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[1] This paper uses 90 min of Cluster multipoint data at �5 RE altitude together
with global dayside imaging data provided by the IMAGE-SI-12 instrument to analyze
the northern cusp crossed on 14 July 2001, during a period of high solar wind pressure Psw

and strongly duskward interplanetary magnetic field (IMF). Simultaneous
observations reveal intense cusp activity in the postnoon sector, characterized by multiple,
impulsive energy-dispersed ion injections, with a recurrence time of �8–10 min or less.
Most of these transient signatures correspond one to one with repeated Psw

enhancements. A multipoint analysis reveals that field-aligned current sheets associated
with ion steps are moving predominantly westward with a velocity, up to �20 km/s,
in agreement with a flux tube motion controlled by magnetic tension forces when IMF
By � 0. These data are used to infer a source region located at �7–13 RE from
Cluster, that is, on the dusk flank of the compressed magnetosphere, around 17–
18 magnetic local time. We interpret these very dynamic and transient features as
probable signatures of pulsed magnetic reconnection that is operating in a localized
region of the magnetopause centered in the preferential antiparallel merging site. Our
results suggest that the reconnection rate is not spontaneously self-varying but may
be directly modulated by either upstream dynamic pressure Psw or changes in the IMF
polarity.

Citation: Bosqued, J. M., et al. (2005), Multipoint observations of transient reconnection signatures in the cusp precipitation:

A Cluster-IMAGE detailed case study, J. Geophys. Res., 110, A03219, doi:10.1029/2004JA010621.

1. Introduction

[2] Originally introduced by Dungey [1961] in his pio-
neering open model, the concept of magnetic reconnection
between the interplanetary magnetic field (IMF) and the

Earth’s magnetic field has crucially influenced the interpre-
tation of more than four decades of observations and
theoretical studies of the magnetosphere. Challenges of this
early view of a quasi-steady reconnection came first for
high latitudes, on the basis of HEOS-2 data [Haerendel et
al., 1978] and, then for lower latitudes, on the basis of the
first dual-satellite observations of ISEE 1 and 2, and the
discovery of transient signatures of reconnection, or flux
transfer events (FTEs) [Russell and Elphic, 1978, 1979].
FTEs, which occur on the dayside magnetopause, are
considered as the most direct evidence of a patchy magnetic
reconnection. Since their discovery a great number of
statistical studies have been performed to characterize their
local properties at the magnetopause (see review by Elphic
[1995]).
[3] Signatures have been searched in different regions

directly connected with the dayside magnetopause, from the
high-altitude cusp to the ionosphere. For southward IMF,
particle observations at various altitudes have shown, not
only classical cusp ion energy dispersions [Reiff et al., 1977;
Escoubet and Bosqued, 1989; Bosqued et al., 1991], but
also abrupt discontinuities in ion energy dispersion; these
have sawtooth profiles [Lockwood and Davis, 1996], ‘‘stair-
case’’ or ion step shapes [Newell and Meng, 1991; Escoubet
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et al., 1992; Lockwood and Smith, 1992], or have opposite
dispersions [Escoubet et al., 1997]. Temporal variations in
the reconnection rate have been often invoked to explain
these discontinuities, and a number of modeling efforts
based on pulsating reconnection have been successful in
predicting the existence of stepped precipitation [Lockwood
et al., 1998, and references therein]. Nevertheless, cusp ion
steps or discontinuities could be a spatial effect. Lockwood
[1995] reviewed experimental evidences and proposed that
steady reconnection at two (or more) isolated X lines may
generate major neighboring flux tubes that evolve with
different time histories. This scenario was supported by
conjugate interspacecraft comparisons [Trattner et al., 2002,
2003]. However, even in these observations, many smaller
structures were observed within major structures, and these
could constitute expected signatures of reconnection pulses
at the X line. Recently, ‘‘double’’ spatial cusps, as opposed
to temporal, were observed and modeled by Wing et al.
[2001]. Adjacent, double dispersion ramps, can be succes-
sively crossed in case of favorable antiparallel merging
conditions, that is, conditions in which the IMF By compo-
nent dominates (jByj � jBzj).
[4] In the dayside ionosphere, a rich variety of signatures

was also found for a southward pointing IMF; the most
clear, poleward moving, transient, auroral forms (PMAFs)
were detected independently or simultaneously by ground-
based instruments, incoherent and HF coherent radars,
optical photometers (630 and 557.7 nm), and global
UV imaging [Milan et al., 2000, and references therein;
Sandholt and Farrugia, 2003, and references therein]. Their
observed dawnward (duskward) motion when IMF By > 0
(<0) in the northern hemisphere demonstrated that they are
the probable ionospheric footprint signatures of newly
reconnected flux tubes moving, as predicted, in response
to ‘tension’ forces. Among these ionospheric studies, few
noted the striking correlation between the recurrence of cusp
transients and the arrival at Earth of solar wind dynamic
pressure pulses [Sandholt et al., 1994; Farrugia et al.,
1995]. Solar wind pressure changes may play a role in
generating FTE-like structures [Elphic, 1988; Sibeck, 1992,
and references therein]. Expectations of FTE-like signatures
driven by pressure pulses resulting in subsequent surface
waves on the magnetopause were discussed by Sibeck
[1990] and Lockwood [1991]. The generation of flux
transfer events by pressure pulses remains a controversial
topic [Song et al., 1994], especially since reconnection
could itself generate, as a byproduct, surface waves [Biernat
et al., 1998]. Another difficulty lies in determining the
correct plasma parameters that occur near the magneto-
pause. Thus, whether FTE signatures are caused by quasi-
continuous reconnection, or patchy/transient reconnection
(in a single or multiple sites), or by wavy magnetopause
motion induced by solar wind pressure increases, remains
open to investigation.
[5] Since January 2001 the unprecedented multispace-

craft Cluster mission in the dayside cusp have provided a
unique opportunity to address these questions. The first
correlated Cluster ground-based measurements revealed
up-to-date and convincing relationships between the
patchy FTEs observed at the magnetopause, cusp
motions, ‘‘pulsed ionospheric flows’’ (PIFs), and ‘‘poleward
moving radar auroral forms’’ (PMRAFs) in the conjugate

ionosphere [Lockwood et al., 2001a, 2001b; Wild et al.,
2001], and, for the first time, in the two conjugate hemi-
spheres [Wild et al., 2003]. These first studies confirmed the
temporal nature of the reconnection process [Bosqued et al.,
2001; Lockwood et al., 2001a, 2001b; Opgenoorth et al.,
2001; Vontrat-Reberac et al., 2003] and, in some cases, its
spatial nature [Trattner et al., 2003; Lavraud et al., 2005].
They have also demonstrated the importance of a multispace-
craft approach [Wild et al., 2005], coordinated observations
from ground-based instruments [Farrugia et al., 2004;
Marchaudon et al., 2004], in-space global imaging [Frey et
al., 2003a], and global simulations [Berchem et al., 2003a,
and references therein]. During the 2001 summer period
Cluster crossed the midaltitude cusp at 5–6 RE altitude. In
an elongated tetrahedron configuration, three spacecraft were
separated by�2000 km, and the last one, SC3, lagged behind
at �10,000 km, that is, 40–50 min. The multiple spacecraft
cusp crossing allowed data collection for extended (60–
90 min) and overlapping intervals. One of the main
difficulties was finding 40–90 min periods of a fairly
stable solar wind and IMF conditions required for avoid-
ing or minimizing changes in cusp structures that result
from changes in the location of the X line. This paper
uses the 14 July 2001 event to present one of the first,
simultaneous, cusp observations made in situ at midalti-
tude (4–6 RE), by Cluster, and in the conjugate iono-
sphere by the IMAGE spacecraft. During the period
under study, for �30 min a very high density, cold, solar
wind structure passed the Earth, followed by a hotter, less
dense solar wind. During the entire period the magnetic
field had a southward IMF together with a strong duskward
component. We take advantage of this period of a high solar
wind dynamic pressure (Psw> 5 nPa) to examine the influence
of pressure changes on midaltitude and low-altitude signa-
tures. In particular, we address the question of whether, and
how, pressure pulses in the solar wind/magnetosheath trigger
transient reconnection events and cause the ion injections
observed at midaltitude and low altitudes.
[6] This paper’s organization includes in section 2 a

brief description of the Cluster instruments and IMAGE/
FUV/SI-12 instrument. Section 3 presents the prevailing
interplanetary conditions, and section 4 presents the obser-
vations in two parts. Cluster/CIS multipoint data are sur-
veyed in section 4.1 and data from IMAGE are analyzed in
section 4.2. A quantitative comparison between the two CIS/
FUV data sets starts the discussion in section 5, followed by
an analysis of reconnection processes in a 4-min period;
finally, section 5 discusses dynamic pressure effects.

