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ABSTRACT

Observations of ion energy dispersion are a common feature
of the pol.T cusp. Normally these dispersions show a con-
tinuous decrease in energy. However, they occasionally show
step-like features in the dispersion. On 15 October 1981 Jy-
namirs Explorer 2 (DE 2) crossed the polar cusp at 1015 MLT
and observed three distinct ion populations as the spacecraft
moved poleward. These three populations had peak-flux en-
ergy around 2.7 keV, 850 eV and 360 eV. The first step co-
incided w i t h a rotation of the flow; the flow being directed
westward on the equatorward edge, poleward in the center
and eastward on the poleward edge. The second and third
steps showed a flow directed principally poleward. Further-
more, the magnetic and electric perturbations in the first step
are well fitted by an elongated FTE footprint model. These
results suggest that three consecutive Flux Transfer Events
(FTEs) have injected solar wind plasma into the ionosphere
forming the polar cusp. The small latitudinal size of these
FTE footprints (~ -10 km) and their short recurrence rate (3
and 6 min) would be consistent with an intermittent recon-
nect ion taking place at the subsolar point on a short time
scale.

Keywords: magnetic reconnection, flux transfer event, polar
cusp, ionospheric convection.

1. INTRODUCTION

Since the first observations of precipitating particles in the po-
lar cusp (Réf. 1) dispersions in energy of the ions have often
been observed. These dispersions arise from the convection
electric field acting as a velocity filter on the particles from
the injection point to the observation in the ionosphere (Refs.
2,3). Sometimes the precipitation of the ions does not show a
monotonie decrease or increase of the energy but a more com-
plex pattern like a butterfly signature (Réf. 1); a dispersion
associated with a diffuse precipitation (Refs. 4,5); a double

dispersion (Réf. 6); a change in the slope of the dispersion
(Réf. 7); jumps in energy (Réf. 8); or narrow arcs of ions
superimposed on the dispersion (Réf. 9). These distortions of
the dispersion could be due to a change in the convection elec-
tric field caused by a variable ionospheric conductivity (Réf.
10), or by a variable reconncction rate which would drive a
variable electric field in the ionosphere. For example, inter-
mittent reconnection may be responsible for the appearance

of transient and localized bursts in the ionospheric flow (Ref

11).
In addition, another cause of distortion of the dispersion could
be the successive injections of short-lived sources resulting in
temporal rather than spatial dispersion (Réf. 12). A Flux
Transfer Event (FTE) (Réf. 13) might be seen as a short-
lived and moving source which injects particles into the polar
ionosphere (Refs. 14,15,16). With an average scale size of the
ionospheric FTE footprint of 300 km (Réf. 17) and a recur-
rence time ~ 8 min (Réf. 18), the probability of observing the
signature of two FTEs is 40% around local noon (Réf. 16).
However if reconnection takes place on shorter time scales,
the probability to observe more than one FTE footprint with
a polar orbiting spacecraft increases strongly.
In this paper we report a DE 2 cusp crossing during which the
observed ion dispersion consists of three distinct energy steps.
We interpret these observations as three successive FTEs, re-
connected on the dayside magnetosphere at a time interval of
3 and 6 min, which inject particles and move poleward into
the polar cap.

2. OBSERVATIONS

On 15 October 1981 the DE 2 satellite crossed the north-
ern polar cusp at an altitude of 780 km around 1015 MLT
(Figure 1). The IMF, obtained by the ISEE-3 spacecraft
(courtesy of NSSDC) was southward with Bx, By, and Bz
components equal to O, -1.5 and -7 nT respectively. Panels a
and b of Figure 1 show the energy-time spectrograms of the
precipitating electrons and ions respectively (pitch-angles of
10° and 18°) obtained by the Low Altitude Plasma Instru-

l\
Proceedings of the 26th ESLAB Symposium - Study of the Solar-Terrestrial System, held in Killarney. Ireland, 16-19 June 1992
(ESA SP-346. September 1992)



44

a)

DE-2 ORBIT 1079

UT 12-44- O
il 71.94
MLT 10: 3
ALT 766

!2-44 30
73.54
10. 8

"

12.45: O
75.12

O)

X

LJ

O

--6

Figure \. Data from DE-2 satellite on 15 October 1981. Energy-time spectrograms of the
precipitating electrons (a) and ions (b) between 5 eV and 27 keV.

