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Abstract. From 15 February 2004, 20:00 UT to 18 February Keywords. Magnetospheric physics (Magnetopause, cusp,
2004, 01:00 UT, the solar wind density dropped to extremelyand boundary layers; Solar wind-magnetosphere interac-
low values (about 0.35cn?). On 17 February, between tions)

17:45UT and 18:10 UT, the CLUSTER spacecraft cross the
dayside magnetopause several times at a large radial distance

of about 16Rz. During each of these crossings, the space- )

craft detect high speed plasma jets in the dayside magnel Introduction

topause and boundary layer. These observations are made

during a period of southward and dawnward InterplanetaryThe solar wind consists of a continuous flow of charged par-
Magnetic Field (IMF). The magnetic shear across the localticles reaching the earth with an average density of 10tm

magnetopause is90° and the magnetosheath beta is very and an average velocity of about 450 km/s. The solar wind
low (~0.15). plasma consists primarily of hot electrons and protons with

. i a minor fraction of H&" ions and some other heavier ions.
We evidence the presence of a magnetic field of a few

However, the solar wind is dynamic and can vary strongly.
nT along the magnetopause normal. We also show that thq. : . .
X . ypically, its velocity can vary from 200 km/s to 900 km/s,
plasma jets, accelerated up to 600 km/s, satisfy the tanger}fS density between 0.3 crd and 100 cm? and the fraction

tial stress balance. These findings strongly suggest that the]c He* from O to 25 percent. The solar wind pressure, de-

accelerated jets are due to magnetic reconnection betweef%ned asPp—pV2 wherep I the solar wind mass density and
V the solar wind velocity, controls the size of the magneto-

interplanetary and terrestrial magnetic field lines northward
sphere. It is also highly variable and reaches its lower values

of the satellites. This is confirmed by the analysis of the ion
during periods of extremely low solar wind density. Such pe-

distribution function that exhibits the presence of D shaped
distributions and of a reflected ion population as predicted by

theory. A quantitative analysis of the reflected ion po uIationriOds are very rare and typically last between 12h and 24 h.
Y-~ q Y pop ACE data reveal that from 1 January 1996 to 31 March 2005,

reveals that the reconnection process lasts about 30 min in . .
aﬁﬂe solar wind dynamic pressure was lower than 0.2 nPa only

reconnection site located at a very large distance_of sever uring 267 h. They provide a good opportunity to examine
tmegzrlf:tof;)(;rﬂsg];cilizitzzZaﬁiiifwr::é dVlYﬁnzliﬁise:;?:tte thesolar-terrestrial interz_ictions when the solar wind pressure on
) ) i _ " the magnetosphere is extremely low. A recent study of Ja-
This paper gives the first experimental study of magneticharghan et al. (2008) identified the source region of the low
reconnection during such rare periods of very low solar Wi”ddensity solar wind for two extremely low solar wind density
density. The results are discussed in the frame of magnetoseriods as being active regions complexes located at the sun
spheric response to extremely low solar wind density condi-central meridian. They also showed that they were character-

tions. ized by highly nonradial solar wind outflows.

One event in particular, taken on 11 May 1999 and known
Correspondence td?. Maggiolo to the community as “the day the solar wind disappeared”,
(maggiolo@aeronomie.be) has been widely studied in a special issue of Geophysical
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17 /Feb /2004 masheet and the magnetotail surprisingly maintained during
, , , , , this extremely low solar wind density period.

In this study, we will discuss a period when the solar wind
density dropped to about 5% of its average value leading to
a very low solar wind dynamic pressure@.15nPa). Dur-

: : : : : : : ing this event the Cluster spacecraft detect several high speed
plasma jets at the inner edge of the magnetopause.
By_gsm The presence of high speed plasma flows in this region
of the magnetosphere is known to be a possible signature
of magnetic reconnection between solar and magnetospheric
magnetic field lines. Convincing experimental evidence has
been given by in-situ observations in the magnetopause from
the ISEE and AMPTE satellites (e.g. Paschmann et al., 1979;
Sonnerup et al., 1981) to the most recent missions like Clus-
ter (e.g. Bosqued et al., 2001; Bavassano-Cattaneo, 2006).
Evidence for magnetic reconnection can be obtained both by
fluid and kinetic considerations. They can give complemen-
tary and independent information about the occurrence of
magnetic reconnection. The fluid evidence consists of test-
ing the tangential stress balance across the magnetopause.
This test is named the W test (Hudson, 1970; Paschmann
et al.,, 1979; Sonnerup et al., 1981). Kinetic evidence is
given by the observation in the particle distribution function
of transmitted magnetosheath ions with a D-shaped distribu-
tion function and of reflected magnetosheath ions (Cowley,
1982).

In this paper, we will study the magnetopause and plasma
jets properties in the frame of magnetic reconnection and dis-
cuss the results in term of magnetospheric response to the
extremely low solar wind density. We first start with a brief
presentation of the instrumentation used for this study. Then,
we describe the observations. In Sect. 3, we discuss the fluid
properties of the magnetopause to evidence the robustness
of magnetic reconnection. In Sect. 4, we study the ion dis-
Fig. 1. 17 February 2004. From top to bottorBy, By and By tribution function. It confirms the occurrence of magnetic
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IMF components in the GSM frame as measured by ACE. reconnection and allows us to estimate the location of the re-
Magnetic field magnitude as measured by ACE. connection site. Section 5 is dedicated to the study of the
Solar wind velocity magnitude and Y component in he GSE framemagnetopause motion and thickness. Section 6 summarizes
as measured by ACE. the results and interpretations.