2. Instrumentation and Orbit

2.1. Cluster Orbit and Instrumentation

[7] The Cluster mission is supported by four identical
spacecraft, launched in pairs in July and August 2000. They
move in a tetrahedral formation with adaptable interspace-
craft distances, ranging from �100 km to a few RE. Cluster
is located on an elliptical orbit with a perigee of 4 RE, an
apogee of 19.6 RE, a period of �58 h, and an inclination of
90�. During summer 2001 and near the dayside perigee, the
Cluster tetrahedron was in a specific configuration and the
spacecraft were strung out in a line along the outbound orbit
in the northern cusp, with SC4 in the lead, followed by SC2
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and SC1, and finally by SC3. Successive separations at
0130 UT and �5 RE altitude were d42 � 1165 km (DT42 �
4 min), d41 � 2307 km (DT41 � 8 min), d43 � 11982 km
(DT43 � 43–49 min), and the successive orbits tracks
mapped to the postnoon ionosphere were roughly super-
posed (73.5�–74� at �13.7 magnetic local time (MLT)).
These separations were well suited for a cusp study on
timescales ranging from 2–10 min to as long as 50 min. The
SC1 and SC3 orbits are indicated schematically in Figure 1.
[8] In this paper we use particle data provided by the

Cluster Ion Spectrometers, CIS, fully described by Rème et
al. [2001], and the Plasma Electron and Current Experiment
(PEACE) [Johnstone et al., 1997]. Magnetic field data
come from the Fluxgate Magnetometers (FGM) [Balogh
et al., 2001], and the electric field data from the Electric
Field and Wave (EFW) instrument [Gustafsson et al., 2001].
As a result of an unidentified electronic failure, both CIS
instruments on Cluster spacecraft SC2 were switched
off. The observations presented in this study include
the CIS-2/HIA data from spacecraft SC1 and SC3 and the
CIS-1/CODIF data from spacecraft SC4 (CIS-2/HIA was
switched off on SC4).

2.2. IMAGE/FUV

[9] Launched in 2000, the IMAGE satellite moves in an
elliptical orbit at altitudes of 1000–45,000 km. The Far

Ultra-Violet imager (FUV) consists of three imaging instru-
ments that take measurements of the aurora for 5–10 s
every 2 min of the spin period [Mende et al., 2000; Frey et
al., 2001, 2003b]. Data presented in this paper were
collected by the proton aurora imaging Spectrographic
Imager channel (SI-12) which senses Doppler-shifted
Lyman a emissions around 121.8 nm that result from
charge-exchanging precipitating protons. It is most sensitive
to proton precipitation in the energy range of 2–8 keV, and
has very low sensitivity below 1.5 keV [Gérard et al., 2000,
2001].

3. Interplanetary Conditions

[10] The interplanetary prevailing conditions during the
period of study (IMF and solar wind plasma parameters)
were obtained from the ACE spacecraft. ACE was located
near the L1 Lagrangian point at (X = 1.59 � 106, Y = 11742,
Z = 140374)GSM km around 0030 UT. Figure 2 shows
observations from the time period 0115–0245 UT. The first
four panels of Figure 2 show the IMF Bx, By, and Bz

components, followed by the IMF clock angle defined by:
qIMF = tan�1(jByj/Bz)GSM. In the fifth through eighth panels
of Figure 2 are plotted the solar wind parameters: dynamic
pressure, ion temperature, velocity, and number density. The
last panel of Figure 2 displays the magnetic field strength
measured by the Polar spacecraft, in the dawnside of the
magnetosphere.
[11] It is crucial to know the precise time required for the

solar wind to propagate from the ACE spacecraft to the
magnetosphere. We estimated this time delay with two
different, but complementary, methods. First, we computed
the total estimated delay given by Jacobsen et al. [1995],
which depends on the exact ACE position (note that ACE is
off the (X-Y)GSM plane), and assume that the IMF compo-
nents remain constant between ACE and the bow shock.
With this approach, the total propagation time from ACE to
Cluster depends on the IMF polarity and the solar wind
velocity, and therefore changes during the event. For
instance, at 0140 UT, the total time lag is �55–57 min,
but it is only 50–52 min at 0156 UT. Second, to determine
this time more precisely, we used the observed delays
between the pressure changes at ACE and the associated
effects seen at geostationary orbits or near the Polar space-
craft. Polar was near its equatorial apogee in the dawn sector
(X = +0.69, Y = �8.50, Z = 3.50)GSM RE, and we assumed
that after the pressure bubble hits the magnetosphere,
variations in the compressed geomagnetic field at Polar
followed. From the Polar magnetic strength profile
(Figure 2, last panel) for 0125 to 0215 UT we deduced that
the time lag between ACE and Polar varied from 53 to 58min
and was �1 min greater than the time lag between ACE and
Cluster, at �5 RE altitude on the dayside. The time delays
finally adopted are given in the central part of Figure 2,
between the Psw and qIMF plots. Delays are 57 min before
0148UT, 55min between 0148 and 0152UT, 52min between
0152 and 0203 UT, 55 min between 0203 and 0215 UT,
and back to 57 min after 0215 UT. These convection delay
times may be off by 1–2 min and could be estimated more
exactly for shorter time intervals. Nevertheless, they are
compellingly confirmed by the observed magnetic compres-
sion effects at GOES10 on the equatorial dusk side (not

Figure 1. Dayside magnetosphere and Cluster SC3/SC1
orbits on 14 July 2001 during the interval 0100–0300 UT,
viewed from the +YGSM direction. The SC1 and SC3
positions are given at 0200 UT. Six field lines successively
intercepted by SC1 are displayed every 10 min, from
0120 UT (line a) to 0200 UT (line f). The field lines were
computed using the T-01 (+IGRF) model for IMF = [�8,
+5, 0)]GSM and Psw = 10 nPa.
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shown). Moreover, on the magnetospheric dawnside, as a
result of an inward motion of the magnetopause, Geotail
made a short excursion in a very high density magnetosheath
around 0154–0156 UT, which is strongly correlated to the
time-lagged pressure maximum.

[12] The solar wind dynamic pressure variations during
this 80 min period were very significant. Until 0120 UT, the
dynamic pressure Psw remained quite constant at �4 nPa
(density �13 cm�3), which is slightly higher than the
typical solar wind pressure. Then at �0125 UT Psw sud-
denly increased by about a factor of 2. A second peak was
observed at �0140 UT, after which the dynamic pressure
increased to a maximum of �13 nPa at �0152 UT. Finally,
after 0158 UT, the pressure dropped to an intermediate
value of �6 nPa, and then returned to its pre-event level of
�3 nPa. The empirical model of Shue et al. [1998] gives the
standoff distance of the magnetopause as a function of IMF
Bz and the solar wind dynamic pressure. At 0120 UT
the subsolar magnetopause was already compressed
(Psw � 4 nPa) to �9.24 RE. An increase in compression
started at�0125UTand the closest subsolar standoff distance
jumped to about 7.25 RE at 0155 UT according to ACE
data, and even 6.57 RE according to the pressure value given
by Wind (�25 nPa, but at �250 RE in the +YGSM direction).
[13] The IMF Bz component changed to negative at

�0118 UT, the beginning of the interval of interest, and
reached �5 nT, experiencing only short northward turnings,
concurrent with the larger pressure jump (0154–0159 UT),
and with the first jump, between 0128 and 0131 UT. The Bx

component remained negative (��5/�10 nT) except when
the Bz component was positive. For most of the event the By

component remained largely positive, and returned to �0
for short intervals after 0213 UT.

