatial and temporal variations in the fields. The tem-
poral and spatial scales probed in this event are shorter than
those of the event investigated by Marklund et al. (2001),
since the satellite configuration is different. This will pro-
vide us with unique information of the temporal and spatial
scales and other properties of auroral electric field structures
at Cluster altitude (4—Rg). A companion paper (Johansson
et al., 2004; hereafter known as “the companion paper”) will
address the longer time scale temporal evolution of quasi-
Correspondence tor. Karlsson static structures in this and other events, and their detailed
(tkarlsson@plasma.kth.se) properties.
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Table 1. Results of cross correlation analysis.

Interval 1 Interval 2 Interval 3
t=200-300s t=300-380s t=380-440s

dB dB dB

dt;;(s) 7.25 0.75 8.5

dt;s(s) 11.75 -1.0 13.0

diry(s) 0.5 0.0 5.75

dty; (s) 2.5 0.5 45 ct ca

dt4(s) -6.25 0.75 225 c2

dtz(s) -10.5 0.5 -6.5

E E E Fig. 1. Sketch of the position and configuration of the Cluster satel-

lites at the around 05:26 UT on 19 May 2002.

dt;(s) 6.75 10.25

dt;;(s) 8.25 16.25

dty4(s) 5.5 9.5 .
cates that the measurements take place during the peak of the

dtz3(s) 1.0 3.75 . . .

P s 00 expansion phase of a small to medium sized substorm, rather

a ' ' extended in time, and commencing at around 03:30 UT.
diz(s) 2.25 3.75

7 (black) 3 Method and results
4 (blue)
2 (red) Figure 2 shows the residual magnetic figl# and the elec-
tric field E, respectively, from Cluster 1-4. The colour cod-
ing is such that black corresponds to satellite 1, red to satel-
lite 2, green to satellite 3, and blue to satellite 4. The residual
2 Eventoverview magnetic field has been obtained by subtracting a running av-
erage with a window of 30 s from each field component. The
We will utilize data from two of the instruments on the Clus- Cluster satellites measure the electric field in the spin plane.
ter satellites; the Electric Field and Wave Instrument (EFW) The third component has been calculated by assuming that
(Gustafsson et al., 1997), and the Fluxgate MagnetometeE - B=0. This is a reasonable assumption, since at an alti-
(FGM) (Balogh et al., 1997). The Cluster satellites were tude of 4R, the Cluster satellites are most probably above
launched on 16 July and 9 August 2000 as a replacemerthe altitude where most of the acceleration takes place, which
of the original Cluster satellites which were lost due to a fail- is usually at around 1-R in the upward current region (e.g.
ure of the original launch in 1996. The orbit is polar with an Weimer and Gurnett, 1993), and even lower in the down-
apogee of 18.Rg and a perigee of 3.Rg. All four Cluster ~ ward current region (Marklund and Karlsson, 2001). All
satellites have a spin period of 4 s. the electric and magnetic field components have then been
The data investigated in this paper are from a pass ovesmoothed by taking a running average with a window width
the southern auroral region close to perigee on 19 May 20020f 3 s. This is to facilitate comparisons between all four satel-
Large variations in the electric and magnetic field were ob-lites, since satellite 1 only provides the electric field with spin
served, and we concentrate on 600s of data, starting fromesolution, due to a failure of one of the probe pairs. In this
05:26 UT. Data from the Plasma Electron and Current Ex-paper we thus concentrate our attention on variations on time
periment (PEACE) (Johnstone et al., 1997), not shown herescales of 3—-30s in the satellite frame of reference. We use
show that the large fields are observed when the Clustea coordinate system where x is parallel or anti-parallel to
satellites are situated within the plasma sheet boundary layehe local measured (total) magnetic field. Of these two di-
(PSBL), rather close to its poleward edge. The correctedrections, the one that is closestxgsy is chosen to be the
geomagnetic latitude of the footpoint of the satellites for positive direction of x, i.e. our x coordinate is pointing in the
the time interval studied ranges from approximately #®  general direction of the Sun. The z component is given by
68.5, the magnetic local time is close to 20:00 MLT and the the projection of the Earth’s dipole axis onto the plane per-
geocentric distance is close to @ for the whole interval.  pendicular to x and positive in the approximately northward
Figure 1 shows the satellite positions (schematically) duringdirection. The y direction completes the positively oriented
the time from which the measurements are taken. The presystem. Thus y corresponds roughly to a westward direction
liminary Auroral Electrojet index (available from the Data and z to a northward one, also in the Southern Hemisphere.
Analysis Center for Geomagnetism and Space MagnetismBoth figures show 600 s worth of data, starting from 19 May
Kyoto University, http://swdcwww.kugi.kyoto-u.ac.jp) indi- 2002, 05:26 UT.
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Fig. 2. Three components of the residual magnetic fieRland two components of the electric figllbetween 05:26 UT and 05:36 UT on