ment (1.API) (Kef. 19). The aim of this paper is not to
dist inguish the cusp and cleft regions but to study the mech-
anism of entry of solar wind particles in the dayside mag-
nelospliere and therefore we will consider the cusp and cleft,
regions together. Using the definition from Newell and Meng
(Réf. 20), the cusp/cleft region is located between 12:4*1:24
VT (73.2° ILAT) and 12:44:46 UT (74.3° ILAT). The high en-
ergy electrons above 35 keV (not shown here) were isotropic
after 12:44:16 UT and throughout the polar cap, indicating
that the magnetic field lines were probably open. The ion data
(panel b) show three distinct energy steps with decreasing en-
ergy toward the pole. The first step (region A), observed from
12:44:24 UT to 12:4 l:3i UT, was characterized by a peak-flux
energy around 2.7 keV (Figure 2a). The second step (region
B), observed from 12:44:31 UT to 12:44:36 UT, had a peak-
flux energy around 850 cV and the third step (region C), from
12:44:36 UT to 12:44:46 UT, had a peak-flux energy around
360 eV. The boundary between region A and B has been de-
fined as the point where the peak-flux energy decreased from
2 keV to 850 eV (Figure 2a) and the boundary between region
B and C by the point where the peak-flux energy decreased
from 640 eV to 270 eV. The region A, where the highest energy
ions precipitated, shows an intense precipitation of electrons
(Figure Ia) with an electron burst at 12:44:26 UT.
The east-west (Bz) and north-south (Bx) components of the
magnetic field (Figure 2b and 2c respectively), obtained from
the Magnetometer (MAG-B) (Réf. 21), showed the largest
variations in the region A: the Bz component increased by 150
nT on the equatorward side of region A then rapidly decreased
by 200 nT simultaneously with the electron burst on Figure
Ia. The Bz component then remained approximately constant
around 125 nT for ~ 3 s in the center of region A before
decreasing again strongly by 175 nT on the poleward side of
region A. The Bx component decreased by almost 200 nT from
the equatorward boundary to the center of region A, then was

approximately constant for '1 s and increased by 130 nT on
the poleward side of region A. In regions B and C variations
in Bz and Bx components were smaller than those detected
in region A. except «I at the poleward boundary of region C.
where Bz decreased by 200 nT and Bx by 130 nT.
The north-south component of the electric field (Ex), obtained
from the Vector Electric Field Instrument (VEFI) (Réf. 22). is
shown on Figure 2d. Note the very good correlation between
Ex and Bz components (R=0.96 between 12:14 UT and 12:45
UT) which gives an average conductivity £;> = 6.3 mhos (Réf.
23). Positive (negative) values of the electric field are equiva-

lent to a westward (eastward) convection velocity. The other
component of the convection (north-south), obtained from the
Retarding Potential Analyser (RPA) (Rcf. 24), is shown on
Figure 2e. Combining these two components, the convection

was westward and poleward with a value around 500 m/s
equatorward of the cusp region (belore 12:44:23 UT). Then,
on the equatorward boundary of region A, the flow became
more westward with an increase of the westward component

up to 750 m/s (Ex up to 50 mV/m) and abruptly rotated
toward a poleward direction at 12:44:26 UT (simultaneous
with the electron burst), taking a value around 1200 m/s.
On the poleward side of region A, the convection decreased
again around 600 m/s with an eastward and poleward direc-
tion which became purely eastward around 400 m/s near the
boundary between region A and B. In regions B and C, the
flow around 700 m/s was principally poleward directed with
the east-west component fluctuating between 400 m/s and -
400 m/f (Ex between 15 mV/m and -15 mV/m). Poleward
of the cusp (after 12:44:50 UT), the convection was eastward
and poleward with a value around 1200 m/s.

3. DATA INTERPRETATION

A continuous ion energy dispersion has generally been ex-
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Figure '2. it) Knorg.v of the ion f l u x peak, b) Measured
(solid line) and compiilcd (doited l ine) perturbations of the
east-west (cross-track) component of the magnetic field, c)
north-south (along satellite I r ak ) perturbations of the mag-
netic field, d) nor th-south convection electric field, c) north-
south convection flow (negative values fur a poleward flow), f )

convection flow and field aligned currents (upward and down-
ward on the left and right side of the tube respcctiveliy) of
an elongated KTK footprint (from Wei and Lee [199O]). The
best fit values of the major and minor axis, current 10 and
(low velocity inside the tube arc indicated on the right.

plained by particles injected continuously from a fixi-d source

on the magnetopause and which have experienced a convective
electric field on their way to the ionosphere (Réf. 3). A grad-
ual varying convection would produce a change in the slope
of lhe dispersion signature (Réf. 7) but not three distinct en-

ergy steps as those shown in Figure 1. On the other hand.