4. Overview of Satellite Data

4.1. Cluster Data

[14] Figure 3a shows combined ion data from CIS instru-
ments onboard Cluster spacecraft SC1, SC3, and SC4 for
the interval 0115–0245 UT on 14 July 2001. One color-
coded panel for each spacecraft (top, SC4; middle, SC1; and
bottom, SC3) displays the spectrogram of downward mov-
ing ions (pitch angle within 40� of the downward field-
aligned direction). Successive ion injections are referenced
in chronological order by the t1, t2, . . ., t10 vertical marks.
The Psw and IMF Bz ad hoc (time-lagged) profiles are
displayed for reference at the top of Figure 3a.
[15] At �0117 UT (71.87� magnetic latitude (MLAT),

14.39 MLT), the poleward moving spacecraft SC4 was the
first of the three to cross the OCB (Open-Closed Boundary)
defined by the poleward drop-off in the flux of high-energy
trapped electrons (not shown), jointly provided by the
RAPID instrument (Ee > 95 keV, courtesy M. Carter)
and the PEACE instrument (Ee > 10 keV). As it
moved poleward, the SC4/CIS-1 instrument detected three
successive major injections of H+ ions at �0119:30 UT

Figure 2. Upstream interplanetary magnetic field and
solar wind parameters detected by ACE/MFI and ACE/
SWEPAM instruments and Polar magnetic field by the
Polar/MFE instrument, on 14 July 2001, for the interval
0115–0245 UT. Plotted from top to bottom are the three
magnetic field components IMF Bx, By, and Bz (nT, GSM
coordinates); the qIMF clock angle; the solar wind dynamic
pressure Psw (nPa); the ion temperature Ti (�K);
the magnitude of the solar wind velocity Vsw (km/s); and
the number density Ni (cm

�3). The last panel gives the
magnetic field strength jBj (nT) measured by Polar/MFE. To
allow for the propagation time between ACE and Cluster,
all the upstream ACE data were adjusted by a travel time
that varied from �52 to �57 min; successive time delays
are given between the plots of Psw and qIMF.

Figure 3. Cluster CIS plasma data from the spacecraft SC4, SC1, and SC3, for the time interval 0115–0245 UT, on
14 July 2001. Data from SC4 were recorded by the CIS1(CODIF) instrument (H+ channel), while data from SC1 and SC3
were recorded by the CIS2(HIA) instruments. The time resolution is 12 s. Superimposed as vertical blue guidelines are the
times (labeled t1, . . .t10) of the main ion injections, in chronological order. (a) Reference, time-lagged IMF Bz and Psw

parameters and ion energy-time spectrograms for each spacecraft giving the differential energy flux (keV(cm2 s keV)�1) for
precipitating ions (pitch angle range 0�–40�) and the associated (X, Y, Z)GSM RE and MLT and MLAT coordinates (MLT is
expressed in hours and fraction of an hour). (b) CIS plasma data plotted as a function of MLAT, from 71� to 76.5� MLAT.
SC4, SC1, and SC3 spacecraft crossed 72� MLAT at 0119:03, 0124:46, and 0206:00 UT, respectively, and 76� MLAT at
0151:22, 0206:00, and 0240:17 UT, respectively. For each spacecraft is plotted the energy-latitude spectrogram of upward
moving ions (pitch angle = 140�–180�). Red bar above each panel indicates the high-latitude boundary layer.
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(labeled t1), �0125 UT (t2), and �0135:30 UT (t4). The
ion density (not shown) was very high (>30 cm�3), and thus
some saturation of the CIS-1 detector was probable in that
case. Nevertheless, with the information that the IMF was

pointing southward, the classical energy-latitude (time)
dispersion ramps are evident in the spectrogram, although
the second ramp starting at 0125 UT seems to be more
complex. Following the previous spacecraft by �1000 km,

Figure 3

A03219 BOSQUED ET AL.: MULTIPOINT OBSERVATIONS IN CUSP PRECIPITATION

5 of 17

A03219



the SC1 spacecraft (Figure 3a, middle color panel) crossed
the OCB (again defined by the drop-off of energetic
electrons) at �0121 UT (71.70�, 14.4 MLT), that is, at an
OCB latitude identical to that detected by SC4. Notice that
SC2 (the CIS instruments are permanently switched off on
this spacecraft) crossed the OCB at �0118 UT (71.59�,
14.35 MLT), with approximately the same location in
magnetic coordinates. A number of dispersed ion structures
are evident in the SC1/CIS2 spectrogram, at �0134 UT (t3),
�0136 UT (t4), and �0139 UT (t5). The ion density
reached extreme values, �130–140 cm�3, near the maxi-
mum of the CIS2 instrument’s range. Around�0150 UT (t6)
and �0157 UT (t7) it is possible that new, although less
intense, ion injections occur at energiesEi� 1 keV, somewhat
lower than those of the two previous injections. The pitch
angle distribution (not shown) indicates that upward moving
ions were detected by SC1 until �0201 UT. The final
spacecraft (SC3) lagged behind SC1 by �11,000 km, or
30–40 min. The spacecraft crossed the OCB at �0202 UT
(71.45�, 14.33MLT), that is, again at the same latitude. Thus,
in spite of changes in the solar wind pressure and/or the IMF
direction, the OCB did not move far during this 0118–
0202 UT time interval. However, the conclusions drawn
from this must be softened as the OCB boundary was
never crossed by Cluster during the major pressure jump.
Spacecraft SC3 first encountered a structure at time (t8),
it was characterized by a first step-like structure around
2–4 keV followed by an energy dispersion. New, sporadic
injections were also present, particularly at �0222:30 UT
(t9). The ion density of this injection was still very large,
peaking at �110 cm�3 at �0213 UT and �40 cm�3 at
�0224 UT. The last ion dispersed structure was observed
by SC3 at t10 � 0229:30 UT (74.87�, 13.55 MLT).
[16] Summarizing this first survey of the CIS data,

successive cusp crossings by three Cluster spacecraft
revealed multiple dispersed ion injection structures, roughly
localized around 72�–74� and �14.0 MLT, and, if time
variations are assumed, with a suggested repetition rate of
�2–10 min for the most energetic. At a rough guess, the
comparison of the timing t1,. . ., t10 with the solar wind
dynamic pressure and the IMF Bz profiles suggests that
some of these injections are related to pressure changes
(before 0210 UT), and others related to IMF Bz/By orienta-
tion changes (after 0205 UT). All of these points will be
discussed later.
[17] Figure 3b is designed to examine whether the

observed variations are really temporal, or result from the
successive crossing of localized regions of permanent
injections dispersed in latitude (or longitude). Figure 3b
presents the magnetic latitude for each spacecraft, now
versus the spectrogram of upward moving ions (PA =

140�–180�). Vertical time marks t1. . .t10 again refer to
the time when each ion structure is first detected. Above
each panel is given a red horizontal bar delineated, on
one side, by the OCB and, on the other side, by the
equatorward electron (Ee � 50–100 eV) cusp boundary
given by the PEACE instrument (data not plotted). This
region, 1�–1.5� wide in latitude, is also characterized by
trapped or counterstreaming electron beams and can be
defined as the high-latitude boundary layer (entry layer),
which lies partly on closed field lines. Its position,
�71.5�–72.8�, remained relatively stable within ±0.3�
MLAT motions, for at least 50 min, regardless of the
IMF direction and/or the Psw pressure. To focus on the
cusp ion injections, when the injections are ordered by
latitude, their succession (in time) appears highly disor-
dered, although one could distinguish two (or three)
contiguous regions, �1� wide, of preferential ion precip-
itation. Figure 3 reveals how difficult it is, even when
data are available from a three-spacecraft fleet, to separate
the time and space aspects of midaltitude cusp injection.
Because of the spacecraft’s poleward motion across the
cusp field lines, of the order of �1�/10 min, and the
separation of the spacecraft SC1 and SC4, �1� in
latitude, it is very likely that fortuitous and misleading
space ‘‘phasing’’ occurs when injections are plotted
versus latitude and spacecraft. Fortunately, the IMAGE/
FUV data will decisively solve this ambiguity.

