
HAL Id: hal-00329366
https://hal.science/hal-00329366

Submitted on 28 Feb 2005

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Cluster observations of sudden impulses in the
magnetotail caused by interplanetary shocks and

pressure increases
K. E. J. Huttunen, J. Slavin, M. Collier, H. E. J. Koskinen, A. Szabo, E.

Tanskanen, A. Balogh, E. Lucek, H. Rème

To cite this version:
K. E. J. Huttunen, J. Slavin, M. Collier, H. E. J. Koskinen, A. Szabo, et al.. Cluster observations of
sudden impulses in the magnetotail caused by interplanetary shocks and pressure increases. Annales
Geophysicae, 2005, 23 (2), pp.609-624. �hal-00329366�

https://hal.science/hal-00329366
https://hal.archives-ouvertes.fr


Annales Geophysicae (2005) 23: 609–624
SRef-ID: 1432-0576/ag/2005-23-609
© European Geosciences Union 2005

Annales
Geophysicae

Cluster observations of sudden impulses in the magnetotail caused
by interplanetary shocks and pressure increases

K. E. J. Huttunen1, J. Slavin2, M. Collier 2, H. E. J. Koskinen1,3, A. Szabo2, E. Tanskanen2, A. Balogh4, E. Lucek4, and
H. Rème5

1Department of Physical Sciences, P.O. Box 64, FIN-00014 University of Helsinki, Finland
2Laboratory for Extraterrestial Physics, NASA Goddard Space Flight Center, Greenbelt, Maryland
3Finnish Meteorological Institute, P.O. Box 503, 00101 Helsinki, Finland
4Blackett Laboratory, Imperial College, London, England
5Centre d’Etude Spatiale des Rayonnements, Toulouse, France

Received: 17 August 2004 – Revised: 18 November 2004 – Accepted: 8 December 2004 – Published: 28 February 2005

Abstract. Sudden impulses (SI) in the tail lobe magnetic
field associated with solar wind pressure enhancements are
investigated using measurements from Cluster. The mag-
netic field components during the SIs change in a manner
consistent with the assumption that an antisunward moving
lateral pressure enhancement compresses the magnetotail ax-
isymmetrically. We found that the maximum variance SI
unit vectors were nearly aligned with the associated inter-
planetary shock normals. For two of the tail lobe SI events
during which Cluster was located close to the tail boundary,
Cluster observed the inward moving magnetopause. During
both events, the spacecraft location changed from the lobe
to the magnetospheric boundary layer. During the event on
6 November 2001 the magnetopause was compressed past
Cluster. We applied the 2-D Cartesian model developed by
Collier et al. (1998) in which a vacuum uniform tail lobe
magnetic field is compressed by a step-like pressure increase.
The model underestimates the compression of the magnetic
field, but it fits the magnetic field maximum variance com-
ponent well. For events for which we could determine the
shock normal orientation, the differences between the ob-
served and calculated shock propagation times from the loca-
tion of WIND/Geotail to the location of Cluster were small.
The propagation speeds of the SIs between the Cluster space-
craft were comparable to the solar wind speed. Our results
suggest that the observed tail lobe SIs are due to lateral in-
creases in solar wind dynamic pressure outside the magneto-
tail boundary.
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1 Introduction

The impact of an interplanetary shock causes global changes
in the magnetosphere. Solar wind pressure increases across
the shock, pushing the magnetopause inward. As a conse-
quence, there are changes in magnetospheric and ionospheric
current systems (e.g. Chapman-Ferraro, Region 1 and cross-
tail currents). An impulsive compression of the subsolar
magnetopause launches a hydromagnetic wave that propa-
gates in about one minute to the ionosphere. Low-latitude
magnetograms record rapid perturbations called sudden im-
pulses (SI), or storm sudden commencements (SSC) if a ge-
omagnetic storm follows, see (Araki, 1977; Smith et al.,
1986; Araki, 1994; Lee and Hudson, 2001). Especially for
the southward interplanetary magnetic field (IMF), pressure
pulses cause almost immediate and global enhancements in
ionospheric currents and auroral precipitation, see (Zhou and
Tsurutani, 1999; Zesta et al., 2000; Boudouridis et al., 2003;
Meurant et al., 2003). In the tail lobes, sudden increases in
the magnetic field have been observed on time scales from a
few to ten minutes, see (Sugiura et al., 1968; Kawano et al.,
1992; Collier et al., 1998; Kim et al., 2004).

Two mechanisms have been suggested as the cause of the
tail lobe SIs: 1) The transfer of magnetic flux from the day-
side to the tail by magnetohydrodynamic (MHD) waves re-
sulting from the sudden enhancement of solar wind pressure
on the front of the magnetosphere (Sugiura et al., 1968); 2)
Compression of the magnetotail by magnetosheath pressure
increases, see (Kawano et al., 1992; Collier et al., 1998). In
the first scenario the disturbance propagates at the Alfvén
speed. The latter mechanism assumes that the magnetotail
remains in equilibrium as a solar wind pressure enhancement
moves antisunward, compressing its radius axisymmetrically
(Fig. 1).
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Fig. 1. A sketch showing the deformation of the magnetotail by an interplanetary shock that moves antisunward causing a sudden increase
in the tail lobe magnetic field.

The pressure balance equation between the tail lobe and solar
wind pressures can be expressed as (Slavin et al., 1983):

B2
lobe

2µ0
= KP SW

dyn sin2 α +
B2

SW

2µ0
+ nSW kbTSW , (1)

whereTSW is the sum of the solar wind electron and proton
temperatures, andP SW

dyn (=nSWmv2
SW ), BSW , nSW are solar

wind dynamic pressure, magnetic field and ion density. The
plasma pressure in the lobe has been assumed negligible. The
parameterK is a “drag coefficient”, a measure of how effi-
ciently solar wind particles transfer momentum to the mag-
netopause.Spreiter et al.(1966) determined that a value of
0.881 describes the pressure exerted by a hypersonic flow
around the magnetopause. In Eq. (1) above,α is the flar-
ing angle, i.e. the angle between the solar wind flow and the
tail boundary. At the distances 10–20RE downtail from the
Earth, the flaring angle varies from 17◦ to 30◦, depending on
the solar wind dynamic pressure (Nakai et al., 1991). Since
the Cluster events we considered were located in the near-
Earth tail (∼10–19RE), the tail flaring was significant and
the tail compression was caused mainly by increasedP SW

dyn .
What is actually relevant for magnetopause compression is
the pressure profile in the magnetosheath. However, as dis-
cussed inCollier et al.(1998), the pressure discontinuities in
the solar wind are transmitted through the bow shock to form
similar structures in the magnetosheath.