a short injection would produce a temporal dispersion in the
ionosphere (Hef. 12) and only one energy or a step in energy
would be observed by a low-altitude spacecraft. To explain

our staircase dispersion one must consider three short injec-
tions. The properties of these sources, short-lived, occurring
for IMF-Bz< O and injectiug particles into the polar iono-
sphere, are typical of FTKs (Refs. 25,15). Figure 3a sketchs a

sequential view of the injection from one source (filled square)
localized on the inagnetopause. A time I0, the particles (we
w i l l consider only ions but electrons are injected at the same
time) leave the source and move along the magnetic field to-

ward the ionosphere. If we assume that the duration of the

injection is short compared to the travel time for the ions to
reach the ionosphere then, at time I1. the high energy ions
(thick line) reach the ionosphere while the intermediate and

low energy ions (line of intermediate thickness and thin line
respectively) are still at higher altitude. At a time I2 later,
the intermediate energy ions reach the ionosphere and finally
at time I3, the low energy ions reach the ionosphere. Let

now consider on Figure 3b that at each time t; (î = 1 — 3)
a new source S1 injects particles on neighbouring field lines
of S1-1. At time t,. the high energy ions from S0 reach the
ionosphere (same as Figure 3a) and a new source Si injects

particles. At time I2 , the intermediate energy ions from S0

and the high energy ions from S] reach the ionosphere and
S2 injects particles. Finally at I3, the low energy ions from
S0, the intermediate energy ions from Sj and the high energy

ions from S2 reach the ionosphere while S3 injects particles. If
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Figure 3. (a) Sequential sketch of one source injection into
the polar ionosphere and (b) four consecutive source injec-
tions. The line segments represent the ions travelling along
the magnetic field with the thickness of the line proportional
to the ion energy.
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we now consider that the sources are produced at the subso-
lar point by magnetic reconnection and then move poleward
dur to the magnetoshoath flow (Figure 3c), a satellite moving
toward the pole at low altitude will detect first the high en-
ergy ions (coming from S2), then the intermediate energy ions
(coining from Si) and the lo\v energy ions (coming from S0).
Practically, we do not observe, in each step one energy but
a band in energy (Figure Ib) which means that the injection
lasts for a certain period of time.
As proposed by Lockwood and Smith (26), an estimation of
the beginning of the injection is given by the low energy cut-
off of the ion flux: the lowest energy ions of each step were
the first to be injected and this occurred when the FTE was
reconnected near the subsolar point. If we assume a subso-

lar point around 16 Ro. the lowest energy ions of region A,

B and C around 1.5 koV. 300 eV and 100 eV respectively
gives the estimated time of reconnection of FTE S2, Si and
S0 around 12:41 PT, 12:.'38 UT and 12:32 UT respectively. It
follows that the time delay between the first FTE (S0) and

the second (S1) is around 6 min and the delay between the
second and the third (S2) is around 3 min. These times are
smaller than the average recurrence time ->f FTEs observed at

the magnctopause (~S min) (Réf. 18). However, the lat i tu-

dinal width of the FTE footprints reported here (~40 km) is
also smaller than the generally quoted wiotn (~300 km) (Réf.
M). This would be consistent wi th an intermittent reconnec-

tion occurring on short time scale and producing small FTEs
(Réf. 27).
Based on a recent model of ionospheric convection (Refs. 28,16)
we have sketched the evolution of the convection due to three
consecutive FTEs on Figure 4. At time I1, we assume that

the polar cap is in equilibrium (circular shape) and that an
FTE is created in the morning sector due to the distortion
of the geomagnetic field under IMF-By< O (Réf. 29). The
flow which develops inside the FTE is first imposed by the

tension of the field lines due to By component (eastward flow
for By< O) and then by the polar cap reaching a new equilib-
rium (poleward). As IMF-Bz component is greater than By
with an angle between the IMF and the z axis ~ 12°, the flow

inside the FTE would be more poleward than eastward (Réf.
30). The field aligned currents flowing on the edge of the FTE
are upward on the eastward edge and downward on the west-
ward edge. As reconnection goes on, the FTE expands and

after a very short time the reconnection stops and the FTE
starts being integrated into the polar cap and extending in
longitude. At time I2 another FTE is created equatorward
around the same local time giving a new impulse to the flow.

The flow expands poleward as the polar cap, disturbed by the

new open flux appended to it, will try to reach a new equilib-
rium. Similarly, at time I3 a third FTE is produced. At that
time, if we consider a satellite trajectory around 10 MLT the

convection would be westward and poleward equatorward of
the FTEs (due to the return flow of the dusk cell) and pole-
ward and eastward in the FTE footprints and throughout the
polar cap, which is in good agreement with the data (bottom
right panel).