4.2. IMAGE/FUV Data

[18] The Far Ultra-Violet FUV/SI-12 proton aurora
imager is most sensitive to high-density, �1–2 keV protons
[Gérard et al., 2001]. Thus we may anticipate that the best
times for imaging are between 0130 and 0200 UT, when
one (or more) Cluster spacecraft detects very intense bursts
of �1–2 keV ion injections around 14.0–14.5 MLT, 72�–
74� MLAT. To manage the full sequence of FUV/SI-12
images, the mean count rates in pixels of 0.5� ILAT �
0.5 MLT were first determined for each image. Then, to
facilitate comparison with the Cluster observations, keo-
grams giving the MLAT-time (at a given MLT range) or
MLT-time (at a given latitude MLAT range) brightness
profiles were constructed. For the full interval of interest,
0115–0245 UT, Figure 4 gives a summary of the simulta-
neous Cluster/CIS and IMAGE/SI-12 observations, together
with the IMF Bz and Psw reference profiles (first two
panels), which lag by the time shift specified in section 3.
Figure 4 gives the MLT– time intensity keograms
(in absolute units, kR) along four adjacent 0.5� latitude
intervals ranging from 72.5� to 74.5� MLAT; the three
MLAT-time keogram, for three contiguous 0.5 MLT sectors,
ranging from 13.0 H to 14.5 MLT; and portions of the

Figure 4. Simultaneous interplanetary data, IMAGE-SI-12 keograms, and Cluster CIS data for the period 0115–0245 UT.
From top to bottom: IMF Bz (nT); Psw (nPa); four successive MLT–time intensity keograms integrating the Ly a emissions
along four 0.5�-spaced latitude bins, from 72.5�–73.0� to 74.0�–74.5� MLAT; three successive, 0.5 MLT spaced MLAT
time intensity keograms from 13.0–13.5 H to 14.0–14.5 MLT; and three ion spectrograms (downward moving ions for
SC4 and SC3, upward moving ions for SC1). Above the SC1 spectrogram is given the measured SI-12 count rate along the
SC1 track (Ifuv, in counts/pixel, black line), the expected SI-12 count rate computed from the ion energy flux measured by
SC1/CIS (Icis, blue line), and the ion average energy hEi (in keV, green line). Tracks of each spacecraft are indicated by
colored segment lines in the appropriate keograms (SC1, black; SC2, red; SC3, green; and SC4, blue). Dashed vertical lines
show the main injection times.
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spectrograms already presented in Figure 3, the downward
moving ion spectrograms for SC4 and SC3, and the upward
moving ion spectrogram for SC1, associated with a plot
giving intensities profiles for SC1. The predicted spacecraft
paths, mapped to the ionosphere using the T01 model

adjusted with Psw and IMF parameters, are also plotted in
the appropriate keograms. To emphasize the possible asso-
ciation between ion injections, IMAGE spots, and IMF/Psw

features, vertical lines are again plotted at the reference
times t1, . . .t10.

Figure 4
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[19] It is highly evident that almost all of the ion injec-
tions detected by the Cluster/CIS instruments were associ-
ated with proton aurora brightening. The first ion ramp
detected at t1 (�0120 UT) by spacecraft SC4 was associ-
ated with the first bright spot (max 1.4 kR) observed by
FUV/SI-12 in the 14.0–14.5 MLT sector (Figure 4). During
that time interval the path of SC4 crossed this spot while
SC1 was located equatorward of the Ly a aurora. At the
time of this first injection, the IMF Bz was slightly negative
(��2 nT) and the Psw pressure had begun increasing from
its pre-event level. The first and most intense brightening
detected by FUV/SI-12 reached 3.2 kR at �0128 UT and
extended over �1.5 MLT and 1.5� MLAT. It coincided with
the H+ ion injection at t2, which was detected by SC4 but
not by SC1. The computed mapping of the SC1 path to
ionospheric altitudes (see Figure 4, 14.0–14.5 H plot and
73.0–73.5� plot), however, indicated that SC1 should have
encountered the same ion structure. Problems raised by the
field mapping and the spread of the spots observed by SI-12
in MLT/MLAT will be discussed in section 5.1. This
particular case was related to a drastic increase of the Psw

dynamic pressure and a detailed examination of the SC1
track demonstrates that the track could have in fact been
tangent to the spot (before any averaging). An examination
of the PEACE data (not shown) confirms this point; the
electron precipitation detected by SC1 was near its back-
ground while SC2 started to detect an intense electron
precipitation at �0132 UT. Regardless, this injection was
clearly related to an increase in the IMF Bz component
(following a short rotation toward Bz > 0) and, above all, it
coincided with a fairly large increase in pressure, which
reached 10 nPa. The third injection, simultaneously detected
by SC4 and SC1 at t3/t4 (�0135 UT), corresponded to the
second most intense brightening (max � 2.7 kR) centered at
13.5–14.0 MLT and 73�–74� MLAT; SC1 crossed near the
spot’s center, while SC4 crossed it on its less extended,
poleward side. Again, the ion injection and its associated
proton aurora were correlated with a southward pointing
IMF (Bz � �2.5 nT) and an increase in dynamic pressure of
up to �9.5 nPa.
[20] The most intense localized proton aurora seen by

FUV/SI-12 began at �0147 UT, and was only partially
observed around t6 (�0150 UT) by the SC1/CIS instru-
ment. Simultaneously Psw increased and reached its maxi-
mum around �0153 UT (properly shifted in time) and
remained steady for about 4 min. Analysis of the spacecraft
orbital tracks plotted on the keograms indicates that SC4,
SC2, and SC1 were traveling poleward of the auroral form,
while SC3 stayed slightly equatorward of the auroral form.
If the mappings were correct, only SC1 should have been
positioned to observe the ion precipitation. In the various
spectrograms the precipitating ion flux detected by SC1
after �0150 UT was very low, and only upward moving
ions were detected. Therefore only the SC1 (PA = 140�–
180�) spectrogram is provided here. It could be the case that
the upward moving ions were detected only after being
injected equatorward of the SC1 spacecraft, mirrored below
the spacecraft, and convected poleward. This logical sce-
nario, which relies on there being at least a poleward
convection component, will be discussed in section 5.3.
To return to the polar aurora identified in the keograms, its

apparent latitudinal and westward motion appears to be
related to changes in Psw and Bz and/or By.
[21] The Psw dynamic pressure decreased dramatically at

0200 UT, but remained relatively high up to 0213 UT. In the
meantime, the IMF orientation changed from northward to
southward, and IMF By increased to �+13 nT. After
0200 UT SC1 and SC 4 were both moving above the polar
cap, as evidenced by SC1’s detection of upward flowing
low-energy (<100 eV) ionospheric ions (see SC1 spectro-
gram at pitch angle = 140�–180�), while SC3 still was
positioned on dayside field lines connected to the plasma
sheet. However, we may envisage some 2–3 min error in
the time lag, as SC1 detected at t7 � 0157 UT the upward
moving part of a clear injection. The CIS instrument on the
trailing spacecraft, SC3, detected its first ion injections at t8,
followed by two others at t9 and t10. Fortunately, the first
injection detected by SC3, at t8 � 0210 UT, was sufficiently
intense to be precisely correlated with the next brightening
(max � 1.5 kR) detected by SI-12 (see Figure 4, 14.0–
14.5 H plot and 72.5–73.0� plot). The interplanetary
parameters showed, again within an error of 2–3 min in
the time lag, a simultaneous small increase in the pressure
and a slight southward turn in IMF (Bz � �1 nT). Later,
successive ion ramps are apparent between 0210 and 0216UT
in the SC3 spectrogram. The next energy-dispersed structure
observed at t9 did not produce any discernible FUV signal
and, at a first glance, was not associated with any change in
interplanetary parameters. Finally, the latest ion injection
detected by Cluster occurred at t10 � 0229 UT, and had a
Psw pressure that recovered to �3 nPa. The observed ion
energy dispersion was typical of an IMF Bz < 0 orientation;
this orientation changed dramatically at 0229 UT. Our anal-
ysis of Ly a emissions did not reveal a significant count rate,
even though a spot appeared later, at�0235UT, at 73�MLAT
and �12.5 MLT (not shown).