The previous studies, exceptKim et al. (2004), have used
data from only a single spacecraft. The multi-spacecraft
Cluster mission allows us to calculate the propagation speed
of the disturbance between the four Cluster spacecraft and
also, if crossed, the propagation speed of the magnetopause.
Furthermore, Cluster plasma data provide details of the tail
compression, e.g. the motion of the magnetopause towards
Cluster. The two tail lobe SIs studied in detail byCollier
et al. (1998) were relatively weak, with the magnetic field
increases 4.2 and 3 nT (from 15 and 10 nT, respectively)
in response to small increases in the solar wind dynamic

pressure. The SI events investigated in this study are asso-
ciated with strong interplanetary shocks or substantial en-
hancements in the solar wind dynamic pressure and conse-
quently much larger increases in the lobe magnetic field mag-
nitude. Upstream solar wind coverage by ACE, WIND, and
Geotail allowed us to calculate the shock normal orientation
and the shock speed and to perform reliable timing analyses.
In Sect. 2 we describe the properties of the interplanetary
shocks and the associated tail lobe SI events. In Sect. 3 we
present theCollier et al.(1998) model and the results of the
least-squares fittings of this model to the magnetic field data.
In Sect. 4 we present the results of the timing analysis and
in Sect. 5 we discuss events during which the Cluster loca-
tion changed from the lobe to the magnetospheric boundary
layer/magnetosheath. Finally, in Sect. 6 we summarize and
discuss the significance of our results.

2 Event description

2.1 Event selection

Cluster is composed of four spacecraft: Rumba (C1), Salsa
(C2), Samba (C3) and Tango (C4). The first pair of Clus-
ter satellites (Salsa and Samba) were launched on 16 July
2000 and the second pair (Rumba and Tango) on 9 August
2000. We have investigated two time periods covering July–
November 2001 and July–November 2002. These time in-
tervals were selected because the Cluster apogee was beyond
−10RE . We also checked the data for the July−November
2003, but did not find any interplanetary shocks while Clus-
ter was in the tail lobe with data available. Furthermore, dur-
ing 2003 the separation of Cluster satellites was too small
(∼500 km) to take full advantage of the multi-spacecraft ob-
servations. In late 2001 the separation between the space-
craft at the apogee was∼0.1–0.3RE and increased to∼1–
3RE late in 2002. In this study we have used data from the
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Fig. 2. ACE magnetic field and plasma measurements for an inter-
planetary shock observed on 17 August 2001 at 10:16 UT. Panels
show magnetic field intensity, the IMFZ component in GSM co-
ordinate system, plasma speed, dynamic pressure and proton tem-
perature. The shock was associated with a tail lobe SI observed by
Cluster at 11:07 UT at a distanceX=−18.3RE downtail.

FGM (Fluxgate Magnetometer), PEACE (Plasma Electron
And Current Experiment) and CIS (Cluster Ion Spectrom-
eter) instruments. For the magnetic field we used both 4-s
and high resolution data.

We used data from ACE, WIND and Geotail to identify
and investigate shocks in the solar wind, together with the
ACE interplanetary shock list at:http://www.bartol.udel.edu/
∼chuck/ace/ACElists/obslist.html+. The investigated period
occured during solar maximum, so interplanetary shocks
were frequently observed near 1 AU. For each shock we
checked whether Cluster was located in the tail lobe or in
the plasma sheet boundary layer (PSBL)∼10RE or fur-
ther down the tail. The tail lobes are characterized by high
and steady magnetic field strength (∼20 nT), large negative
(south lobe) or positive (north lobe) magnetic fieldX com-
ponents, lower ion densities and temperatures than observed
in the magnetosheath or in the plasma sheet, and low plasma
betas (less than 0.1). All interplanetary shocks which oc-
curred while Cluster was positioned as described above were
related to tail lobe SIs. In total, we found 10 events.

2.2 Interplanetary shocks

The interplanetary shocks associated with the tail lobe SIs
are listed in Table 1. The time of the shock is given as ob-
served at ACE and determined from the 16-s resolution mag-
netic field data. For each shock the shock normal orienta-
tion, nsh, was estimated using the nonlinear least squares fit-
ting technique of the Rankine-Hugoniot jump conditions by
Szabo(1994). A more thorough analysis of these shocks re-
vealed that the 29 September 2001 and 26 August 2002 cases
did not represent valid shocks. However, we included these
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Fig. 3. Cluster FGM and CIS (from C1 and C3) observations for the
tail lobe SI event observed on 17 August 2001 over a 1-h interval.
Panels show magnetic field components in the GSM coordinate sys-
tem, the magnetic field intensity, plasma beta, and the components
of the velocity.

two events in the study because they were associated with
substantial and rapid solar wind pressure increases and tail
lobe SIs. The variations in solar wind parameters across the
shocks were calculated using 20-min averaged data upstream
(u) and downstream (d) of the shock.

Figure2 shows a shock that was observed on 17 August
2001 at 10:16 UT by ACE. The shock is identified by clear
and sudden jumps in the magnetic field magnitude, solar
wind speed, dynamic pressure and proton temperature. Ta-
ble 1 shows that the shocks investigated in this study were
strong. The shocks on 25 October 2001 and on 18 August
2002 had Alfv́enic Mach numbers of 6.7 and 8.4, respec-
tively. For the rest of the shocks, the Mach numbers ranged
from 2.4 to 3.5. The typical Mach number for the solar max-
imum period is between 2–4, but in extreme cases values as
high as 9 are observed (Echer et al., 2003). The change in the
solar wind speed across the shock exceeded 100 km/s−1 for
all of the other events except for 25 July 2002. The increases
in the magnetic field magnitude and dynamic pressure were
also substantial.

http://www.bartol.udel.edu/~chuck/ace/ACElists/obs_list.html+
http://www.bartol.udel.edu/~chuck/ace/ACElists/obs_list.html+
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Table 1. Shocks and pressure increases (events 2, 9) associated with the tail lobe SI events. Columns from left to right give the event number
(N), time of the shock, shock normal (nsh) in GSM, shock speed in theX-direction (VSX), changes in the magnetic field magnitude, solar
wind speed and dynamic pressure across the shock, and upstream (u) and downstream (d) magnetic field north-south components. The last
two columns give the Alfv́enic Mach number (Ma), and the angle between the upstream magnetic field and the shock normal (θBun).