Density and dynamic pressure as measured by ACE.
The data have been shifted by 49 min to account for the propagation

time from ACE to the Cluster spacecraft. 2 Instrumentation

The four identical Cluster satellites have been launched in
Research Letters (Tenuous Solar Wind, 2000). Studies per2000 on an elliptical orbit (4.019.6Rg) with an inclination
formed during the 11 May event revealed several striking fea-of 90°. A detailed description of the Cluster mission can be
tures. The magnetosphere had grown to exceptionally largéound in the paper of Escoubet et al. (2001).
dimensions due to the low solar wind pressure, about 100 We use data from the Cluster lon Spectrometers (CIS) on-
times larger in volume than during average solar wind condi-board the Cluster spacecraft 1, 3 and 4. The CIS instrument
tions (Lockwood et al., 2001). While the solar wind energy is described in detail in &ne et al. (2001). It consists of
and density input to the magnetosphere was very low, Parksvo different ion spectrometers, the Composition and Dis-
et al. (2000) showed that the auroral oval was still active andribution Function analyser (CODIF), which can resolve the
that the auroral activity was rather linked to the orientation of major magnetospheric ions, and the Hot lon Analyzer (HIA),
IMF By than to the solar wind density. Furthermore, Tera- which has no mass resolution but higher angular and energy
sawa et al. (2000) evidenced using Geotail data that the plag-esolutions.

Ann. Geophys., 26, 3578583 2008 www.ann-geophys.net/26/3571/2008/
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Fig. 2. Magnetic field and ion data from Cluster spacecraft 3 from 17:35UT to 18:30 UT. From top to bottom: Energy-time spectrogram
from HIA for all ions.

lon velocity in the GSE frame computed from HIA.

Partial ion density for particles with energies higher than 10 keV computed from HIA.

Magnetic filed components in the GSM frame computed from FGM.

In addition, we use high-resolution (5Hz) magnetic field of 16.14Rr. The separation distance between the Cluster
data from the Cluster Fluxgate Magnetometers (FGM)spacecraftis around 500 km. During the considered time pe-
(Balogh et al., 2001). riod the Cluster spacecraft are in the magnetosheath skim-

The ACE data are used to monitor the solar wind condi-ming the magnetopause. They are travelling in the direction
tions. These data have been shifted in time to account for thef the magnetosphere where they enter after 21:00 UT.

solar wind propagation from ACE to the Cluster spacecraft. _ ) ) )
The IMF, the solar wind density and velocity as given by

the ACE spacecraft from 16:00 UT to 20:00 UT are presented
3 Observations in Fig. 1. These data have been time shifted by 49 min to ac-
count for the solar wind propagation from ACE to Cluster.
From 15 February 2004, 20:00UT to 18 February 2004,Before 19:00 UT the solar wind density is about 0.35¢ém
01:00 UT, the solar wind density dropped to extremely low and the dynamic pressure around 0.12nPa. Then they
values (-0.35cnm3). In this study, we will focus on a slightly increase to reach respectively 0.5¢hand 0.17 nPa.
time period taken on 17 February 2004 from 17:50 UT to The solar wind velocity, about 450 km/s, is almost constant
18:15UT. during this time period. Due to its low density, the solar wind
The Cluster satellites are located approximately inAlfvén velocity is high £250km/s) and the solar wind is
the (XZ)gse plane in the Southern Hemisphere of the only weakly super Alfénic (z4~1.8). Itis interesting to no-
dayside magnetosheath (SC4, 18:00 Wigsg=12.49Rg, tice that during this event, as noted by Janardhan et al. (2008)
Yese=—0.72Rg, Zgse=—10.19Rf) at a geocentric distance for other periods of low solar wind density, the solar wind

www.ann-geophys.net/26/3571/2008/ Ann. Geophys., 26, 333-2008
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Fig. 3. Cluster spacecraft 3 orbit on 17 February 2004 from 17:45UT to 18:15 UT projected in the X-Y (left) and X-Z (right) GSM planes

(black line). The Cluster tetrahedron at 17:50 UT is also plotted. The separation distance between spacecraft has been multiplied by a
factor of 10. The red arrows represent the components of the magnetopause normal predicted by the minimum variance analysis applied or
magnetic field for each spacecraft. The blue dotted curve represents the magnetopause location as predicted by the Shue et al. (1997) mode

deviates from the sun-earth direction. According to ACE the Cluster spacecraft cross the magnetopause several times
data, the¥gse component of the solar wind velocity reaches during this time period. According to the magnetic field
—100km/s. Just before 18:00UT, the IMF turns from variations, Cluster magnetopause crossings occur quasi pe-
a dawnward orientationBygsm~2nT, Bygsm~—6.5nT, riodically with a period of about 3—4 min. These periodic
Bzesw~—0.5nT) to a dawnward/southward orientation crossings are caused by large-scale oscillations of the mag-
(Bxgsm~2.5nT, Bygsm~—4nT, Bzgsm~—4nT) with al- netopause probably triggered by solar wind pressure fluctu-
most no variations oBxgsm. This turning is accompanied ations (e.g. Sibeck et al., 1991). Due to the low separation
by a slow decrease of the total magnetic field strength fromdistance between Cluster spacecraft, no information can be
about 6.810 6.2nT. obtained on the propagation and wavelength of these oscilla-

Cluster data from 17:40 UT to 18:20UT are presentedtions- We just can state that the amplitude of these oscilla-
in Fig. 2. Until 17:46 UT, the Cluster spacecraft are lo- tions is higher tha}n the current layer thickrjess and that.they
cated in the magnetosheath. The magnetic field mea@'® associated with a magnetopause motion at a velocity of
sured by the FGM instrument is mainly dawnward directed@00ut 20 km/s along the magnetopause normal (see Sect. 5).
(Bxsm~2nT, Bycsm~—17nT, Bzgsm~0nT) in a direc- $|multaneously, th_e CIS experiment detect; high-energy par-
tion consistent with the IMF orientation. The plasma hasticles (~10keV) with a large amount of Oions, presum-
characteristic magnetosheath temperat@iie-600 eV) and ably of magnetospherlc origin. These magnetospheric ions
the ion velocity is mainly oriented in the southward/tailward &re also observed in the magnetosheath close to the magne-
direction as expected for magnetosheath plasma flowinoPause. Each of the magnetopause crossings is associated
around the magnetopause. However, the density (Szm with the detection of high speed ion beams with velocities
is well below the usual magnetosheath densig@% cni3) reaching 600 km/s. The flow speed enhancement across the
and the magnetosheath plasfhis very low (0.15). magnetopause relative to the magnetosheath flow is higher
than 300 km/s and accelerated plasma jets are oriented dawn-
ward/southward/tailward. The peak of the flow speed always
occurs at the magnetospheric side of the current layer.