5. Discussion

[22] On 14 July 2001, over a period of about 90 min, the
Cluster spacecraft fleet crossed the northern midaltitude
cusp in the postnoon sector; the crossing occurred under
high solar wind dynamic pressure (5–13 nPa) and rather
steady interplanetary magnetic field conditions (IMF By > 0,
Bz < 0). Meanwhile, the IMAGE/FUV/SI-12 instrument was
continuously collecting Doppler-shifted Ly a proton aurora
global images. The main results can be summarized as
follows.
[23] CIS instruments detected sporadic, very intense,

energy-dispersed H+ ion injections, at times overlapping.
Having the instruments on multiple spacecraft made it
possible to discern time-pulsating injection, with a quasi-
periodic repetition time of about 8–10 min; these injections
were localized in a relatively narrow region around 72�–74�
ILAT in the �14.0 MLT postnoon sector.
[24] Observed pitch angle distributions and delays

between arrival times of downward moving and subsequent
upward moving ions, favor dispersion in time, rather than
space.
[25] Simultaneously collected proton aurora images

reveal a sequence of transient and very intense (�3 kR)
Ly a brightenings concentrated in the postnoon sector
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13.0–14.5 MLT and 72�–74� MLAT, a region that was
fortunately crossed by Cluster during the same time period.
[26] In the first part of the event when the ram pressure

was higher than �5 nPa, a striking one-to-one correlation
occurred between injections and their proton aurora counter-
parts on the one hand, and the sharper increases in the
interplanetary solar wind dynamic pressure on the other
hand. Nevertheless, in the second part of the event when the
pressure was lower, cusp transients apparently corresponded
to changes in the IMF.
[27] This section will continue in four stages. First, we

make quantitative comparisons between the expected SI-12
signal deduced from ion energy fluxes measured by Cluster/
CIS at �5 RE altitude, and the brightness actually measured
in the ionosphere by FUV/SI-12. Second, we use UV
images to extract additional information regarding the
intensity, size, and movements of the observed spots, and
examine their possible relationship to large-scale changes in
the dynamic pressure and/or the IMF orientation. After that
we will take advantage of the quasi-simultaneous detection
of an ion stepping injection by three spacecraft to carry out
one analysis of its electrodynamical structure, convection,
field-aligned currents, and electron precipitation. This anal-
ysis will strengthen the interpretation in terms of moving
FTEs. Finally, after inferring the location of the probable
reconnection site, we will discuss evidence indicating that
solar wind pressure in the solar wind/magnetosheath may
trigger transient reconnection and, afterward, couple the
dusk magnetopause to the dayside ionosphere through
FTEs.

5.1. Comparison Between FUV Brightness and CIS
Energy Flux

[28] In this part we quantitatively compare the ion (H+)
fluxes measured by the CIS instruments and the resulting
brightness measured remotely by SI-12 at ionospheric
altitudes along the satellite footprint. Making such compar-
isons is not straightforward, as modeling and calibrations
(see Frey et al. [2003b] for a review) revealed that the total
SI-12 signal was not simply proportional to the proton
energy flux. Previous quantitative comparisons in the night-
side auroral zone showed that theoretical and observed
SI-12 count rates were consistent, and differed by a factor
of two or less [Frey et al., 2003c]. Except for the qualitative
evaluation presented by Phan et al. [2003], quantitative
comparisons of measurements taken within the cusp have,
to our knowledge, never been made as collecting data for
this region involves two crucial difficulties: (a) the in situ
ion precipitation is more localized, and comparisons are
highly dependent on the accuracy of the mapping model and
the spread of the initial confined beam, (b) the ions
precipitate with energies of the order of 1–2 keV or less,
which makes any evaluation of the count rate highly
dependent on the initial energy.
[29] Figure 4 depicts this comparison for the SC1 Cluster

spacecraft. Three profiles are plotted: the Ifuv intensity
profile along the track of the spacecraft (counts, black
line/circles), the expected SI-12 count rate Icis (blue profile),
and the average ion energy hEi (green, in keV). The SI-12
brightness profile Ifuv is extracted from the images taken
every two minutes and, as already mentioned, averaged over
a rather wide region, 0.5� MLAT by 0.5 MLT, containing

the computed footprint of the magnetic field line passing
through the instantaneous spacecraft position. The energy
flux in the loss cone at Cluster’s altitude (�5�), after
conversion into the ionosphere, was used to compute the
total expected count rate/pixel, Icis, through the energy-
dependent overall transfer function [Frey et al., 2003b].
CIS data are smoothed over 12 s or 16 s, that is, over 60 km
at Cluster altitude, or �6–10 km along the Cluster’s iono-
spheric track. This space resolution is still quite higher than
the FUV/SI-12 resolution (�50 km) and could account in
part for the observed uncertainties.
[30] Up to t3 (�0134 UT) CIS detected only plasma sheet

protons having an average energy of �7–15 keV. The
expected (blue) and measured (black) Ly a count rates are
�3–7/pixel and 4–10/pixel, respectively, that is, with
an observed/calculated ratio of �2, as already noted by
Coumans et al. [2002] for the duskside oval. However,
some intensification (�20 counts) in Ifuv is evident around
0129 UT, and this fact immediately raises the primary
concern regarding this comparison: how precise is the
mapping? Even when the SI-12 brightness is extracted from
a rather coarse ‘‘image,’’ it is clear that the SC1-mapped
path intercepts the first intense spot centered on 0129 UT,
while the low-energy (�5 keV) ion flux measured by
Cluster at �5 RE altitude is near that of its background
(see Figure 4, 14.0–14.5 H plot). A number of magnetic
models have been tested to improve the comparison. In a
comparison of cusp Cluster observations at �7.5 RE altitude
and of the associated FUV-SI12 spot, Phan et al. [2003]
used the T-01 model field for mapping [Tsyganenko, 2002].
They showed that a greatly improved agreement was found
when the input solar wind pressure was assumed to be twice
the measured pressure, 33 nPa instead of 15 nPa. Though
the agreement achieved for this first event is somewhat
disappointing, the best agreement for our overall pass was
obtained with the T01 model, with IMF = (�8, +5, �5) nT,
and Psw = 10 nPa before 0133 UT, Psw = 25 nPa within the
0133–0200 UT interval, and Psw = 6 nPa after 0200 UT.
Note that a slight offset, either in latitude (�0.5�) or MLT
(+0.5H) greatly diminished the SI-12 intensity around
0125–0130 UT; this offset could be a result of the abrupt
changes in Psw (and to a lesser extent, in the IMF).
Nevertheless, an error of 0.5� is within the expected
uncertainties for mapping over distances of 4–6 RE.
[31] The two incoming proton injections observed by

Cluster/SC1 between �0133 and 0143 UT are character-
ized by two energy flux bursts centered on �0136 and
0140 UT. The expected Icis intensity peaks at �150 and
�80 counts/pixel, respectively, while the average energy
is less than 2 keV. Owing to its poor time resolution (�2min),
the FUV/SI-12 instrument cannot really discriminate between
the two (or more) injections and, unfortunately, does not
detect the peaks. Nevertheless, except for the SI-12 intensity
at �0135 UT, the expected and measured intensities within
this time interval agree within a factor of 2. Later, around
0150 UT, the SI-12 brightness along the SC1 track
reaches �13 counts/pixel, whereas the expected Icis
intensity is negligible. In this case, although a rather high
solar wind pressure is applied (25 nPa), we again suspect
a small offset in MLAT/MLT and/or a spreading of the
Ly a spot. As reported by Gérard et al [2001], these
discrepancies are likely due to the H+ beam–H atom
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charge exchange process acting between 150 and �700 km
altitude, resulting in a spreading of the UV proton aurora.
Therefore, in spite of the difficulties encountered, we have
demonstrated that the absolute Ly a brightness measured by
SI-12 is definitively related to incoming ion fluxes. This
quantitative result is promising and will encourage future
conjugate studies of the cusp.