Figure 3. (c) Schematic process of intermittent reconnection
wich produces a source S3 at the subsolar point (correspond-
ing to time I3 in Figure 3b). The previous sources SO, Sl, and
S2 have moved poleward along the magnetopause due to the
magnetosheath flow (thich arrows).
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Figure •!. Evolution of the convection flow produced by three
consecutive FTEs (adapted from Cowley et al. [1991]). The
lower right panel shows the measured convection flow (de-

duced from Figure 2c and 2d).

To evaluate the current flowing on the edge of these FTEs,
we have analysed in more details (he magnetic and electric
signatures of region A. We have chosen region A because the
variations in eleclric and magnetic field are large (Figure 2),

which means that the newly FTE would have been crossed
near the maximum of field aligned current (Figure 4c). On
the other hand, the electric and magnetic variations are small

in region B and C, which means that the older FTEs would
have been crossed far from the maximum field aligned cur-
rent, that is around the center of the tube. Because FTE
footprints are certainly elongated longitudinally (Réf. 31,17),
we have chosen the elliptical cross-section model from Wei and

Lee (Réf. 32). The magnetic &nd electric deflections due to a
crossing of a footprint of this type are superimposed on Figure
2 in dashed line. The best fit of both Bz and Bx components
is obtained for a foot print with a ratio of the major axis to the
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minor a.\is m/n=2."> and which is crossed in the middle of the
upward current side w i t h ;ni angle of o° between the satellite
trajectory and !he flow inside the I1TE (Figure 2f) . In spite
of some deviations, t i n - model reproduce quite well the data
w i t I i a correlation coefficient above 0.9 and a standard devi-
ation around o') n 1. For companion, the minimum standard
deviation obtained for a circuhii1 footprint was 40 % larger
ami for an ell iptical footprint w i l h m/n=5, 25 % larger. The
characleristics of this KTK deduced from the fit are: a current
il)~ 2 i 10' A flowing on each edge, a width around 30 Um and
a length around 80 km. Note that in th i s idealized model the
only currents encountered are lot aled on the edge of the tube
and are directed upward (prodm ing a negative gradient of Bz
ou the edge of the tube and a positive gradient of Bz outside
the lube). The model current density at 12:1-1:26 UT around

'J(i /iA in-- is a s l ight ly higher l l u t u I lie 18 /(/1 w2 carried by
> 5 eV electrons (deduced from ( Iu ' moments of the electron
d i s t r i b u t i o n f u n c t i o n ) . The model Kx and Warn (dashed line
in Figure 'Jc- and 2d) has been computed (Réf. 32) using the
footpr int parameters deduced above and assuming a constant
1'edersen conduct ivi ty th ioug l ion l the polar cusp (£;> = 6.3).
Then these roinpoueiits have been translated along y axis to
lit t h e data. Some devint ions are observed between the model
and the data, specially on small scales. Tin's could come from
the fact t h a t the FTK foo tp i i n l is not exactly an ellipse or
from a variable conduc t iv i ty through the event due to a vari-
able electron precipitat ion. Using the conductivity models
from Robinson X- al (Réf . 33) for the electron precipitation
ani l from VVailis and Kucl / . inski (Réf. 34) for solar i l lumi-
nat ion, we found D/< around I) mhos at 12:-1-1:26 UT, which
is above the average value taken in our calculation, and Sj)
around -"> mhos at 12:-11:27 IT. which is below the average
value. These values would be in agreement with an electric
field value smaller t h a n I lie model at 12.--M.-26 UT and larger
at 12:4-1:27 I "!',which is observed on Figure 2d. Despite these
deviations, the model !('produces fair ly well the Ex and Warn

components and gives a convection inside the FTE ~ 700 m/s.
1 he olf.-,ct observed between the model and the data, around
15 mV/m for the electric field and -250 m/s for the ram drift,
could be due to an offset in the data or to the assumption S/)
constant which is not verified. This effect could also be due to
the fact tha t FTB A is produced on a pre-existent flow driven
by the previous KTEs B and C (Figure 4).

4. SUMMARY

Three ion energy steps have been observed in a DE 2 cusp
crossing. The first step showed a rotation of the flow with
a flow directed westward on the eojnatorward edge, poleward
in the center and eastward on the poleward edge. On the
other hand the second and third step showed a flow directed
principally poleward. In addition, the largest gradients in
magnetic field, electric field and convection are observed on
the first step and these d-ita are in good agreement with an
elongated FTE footprint model. \Ve have interpreted these
observations as FTEs injecting particles into the polar iono-

sphere, the newly reconnected FTE footprint (first step) was
crossed on the edge of the event while the two older ones were

. crossed in the event center. The 3 and 6 min recurrence times
of these FTEs are consistent with the small latitudinal size of
their footprints (~40 km) and suggests that an intermittent
reconnection with a short recurrence rate could have taken
place on the magnetopause.
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