19 May 2002. The x-direction is anti-parallel to the ambient magnetic field, y and z are approximately to the geomagnetic west and north,
respectively.E, is identically zero due to the assumption tiat B=0. In all panels data from all the four Cluster satellites are shown, with

the following colour coding: Cluster 1 — black, Cluster 2 —red, Cluster 3 — green, Cluster 4 — blue.

From Fig. 2 we first note thatB, is very small over the are observed almost simultaneously on satellites 1 and
whole interval, and that there is thus very little compression 4, whereas satellites 2 and 3 observe them 10-15s later.
in the magnetic field. We then note that the interval of appre-
ciable magnetic field variations can be divided up into three 2. Between approximately 300s and 380s all satellites
intervals according to their spatio-temporal characteristics: observe variations with an amplitude of around 3nT.

These variations appear not to be associated with any
1. Between approximately 200 s and 300 s there are varia-  appreciable time shifts between the observations by the
tions with a total amplitude of around 8 nT. These varia- different satellites.
tions are easily recognizable between the satellites, and
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Fig. 3. Vector diagram of the residual magnetic fiel® (a) and the electric fieldE (b) along the trajectories of the Cluster satellites,
projected into a plane perpendicular to the magnetic field. As in Fig. 2, y and z are approximately to the geomagnetic west and north,
respectively, and the colour coding is the same. Also indicated are the approximate orientations of the extended current sheets of regions (1
and (3), (see text).

proceeded in the following fashion: First, we have performed
a minimum variance analysis (MVA) ahB and E for each
3. Between approximately 380s and 440's there are agaiBatellite. We have then cross-correlated the dominant compo-
structures that are recognizable between the satellitessents ofd B from each of the satellites with the correspond-
with a spread of time shifts up to around 20's betweening measurement from all the other satellites, in a pair-wise
satellites 1 and 3. The amplitude of these variations isfashion. For each of these pairs we have recorded the time
slightly smaller than of those in interval (1). shift that gives a maximum in the cross-correlation, for those

L o _ . . combinations where a clear maximum was obtained. Thus,
The electric field exhibits a similar behaviour with compa- ¢, example, the entries in the row market, indicate that

rable time shifts, although in intervals (1) and (3) they areq jnierval (1) the structures idB are observed 7.75s ear-
clearly unipolar. The amplitudes of these unipolar elec-jio; o satellite 1 than on satellite 2. We have then done the
tric field signatures are around 35mV/m, and 30 mV/M i game thing for. For some combinations of signals no clear

intervals (1) and (3), respectively. Mapped down 10 the avimum in the cross-correlation could be obtained: these
ionospheric level this corresponds to approximately 350 a”%orrespond to blank entries in the table.