5.2. Morphology of the Proton Aurora: IMF and//or
Pressure Control

[32] Our analysis is motivated by the recent results of
Lockwood et al. [2003] that interpreted a strong relationship

between the intensity of cusp proton emissions and the qIMF

clock angle as an indirect evidence of component recon-
nection. For the 13.5–14.0 MLT sector Figure 5 shows
scatterplots of various quantities as a function of
two lagged interplanetary parameters, the IMF clock angle
qIMF (Figures 5a–5b), and the solar wind dynamic pressure
Psw (Figures 5c–5f). We examine first the variations in the
peak Ly a intensity, Imax, with the IMF clock angle, qIMF.
Figure 5a shows Imax, while Figure 5b shows the normal-
ized Imax intensity that is linearly corrected for variations of
the solar wind pressure. From Figures 5a–5b it can be
concluded that the peak proton emission displays a large
scatter, but does not show any dependence on qIMF between
60� and 150�, even after density normalization. This result
contrasts with the clock angle dependence observed by
Lockwood et al. [2003] after a southward turning of the
IMF. The peak intensity varied greatly, from �0.5 kR to
3.5 kR, for a �60� to 160� clock angle rotation. Lockwood
et al. [2003] simulated the ion population resulting from
component merging at general clock angles and locations
and subsequently estimated the resulting Ly a emissions. In
the case of component merging at a fixed reconnection site,
the resulting bulk flow of the accelerated ions through the
magnetopause is highly dependent on the sheath clock angle
qsh, with larger qsh (specifically when qsh approaches p)
corresponding to increased acceleration at the magneto-
pause. The SI-12 instrument response is crucial for explain-
ing the observed Imax-qIMF variations. In effect, higher
precipitating ion velocities generate more intense Ly a
emissions, and the resulting simulations were in agreement
with Imax normalized qIMF observations (assuming qIMF �
qsh). For 14 July 2001, our SI-12 observations definitively
did not include such a modulation with the IMF clock angle.
This finding could indicate that antiparallel merging is
probable, in a site far from the subsolar region.
[33] Next, we analyze the pressure dependence of the

peak intensity Imax (Figure 5c), the latitude position of
maximum intensity, the latitudinal and magnetic local
time (Figure 5f) extents of the SI-12 proton emission
spot. The maximum Ly a intensity Imax is proportional to
the dynamic pressure, according to the least squares fitted
relation: Imax(kR) = 0.246Psw(nPa) � 0.287. In spite of
the limited data set, this brightness-pressure relationship
confirms the correlation seen in the most recent FUV
studies [Frey et al., 2003c]. One effect, already men-
tioned by Frey et al., is the observed decrease in the
brightness when pressure remains steady, as at the end of
the third interval (after 0152 UT). At the boundary of the
region, simultaneous Cluster observations (see Figure 3a,
plot for SC1) show that a majority of ions were injected
at low energies (<1 keV), resulting in an attenuated SI-12
count rate. A weak dependence of the latitude location of
maximum intensity on the pressure is evidenced by the
fit: MLAT(Imax) = 73.32� � 0.042Psw (nPa). This trend
was not reflected by the Frey et al. [2003c] data,
probably obscured by simultaneously occurring IMF Bz

effects. Finally, our spot areas can be evaluated from
Figures 5e and 5f, �1.24 �hours at Psw = 2 nPa, and
�4.14 �hours at Psw = 6 nPa, that is, identical to the
estimation of Newell and Meng [1994], but more reduced
than indicated by the Polar/UV images [Milan et al.,
2000].

Figure 5. Dependence of Ly a emission properties with
the IMF clock angle qIMF for the 0115–0220 UT time
period and the 13.5–14.0 MLT sector: (a) peak Ly a
intensity Imax (kR) and (b) linearly normalized peak Ly a
emission, Imax � (hPswi/Psw), where hPswi is the averaged
solar wind dynamic pressure over the full time interval of
interest. Also shown is the dependence of Ly a emission
properties with the solar wind dynamic pressure Psw (nPa):
(c) peak Ly a intensity Imax (kR); (d) magnetic latitude in
degrees of the brightest pixel,MLAT(Imax); and (e) latitudinal
extent (in degrees) of the Ly a spot, DMLAT, and (f) its
azimuthal extent, DMLT (in hours), defined by the contour at
Imax/4. Experimental points have been distinguished by four
time intervals.
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5.3. Multispacecraft Analysis of an Ion Injection
Event: Evidences for Pulsed Reconnection

[34] Multipoint measurements are decisive to evaluate the
motion of an event and quantify its direction and velocity.
These parameters are known to be critical for distinguishing
between signatures predicted by merging models and sig-

natures resulting from pressure pulse models [see Sanny et
al., 1996, and references therein]. Adequate interspacecraft
separation between SC4, SC2, and SC1, �1200 km in
distance or the equivalent �2–3 min in time, offers the
unique opportunity to study the evolution of small or short-
lived cusp structures, like FTEs. For the selected period,

Figure 6
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0133–0145 UT, Figure 6 displays data from three Cluster
spacecraft, SC4, SC2, and SC1. For each spacecraft, three
panels show the electron spectrogram provided by the
PEACE instruments, the ion spectrogram from CIS onboard
SC4 and SC1, and the field-aligned current (FAC) density
derived from the perpendicular magnetic field perturbation
dB? measured by the FGM instrument. In order to compute
the FAC densities we considered a current sheet moving at
VP defined by ~Vs/c� ~VP < 0, that is, a negative s/c velocity in
the current rest frame; at least up to 0138 UT, this assumption
is clearly validated by a comparison with the total FAC
density carried by particles (electrons + ions) (SC1, Figure 6f,
blue crosses). The local magnetic field strength measured
by SC1/FGM is given in Figure 6i. Compared to the field
given by the T01 model, this SC1 magnetic field is clearly
marked by a large DB depression associated with the
diamagnetic effect of the very dense polar cusp plasma. In
this depression, identified by Polar [Zhou et al., 1997], the
plasma (electrons + ions) thermal energy and diamagnetic
pressure are observed to be in quantitative balance.
[35] Focusing on the energy-time ion spectrogram

(Figure 6h), we first note that ions detected by SC1 form
sawtooth structures made up of a sequence of decreasing
ramps, followed by abrupt upward steps, for example,
around 0134 UT, 0134:30 UT, 0136 UT, 0139 UT,
0140:20 UT, and having a very short repetition period,
1–3 min. Such sequences were previously reported
[Lockwood et al., 1998, 2001c]; modeling [Lockwood et
al., 1998] indicates they result from frequent reconnection
pulses and furthermore that they are the typical signature
expected at midaltitudes, where the spacecraft velocity, Vs/c

� 4–5 km/s, is lower than the local convection velocity,
VC � VP � 10–30 km/s (see later on in this section). A
number of field-aligned current sheets (Figure 6f) are
associated, with of upward FAC sheets coincident with
the ion steps. Lockwood et al. [2001c] showed this
configuration reveals the superposition of numerous field-
aligned currents associated with patches of reconnection, or
successive flux transfer events (FTEs).
[36] To increase the chances to detect such a moving FTE

tube by the three spacecraft, we concentrate on the first ion
injection detected around 0134:30 UT by SC1. Although a
less intense ion injection preceded at �0133:50 UT, this ion
injection is chosen as it coincided with the beginning of the
simultaneous electron injection seen by the SC1/PEACE
instrument (Figure 6g). Thus we associate the first major
upward sheet detected by SC1 at �0134:30 UT, to the first
sheet detected by SC2 at �0135:35 UT (Figure 6d), and
finally to the first current sheet (Figure 6a), ion step
(Figure 6c), and electron increase (Figure 6b) detected by
SC4 at �0135:50 UT. These time delays can be used to

