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[1] The present study examines the interaction of solar wind discontinuities with the
Earth’s bow shock, using multipoint observations in the magnetosheath by Time History
of Events and Macroscale Interactions During Substorms (THEMIS), Cluster, and Double
Star TC1. We focus on the deformation and evolution of two discontinuities observed on
21 June 2007, one of which involves a density increase and a magnetic field decrease,
while the other is accompanied by a density decrease and a magnetic field increase. In the
magnetosheath, the discontinuities are deformed into a concave shape; that is, the normal
is inclined toward dusk (dawn) on the dawnside (duskside). The density-increase
(-decrease) discontinuity is being compressed (expanded) as it propagates in the
magnetosheath. We conclude that the compression (expansion) is due to antisunward
(sunward) motion of the bow shock which is initiated or enhanced by the impact of the
discontinuity on the bow shock. The steepening of Bz reversal followed by an overshoot of
the total magnetic field, which appears at the trailing edge of the density-decrease
discontinuity, is also discussed.

Citation: Keika, K., et al. (2009), Deformation and evolution of solar wind discontinuities through their interactions with the Earth’s

bow shock, J. Geophys. Res., 114, A00C26, doi:10.1029/2008JA013481.

1. Introduction

[2] Interactions of the solar wind with the Earth’s mag-
netosphere generate the bow shock in front of the magne-
topause, since the solar wind flows with supersonic and
super-Alfvénic speed. The bow shock is formed on average
at about 15 RE and the solar wind is slowed down and
heated after passing by the bow shock. Variations in solar
wind properties such as the sonic and Alfvén Mach numbers

change the bow shock location and strength, resulting in
variations of the properties downstream of the bow shock
[e.g., Peredo et al., 1995; Verigin et al., 2001].
[3] A solar wind shock or discontinuity involves sudden

changes in the solar wind properties. When the shock or
discontinuity hits the bow shock, new shocks and disconti-
nuities are generated and propagate in the magnetosheath
with different velocities [e.g., Samsonov et al., 2007, and
references therein]. The interaction between the bow shock
and a discontinuity accompanied by a density increase
has been examined theoretically [Völk and Auer, 1974;
Neubauer, 1975; Wu et al., 1993; Maynard et al., 2008].
The bow shock is intensified and compressed through the
interaction, creating a zone of enhanced compression down-
stream of the bow shock (i.e., in the magnetosheath), and
then a new fast shock is produced [Wu et al., 1993]. The
interaction thus splits the bow shock into two fast shocks:
the fast forward shock propagating in the magnetosheath
ahead of the discontinuity and the bow shock itself behind
the discontinuity. The bow shock after the interaction moves
toward the Earth, until it reaches a new equilibrium position.
When the density across the solar wind discontinuity
decreases, the fast mode disturbance launched into the
magnetosheath is a rarefaction wave and the bow shock
moves sunward until it reaches a new equilibrium position.
[4] Recent MHD simulations have demonstrated that a

fast forward shock generated through the interaction
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between an interplanetary shock and the bow shock is
deformed in the magnetosheath to assume a concave shape
[Koval et al., 2005; Samsonov et al., 2006; Šafránková et
al., 2007]. Přech et al. [2008] confirmed such deformation,
using data from multiple spacecraft in the duskside magne-
tosheath near the magnetopause. Cable and Lin [1998] and
Maynard et al. [2007] demonstrated in their MHD simu-
lations that a discontinuity propagating in the magneto-
sheath after its interaction with the bow shock is deformed.
Maynard et al. [2007] also showed that a tangential discon-
tinuity accompanied by a density decrease broadened with
time as it moved across the magnetosheath. It was, how-
ever, impossible to discuss the broadening with observa-
tions, simply because there was only a single spacecraft
available in the magnetosheath for the interval of their
interest. Another case study by Maynard et al. [2008]
analyzed interactions between a discontinuity with a density
increase and the bow shock. They concluded that the
discontinuity was being compressed as it propagated toward
the magnetopause. The conclusion was derived from obser-
vations of velocity differences on both sides of the discon-
tinuous surface pointed inward. Although they used data
from the four spacecraft of Cluster, differences in magnetic
field variations between the spacecraft were not clear.
Studies on evolution of discontinuities do require multi-
point observations by spacecraft widely distributed in the
magnetosheath.
[5] On 21 June 2007, two discontinuities, one of which