N time (UT) n̂ VSX 1B 1V 1Pdyn BZu BZd Ma θBun
(km/s−1 ) (nT) (km/s−1 ) (nPa) (nT) (nT) (◦)

2001
1 17.8 10:16 (0.99,−0.16, 0.03) 522 14.1 125 7.3 2.5 4.4 3.5 87.1
2 29.9 09:06 not a shock 633 3.9 120 4.2 0.2−2.7 − −

3 11.10 16:20 (0.98, 0.12, 0.19) 531 10.4 138 13.9 1.2−13.5 2.5 65.7
4 25.10 08:02 (0.89, 0.28,−0.37) 414 5.0 107 7.2 0.5 4.3 6.14 42.2
5 28.10 02:42 (0.93,−0.37, 0.01) 529 12.7 143 4.4 −4.4 −15.4 2.8 42.7
6 6.11 01:20 no plasma data − 60

2002
7 25.7 12:59 (0.82, 0.35,−0.44) 506 4.9 55 1.0 5.7 8.5 2.4 85.3
8 18.8 18:10 (0.97,−0.17,−0.20) 602 5.0 158 9.1 0.7 1.4 8.4 57.9
9 26.8 10:45 not a shock 383 5.6 79 4.7−3.8 1.3 − −

10 7.9 16:09 (0.86, 0.49, 0.14) 524 15.9 180 7.6−7.6 −21.9 3.0 76.5

Table 2. Tail lobe SI events. Values are taken from C3, except for 18 August 2002, for which the C1 data were used. Panels show: the initial
magnetic field magnitude (B0), the total amount of the change inBx (the percentage of theB0 shown in parenthesis), the amplitude of the
change in GSMBy andBz, the start time (TS ) and the duration of the SI, the direction of the maximum variance vectorêx

∗ in GSM, the
eigenvalue ratio (λ∗

y/λ∗
z ), and the C3 location in GSM.

N B0 1Bx 1By 1Bz TS T êx
∗ λ∗

y/λ∗
z XC YC ZC

(nT) (nT) (nT) (nT) (UT) (min) (RE) (RE) (RE)

1 22.5 +18.0 (80%) +4.5 − 11:03:30 7.33 (0.99, 0.00, 0.13) 25.5−18.32 −4.29 4.34
2 26.0 −11.5 (44%) +5.0 − 09:39:10 6.00 (0.95, 0.16,−0.28) 1.6 −17.37 6.95 −4.75
3 38.0 −27.0 (71%) +16.0 −7.0 17:01:40 3.17 (0.94, 0.25, 0.22) 5.1−11.81 9.12 −9.33
4 15.0 −13.5 (90%) +9.0 −3.5 08:50:30 2.83 (0.82, 0.45, 0.36) 35.9−12.35 13.40 −4.76
5 31.5 −24.5 (79%) +12.5 −3.5 03:19:30 6.83 (0.95,−0.30, 0.06) 14.7 −10.20 14.43 −7.00
6 20.0 −9.45 14.93 2.37
7 34.0 +5.5 (16%) +3.0 −2.5 13:37:50 7.83 (0.85, 0.46,−0.28) 19.0 −9.67 −7.92 9.48
8 22.0 −20 (90%) +10 − 18:47:20 6.00 (0.96,−0.21,−0.21) 1.7 −18.18 −5.17 1.58
9 34.5 −15 (43%) −8.0 −2.0 11:30:30 10.67 (0.89, 0.45, 0.03) 3.9−16.40 −3.46 −6.09
10 54.0 −24 (44%) +3.0 −8.0 16:36:50 5.17 (0.96, 0.26, 0.14) 19.0 −9.95 0.23 −10.26

2.3 Tail lobe SI events

Table2 lists the tail lobe SIs associated with the interplane-
tary shocks in Table 1. The Cluster measurements during the
tail lobe SI corresponding to the shock in Fig.2 are presented
in Fig. 3 for a 1-h period. At the time of the SI Cluster was
located in the northern tail lobe at the GSM-position (X, Y ,
Z)=(−18.32,−4.29, 4.33)RE approaching the plasma sheet.
The tail lobe is identified from the steady and large GSM
magnetic fieldX component and small plasma beta. The
plasma beta decreases as the magnetic field magnitude in-
creases during the compression. Figure4 presents magnetic
field data for the 12-min interval around the same SI event.
Bx increased smoothly from 22.5 nT to about 40.5 nT. The
rise time between the asymptotic values was about 7 min and
the most rapid increase occurred in 3–4 min.By exhibited

a small, positive deflection with the amplitude of +4.5 nT as
Bx made its transition. TheBz component increased slowly
from 2 to 4 nT. Figure5a shows a schematic description of
the expected changes in the magnetic field components dur-
ing a step-like compression in the north lobe in the XY plane.
The Bx increase is illustrated by the converging field lines.
When the spacecraft is located in the northern dawn lobe
(negativeY -coordinate) the direction of theBy deflection is
positive and when located in the northern dusk lobe (positive
Y -coordinate) the deflection is negative.

Similarly, for other SI events the increase in the mag-
netic field magnitude was primarily due to the increase inBx

(north lobe) or due to the decrease in the initially negativeBx

(south lobe). All SIs, except the one on 25 July 2002, which
was associated with the weakest shock in this study, had an
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Fig. 4. Fine scale plot of the tail lobe SI presented in Fig.3. Panels show the magnetic field components in the GSM coordinate system and
the magnetic field magnitude.

increase larger than 10 nT in the magnetic field magnitude
(about 45% or more of the initial value). The durations of the
SI events ranged between∼3–10 min, although most of the
magnetic field increase occurred in a shorter time interval.
For the 6 November 2001 event the largest change occurred
in Bz. Before the compression Cluster was located close to
the magnetotail boundary near the plasma sheet. The mag-
netopause was compressed beyond Cluster during this event.

In order to examine the magnetic field rotation in more de-
tail we applied the minimum variance analysis (MVA) (Son-
nerup and Cahill, 1967) to the Cluster magnetic field data
for each SI event.B∗

x , B∗
y andB∗

z denote the magnetic field
components in the directions of maximum, intermediate and
minimum variance. Figure6 shows the hodograms of the SI
magnetic field vector in the plane of maximum variance and
in the plane of minimum variance for the 17 August 2001
event. The maximum variance eigenvector,ê∗

x=(0.99, 0.01,
0.13), was almost exactly aligned with the GSMX-axis and
the intermediate variance eigenvectorê∗

y=(0.02, 0.97,−0.24)
almost parallel to the GSMY -direction. The large ratio of
the intermediate eigenvalue (λ∗

y) to the minimum eigenvalue
(λ∗

z ) indicates that the eigenvectors are well-defined. The sta-
tistical study of 43 tail lobe SIs byKawano et al.(1992)
demonstrated that the field rotation is mainly in theê∗

xê∗
y

plane, consistent with the assumption that tail lobe SIs are
caused by the constriction in the tail radius. The hodograms
show that the projection of the magnetic field into the plane

of maximum variance rotates smoothly. The rotation is con-
fined to one plane, asB∗

z stays almost constant. For all nine
SI events investigated using MVA (excluding the 6 Novem-
ber 2001 event) the similar smooth rotation of the magnetic
field was observed in one plane. Note that when the mag-
netotail is not deflected during the compression, the initial
and final directions of the magnetic field vector are the same
(Fig. 5). The eigenvectors are all well-defined except for the
29 September 2001 and 18 August 2001 SI events. During
these two events, Cluster was located near the plasma sheet
which caused irregular magnetic field behavior.