evaluate the probable motion of the flux tube. We apply a
three-spacecraft method [Dunlop and Woodward, 1998]
to infer the motion of the flux tube at the Cluster altitude
(�5 RE), assuming a planar surface moving with a constant
velocity perpendicular to the local, very tilted magnetic
field. Using the above timings and the corresponding
spacecraft locations, we obtain an estimate of a phase
velocity of VP � [+7, �11, +2] km/s in GSM coordinates,
which is primarily dawnward directed. At that point we are
aware that this three-spacecraft association could be ques-
tioned. If we shift the first SC1 detection to 0134:50 UT the
phase velocity is larger, VP � [+9, �16, +4] km/s, but
always dawnward directed and of the order of 15–20 km/s.
Later on, other associations defined by positive FAC sheets
can be proposed, for instance at 0136:14 (SC1), 0136:34
(SC2), and 0138:13 UT (SC4) that gives VP � [�12, �1,
+14] km/s, or 0139:00 UT (SC4), giving VP � [�6, +2,
+4] km/s. In that case the phase velocity, �6–12 km/s, is
primarily in the poleward direction.
[37] For the 0135–0136 UT interval, Figure 7 (top) shows

hodograms of the dB? perturbation observed by SC1, SC2,
and SC4, plotted in the [X-Y]GSM plane. The direction of
polarization is clearly linear and indicates a dawnward-
sunward direction for the FAC sheets which remain more or
less unchanged from one spacecraft to the next one. Our
estimates indicate a strong dawnward (westward) motion of
the flux tube and a non-negligible poleward component.
This orientation and motion can be related with the
idealized schematic Flux Transfer Event (FTE) predicted
for IMF By > 0 (see inset, extracted from Lockwood et al.
[2001c]). The elongated FTE tube is associated with two
sheets of upward/downward FACs on its poleward/equator-
ward sides. Figure 7 (bottom) completes the survey of
Cluster data for this time period. The averaged V?(cis)
convection velocity vectors, measured in the X-Y GSM
plane at the Cluster altitude, are plotted along the SC1 orbit
path to the ionosphere from 0135 to 0245 UT; they are
superposed on the SI-12 image taken at 0137:06 UT. From
�0134 to �0140 UT SC1 entered a westward directed
flow channel where the observed convection was extre-
mely high, up to �50 km/s at the Cluster altitude. As IMF
By � +7 nT � 0, this convection pattern and the tube
motion are undoubtedly controlled by this very strong and
positive IMF By component. Close examination of the
convection at the best available time resolution (4 s, not
shown) indicates that three, very localized, and even faster
spiky westward flows were detected at �0137 UT,
0139:15 UT and 0140:20 UT, with speeds � 90 km/s.
Comparison with independent EFW data (not shown)
fully confirms both the timing and amplitude. This result
indicates that the westward jets were detected when the

Figure 6. CIS, PEACE, and FGM data from spacecraft (a–c) SC4, (d–e) SC2, and (f–i) SC1 for the time period 0133–
0145UT. Except for SC2 (CISwas switched off), Figure 6 shows for each spacecraft the field-aligned current (FAC, in mA/m2)
derived from the perpendicular magnetic field perturbation dB? measured by the FGM instrument (upward directed FACs
away from the ionosphere are positive); a color-coded, energy-time electron spectrogram from PEACE, giving the differential
flux for 0�–60� pitch angle (in units of ergs(cm2.str.s.eV)�1, scales specific to each spacecraft); and a color-coded, energy-
time ion spectrogram from CIS, giving the differential flux for pitch angles �20� in units of keV(cm2 s keV)�1. Figure 6i
gives the local magnetic field strength measured by SC1/FGM (black line) and the magnetic field magnitude predicted along
the SC1 trajectory by the T01 magnetic field model (blue line). In addition, for SC1, the FAC density carried by particles
(electrons plus ions) is also plotted for comparison (blue crosses in Figure 6f).
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core of adjacent newly reconnected FTE tubes were
moving over the SC1 spacecraft; the first is being studied
here, and the other were appended to the first and were
clearly seen throughout the FAC sheets on their poleward

side and the ion step. After 0150 UT Figure 7 indicates
that the convection over the polar cap is generally
poleward directed, and the overall flow direction is fully
consistent with the southward/duskward orientation of the
IMF (By � +8 nT, Bz � �2 nT). A standard twin cell
pattern is substantiated by ionospheric flows measured by
the SuperDARN radars [Marchaudon, 2003]. It is notable
that the initially westward flux tube motion is roughly in
the same direction as the central convection plotted in
Figure 7 (bottom), and therefore is fully consistent with
the predicted pattern of FTEs. However, at least for this
injection, the tube phase velocity is lower than the
averaged central flow (V?y � �22 km/s at Cluster), and
this result contrasts with the ground-based coherent radar
observations showing the ‘‘phase’’ or flux tube velocity to
be one to two times the central convection flow [Provan
et al., 1998; McWilliams et al., 2001].
[38] Even though we are well aware of the difficulty of

mapping velocities to the ionosphere along compressed and
disturbed field lines, in presence of very strong, localized,
field-aligned currents, this mapping would indicate
very high azimuthal (westward) convection velocities of
�4 km/s or more. Locally the westward component is
particularly high compared to a more averaged convection
deduced from SuperDarn radar measurements [Marchaudon,
2003], but such in situ velocities were observed by the past
by satellites. For southward IMF Bz and IMF By � 0
conditions, large spiky poleward directed electric fields,
up to 200 mV/m, equivalent to �4 km/s, were observed
near the low-altitude cusp [Maynard et al., 1991]. Also in
the cusp, for IMF–By � 0, Wilson and Craven [1999]
showed very strong eastward or sunward ion convection
velocities, 4–5 km/s for �1 min intervals. It is clear that the
differences in the convection pattern at Cluster and mea-
sured in the ionosphere by the SuperDARN are questioning,
and this point will be the topic of a future study. We cannot
rule out the possibility that the direct mapping may locally
have broken down and been violated by the presence of
parallel electric fields, time-dependent effects, or distortions
in the magnetic field itself by very strong FACs.
[39] To summarize, our simultaneous three-spacecraft

detailed observations of the successive (t3, t4, t5) injections
seem consistent with the anticipated effects of a patchy
reconnection operating for about 10 min with a repeating
rate of 1–3 min. Newly opened flux tubes are appended to
each other and their observed properties: ion steps, upward
field aligned current sheets (mostly carried by �10–300 eV
precipitating electrons) on the poleward edge, westward
plasma flows, are in agreement with the idealized, but
elongated, twin vortex pattern presented by Southwood
[1987]. Their motion, initially westward, is clearly observed
and is fully consistent with the duskward IMF orientation
that was prevailing at that time.

5.4. Inferred Location of the Merging Site

[40] 3D ion data provided by the CIS instruments can be
used to confirm the temporal behavior of the injection
process and to infer the distance of the source.
Though they include some ambiguities and limitations [see
Lockwood and Smith, 1994], various methods have been
developed to infer the ion injection location andwere recently
applied to Cluster data [Vontrat-Reberac et al., 2003].

Figure 7. (top) Hodograms of the dB? perturbation (in nT)
observed between 0135 and 0136 UT by SC1, SC2, and
SC4, mapped to the X-Y GSM plane, and relative position of
the three spacecraft at 0134:35 (SC1), 0135:35 (SC2), and
0135:50 UT (SC4), also in the X-Y GSM plane (SC1 is
taken as the reference). The direction of the estimated Vp

phase velocity is also indicated (large arrow). The inset gives
the plasma flows~v, Pedersen currents ~JP, and field-aligned
currents ~J k (positive being upward) of an idealized
elongated FTE tube moving westward (to the right) at
velocity ~VP, under the action of the tension force [from
Lockwood et al. [2001c]. (bottom) Convection velocity
vectors (in km/s) at the Cluster/SC1 orbit corrected for the
Vs/c velocity along the orbit (�4–5 km/s) and averaged over
36 s. Vectors (in X-Y GSM coordinates) are plotted in a
MLT-MLAT diagram, from 0135 to 0250 UT along the SC1
orbit track mapped to the ionosphere on the SI-12 image
taken at 0137:06 UT (color coded in rayleighs). Noon (or
+XGSM) is toward the top, and 18 MLT (or +YGSM) is toward
the left.
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[41] We again show in Figure 8a the downward and
upward SC1 ion spectrograms for the time interval 0139–
0146 UT. Between 0141:38 and 0143:25 UT are superposed
the lower-energy interpolated cutoffs (black lines) that are
systematically observed for precipitating and mirroring
ions. It is noteworthy that at any given time the steadily
decreasing mirroring ion energy cutoff is greater than that
of the precipitating ions. In the structure stepping at
�0140:10 UT, the fluxes of precipitating ions fall near the
background at �0144 UT while upward flowing ions (PA =
160�–180�) can be still observed; these ions were injected
before (in time) and eastward (in space) and take longer
time to mirror below and reach the spacecraft. This time
delay, �80 sec, depending on the pitch angle, gives cre-
dence to an interpretation in terms of sporadic, short-lived,
ion injections. By performing a time of flight analysis and
using these two low-speed cutoffs, Onsager and Fuselier
[1994] related the inferred source distance, xi, in terms of
the assumed mirror-point distance, xm, along the magnetic
field, and of the two velocity thresholds vi and vm (for pa = 0
and 180�, respectively), such that xi/xm = 2.vi/(vm � vi). This