From 17:47UT to 18:10UT, a succession of magnetic
field turnings is detectedBygsm becomes closer to OnT and
Bxgsm and Bzgsm reach similar values around 10 nT. This
orientation is consistent with the expected magnetospheric After 18:10 UT the Cluster spacecraft return in the magne-
field lines orientation at the Cluster location. These suc-tosheath where the magnetic field is now oriented southward
cessive magnetic field rotations prove unambiguously tha{Bzcsm~—9nT). It is therefore clear that the southward

Ann. Geophys., 26, 3578583 2008 www.ann-geophys.net/26/3571/2008/
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IMF turning detected by ACE actually reached the Cluster Time Interval (UT): 2004-02—-17 17:47:00.000 — 18:11:00.000

spacecraft between 17:50 UT and 18:10 UT. However, it may Spacecraft: 3
have reached others regions of the dayside magnetopause b
fore Cluster observation of thB; turning. This magnetic Intermediate Minimum

field reversal created favourable conditions for magnetic re- O. _ ,10, _ ,20, , 1o O, . 10, .

. X T T T T T T

connection at the dayside magnetopause. ol 1 1o

5 5
4 Evidence for magnetic reconnection Eer T 1° £

2 3
In this section, we discuss the properties magnetopause an EI’ - + § EI’
of the accelerated ion beams to show fluid and kinetic evi-
dence for magnetic reconnection. ' ' ' ' ‘

N Direction

4.1 Magnetopause orientation x> Sor ((0'773' -0.297, -0.561)

0.212, —=0.711, 0.670)
0.598, —0.637, —0.487)

A 431 (-
As a first step, we performed a variance analysis on magnetic
field data for each Cluster spacecraft respectively for the fullFig. 4. Magnetic field hodogram obtained by minimum vari-
time interval (17:47 UT to 18:11UT) and for each individ- ance analysis applied on Cluster 3 magnetic field data between
ual crossing to determine the magnetopause orientation. Th&/-47:00UT and 18:11:00 UT. The left pane represents the projec-
normal orientation obtained for each spacecraft and for eacfo" Of the magnetic field in the plane containing the maximum and
time interval is very similar with differences of a few degrees, intermediate variance axis, i.e. in the magnetopause plane. The left

t inaful as it i ble with th taint panel represents the projection of the magnetic field in the plane
notmeaningiul as it1s comparable wi € uncertainty aSSO'containing the minimum and maximum variance axis. The compo-

ciated with this method. nents in the GSE a plane of respectively the minimum, intermediate
Figure 3 presents a projection of the magnetopause normaind maximum variance axis are given in the bottom of this figure.
vector obtained by the minimum variance analysis for the
full time interval respectively in théXY)gsm and(X Z)csm
planes. The location and orientation of the magnetopause argon 11, A>>>A3 required to have a reliable estimation of the
compared with an interpolation of the Shue et al. (1997) mag-magnetopause normal.
netopause model. Whereas this model is defined for solar The presence of normal magnetic field, comprised be-
wind dynamic pressures higher than 0.5nPa, we interpolate@veen 1-2 nT and directed toward the exterior of the mag-
it for a dynamic pressure of 0.15nPa. Both magnetopauseetosphere is clearly visible. A similar analysis by the oth-
location and orientation obtained with this model are in gooders Cluster spacecraft gives comparable results. A non-zero
agreement with Cluster data. However, the magnetopausgagnetic field along the magnetopause normal indicates that
orientation in the(X'Y)gse plane obtained by the minimum  the magnetopause consists of a rotational discontinuity dur-
variance analysis on Cluster magnetic field data slightly dif-ing this event as expected when magnetic reconnection oc-
fers with the magnetopause orientation given by the Shue egurs. Because the normal magnetic field is oriented toward
al. model. This is possibly an effect of the azimuthal com- the exterior of the magnetosphere, if magnetic reconnec-
ponent of the solar windWycse~—100km/s) that slightly  tion occurs, the reconnection site is located northward of the
distort the magnetopause, shifting its nose in thigse di-  spacecraft. The magnitude of the normal magnetic field is
rection. Note that, according to the Shue et al. (1997) magnedifficult to estimate accurately because of statistical errors
topause model, the magnetopause extends at a radial distangad physical approximations (one-dimensional discontinuity
of about 16R at the subsolar point. and time stationarity). The first one is inversely proportional
Then we projected the magnetic field on the magnetopause M1/2, whereM is the number of data points used for the
frame, using the magnetopause orientation given by the minminimum variance analysis. This error is important when the
imum variance analysis. This is exemplified in Fig. 4 which analysis is made for a single crossing as the data set is rela-
presents the hodogram obtained with spacecraft 3 magnetitvely small. If the analysis is made for the full time interval
field data for the whole time interval, from 17:47 UT to the statistical error fall but the uncertainty due to physical ap-
18:11 UT. It clearly evidences a rotation of about® 9ff proximations increases because adjoining structures are in-
the magnetic field in the magnetopause plane for each mageluded and because the time stationarity hypothesis is less
netopause crossing (left panel) and the presence of a magatisfied for a long time period. Furthermore, it doesn't take
netic field along the magnetopause normal (right panel). Thénto account any change of the normal orientation from one
eigenvalues.i, A2 and i3 of the magnetic variance matrix crossing to another. The uncertainty on the determination of
are also indicated. They fulfil quite satisfactorily the condi- the normal magnetic field magnitude is difficult to estimate,

www.ann-geophys.net/26/3571/2008/ Ann. Geophys., 26, 333-2008
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Fig. 5. 17 February 2004 from 17:53 UT to 17:56:30 UT. From top to bottom:

Energy-time spectrogram from HIA for all ions, spacecraft 1.