The left panel of Fig.7 shows that the obtained SI max-
imum variance vectors were roughly parallel with theX-
axis and almost parallel with the associated shock normal
directions when projected on the GSM XZ-plane. Perhaps
the post-shock solar wind flow has deflected the magnetotail
parallel to itself. The right panel of Fig.7 shows that the
intermediate unit vectors are aligned with the GSMY -axis
near the XY-plane, and the vectors turn more aligned with
the GSMZ-axis when the distance from the XY plane in-
creases.

2.4 Correlation between shock properties and tail lobe SIs

Figure8a shows the comparison between the changes in the
solar wind dynamic pressure at ACE (1P SW

dyn ) and the ampli-
tude of the tail lobe SI event at Cluster (1Blobe). The linear
correlation coefficient is 0.73 which indicates that the large
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Fig. 5. Sketch of the step-like compression in the XY and XZ
planes. Thin lines represent the magnetic field lines and the thick
solid lines represent the tail boundary. Panel(a) shows compression
in the north lobe XY plane and panel(b) shows compression in the
XZ plane.

changes in solar wind dynamic pressure cause the largest tail
lobe SI events.

The theoretical relationship between1Blobe and1P SW
dyn

can be calculated from Eq. (1):

1Blobe =
√

2µ0K ×

(√
P SW

dyn2sinα2 −

√
P SW

dyn1sinα1

)
. (2)

If the subsolar magnetopause distance and the asymptotic tail
radius change by the same fraction during the compression
then the tail flaring remains constant. The subsolar stand-
off distance varies as(P SW

dyn )−1/6 and the asymptotic tail ra-

dius as the(P SW
S )−1/4, whereP SW

S is the solar wind static
pressure (2nSW kbTSW+B2

SW /2µ0). Based on these depen-
denciesCollier et al.(1998) introduced a parameterS as the
measure of the degree of self-similarity in the magnetopause
shape:

S =

(P SW
dyn )2

(P SW
S )3

. (3)

If the tail radius is compressed more than the subsolar point,
then the tail flaring decreases. When the subsolar point is
compressed more than the tail radius, then the tail flaring in-
creases. The dashed line in Fig.8a shows the relationship
from Eq. (2) using a constant value of 17◦ for α which pre-
dicts too large increase in the tail lobe magnetic field. We cal-
culated the values ofS for each event across the shock using

Fig. 6. Magnetic field rotation in the plane of maximum variance
and in the plane of minimum variance during an SI event observed
on 17 August 2001.

the 64-s averaged magnetic field and plasma data from ACE.
Figure9 shows the solar wind dynamic pressure, the static
pressure andS for the 17 August 2001 shock.S decreases
across the shock, suggesting that the tail flaring decreases.
For all events a similar, clear decrease in theS parameter
was observed. The relationship between1P SW

dyn and1B in
Fig. 8a is better described by assuming a decrease in flaring
angleα (5◦ for the solid curve) than assuming constant flar-
ing.

Figure 8b presents the comparison between the
shock/solar wind speed and the duration of eight tail
lobe SIs. The 25 October 2001 event was excluded because
during the magnetic field increase Cluster moved from the
lobe to the magnetospheric boundary layer (see Sect. 5). The
transition scale length is shorter closer to the tail boundary
than near the axis (Fig.5a). The events observed when Clus-
ter was located more than 10RE from theX-axis are shown
by circles. Figure8b shows rather weak anticorrelation
(correlation coefficient –0.62).

3 The tail compression (TC) model

3.1 Model description

Collier et al. (1998) showed that a Cartesian 2-D
model, assuming a uniform magnetic field and a step-like
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Fig. 7. (left) Locations of the maximum variance vectors (êx
∗) pro-

jected onto the GSM XY plane (blue). The root of the vector has
been placed at the spacecraft location at the time of the event. The
length of the each vector represents the unperturbed magnetic field
magnitude, normalized to the scale shown by the arrow. Circles
show the spacecraft position at the time of the SI event. Red lines
show the projected shock normal direction for each SI event that
was associated with a shock. Note that the shock normal direc-
tions are defined to point in the direction of the upstream solar wind.
(right) Unit intermediate variance vectorsêx

∗ projected in the GSM
YZ plane. Circles show the spacecraft position at the time of the SI
event.

compression, can accurately describe the magnetic field
profile and characteristic time scales for tail lobe SIs. We
have applied this “tail compression” (TC) model to our SI
events. We briefly summarize the model here. The tail lobe
is described by a vacuum (motivated by the very low den-
sity in the lobes), current-free asymptotically constant mag-
netic field constrained between two walls (see Fig.5). The
Alfv én speed is assumed infinite, and the magnetotail re-
mains in equilibrium as the pressure enhancement propagates
downtail. TheX-axis is aligned with the tail axis and the
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Fig. 10. Tail lobe SI event on 7 September 2002. Panels show magnetic field components in the GSM coordinate system and the magnetic
field magnitudes. Cluster was located at a GSM position of (−9.95, 0.23,−10.26)RE .

Y -axis is transverse to the tail axis. The increase in the solar
wind dynamic pressure decreases the tail width fromR to
R2=R−1R, where1�1. The lobe field increases fromB0
to B0(1+1) when flux conservation through a 1-D surface is
assumed. Changes in theX andY components of the mag-
netic fields are:

Bx = B0

(
1 +

1

2

exp(πx/R) + cos(πy/R)

cosh(πx/R) + cos(πy/R)

)
, (4)

By = −B0

(
1

2

sin(πy/R)

cosh(πx/R) + cos(πy/R)

)
. (5)

Bx makes a quick transition between the asymptotic states
while By exhibits a positive or negative deflection. As illus-
trated in Fig.5a the direction of theBy deflection depends on
the position of Cluster in the magnetosphere. Table2 shows
that the directions of theBy deflections were as expected
based on the spacecraft location at that time. The peak of the
By transition occurs at the time of the mid-point of theBx

transition (atx=0). At the tail axis (y/R=0) By remains un-
changed and the amplitude of the deflection increases when
the boundary is approach. The model is also applicable to
other planes as well. Far from the XY-plane the deflection is
seen mainly in theZ component. As demonstrated by Fig.5b
the direction of theBz deflection is always negative.