ratio was computed for the set of distributions recorded
during this time interval and is plotted in Figure 8b; the
individual points are joined for the sake of clarity. The xi/xm
ratio is variable but, for a majority of the distributions, it
ranges from 2 to 3. An average hxi/xmi ratio of �2.5 would
give xi � 10 RE, assuming all ions mirror at ionospheric
altitudes (xm � 4 RE). This result is questionable, as the
incoming and mirroring distributions (binned over 31 con-
tiguous energy channels) do not present perfect and sharp vk
low-speed cutoffs. Taking all the uncertainties into account,
a source distance of about 7–13 RE from the Cluster
position is a reasonable suggestion. Other evaluations,
based on the energy-pitch angle dispersion method
[Menietti and Burch, 1988; Vontrat-Reberac et al., 2003],
would give an identical distance.
[42] In a compressed magnetosphere (Psw � 10 nPa) and

for positive By conditions (see Figure 1, bent field line at
0140 UT), the preferential source must be on the duskside
of the magnetopause, that is, in the region of preferential
antiparallel merging predicted by geometrical models
[Crooker, 1979; Luhmann et al., 1984]. MHD global
simulations of the present event [Berchem et al., 2003b]
effectively confirm this location and demonstrate the com-
plexity of the merging process in this region; details are
beyond the scope of this paper and will be reported
elsewhere.
[43] The same methods have been applied to the ion

injections observed after 0210 UT by the SC3 spacecraft.
Low-energy cutoffs between 0212 and 0213 UT indicate a
distance xi � 4–5xm � 14–18 RE for the reconnection site.
Around 0212 UT the ion pressure had returned to its �5 nPa
pre-event level and the magnetopause stand-off distance
moved outward, from its compressed position, �7 RE, to
9 RE We noticed that the bright spot observed by SI-12 was
still at the same location 14.0 MLT, 72.5� MLAT. Thus the
larger inferred distance of �16 RE, compared to �10 RE at
0140 UT, implies that, in spite of drastic changes in the
pressure, the source does not expand or move too much and
stays along the flank of the duskward magnetopause. The
final injection observed by SC3 occurred at �0230 UT. This
event followed a turning of the IMF (By � 0, Bz < 0), so that
the location of the reconnection line must have
moved toward the noon sector. A rough evaluation of the
reconnection site distance gives an average estimate of xi �
2.xm � 8 RE, that is, near the noon sector. A bright spot was
effectively seen around noon by IMAGE.

5.5. Modulation of the Reconnection Rate
by Pressure Changes

[44] The most remarkable effect demonstrated in this
study is the positive correlation evidenced between changes
in the solar wind dynamic pressure and the observed ion
injections. As we have inferred that such injections are
probable signatures of reconnection, the role played by the
solar wind pressure in triggering or modulating reconnec-
tion pulses must be questioned. In the past authors have
shown that this dynamic pressure apparently modulates the
rate of reconnection when IMF is southward [Gonzales et
al., 1989]. Alternatively, studies of the high-speed, acceler-
ated flows at the magnetopause reported that reconnection
efficiency depended roughly inversely on the local bsh
parameter, for bsh > 2–5 [see review by Sonnerup et

Figure 8. Estimation of the distance of the reconnection
site around 0142 UT: (a) SC1 energy-time spectrograms of
downward and upward moving ions, for the time period
0139–0146 UT. Low-energy cutoffs of downward and
upward moving ions are marked by a black line between
0141:37 and 0143:24 UT (see text for details). (b) Computed
xi/xm ratio for all of the SC1 ion distributions recorded in the
time interval. Variables xi and xm are the inferred source
distance and the assumed mirroring distance along the
magnetic field, respectively.
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al., 1995]. On the other hand, Scurry and Russell [1991]
showed that bsw, MAsw, and the fast magnetosonic
Mach number, Mfms, appeared to have only reduced effects
on the ‘‘efficiency’’ of the 3-H averaged signatures of
reconnection.
[45] In order to supplement and conclude our analysis, for

the 0115–0245 UT time period we superpose in Figure 9
the time-lagged dynamic pressure, Psw, the Alfvén Mach
number, MAsw, the beta parameter, bsw (bottom), and the
IMF clock angle, qIMF (bottom); again we mark the timing
of the successive ion injections observed by Cluster. In
computing these plasma parameters we were aware that
their values were for the upstream solar wind (at ACE), and
not for the magnetosheath region, that is, near the presum-
able site of reconnection. Aside from variations in the
dynamic pressure, the overall period was characterized by
a very low solar wind bsw < 1.8, and significant variations in
a large MAsw Mach number, characterizing a strong quasi-
perpendicular bow shock. Basically, a very striking corre-
lation was revealed between the clearer MAsw enhancements
and the triggering of individual ion injections, and thus of
the inferred pulsed reconnection. Even nonreferenced
dispersed substructures or ion steps, for example, around
0130 UT (detected by SC4; see Figure 3), around 0215 UT
(detected by SC3; see Figure 3) could be related to these
variations. It is also striking that one of referenced struc-
tures, t8 at �0210 UT, although possibly related to a
significant change in the qIMF clock angle, is (within the
23 min of acceptable error in the lag evaluation) also
seemingly related to a sudden increase in MAsw. This
increase results from a decrease in the magnetic field
strength that accompanied a steep increase in the ion
temperature. Near the subsolar point Anderson et al.
[1997] showed good evidence linking increasing down-
stream bsh (bsh  3/32 � MAsw

2 / Psw/Bsw
2 ) to decreased

reconnection efficiency. Our detailed and injection-by-
injection study contrasts with these earlier conclusions and
suggests that very large increases in MAsw may play a role in
moderating signatures that we interpret as onsets of parallel
reconnection near the dusk flank of the magnetosphere.
[46] Our analysis infers the pre-existence of a localized,

active (single or multiple) X in the afternoon sector, a region
of preferential antiparallel merging, but with a reconnection
rate that is activated by drastic changes in the magneto-
sheath plasma conditions. A possible explanation is that

changes in the pressure cause compression of the draped
magnetosheath magnetic field together with increases and
modulation of the By component, and therefore favor con-
ditions for merging [Newell and Meng, 1994; Korotova and
Sibeck, 1995]. On the other hand, Sandholt et al. [1994] and
Farrugia et al. [1995] suggested that a sporadic increase of
the dynamic pressure at the magnetopause current sheet
could further its decay by reconnection and enhance the rate
of reconnection. MHD simulations can be greatly valuable
in demonstrating such effects. For instance, 2D MHD
simulations [Otto et al., 1995] showed that the impact of
pressure perturbations on the magnetopause current layer
leads to the onset of magnetic reconnection and can help in
the formation of multiple X lines. While our observations
are consistent with an active reconnection region located in
the dusk sector, remotely it is difficult to find information
about the extent of the reconnection region and its exact
topology (single X line, multiple X lines). Related global
MHD simulations should be very useful in specifying the
nature and topology of the newly reconnected field lines.
These simulations are presently initiated for the present
event, and preliminary results are particularly promising
[Berchem et al., 2003a]. The results could be extremely
useful in investigating the impact of high-pressure regions
and the propagation of surface waves, and in following the
reconnection process through for the entire event.
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