Energy-time spectrogram from HIA for all ions, spacecraft 3.

Energy-time spectrogram from CODIF fortQons, spacecratft 4.

Magnetic fieldBx component in the GSE frame for the 4 Cluster spacecraft for Cluster 1 (black), Cluster 2 (blue), Cluster 3 (red) and
Cluster 4 (green) computed from FGM data. Magnetic fiejdcomponent in the GSE frame for the 4 Cluster spacecraft with the same
colour code computed from FGM data. Magnetic fiBlgd component in the GSE frame for the 4 Cluster with the same colour code spacecraft
computed from FGM data.

however the Fig. 4 evidences that we do not obtain an accul7:54:30 UT the spacecraft enter briefly the magnetosheath
rate result. and then return to the boundary layer.

Furthermore it must be stressed that, although low Magnetohydrodynamic models for 1-dimensional steady
(«180), the local magnetic shear can not be used to evalustate reconnection predict that the flow is Ahic in
ate the validity of component or anti-parallel reconnection asthe deHoffmann-Teller (dHT) frame of reference (Hudson,
the reconnection site may be far from the Cluster spacecrafl970). We will use the tangential stress balance to examine

(see below). the occurrence of Alfénic flow acceleration. The time in-
. tervals used to check the tangential stress balance for each
4.2 DeHoffmann-Teller analysis and \&altest spacecraft are indicated by vertical lines in Fig. 5.

In thi ; di . detail t i The first step consists to search for the existence of a well-
N thiS part, we diScuss in more detail tWo CONSECUtVE Mag-yafinaq gHT frame for each spacecraft. In this frame, moving

netopause crossings, chosen arbitrarily, respectively from th@vith a velocity Vy;7 along the presumed rotational disconti-

magnetosphere to the magnetosheath and from the magnﬁhity, the electric field vanishes. To obtain this frame we

tosheath to the magnetosp.here. Thq re.S“'tS .obtamed for tr‘\ﬁill use the method described in detail by Khrabrov and Son-
other magnetopause crossings are similar. Figure 5 presen rup (1998). The/,7 velocity is obtained by minimizing
Cluster data during these two crossings. Cluster spacecraff | quantity:

are first located in the magnetospheric boundary layer char-
acterized by the presence of accelerated ion beams and b% m m2

o : C : = — B 1
a magnetic field with a magnetospheric orientation. Around ; |(V VHT) x | @)

Ann. Geophys., 26, 3578583 2008 www.ann-geophys.net/26/3571/2008/
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Table 1. dHT analysis results for the two consecutive magnetopause crossings discussed in detail in this section. Velocities are in km/s and
acceleration in kmA All vectors are expressed in the GSE frame. The results presented here have been obtained by introducing a constant
acceleration of the dHT frame/ g =V grotagrt. pgr is the fitting slope betweeByr=—V g1 xB andE-=—V xB, the convection

electric field. D/ Dq is the least square quality fact® g 74y is the average velocity of the dHT frame.

VHTO VHTav agr PHT D/Dg
SC 117:53:26-17:54:31 (Msh—Msph)
(—214.02—446.84—131.23) (186.27—442.29—-129.57) (0.854 0.140 0.051) 1.0001 0.00125
17:54:39-17:55:35 (Msph—Msh)
(—169.11-328.77—154.18) (201.37—379.81-144.13) (1.152-1.823 0.359) 1.0002 0.00397

SC 317:53:18-17:54:30 (Msh—Msph)
(216.57—366.83—179.51) (2.989 1.061 1.661)
17:54:54-17:55:42 (Msph—Msh)

(—324.17—-405.03—239.31) 1.0003 0.00830

(—143.46-307.06—135.25) (171.66—341.13—-139.02) (-1.175-1.427—0.157) 0.9999 0.00777
SC 4 17:53:22-17:54:34 (Msh—Msph)
(—163.31-403.07—106.72) 174.36—346.94—133.75) 0.370 1.559-0.751) 1.0000 0.01247
17:54:42-17:55:38 (Msph—Msh)
(—150.00—208.26—93.30) (181.19-272.82—-132.28) (1.114-2.305-1.392) 1.0001 0.01266

using the measured magnetic fie@"() and ion velocity = where

(V™) during the discontinuity crossing. This method can

be improved by choosing a dHT frame continuously accel-o = (o/; — ,OJ_) (4)
erated V yr=Vpgrotagrt) instead of a dHT frame moving

at a constant velocity. is the anisotropy factor.