Figure 10 shows Cluster magnetic field measurements on
17 September 2002 when Cluster was located much closer to
the magnetopause in the GSMZ-direction than in the GSM
Y -direction. The amplitude of theBy andBz deflections are
measured from the unperturbed value before the SI compres-
sion to the peak of the deflection. For this event the deflection

in Bz is clearly larger (|1Bz|=9 nT) than the deflection inBy

(|1By |=1.5 nT). Table2 shows that the amplitude of theBy

deflection was larger than the amplitude of theBz deflection
when Cluster had comparable GSMY andZ positions (i.e.
events 1, 3, 7 and 9). At the time of the SI event on 11 Oc-
tober 2001, Cluster was located at about the same distance
from theX-axis in the GSMY andZ directions (Fig.11).
For this event the|1By | was 15 nT and the|1Bz| 8 nT. This
suggests that the magnitude of the magnetospheric compres-
sion is different in theY andZ directions. Figure6 supports
this same conclusion by demonstrating that the intermediate
variance vectors for SI events are more aligned with the GSM
Y -direction.

3.2 Magnetic field increase

Figure12shows the ratio of the final tail lobe magnetic field
magnitude divided by the initial magnetic field magnitude
(B2/B0) as a function of the1-parameter (1=1−R2/R).
The blue solid line indicates the prediction according to the
2-D Collier et al.(1998) model, i.e.B2/B0=(1+1). The red
dashed line represents the case were the magnetosphere with
a circular crosssection is symmetrically compressed, assum-
ing the conservation of the magnetic flux:

B2

B0
=

(
R0

R2

)2

=
1

(1 − 1)2
. (6)

In the case of a small1 we obtain from Eq. (6)
B2/B0≈(1+21), that is shown by the red dash-dot line in
Fig. 12. Stars and circles indicate tail lobe SI events in this
study. To estimate the1-parameter we have calculated the
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Fig. 11. Tail lobe SI event on 11 October 2001. Panels show magnetic field components in the GSM coordinate system and the magnetic
field magnitude. The GSM-position of Cluster was (−11.81, 9.12,−9.33)RE .

tail radius before (R) and after (R2) the compression using
the Shue et al.(1998) model (black stars) and thePetrinec
and Russell(1996) model (green circles). Both models de-
pend on the IMFZ component and solar wind dynamic pres-
sure. For southward IMF thePetrinec and Russell(1996)
model produces less tail flaring than theShue et al.(1998)
model. We used 20-min averaged solar wind values upstream
and downstream of the shock as input to the models. The di-
amonds show the two tail lobe SI events presented inCollier
et al.(1998) (on 9 March 1995 and on 17 August 1995).

The Petrinec and Russell(1996) model gives a larger1-
parameter than theShue et al.(1998) model. Nearly all data
points in Fig.12 for which theShue et al.(1998) model was
used are above the 3-D model curve. When thePetrinec and
Russell(1996) model is used data points fall between the 3-D
model curve and theCollier et al.(1998) model prediction.

Being 2-D, theCollier et al. (1998) model naturally un-
derestimates the increase in the magnetic field magnitude.
However, the behavior of the magnetic fieldX component
is very accurately described by the model using a standard
least-squares fit of Eq. (4) to the data (seeCollier et al.(1998)
and the following section). If we multiply1 in Eq. (4) by a
factor of two, the asymptotic magnetic field magnitude be-
comes(1+21)×B0. This is the same as the asymptotic
value in the 3-D compression expressed by Eq. (6) in the
limit of small 1. If we assume that values of1 estimated
using thePetrinec and Russell(1996) model (green dots) de-
scribe accurately the true magnetospheric compression, the
data points in Fig.12 fit best around the model curve for the
3-D compression in the limit of small1. Thus, theCollier et

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
1

1.2

1.4

1.6

1.8

2

2.2

∆ = 1 − R
2
/R

B
2/B

0

Fig. 12.Theoretical curves for the ratio of the final and initial mag-
netic field magnitudes as a function of1 in the 2-DCollier et al.
(1998) model (blue solid line), in 3-D compression, red dashed line,
see Eq. (6), and in the case of small1 for 3-D compression (red
dash-dot line). Data points show tail lobe SI events: Stars and cir-
cles show the events in this study where we have used theShue et
al. (1998) model and thePetrinec and Russell(1996) model, respec-
tively, to approximate1. Diamonds show two events presented in
Collier et al.(1998).

al. (1998) model, with the additional factor of 2 to mimic the
behaviour of the 3-D model with cylindrical geometry ap-
pears to describe the data better than the original 2-D form,
see Eqs. (4) and (5).
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Table 3. Results from the fit of the magnetic fieldX-component to
Eq. (7). θ is calculated from Eq. (11). B0 is the initial asymptotic
value of the magnetic field,B1 the increase of the magnetic field,t0
the midpoint of the rise,τ the characteristic time scale from the fit
andτi the initial guess according to Eq. (9).

N θ B0 B1 t0 τ τi
(◦) (nT) (nT) (h) (h) (h)

1 0.73 22.3 18.7 11.115861 0.017 0.025
2 1.01 24.8 11.6 9.691994 0.015 0.019
3 1.34 37.2 27.7 17.058411 0.010 0.021
4
5 1.13 30.6 24.5 3.3726585 0.016 0.023
6
7 1.10 31.8 5.9 13.668289 0.021 0.022
8 0.77 20.2 18.6 18.820975 0.018 0.020
9 0.60 30.7 16.6 11.590268 0.027 0.032
10 0.86 48.3 26.2 16.654298 0.014 0.022
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Fig. 13.Changes inBx andBy components according to theCollier
et al.(1998) model for different values ofτ andθ . The dashed line
shows the midpoint timet0.

A larger than predicted increase in the tail lobe magnetic
field may result from flux loading into the tail lobes due to
reconnection at the dayside magnetopause. Also, changes in
the solar windVy andVz components at the shock can deflect
the magnetotail so that after the shock passage the spacecraft
position relative to the tail axis may have changed, whereas
the model assumes it has not.

3.3 Fitting procedure

The X-coordinate in Eqs. (4) and (5) can be replaced by
v(t−t0), assuming that the pressure discontinuity that causes
the constriction moves down the tail with speedv; t0 is the
time at which the discontinuity passes the spacecraft loca-
tion. In order to take into consideration possible deflection

of the magnetotail and that in some of the events the com-
pression was observed primarily in theBz component, the
fitting was performed in a minimum variance coordinate sys-
tem (Sonnerup and Cahill, 1967). From Eqs. (4) and (5) we
obtain the functional forms:

B∗
x = B0 + B1 ×

1 + e−(t−t0)/τ cosθ

1 + e−2(t−t0)/τ + 2e−(t−t0)/τ cosθ
, (7)

B∗
y = −B1 ×

sinθ

1 + e−2(t−t0)/τ + 2e−(t−t0)/τ cosθ
, (8)

whereB1=B01 is the magnitude of the change inB∗
x . The

characteristic time scale of the transitionτ depends on the
magnetotail widthR and solar wind speed. Theθ -parameter
depends on the ratio of the ClusterY component to the tail
width R:

τ =
R

πv
, (9)

θ =
πy

R
. (10)

Free parameters in the model areB0, B1, t0, τ andθ . Initial
values ofB0, B1 andt0 for the fitting are estimated from the
Cluster magnetic field data. Figure13 shows examples of
the changes inBx andBy for different values ofθ and τ .
Increasingτ and decreasingθ increases the transition time
of Bx between the asymptotic values. Small changes inτ

have a larger affect on theBx profile than small changes in
θ . Thus, we can justify using a fixedθ . Increasingτ makes
the deflection in theY component wider, but the peak value
is not changed. Increasingθ widens the deflection in theY -
component, but also increases its peak magnitude, as shown
in Fig. 13b. Theθ parameter can be calculated from Eq. (8)
at t=t0, andB1 andB∗

y are determined from the Cluster data.
Solvingθ from Eq. (8) gives:

θ = cos−1

−4B∗2
y ±

√
16B∗4

y + B4
1

4B∗2
y + B2

1

.

 (11)

We performed a standard least-squares fit using Eq. (7) to
the Cluster data using a fixedθ evaluated from Eq. (11). The
results are shown in Table 3. In the 6 November 2001 event
(number 6) dramatic changes in the magnetic field compo-
nents resulted from the magnetopause moving past Cluster.
For the 25 October 2001 event, we did not perform the fit
because the magnetic field behavior was too irregular due to
Cluster’s transition into the magnetospheric boundary layer.

Figures14 and 15 show magnetic fieldB∗
x andB∗

y pro-
files and the result of the fit to the Cluster C3 data during
17 August 2001 and 26 August 2002 SI events, respectively.
In both cases the transition of theB∗

x component is well-
captured by the model. Note that we did not perform a least-
squares fit to the magnetic fieldY component. The modeled
B∗

y -curve was obtained by using the fit parameters from the
B∗

x modeling fed into Eq. (8). The amplitude of the deflection
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Fig. 14. Results of the fit of Eq. (7) to the magnetic field maximum variance componentB∗
x measured by Cluster C3 for an SI event on 17

August 2001. The solid line in the panel showing the intermediate variance component,B∗
y , is not a fit but the profile described by Eq. (8)

using the parameters determined by the fit to the maximum variance component in the upper panel.

Table 4. Timing considerations between WIND-Cluster (W-C) and Geotail-Cluster (G-C). The table shows the event number, time
of the shock/pressure jump at Wind (TSW ) and at Geotail (TSG), observed and calculated times of the tail lobe SI at Cluster
(tobs

W−C
, tcalc

W−C
, tobs

G−C
, tcalc

G−C
), the differences between the observed and calculated times (1tW−C ,1tG−C ) and the percentage difference

between the calculated and observed times.

N TSW tobs
W−C

tcalc
W−C

1tW−C TSG tobs
G−C

tcalc
G−C

1tG−C

(UT) (min) (min) (min) (UT) (min) (min) (min)

1 11:01:43 5.37 5.18 +0.19 +3.5% 11:00:22 6.44 6.58−0.14 −2.1%
2 9:29:28 14.32 12.00 +2.32 +5.6% 9:38:00 4.80 3.47 +1.33 +27.7%
3 16:50:57 11.99 12.55 −0.56 −4.7% 16:59:17 3.77 4.22 −0.45 −12%
4 08:58:00 3.09 6.17 −6.17 −99.0% 08:47:14 6.10 4.60 +1.5 +24.6%
5 3:13:50 8.85 8.55 +0.3 +3.4% 03:14:40 7.72 7.75−0.03 −0.39%
6 01:54:26
7 13:29:17 11.08 10.81 +0.27 +2.5% 13:33:02 6.67 7.07 −0.4 −6.0%
8 18:40:50 8.97 8.5 +0.47 +5.2% 18:49:00 0.97 0.6 +0.37−38%
9 11:16:00 11:24:03 12.19 11.37 +0.82 +6.7%
10 16:22:10 16.58 16.08 +0.50 +3.0% 16:33:31 4.88 4.73 +0.15 +3.1%

in B∗
y matches the data because theθ parameter used in the

fit for B∗
x was determined from theB∗

y data using Eq. (11).
The width of the profile, which is determined by theB∗

x fit-
ting, is well described by Eq. (8). We performed this analysis
on all events shown in Table 3 and in every case, the fitted
curves showed agreement with the data that was as good as
that shown in Figs. (14) and (15).

4 Timing considerations

4.1 Event timing

We also performed a timing analysis between the
shock/pressure increase (using 3-s magnetic field data) at
Wind/Geotail and the SI event at Cluster. Figure5 demon-
strates that large compressions cause changes in the tail lobe
magnetic field significantly before the actual pressure en-
hancement has reached the location of the spacecraft, as field
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Fig. 15. The fit results for an SI event on 26 August 2002.

Table 5. Estimated propagation speeds of the disturbances using timing between Cluster spacecraft pairs. Columns are the event number,
spacecraft pair used (S/C), separation of spacecraft in theX andY directions, the propagation speed calculated using time delays between two
Cluster satellites (Vprog), the propagation speed calculated using the correlation analysis (Vcorr), the difference between the speeds obtained
using the two methods (diff) and the propagation speed of a shock or pressure discontinuity (VS ).

N S/C pair |1X| |1Y | Vprog Vcorr diff VS

(RE) (RE) (km/s−1 ) (km/s−1 ) (km/s−1 ) (km/s−1 )

1 C1−C4 0.27 0.11 507 309 198 522
2 C1−C4 0.24 0.11 295 637 −342 633
3 C2−C4 0.30 0.08 720 573 147 531
4 no fit
5 C1−C4 0.21 0.23 501 446 55 529
6 no fit
7 C1−C4 0.61 0.39 628 417 211 506
8
9 C1−C4 1.10 0.07 365 417 −52 383
10 C2−C3 0.62 0.21 878 − 524

lines have to bend to fit into the constricted region (Collier et
al., 1998). Thus, the midpoint time of the SI transition (t0)
has been used instead of the start time. We approximated the
shock as a plane moving with a uniform velocity in the direc-
tion of its normal. Events 2 and 9 were not associated with
shocks, so we assumed that the pressure enhancement was
propagating at the solar wind speed. For event 6, solar wind
plasma data were not available from Wind (no ACE plasma
data were available either) and Geotail was located inside
the magnetosphere. Table 4 shows the results of the timing
analysis. Time differences obtained from the Geotail-Cluster
pair should be more reliable, as in general, Geotail was lo-

cated closer to the Earth and had a smaller distance from the
Sun-Earth line than WIND. For event 2, for which we could
not determine the shock orientation, the differences between
the calculated and observed values were large. Also, for
the event 4 the difference was several minutes. In this case
the duration of the tail lobe SI given in Table2 may be too
short by a few minutes, because Cluster moved from the lobe
to the magnetospheric boundary layer before the magnetic
field components had completed their full transitions. Oth-
erwise, the differences between the calculated and observed
times using the Geotail- Cluster pair are less than 30 s. This
is consistent with the assumption that the midpoint of the
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compression should be observed at the spacecraft about the
time when the pressure discontinuity moves past the space-
craft.