300 mV/m. In interval (2) slightly weaker electric fields are ) i
observed, which are not unipolar. In this interval the elec- 't can be seen that for intervals (1) and (3), the fluctuations

tric field structures show a general similarity to each other,i" E andd B are consistently observed first by satellite 1, fol-

but do not have the same clear identity, recognizable belowed by satellites 4, 2, and 3, as schematically indicated at
tween the different satellite crossings as the structures of inthe bottom of Table 1. What changes between the intervals is
tervals (1) and (3). We also draw attention to intervals of athe relative time shifts between the satellites. For interval (2)

constant electric field in an approximately westward direc-the time shifts ind B are all around zero, whereas there are

tion between 280 s and 330's. and about southwestward frori® clear maxima in the correlations between the electric field
around 450s, remaining so directed for the rest of the measSignals. The fact that the time series of interval (2) are con-
surement period. sistent with a zero time shift is a first indication that these

In order to quantify the observations above regarding theStructures are of a temporal nature.
time shifts between the satellite observations, we have per- In order to interpret these results we plbB and E in

formed a cross-correlation analysis, summarized in Table 1Figs. 3a and b, respectively, as vector plots along the satellite
In order to obtain as clear correlations as possible, we havérajectory in the y-z plane, i.e. in the plane perpendicular to
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Table 2. Summary of results from cross correlation and minimum variance analysis.

Cross-correlation analysis ~ Minimum variance analysis v

a(dB) a(E) a(dB) a(E)
Interval (1) 46+8° 40°£13° 43 £5° 58°+3° 9.7+3.9km/s
Interval (2) 45 +6° 55°4+10°
Interval (3) —33°+20° —42°+£18 —53°+8° —2°4+3° 17.9+4.2km/s

the total magnetic field. (For these two plots, we fix the the time shifts are not consistent with the structures moving
coordinate system by choosing x to lie along the measure@longB, since a projection of the satellite orbits onto a plane
magnetic field at=300s. The y and z directions are defined containing B (not shown here) indicates that the satellites
in the same way as earlier.) The position of each satellite corwould encounter the structures in a different order (to wit: 4,
responding to=0 in Fig. 3 is marked by a diamond, and thus 2, 1, 3 or the reverse of that).

the mutual satellite separations in the plane perpendicular to T4 test the assumption that these structures are elongated,
B can be read off from the figure. The colour coding is the e note that the orientation of the structure in interval (1)
same as above. is such that satellites 1 and 4 cross the structure almost si-
multaneously, but at different positions along the structure.
The fact that the signals observed by both satellites look very

| o similar indicates that there is little variation along the struc-
interval (1) are easy to make out. (The electric field fluctu- ture on scales comparable to the satellite separation. The

?iltlo?s Ornmtetrr\]/ al (3r) ?jri? rT][orde ?:Tf:lcutlt Itonm?tlje outt :Ir:t tht? same is true for satellites 2 and 3. The slight difference in the
ngure, since they are directed aimost along e satefiite g, -tyres observed by satellites 1 and 4 compared to those
jectory. We will discuss the direction of the electric field in

A ' observed by satellites 2 and 3 can be interpreted as a slow
this time interval later.) We note that none of the field struc- y P

: . . . ) emporal evolution.
tures line up in a consistent way in space. This means thatt P

none of them are pure spatial structures, stationary in the ge- Having made it probable that the structures are elongated
omagnetic coordinate system used here. However, the fagheets, it is natural to interpret them as quasi-static electric
that there are consistent time shifts enables us to interpref€ld structures, associated with sheets of up- and downgoing
the observations in intervals (1) and (3) as quasi-stationar)B'rkeland currents. Tq test this interpretation, we con5|d¢r
structures moving over the satellite, similar to Cluster obser-the angles calculated in MVA on the electric and magnetic
vations of magnetopause crossings (Gustafsson et al., 200ﬂ,e|d data in both intervals. Since the magnetic field pertur-
Pedersen et al., 2001; Dunlop et al., 2002). By assumind)ations are parallel to an infinitely long current sheet, and
that the structures are elongated in a plane with no variath® electric field perpendicular to it, in the absence of any
tions along the plane, at least over a length comparable t@ackground electric field, we can thus obtain an independent
the satellite separations, we can determine the anglfehe estimate of the orientation of the structures. The results are
plane and its velocity component perpendicular both t& shown in columns three and four of Table 2, a_md it can be
and to the plane itself, which best reproduces the observe§€en that the results from the MVA @8 are consistent with
time shifts. By a trial and err method we obtain for inter- the orientations derived from the cross-correlation analyses.
val (1),a=46£8°, wherex is the angle between the moving For interval (1) the resuIF from the MVA aof is_reasonab_ly
plane and the y axis, defined positive in the clockwise direc-consistent, whereas for interval (3) it is considerably differ-
tion when looking in the direction opposite B i.e. into the ent. The fact that the rotation of the electric field from a