Both methods have been used. The results are compa- The results of this test, given in Table 2, present the fitting
rable although the dHT frame velocities obtained with the slopes between the plasma velocity in the dHT frame and the
accelerated frame are more similar from one spacecraft té\lfv én velocity obtained using a component-by-component
another (Table 1). There is a very strong correlation betweerscatter plot of these velocities. The corresponding correlation
Exr7=—V 71 xB and the convection electric field, with fit- coefficient is also indicated. These two velocities are well
ting slopes very close to 1 and very small least-squares residsorrelated but the plasma velocity in the dHT frame is only
uals. We can thus conclude that for each spacecraft a well46 to 62 percent of the Aln velocity.
defined dHT frame exists. This frame is mainly moving This is certainly a consequence of the inadequate oper-
along the magnetopause at an average velocity of 430 km/ating mode of the CIS experiment during this time period.
in the dawnward/southward/tailward direction. Its velocity Indeed, due to the large geocentric distance of Cluster space-
along the magnetopause normal (about tens of km/s) correeraft, the CIS experiment is operating in a mode adapted to
sponds to the magnetopause motion along its normal and wilolar wind measurement. The consequence is that the ion
be discussed later on. distribution function sampling is incomplete. It causes an

The second step is the tangential stress balance derWal underestimation of a factor of about 2 of the ion density with
test (Hudson, 1970; Paschmann et al., 1979; Sonnerup et aho significant error on the determination of the ion veloc-
1981). It consists of checking if the plasma is Afiicinthe ity. In solar wind mode, the high sensitivity face of CODIF
dHT frame across the discontinuity, i.e. if: and HIA instruments doesn't detect particles with energies
lower than 2.5keV for the angular sectors directed toward
the sun. The error in density measurement depends on the
proportion of the ion population located in those sectors and
The sign + is for a reconnection site located southward andhus of the arrival direction of ions on the detector. The error

V—Vur =4V, 2

the sign — for a reconnection site located northwatds the
plasma velocityV yr the dHT frame velocity and/ 4 the
Alfv én velocity given by:

1— g\ 12
vi=r () ®

www.ann-geophys.net/26/3571/2008/

in the magnetosheath region can be estimated when the in-
strument changes operating mode at around 18:15UT when
Cluster spacecraft are located in the magnetosheath. At that
time the ion density increases from about 0.3 to 0.7 &nit
implies that the density is underestimated by a factor of about
2. The error in velocity determination is less important as the

Ann. Geophys., 26, 333-2008
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ing result for the Wain test (Khrabov et Sonnerup, 1998).

CIS HIA 17/Fev/2004 ) all I
Indeed, while the directional change of the plasma veloc-

17:53:46.907 17:53:54.987
1000 5 1000 , ity is generally in good agreement with the Adfiv velocity,
~ 500 @ Q —~ 5001 Q the magnitude of the velocity change is usually smaller than
~ 1 ~ ‘N the Alfvén speed. The good correlation coefficient of the
£ g7 £ -
= =3 component-by-component scatter plot and the smaller than
= 500 L P 500 V4 plasma velocity reveal a similar behaviour in this event.
o0 e 1000 . The cause of this discrepancy is not understood yet but sev-
~1000-500 0 500 1000 ~1000-500 0 500 1000 eral explanations have been proposed (Paschmann and Son-
SCl Vi (km/s) Vi (km/s) Log fdis nerup, 2008). This includes among other things the under-
17:53:48.243 17:54:00.258 79 estimation of the density due to the presence of cold parti-
1000 1000 - cle populations, two- or three-dimensional effects and non-
200 @ @ b 500 Qb Lo gyrotropic plasma t_>ehaviour. . . .
ik, *] The plasma flow in the dHT frame is oppositely directed to
0 1 0 ' o the magnetic field as evidenced by the negative sigmef.
~5001 . ~500 1 F It corresponds to a reconnection site located northward of the
000 e 1000 e satellite, in agreement with the orientation of the magnetic
—-1000-500 O 500 1000 -1000-500 O 500 1000 field along the magnetopause normal.

SC3
4.3 lon distribution function
Fig. 6. 17 February 2004. Bi-dimensional cut-off of the ion distri-
bution function in the Vper-Vpar plane for spacecraft 1 (top pan- The last step to reveal the reconnection process is to examine
els) and spacecraft 3 (bottom panel) from HIA instrument. The redthe jon distribution function. In particular, one of the most
cross represent the velocity of the deHoffmann-Teller frame and thgmportant kinetic signatures of the reconnection process is
plack_ Cr(.)ss.the velo<_:|ty of the main lon populanon. N_Ote _that the the presence of D-shaped distribution functions as predicted
ion distribution function of tr_]e transmitted ion pqpulatlon is trun- by the reconnection theory. Indeed, in the dHT frame, only
cated because of the operating mode of the HIA instrument. - . 0 ! o
the particles with positive (northward of the reconnection
site) or negative (southward of the reconnection site) veloc-
only detected variation at that time is a decrease ofgse ities along the magnetic field can be transmitted through the
velocity from about 100 km/s to 0 km/s with no notable mod- magnetopause (Cowley et al., 1982). In a fixed frame, it in-
ification of the other components. It is more difficult to es- duces a cutoff of the ion distribution function g7 along
timate the error during the measurement of ion beams as thghe magnetic field and therefore the ion distribution function
ion velocity is quickly changing. We used Whisper plasma must exhibit a D-shape (e.g. Gosling et al., 1991; Fuselier et
frequency measurement to estimate this error. Unfortunately|., 2000; Phan et al., 1996).
this indirect measurement of the plasma density is perturbed Two consecutive slices of the ion distribution function in
by the presence of large band emissions (P. Canu, privatghe (Vear—VperP frame obtained with the Cluster 1 and 3
communication). This measurement has thus a big uncery|A instruments for the accelerated flows-at7:54 UT are
tainty. For example, with Whisper we obtain a density com- given in Fig. 6. These distribution functions, almost identical
prised between 1 and 1.6 crhat 18:00 TU whereas the HIA  for the two spacecraft, show the presence of two ion popula-
instrument gives a density of 0.65 ¢ Itis thus difficultto  tions.
obtain a precise corrective coefficient in the magnetopause The first one, with a negative velocity along the magnetic
boundary layer. However, the density underestimation cafie|d, corresponds to the Hmagnetosheath ions transmit-
be roughly estimated as being close to two in this region tooted through the magnetopause. The distribution function is
This underestimation of the density leads to an overestitruncated in its lower part due to the inadequate operating
mation of the Alfen velocity of a factor of abouy/2. Fur-  mode of the HIA instrument. It distorts slightly the ion dis-
thermore, the Alfén velocity has been computed consider- tribution function and makes difficult the identification of the
ing that the pressure anisotropywas null because itis im-  predicted D-shape. However, we clearly see a cut-off of the
possible to determine it accurately. Indeed, the inadequatgarallel velocities aVz 7.
operating mode of the CIS experiment leads to an incomplete The second population is flowing in the magnetic field di-
sampling of the ion distribution function and causes errors inrection. It consists of magnetosheath ions, which have pen-
the computation of the perpendicular and parallel temperaetrated into the magnetosphere and then have been reflected
tures. This assumption can also affect in a lower degree th@y the magnetic mirror force at low altitude.
result of the Waén test. Both populations are flowing aty 1 in the direction per-
After correcting the density, the ion velocity in the dHT pendicular to the magnetic field. The existence of these two
frame is about 0.7 to 0.B4, which constitutes a satisfy- populations has been predicted by kinematic considerations
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Table 2. Walén test results for the two consecutive magnetopause crossings discussed in detail in this ggeticepresents the fitting
slope of ¥-V 1) versusV 4 andcy,, the corresponding correlation coefficient. The last column indicates the valyg pafter correction
of the density. These results don't take into account the density correction due to the inadequate operating mode of the CIS experiment.