4.2 The disturbance propagation speed using time delays
between Cluster spacecraft

The multi-spacecraft Cluster mission allows us to determine
the propagation speed of the disturbance between the closely-
spaced Cluster spacecraft. In Table 3 we summarize the re-
sults from the fitting of the C3 data. For each event we per-
formed the fitting for all four Cluster spacecraft. We calcu-
lated the propagation speed of the disturbance between the
spacecraft using the midpoint times of the tail lobe SIs and
the separation of spacecraft in theX direction. Table 5 shows
the calculated propagation speed of the disturbance between
one satellite pair for each event. If the high resolution data
was available, we used the satellite pair C1 and C4 because
they had the largest separation in theX direction. For the 18
August 2002 event the fit was performed only for one space-
craft because, as mentioned earlier, the magnetic field behav-
ior was rather irregular. The inferred speeds vary between
∼300 km/s−1 and 900 km/ and are not apparently correlated
with the speed of the associated shock or solar wind speed.
The reason for this may be non-radial propagation of the dis-
turbance. In any case, they are clearly of the order of the
solar wind speed rather than of the order of the Alfvén speed
in the tail lobes (>1000 km/s−1), as in the scenario suggested
by Sugiura et al.(1968).

The panelVcorr in Table 5 gives the propagation speed of
the disturbance estimated using the correlation calculation
between theBx measurements from two Cluster spacecraft.
The results are given for the same spacecraft pairs that were
used in the previous section. We performed a time lagged
cross-correlation between the GSMBx component of the
magnetic field measured at two spacecraft pairs. The prop-
agation speed of the disturbance from one spacecraft to the
other isVcorr=(X1−X2)/1T12, where1T12 is the lag time.
For the 25 July 2002 and 26 August 2002 events the speeds
obtained using the two methods are nearly the same, but for
the other events differences exceed 100 km/s−1 .

5 Events with transition close to the magnetopause

During three tail lobe SI events (11 October 2001; 25 Octo-
ber 2001 and 6 November 2001) Cluster was located close to
the tail boundary. For the first two events, Cluster observed
the inward moving magnetopause, and the plasma and mag-
netic field signatures typical of the magnetospheric boundary
layer. For the third event Cluster detected a magnetopause
crossing.

Figure 16 shows magnetic field and plasma data during the
SI event on 25 October 2001. From top to bottom, the panels
give magnetic field magnitude, magnetic field components
in the GSM coordinate system, plasma density, velocity,
plasma beta, and proton flux. At this time Cluster was lo-
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Fig. 16. Cluster FMG and CIS data during an SI event observed
on 25 October 2001. The panels show magnetic field magnitude,
magnetic field GSM components (Bx : blue,By : green,Bz: red),
H+ density, components of the velocity, plasma beta and theH+

flux.

cated in the southern tail lobe at a GSM position of (−12.53,
13.4,−4.76)RE moving away from the plasma sheet. The
proximity of the plasma sheet before the SI is inferred by
the steady, but relatively weak magnetic fieldX component
and a plasma beta close to unity. During the SI eventBx

decreased from−15 nT to−28.5 nT between 08:50:30 and
08:51:55 UT, after which the magnetic field changes were
more irregular. At this time there was an increase in the
proton density and the proton flux, suggesting the magneto-
spheric boundary layer plasma with energies below 1 keV. A
tailward plasma flow was observed for about 20 min after the
SI onset. Short time scale perturbations were observed in the
Vy andVz components. The directions of the perturbations
in Vy were negative and inVz positive, showing that the mag-
netopause was moving towards Cluster. Using 20-min aver-
aged solar wind values after the shock, theShue et al.(1998)
model predicts a tail radius of 17.4RE , and thePetrinec and
Russell(1996) model predicts a somewhat more compressed
tail with a radius of 15.4RE . In the YZ plane Cluster was lo-
cated at a radial distance of 14.2RE from the origin. The
solar windVy had a value∼−30 km/s−1 upstream of the
shock that became slightly more negative downstream of the
shock. This suggests that during the event the magnetotail
was deflected so that Cluster was located even closer to the
magnetopause boundary in the geocentric solar wind (GSW)
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system (where theX-axis is parallel to the solar wind flow)
than in the GSM coordinate system.

At the time of the 11 October 2001 SI event (Fig.11) Clus-
ter was located in the southern tail lobe at the GSM position
of (−11.81, 9.12,−9.33)RE . Like the previous event, the
plasma and magnetic field data showed clear changes during
this SI event. A tailward plasma flow lasting more than 1 h
was observed starting at the time of the SI. The perturbations
in Vy (positive) andVz (negative) again demonstrate that the
magnetopause was moving towards Cluster. Downstream of
the shock, theShue et al.(1998) model predicts a tail ra-
dius of 15.6RE and thePetrinec and Russell(1996) model
predicts a tail radius of 14.4RE . In the YZ-plane Cluster
was located at a radial distance of 13.1RE from the origin.
The solar windVy had a value of –45 km/s−1 upstream of
the shock that decreased to−65 km/s−1 after the shock, sug-
gesting that Cluster was close to the magnetopause in GSW
coordinates. This event has been analyzed in detail byKim
et al.(2004).

During the 6 November 2001 event, Cluster was located
15.1RE from the origin in the YZ-plane. We could not ap-
proximate the tail radius because the plasma data were not
available. Anyhow, the compression may have been very
large, as at the shock the magnetic field magnitude increased
by almost 50 nT. Before the compression Cluster was located
in the northern tail lobe close to the plasma sheet. Compared
to the other events the transition was extremely rapid, last-
ing only about 4 s. It seems likely that the magnetopause
was compressed beyond the Cluster location and thus, after
the transition Cluster was in the magnetosheath. Figure17
presents Cluster FGM measurements during this event. Note
that the plot covers only a 1-min time interval (01:54:00–
01:55:00 UT). FromBz it is seen that C2 observed the tran-
sition first, then C3 and finally C1. The C4 high resolution
data are not available for this event. Figure18 displays the
locations of Cluster spacecraft C1, C2 and C4 from the ref-
erence spacecraft C3. At the time of the transition C2 and
C3 were located closest to the Earth so that C3 was only
0.01RE(∼64 km) ahead of C2. However, C2 observed the
transition 2.8 s earlier than C3. The separation between C2
and C3 in the GSMY directions was∼0.20RE so that the
observed time delay between the magnetopause crossings is
probably due to the fact that C2 was located closer to the
flanks of the magnetopause than C3. Using the difference in
the GSMY positions and the time delay between C2 and C3
we obtained the speed 501 km/s−1. C1 and C3 were nearly
aligned in the GSMX direction with a separation of 0.19RE .
The observed time delay was 1.96 s, which gives a propaga-
tion speed of 618 km/s−1 . The propagation speed obtained
using the spacecraft separation in the GSMY direction is
smaller than the speed obtained using the separation in the
GSM X direction. The observations imply that the pres-
sure enhancement did not cause a step-like compression, but
rather a deformation in the magnetopause that was tilted and
propagating downtail (see Fig. 11 ofKim et al. (2004) as an
illustration of the situation). The tilt is probably correlated
with the orientation of the shock, but unfortunately for this

event we lacked upstream solar wind observations.