plane of the paper in Fig. 3a. The orientation of the plane isnormgl dire_ction t_o the (_:urrent sh_eet is c_lockw_ise is consis-
shown in Fig. 3a with a dashed line. For the velocity, we 0b_te.nt ywth this rotation be!ng asgomated with an induced elec-
tain 9.7:3.9 km/s, relative to the satellites. Subtracting the tric field due to the rapid motion of the structure. Due to

satellite velocity component perpendicular Boand to the the Ia'rge.uncertalntles in the angles, it is dlfflcqlt to mqke a
moving plane gives us, =7.9 km/st3.9km/s. Mapped to qgantltatlve check of this, but this explanatlon is con'S|s.tent
the ionosphere, this corresponds to approximately 0.8 km/S\_Nlt_h the much less pronounced rotation of the electric field
We then proceed in a similar way for interval (3). The re- Of interval (1).

sults for both intervals are summarized in the left part of Ta- Using the orientations and velocities of the structures de-
ble 2, where we give the results using both the time shifts intermined above, we note that the widths of the electric field
dB andE. In order to validate this procedure we have also structures in intervals (1) and (3) are approximately 140 km
performed the cross correlation directly on both componentsand 120 km, respectively, defining the width as twice the
of dB and E without making any MVA. The results were width at half maximum. Mapping down to the ionosphere

similar, but with greater uncertainties. Finally we note that reduces these values by a factor of around 10.

In Fig. 3 both the magnetic field fluctuations associated
with intervals (1) to (3), and the electric field fluctuations of
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Fig. 4. Comparison of mutually perpendicular components of the electric Be{dreen) and the residual magnetic fiel# (red) for the
four Cluster satellites. y and z are approximately to the geomagnetic west and north, respectively, and the order of the panels is the order in
which the Cluster satellites encounter the quasi-static structures of intervals (1) and (3).