pWa cWa  corrected pWa
catelite 1 17:53:26-17:54:31 (Msh-Msph) ~0.5026  0.9632  —0,8380
atelite L 17.54:39-17:55:35 (Msph-Msh) —0.4849 0.9468  —0.6857
catelite 3 17:53:18-17:54:30 (Msh-Msph) ~0.5790  0.9614 ~ —0.8188
atelite S 17.54:30-17:55:42 (Msph-Msh) —0.4609 0.9576  —0.6518
Satellite 4 17:53:22-17:54:34 (Msh—Msph) —0.5543  0.9359 —0.7838
atelite & 17.54:42-17:55:38 (Msph-Msh) —0.6214 0.9708  —0.8787
CIS—HIA SC 3 17/Feb/2004 17:53:48.249
101 3 E I I I E 109 g I I I g
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Fig. 7. 17 February 2004, 17:53:48.289 UT. lon distribution function with respect to their velocity parallel to the magnetic field (left panel)
and to their velocity perpendicular to the magnetic field (right panel) from SC3 HIA instrument. In the left panel, the two vertical lines
represent respectively the component parallel to the magnetic fislg pFV4 andVyr+V4. In the right panel the vertical line represents

the component of the dHT velocity perpendicular to the magnetic field.

(Cowley, 1982) and observed, in particular at high latitudeas a velocity filter effect caused by the convection of the re-
near the cusp region (e.g. Fuselier et al., 2000). Howeveconnected field line, they have been used to estimate the lo-
this is to our knowledge the first observation of a reflectedcation of the X-line (e.g. Fuselier et al., 2000). In particular,
ion population in the dayside magnetopause at such a high low speed cut off is expected to be observed on the mirrored
geocentric distance. Figure 7 displays the ion distributionpopulation if the spacecraft is not too far from the reconnec-
function with respect to the parallel and perpendicular ve-tion region. Indeed, only particles with a sufficient parallel
locity measured by SC3 at 17:53:48 UT. In the direction per-velocity have time to be mirrored and reach the spacecraft
pendicular to the magnetic field, only one peak is observeduring the time the reconnected field line is convected from
at Vyr,. On the contrary, in the magnetic field direction, the X-line to the spacecraft. In this event, the absence of ve-
we clearly observe two peaks. The first oneVatr,—Va locity cut off means that Cluster spacecraft are far from the
corresponds to the transmitted ions and the second one agconnection site. Thus, we can not use this method to esti-
Vur/+Va corresponds to the reflected ions. According to mate the location of the X-line.
the theory, the reflected and transmitted populations are flow-
ing at respectively ¥4 and—V, in the dHT frame. However, by simple considerations, we can nevertheless
roughly estimate the location of the reconnection site. The
Previous studies reported the presence of low speed cutmmagnetic field lines length between Cluster and the high alti-
offs of the transmitted and reflected populations. Interpretedude ionosphere is about K in a simple dipolar magnetic
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we estimate that the reconnection site may be located in the
duskward side of the dayside magnetopause. As shown by
a mapping of IMF magnetic field line on the magnetopause,
the magnetic shear across the magnetopause is high in this
region. This seems consistent with antiparallel reconnection
model predictions of the X-line location for the correspond-
ing IMF conditions (Fig. 8). However, due to low precision

in the determination of the location of the X-line, we can-
not claim that the antiparallel reconnection model better de-
scribes the large scale configuration of magnetic reconnec-
tion than component reconnection during this event.

Another information is deduced from the presence of the
reflected population. The reflected ions are detected during
every magnetopause crossing, in particular during the first
one at around 17:50 UT (not shown). As a consequence, the
reconnection process must have started at least 10 min be-
fore 17:50 UT, the time for magnetosheath ions to enter the
magnetosphere, be reflected and reach the Cluster spacecratft.
We conclude that the reconnection onset must have occurred
before 17:40 UT.