6 Discussion and summary

We have investigated 10 tail lobe sudden impulse events
observed by Cluster during the July–November periods in
2001 and 2002. This is the first statistical study of tail lobe
SIs using multispacecraft observations in the lobe, combined
with the good knowledge of upstream solar wind conditions.
All events in this study were related to strong interplanetary
shocks or substantial sudden increases in solar wind dynamic
pressure.

Magnetic field signatures of the tail lobe SIs are well de-
scribed by assuming that a solar wind pressure enhance-
ment squeezes the tail axisymmetrically while moving an-
tisunward. The magnetic field increase is primarily due to
increasing (north lobe) or decreasing (south lobe)Bx while
By and/orBz exhibit smaller deflections. The amplitudes of
theBy deflections were generally larger than the amplitudes
of theBz deflections, indicating that the compression of the
magnetotail is not symmetric. Perhaps this is because of the
differences in the pressure balance between the tail lobe and
the solar wind inY andZ directions. During the SI events
the magnetic field vector rotates smoothly in one plane (the
plane of maximum variance). The maximum variance direc-
tion tends to be parallel to the magnetotail axis which may be
deflected from the aberrated GSMX-direction by the solar
wind flow. The durations of the observed tail lobe SIs varied
from 3 to 10 min. This is consistent with the durations of 43
tail lobe SIs reported inKawano et al.(1992) in the IMP 8
observations (i.e. 3 to 26 min with the median of 7 min). The
magnitudes of the Cluster tail lobe SIs ranged between 5.5–
27.5 nT which for all expect one event represents∼45–90%
of the initial field magnitude. The SI magnitude is roughly
correlated with the increase in solar wind dynamic pressure
across the shock. For the observed events the change in the
magnetopause shape was not self-similar. Rather, the tail
flaring decreased during the compression.

The 2-D Cartesian model byCollier et al.(1998) underes-
timates the increase in the magnetic field magnitude. When
the Petrinec and Russell(1996) model was used to approx-
imate the decrease in the tail radius, the magnetic field in-
crease was best described by the 3-D compression in the limit
of small1. The final asymptotic magnetic field magnitude
in the Collier et al.(1998) model is(1+1)B0 while the 3-
D compression for the small1 gives(1+21)B0. However
when standard least-squares fitting is performed to the data,
these two cases yield the same profile. We performed the
fitting in the minimum variance coordinate system to take
into account the possible magnetotail deflections, as well as
the position of Cluster relative to the tail axis. The model
describes the behavior of the maximum variance component
very well.

The propagation speeds of the SI disturbances obtained
using the time delays and the time lagged cross-correlation
between theBx profiles between two Cluster spacecraft were
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Fig. 17. High resolution Cluster magnetic field measurements on 6 November 2001. Note that a plot covers only a one-minute time interval
(01:54:00–01:55:00 UT).
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Fig. 18. Locations of Cluster spacecraft at 01:53 UT on 6 November 2001 from the reference spacecraft C3 plotted in XY, XZ and YZ
planes.

of the order of the solar wind speed rather than the Alfvén
speed in the tail lobes (>1000 km/s−1). Also, the differences
between the calculated and observed times between the solar
wind shock at the location of WIND/Geotail and the mid-
point time of the SI transition at Cluster were small. Thus,
it seems that the SI disturbance propagates at a much slower
speed than a MHD wave in the tail lobe.

During two of the SI events Cluster became immersed in
the magnetospheric boundary layer plasma. The short-time
(∼5 min) perturbations inVy and Vz indicated the inward
movement of the magnetopause. For one event (6 November
2001) Cluster observed a magnetopause crossing. Unfortu-
nately, for this event solar wind plasma data were not avail-
able. These events illustrate that the magnetopause is indeed
compressed inward at the time that the solar wind pressure
enhancement arrives at the location of the spacecraft.

The results of this study are consistent with the tail com-
pression model suggested byKawano et al.(1992) and by
Collier et al.(1998), where the tail lobe SIs are due to the in-
crease in solar wind pressure outside the tail boundary. The
magnetotail is assumed to maintain a constant equilibrium
while the pressure discontinuity moves downtail. Alterna-
tively, Sugiura et al.(1968) have suggested that tail lobe SIs
are due to the magnetic flux carried from the dayside to the
tail by a MHD wave resulting from a sudden solar wind pres-
sure increase on the front of the magnetosphere. This idea
was based on the time lag between the multispacecraft ob-
servations of the solar wind shock and the start of the SI
event in the tail lobe on 8 July 1966. However, as discussed
here and byCollier et al.(1998), the midpoint time of the SI
should be used instead of the start time because of the bend-
ing of the field lines ahead of the compression. The mag-
netopause moves inward behind the pressure discontinuity,
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launching a compressive wave that propagates faster in the
magnetosphere than the pressure discontinuity in the magne-
tosheath (Fairfield, 2003). As a result, the magnetopause ex-
pands outward that is observed by small perturbations in the
components of velocity and magnetic field before the start of
the main SI event (Kim et al., 2004).

The first sign of the SI in the tail lobes may be transmitted
as MHD waves, but the results of this study strongly suggest
that the dominant cause of the magnetic field changes during
tail lobe SIs is the lateral solar wind pressure enhancement.
Tail lobe SIs are important because they cause sudden and
substantial increases in the tail lobe magnetic field. Although
not studied here, the increase in the lobe field must also com-
press the plasma sheet and may also affect dynamics in that
region. Large tail lobe SI events can occur during both south-
ward and northward IMF, but under southward IMF condi-
tions, they are particularly likely to influence tail dynamics.
For example, to explain the widening of the auroral oval and
the decrease in the polar cap size during solar wind pressure
pulses,Boudouridis et al.(2003) suggested that the compres-
sion of the magnetotail can significantly increase nightside
reconnection. The response of the near-Earth plasma sheet
during tail lobe SIs will be the subject of future work.
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