From the above, it seems likely that the electric and In Fig. 4 the first four panels show the y component of
magnetic field variations observed in interval (1) and (3) the electric field E (corresponding roughly to geomagnetic
are elongated, quasi-static electric field structures associatéavest”), and the perpendicular magnetic field component
with sheets of Birkeland currents, moving perpendicular tod B, (“north”). The data from each satellite are shown in the
the background magnetic field, whereas the variations in in-order in which they encounter the quasi-static structures of
terval (2) seem to be temporal variations. We will now try to intervals (1) and (3). The next four panels shBwandd B,
further verify this hypothesis by studying the detailed rela-
tion betweenE andd B.
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We first draw attention to interval (2), where there appears The wave signatures measured by satellites 4, 2 and 3 look
to exist a region of quasi-periodic variations with a clear rather similar to each other, but not to those of satellite 1.
correlation betweerE, and dB;, between approximately Even though we consider the usual caveat for the time reso-
t=330s and 380 s for satellites 4, 2, and 3. For satellite 1 thidution of the electric field measurements from satellite 1, this
is less clear, and the signals are generally weaker, especiallseems to be also true for the magnetic field fluctuations which
for the electric field. We point out again that the electric field are not affected by the difference in sampling frequency. If
of satellite 1 is only determined at spin resolution, and hasthese differences are associated with the perpendicular wave-
to be interpreted with a certain amount of wariness. Inspeciength) of the Alfvén waves (note that for any inertial or
tion of the data shows that the period of the variations is ofkinetic Alfvén wave the value of the parallel electric field
the order of 20-40s. Fat, anddB, there is a correspond- is related to the perpendicular gradient®f and the wave
ing anticorrelation. (Although less clear, in particular there must thus have a perpendicular variation), we can conclude
seems to be superposed an increasing unipolar electric fielthat such a ; should be larger than the separation between
from approximately=350s to 400 s.) The correlation &f, satellite 1 and any of the other satellites, projected on the
anddB,, the anticorrelation of, anddB,, and the absence perpendicular wave vectdr, . Assuming thek; to be per-
of any appreciable phase shift is consistent with a down-pendicular to the direction of minimum varianced® in in-
ward travelling Alfven wave. To check this interpretation, terval (2), we obtain a lower limit of ; to be around 120 km.
we estimate theE /B ratio for these variations and obtaint An upper limit cannot really be obtained, but the appreciable
approximatelyE / B=4400 km/s:1200 km/s. This should be difference in the signal between satellite 1 and the other satel-
compared to the actual Alén velocityvs. We can esti- lites makes it probable that, is not greater than 120 km by
mate this from measurements of particle densities. In or-more than an order of magnitude. A question is if the waves
der to verify the measurements we have compared ion datare planar; here it is difficult to say, since the perpendicular
from the Cluster lon Spectrometry (CIS ) instrumené(fie  wavelength is of the same order as the satellite separations.
et al., 2001), electron data from the PEACE instrument andruture work with similar events with different types of satel-
the electron density determined from the plasma frequencyite separations needs to be done to answer this question.

measured by the Waves of High Frequency and Sounder for (We pause here to note that this estimate ofallows us

Probing of Electron Density by Relaxation (WHISPER) in- to verify that the assumption th#t- B=0 does not introduce

strument (Trotignon et al., 2003). All these instruments show .
S . L i any large errors for the calculated third componerf péven
similar values of the electron density within interval (2);

. for the Alfvénic electric fields of region (2). Using the pa-
o A pass, TS Ve and an elecon tmperal: ke
tential, since tk):ese are problematic at such IovxF/) densitiesp hich is typical fqrthe plasma sheet boundarylayer,' we note

' - . ‘that the plasmg is greater tham:./m;. We are then in the
Assuming a plasma containing of an equal mixture of oxygen__". - . . .

. o . . regime of kinetic Alfi\en waves, and the ratio & to £ is

and hydrogen ions (which is consistent with the CIS data), E Kk, p? _ _ _
and using the average value of 406 nT for the total mag-given bY‘E—H =14”rki;;,Whefeps is the ion radius at electron
netic field, we obtain an Alfén velocity between 3400 and temperaturep; is the ion thermal gyro radius, aig andk
6800 km/s. One can also take the CIS measurements at facge the parallel and perpendicular wave numbers (Stasiewicz
value, and calculate an averagewvgf over all measurement et al., 2000). Estimating; from the value of the Alfén ve-
points of satellites 1, 3, and 4 (the CIS instrument on Sate”iteloci[y above and a frequency of0.1 Hz, and using;=2T,,
2 was not operating correctly during this timg). This yields ;o obtain‘%‘ —2%. Thus, we do not introduce any large
v4=7170 km/s4220 km/s, where the uncertainty represents L . .
one standard deviation and the average is based on 90 datd©"s when calculating the third component frém B=0.)
points. The large uncertainty is mainly due to variations in  For the intense electric field structures of intervals (1) and
the ratio between the density of Hydrogen and Oxygen ions(3), however, there is no correlation between electric and
Although the uncertainties are large, théB ratio can thus  magnetic fields. Instead the large electric fields can be seen
be considered to be consistent with the ambient &ifwe-  to coincide with the largest positive gradientsdi®. Tak-
locity. ing the geometry of the sheets into account, and invoking