Fig. 8. Front view of the magnetopause. The red cross represents . .
the location of Cluster spacecraft at 18:00 UT. The blue line repre-2 Magnetopause motion and thickness
sents the IMF line passing by Cluster spacecraft. The regions in-
dicated by black crosses are regions of high magnetic shear wherkinally, we turn to an evaluation of the motion and thickness
antiparallel reconnection models expect reconnection to occur. Th@f the magnetopause with two different methods (Table 3).
green arrow indicated the direction of convection at Cluster location We first made a multi-spacecraft analysis to estimate the
as obtained by the dHT analysis. The reconnection site is estimateghagnetopause motion along its normal. We use the time de-
to lie in a region located in the opposite direction of the convection lays for the magnetopause crossings between different Clus-
velocity at some tens ot from Cluster spacecraft. ter spacecraft obtained with high-resolution magnetic field
data (5Hz). The magnetopause is assumed to be a planar
surface, which may be a valuable assumption due to the low
field model. Supposing that the transmitted ions are re-separation distance between Cluster spacecraft during this
flected close to the earth, the distance they travelled to g@vent. From the plasma and magnetic field measurements,
from their entrance site in the magnetosphere to their mirwe expect an inward motion for the first magnetopause cross-
ror point and then to come back to Cluster spacecraft is ofing and an outward motion for the second one. We obtain a
about 2<19=38Rr. Because these ions travel along the magnetopause velocity comprised betweetd.5km/s and
magpnetic field lines at the Aln velocity (-350-400km/s),  —26.4km/s and between 17.5km/s and 22.3km/s, respec-
their travel time is estimated around (38378)/400=600s tively, for the inward and outward motion. Note that we
or 10 min. During that time, the reconnected magnetic fielddid not use the Cluster 2 spacecraft as its separation distance
lines are convected along the magnetopause. From the dHffom the Cluster 3 spacecraft along the magnetopause normal
frame velocity in the magnetopause plane (or equivalentlyis too short.
from the ion perpendicular velocity) we estimate the convec- The second method consists of a single spacecraft analy-
tion velocity to be approximately 400 km/s. Therefore, the sis. Here, the magnetopause motion along its normal is eval-
reconnection site may be located at a distance higher thapated by projecting the dHT velocity along the magnetopause
600x400=240 000 km or 3& from the observation point.  normal. The velocities are comprised betwee#d.5 km/s
Obviously, this is a rough estimation of the location of the and —69.4 km/s and betweer1.6 km/s and 23.8 km/s, re-
X-line. However, we can state that the observation of a re-spectively, for the first and second crossing. This method
flected population at such a high geocentric distance impliegives more variable results because of its high sensitivity
that the Cluster spacecraft are located at several tefg:of to the magnetopause normal orientation (Khrabov and Son-
from the merging region. This very high distance has to benerup, 1998) and must be less reliable than the time delay
considered taking into account the large size of the magnetoanalysis.
sphere during this time period. Furthermore, according to the In the following, we will use the velocity obtained by the
direction of the dHT velocity (on average in the GSM frame: first method and the measured duration of the crossings to
Varx=—188km/s,Vygry=—273km/s, Vyrz=—269 km/s), estimate the magnetopause thickness.
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For the first magnetopause crossing, from the magneto,pe 3, Magnetopause velocity in km/s deduced from the time de-

sphere to the magnetosheath, the magnetic fields measurgg,s petween different spacecraft crossings and from the projection

by SC3 and SC4 at the beginning and at the end of the the dHT velocity along the magnetopause normal.
crossing are similar while they are separated in the direction

normal to the magnetopause. Itindicates that these two satel- Satelites Msh-Msph  Msph-Msh
lites are located in regions where the magnetic field is almost

. 1-3 —26.4 22.3
uniform and thus that they have crossed the magnetopause |, . spacecraftanalysis 14 _239 20.1
current layer almost entirely. On the contrary, the magnetic 3-4 ~195 17.5
field variations detected by SC1 are less pronounced than 1 “445 16
those detected by the other Cluster spacecraft. This space- 3 _513 238
. . . HT N . '
craft, which is the closest to the earth, has only partially 4 —69.4 15.2

crossed the current sheet and will not be used to estimate
its thickness.

The magnetic field rotation during this crossing lasts
35s for SC3 and 40s for SC4. The magnetopause
thickness is thus estimated betweenx33~800km and
23x40~900 km. For the second crossing, the magnetic field

Inside the plasma jets, the Cluster spacecraft simultane-
ously detect reflected ions. This is the first time to our knowl-
. ) . ) Do e edge that reflected ions are observed at such a high geocentric
fluctua_\tlons (in partlcu_lar in thégse direction) make diffi- distance. Because of this large distance, the time of flight of
cult this kind of gnquss. ) these ions is important (about 10 min). It implies that the re-
We made a similar analysis for the other magnetopaus@onnection site is located at several tens of Earth radii from
crossings and obtained comparable results. These values aggyster spacecraft. The direction of the magnetic field lines
compatible with those obtained during standard solar windconyection at the Cluster location suggests that the reconnec-

conditions with ISEE spacecraft at similar latitudes: 10— tjon site is probably located in the dusk side of the dayside
80 km/s for the magnetopause velocity and 400-1000 km fofmagnetopause.

the magnetopause thickness (Berchem and Russel, 1982).

: . This reflected population also indicates that reconnection
However we would expect a thicker magnetopause durin .
. ) . : . tarted 10 min before the Cluster spacecraft detect the accel-
this event as the ion gyroradii is about three times higher

) g : " erated plasma jets (from about 17:50 UT to 18:10 UT). We
than during nominal solar wind conditions due to the low . : \ ; .
L . interpret it as an evidence for continuous reconnection dur-
magnetic field value. Indeed, the magnetopause thickness
. o ing more than half an hour. However, we cannot totally ex-
corresponding to 3 protons gyroradii is lower than the aver-

. . Flude that the reconnection process ceases between the jets
age value of 10 gyroradii obtained by Berchem and RusselWhen the Cluster spacecraft are located in the magnetosheath
(1982) albeit it is in the range of values obtained in their sta- P 9

_ but the systematic observation of plasma jets at each magne-
tistical study. : o : ;
topause crossing strongly indicates continuous reconnection.

Cluster magnetic field measurements reveal that a south-
ward turning of the IMF reached the Cluster spacecraft be-
tween 17:50 UT and 18:10 UT. However, it may have reached

o . other regions of the magnetopause before that time. Because
We have presented in-situ measurements taken in the magngye X component of the IMF is low, the southward turn-

tosheath/magnetopause during exceptional conditions whe[p]g must have reached the subsolar point before the Clus-
the solar wind almost disappeared. Due to the low solar wingg, spacecraft. The separation distance between the subso-
density, the magnetosheath beta was very low (0.15) and thg,, point and the Cluster spacecraft along ftiese axis is
magnetosphere was dilated and extended up ®EL® the  of apout 16-12.5=3.8;. Taking a propagation speed into
solar direction. the magnetosheath of 1/8 of the solar wind velocity (Spre-
Between 17:50 UT and 18:10 UT Cluster spacecraft crosster and Stahara, 1980), the IMF would reach the subso-
several times the magnetopause and each of these crossings point (3.5<6378)/(450/8)-400 s or~6.5 min before the
is associated with the presence of high velocity plasma jets.Cluster spacecraft if it had a purely southward orientation.
We showed the presence of a magnetic field of a few nTThis delay is a bit short compared to the estimated time of
along the magnetopause normal. We also evidenced that thie reconnection onset but it doesn’t take into account neither
tangential stress balance was satisfied. The analysis of thie actual orientation of the discontinuity associated with the
ion distribution function revealed the presence of D-shapedMF southward turning nor the azimuthal solar wind velocity
ion distribution functions and of a reflected ion population. and the possible associated magnetopause distortion. How-
Both fluid and kinetic considerations are consistent and ev-ever, it implies that if this IMF reversal initiated the dayside
idence that the high velocity plasma jets result from recon-reconnection process then the reconnection onset must have
nection in the dayside magnetopause. been very fast.

6 Conclusion
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These observations tend to show that during this periodBosqued, J. M., Phan, T. D., Dandouras, |., Escoubet, C. P,
of low solar wind density, magnetic reconnection was effi- Réme, H., Balogh, A., Dunlop, M. W., Alcagd D., Amata, E.,
cient and provided solar wind plasma to the magnetosphere. Bavassano-Cattaneo, M.-B., Bruno, R., Carlson, C., DiLellis, A.
This is consistent with statistical study of accelerated flows M., Eliasson, L., Formisano, V., Kistler, L. M., Klecker, B., Ko-
at the magnetopause (Scurry et al., 1994a, b) which revealed "M A.. Kucharek, H., Lundin, R., McCarthy, M., McFadden, J.
that the merging process depends on the local magnetosheath” MoPIUS, E., Parks, G. K., and Sauvaud, J.-A.: Cluster observa-
beta. According to this study, the lower is the magnetosheath tions of the high-latitude magnetopause and cusp: initial results

b he higher is th babili b | d from the CIS ion instruments, Ann. Geophys., 19, 1545-1566,
eta, the higher is the probability to observe accelerate 2001, http://www.ann-geophys.net/19/1545/2001/

flows at the magnetopause. . ' _ Cowley, S. W. H.: The causes of convection in the earth's magne-
Furthermore, when the solar wind dynamic pressure is tosphere -A review of developments during the IMS, Rev. Geo-

very low as during this event, the magnetosphere is extremely phys. Space Phys., 20, 531-565, 1982.

dilated and its cross section with the solar wind is high. TheEscoubet, C. P., Fehringer, M., and Goldstein, M.: The Cluster mis-

size of the region where solar wind plasma penetrates into the sion, Ann. Geophys., 19, 1197-1200, 2001,

magnetosphere via magnetic reconnection must therefore be http://www.ann-geophys.net/19/1197/2001/

more extended than during standard conditions. Fuselier, S. A., Trattner, K. J., and Petrinec, S. M.: Cusp observation
Because of its possible increased efficiency and because °f Nigh- and_lo;’_‘"::t'gu‘g recrc])nnelgtlon flcg;%rég"";é%'”ztgg%a”e'

of the dilatation of the magnetosphere, magnetic reconnec.. 1 magnetic field, J. Geophys. Res., 105, 253-266, :

tion may be more efficient to provide solar wind plasma to Gosling, J. T., Thomsen, M. F,, Bame, S. J., Elphic, R. C., and

Y . p. P . Russell, C. T.: Observations of reconnection of interplanetary
the magnetosphere during periods of low solar wind den-

. g - and lobe magnetic field lines at the high-latitude magnetopause,
sity. It can partially compensate the low density of the solar ;. Geophys. Res., 96, 14 097-14.106, 1991.

wind source. _ This could explai_n why dyring prolonged (& Hudson, P. D.: Discontinuities in an anisotropic plasma and their
few days) periods of low solar wind density, the plasmasheet identification in the solar wind, Planet. Space Sci., 18, 1611—

and magnetotail are maintained (Terasawa et al., 2000). 1622, 1970.
Finally, we also showed that the magnetopause thicknesganardhan, P., Fujiki, K., Sawant, H. S., Kojima, M., Hakamada, K.,
(~800 km) and velocity €20 km/s) do not differ from the and Krishnan, R.: Source regions of solar wind disappearance

average values given by statistical studies (e.g. Berchem and €vents, J. Geophys. Res., 113, 3102-3110, 2008.

Russell, 1982) and that, while the magnetosphere is exXnrabrov, A. V. and Sonnerup, B. O.: DeHoffmann-Teller analy-
sis. Analysis Methods for Multi-Spacecraft Data, ISSI Scientific

tremely extended, its location is still well predicted by the Report SR-001, ESA Pub. Div,, 221, 221248, 1998,

Shue et al. (1997) magnetopause model. Lockwood, M.: Astronomy: the day the solar wind nearly died,
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