Furthermore, PEACE data presented in the companion pathe above interpretation of the quasi-static nature of the mag-
per, show bi-directional electron beams of energies of arounahetic field structures, we interpret these gradients as sheets of
50-100eV for this time interval, most clearly in measure- downward directed current. We thus find that the large elec-
ments from satellites 3 and 4. Such bidirectional beamgtric fields of intervals (1) and (3) are high-altitude analogues
can be produced by acceleration of Adfv waves which to the large diverging electric fields found in the downward
have a parallel electric field in the inertial or kinetic limit current region at Freja and FAST altitudes of a few thou-
(Stasiewicz et al., 2000). We also note that the local hydro-sand kilometers, often being associated with upward elec-
gen and oxygen ion cyclotron frequencies ®gp+=8 Hz tron beams of energies from a few 100eV to over a keV
andQc o+=2 Hz, so that the frequencies of the observed os-(Marklund et al., 1997; Carlson et al., 1998), although the
cillations are well below the ion cyclotron frequency, as they structures here observed are unipolar. Also, the event studied
should be for Alfen waves. by Marklund et al. (2001) was associated with an downward
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current, and an energetic upward electron beam. If thesan approximate value & p=0.1 S. However, since the inte-
fields really are of a similar nature, we should expect to alsograted potential of the electric field shows a good correlation
observe upward electron beams for these events, and indeeuith the energies of upward accelerated electrons, it is prob-
PEACE data (presented in the companion paper) show upable that the electric field does not map unattenuated down
ward electron beams collocated with the intense electric fieldo the ionosphere. Thus, it is probable that the conductivity
structures. The details of these electron beams and their ass larger than this, but probably not more than by an order of
sociation with the electric field structures are discussed in thanagnitude. It is thus comparable to the value of around 1S,
companion paper. which is the approximate value given in earlier studies of the
Finally, we point out that Figs. 2, 3, and 4 suggest thatreturn current region (Karlsson and Marklund, 1996).
there is a rather constant background electric field from The low ionospheric conductivity of the downward current
aroundr=280s and onwards, i.e. behind the “front” of the region is likely due to an outflow of the ionospheric elec-
leading one of the moving structures. Closer inspectiontrons carrying the current. Numerical calculations by Karls-
shows this field to be about 4mV/m and directed to theson and Marklund (1998) show that currents of the order of
geomagnetic southwest. This is consistent with the nor-10xA/m? can evacuate the E-layer on time scales of sec-
mally southwardly directed convection electric field associ-onds, and further evacuate large parts of the F-layer on time
ated with the Southern Hemisphere, negative morning celscales of a minute. The structures of intervals (1) and (3)
of the usual two-cell pattern associated with southward IMFboth have a scale size of around 10 km at the ionospheric
conditions. level. Moving at about 1 km/s the current system of the struc-
tures has around ten seconds in which to modify the fresh
_ _ ionospheric plasma before it has passed it. This is enough to
4 Discussion evacuate the E-region plasma and lower the height-integrated

h Its of h h h ltioi conductivity to the low values of around 1 S observed.
The results of Sect. 3 show that we can use the multipoint "o \yhole configuration of large electric fields in down-

mgasuremt;nts.to separa:‘e bebtween sp<|';mal and temporal vafly, 4 o rrent regions, associated with upward-going electron
atlon.'We'z thus interpret the a ove resu (S as two quasi-stalie 5 g g very similar to the low-altitude observations of the
electric field structures associated with elongated currenfyynward current regions by Freja and FAST (Marklund et
sheets, moving in a generally southward direction, and Sandél., 1997; Carlson et al., 1998), and offers further proof that

wiching a region of downward travelling Alénic waves. — oq0 elactric field structures extend up to altitudes Bf: 4
The fact that they are travelling southwards (i.e. poIewards)i

indi hat th fth | ; The first multi-point measurement of such a quasi-static
may indicate that they are a part of the general expansion o}y field in the downward current region was presented

the poleward part of the auroral oval. That these structure%y Marklund et al., 2001.) We note that these findings are
are located at the poleward boundary of the ovalis clear frorThot consistent with the interpretation of observations by the

the particle data, which identify the region studied here as g5 satellite from similar altitudes, that large electric fields

part of the plasma sheet boundary layer. The different devi; yhese altitudes are predominantly associated withehify
ation from southward motion of the two structures may befluctuations

related to meso-scale variations in this global southward mo- 5 jitterence between the quasi-static electric field struc-

tion. , tures observed here and the one observed by Marklund et
The fact that the perpendicular co_mponentsEo@nddB al. (2001), and between many events observed by Freja, is
are not correlated to each other within the regions of they, ot the structures described in this paper are unipolar, and

intense quasi-static electric fields, indicates that the iono+, ot bipolar. However, it is difficult to determine the impor-

spheric conductivity below them is not constant, since thattance of this without studying more events. Probably po-
would result in a correlation. Instead, the intense electrictential structures in the downward current region can be S-

fields are likely to_be set up, in order to maintain current clo- shaped, as well as U-shaped, just as the auroral acceleration
sure through regions of low conductivity. We can still es- potential structures of the upward current regions.

timate this conductivity by calculating the ratio between the One question worth asking is, however, why no sign is
magpnitudes of perpendicular componentg BfandE, since  gea of any large perpendicular converging electric fields in

for an extended current sheet upward current regions, mentioned above. This question is

. Ip [jdx [ %dn B, addressed in the companion paper. We only note here that
e £ wE. (1) the search for such structures have been reported to be un-

" " #0%n H0Zn successful using Polar data (Janhunen et al., 1999).

wherer represents the coordinate tangential to the sheet,  Turning to the downward traveling Alen waves of inter-

the coordinate normal to the she&tp is the Pedersen con- val (2) we note that an obvious property of these is that they

ductivity, J, the Pedersen current, ang, the downward propagate in a region delimited by the two current sheets. It

Birkeland current. The fields are to be evaluated at the ionois possible that this region acts as a wave guide, due to gradi-

spheric level. Assuming no potential drop between the Clus-ents either produced by the currents or being associated with

ter altitude and the ionosphere we can instead evaluate thiéhvem in some other way (Leonovich et al., 1983). PEACE

ratio between the fields at the Cluster altitude, which yieldsdata shown in the companion paper show that the borders
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between regions (1), (2) and (3) are really associated withonospheric Alfen resonator (which anyway is located be-
gradients in particle fluxes. We also note that the estimatedow the observations). The origin of these waves is an open
perpendicular wavelength, is of the same order of mag- question and needs to be addressed in later studies. The mul-
nitude as the width of the region where the Afvwaves tipoint measurements enables us to determine a lower limit
propagate, which is consistent with these waves being a funef the perpendicular scale-sizg of these waves. The fact
damental wave-guide mode (Wright, 1994; Griffiths, 1999). thati ; >120 km might indicate that it is of approximately of
Further studies are needed to verify if this is a common conthe same size as the perpendicular Bipdistance between
figuration at these altitudes. the quasi-static structures. This, in turn, might suggest that
Another question is how these waves are excited. The pethe Alfvén waves are ducted between these, in a fundamental
riods of the observed waves are interesting, since they argzave guide mode.
greater than those associated with standing &ifwaves The fact that the largest electric fields are associated with
in the ionospheric Alfén resonator T~1s), but shorter the quasi-static structures suggests that the electromagnetic
than periods associated with the Pi2 pulsations associateeinergy transport associated with these structures dominate
with substorm onset7{~40-150s) or field line resonances over that of the Alfen waves. This issue is further addressed
(T~100-1000 ), although they could be harmonics of thesein the companion paper, and will also be the subject of future
Recently fluctuations with shorter periods than those of Pi2work.

have been observed in the magnetotail in association with o
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that the growth rate of kinetic Al&n waves generated by an

electron beam maximizes for a perpendicular wavelength of

AL=4, wherep;="4%L is the ion gyro radiusy; the ion ~ References
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