involved a density increase and a magnetic field decrease and
the other of which was accompanied by a density decrease
and a magnetic field increase, arrived at the bow shock,
when multiple spacecraft were present in the magnetosheath
covering much of the dayside magnetopause. Spacecraft
from the Time History of Events and Macroscale Interac-
tions During Substorms (THEMIS) mission [Angelopoulos,
2008] were located in the duskside magnetosheath; the
Cluster spacecraft traveled in the dawnside magnetosheath;
and the Double Star (DSP) TC1 spacecraft was in the
magnetosheath near noon. This spacecraft configuration
allows us for the first time to examine deformation of a
discontinuity in the magnetosheath with in situ observations
simultaneously made on both dawnside and duskside. The
THEMIS spacecraft were lined up in the same orbit. They
were consequently situated in the magnetosheath with the
spacecraft separations of <2 RE as the Cluster spacecraft
were. Such configurations make it possible to follow the
propagation of a discontinuity in the magnetosheath and
therefore study how the discontinuity evolves as it moves
across the magnetosheath.
[6] In this paper, we examine the deformation and evo-

lution of the two discontinuities in the magnetosheath. After
introducing data set used in the present study in section 2,
we show the observations for the density-increase discon-
tinuity in section 3 and those for the density-decrease
discontinuity in section 4. The observations show compres-
sion (expansion) of the density-increase (-decrease) discon-
tinuity. In section 5, we conduct a theoretical analysis for
variations of plasma speed in the magnetosheath, taking into
account the motion of the bow shock. We also demonstrate
the results of an MHD simulation. After we devote dis-

cussion to the observations and the analyses in section 6, we
summarize the conclusion in section 7.

2. Data Set

[7] The present study uses data from the following
spacecraft: Wind, the Advanced Composition Explorer
(ACE), THEMIS A, B, C, and E, Cluster 1, 2, and 3, and
DSP/TC1. We use solar wind data from the Magnetic Field
Investigation (MFI) [Lepping et al., 1995] and the 3-D
Plasma and Energetic Particle Investigation [Lin et al.,
1995] on Wind. Time resolution of the data is 3 s. From
the magnetometer on ACE [Smith et al., 1998], we use 16-s
data. The THEMIS data used in this study are 3-s spin-fit
magnetic field data obtained by the Fluxgate Magnetometer
(FGM) [Auster et al., 2008] and ion data with energies of
�5 eV – 25 keV obtained by the Electro-Static Analyzer
(ESA) plasma instrument [McFadden et al., 2008]. ESA
sweeps out 4p steradians every spin period (3s) and
provides 3-s ion density and velocity data as the reduced
distribution in which the angular distribution is reduced
from 88 to 50 angles. DSP/TC1 provides 4-s magnetic field
data obtained by the magnetometer [Carr et al., 2005].
Cluster provides 4 s magnetic field data obtained by the
FluxGate Magnetometer (FGM) [Balogh et al., 2001]. The
Hot Ion Analyzer (HIA) [Rème et al., 2001] onboard Cluster
detects ions with energies of 5 eV – 32 keV. We use 4-s ion
density and velocity data provided byHIA onCluster 1 and 3.

3. Density Increase Event

[8] A discontinuity, across which the density increases,
arrived at Wind at 1141:20 UT and at ACE at about
1149 UT. It reached the bow shock around 1245 UT, when
DSP/TC1, THEMIS A, and Cluster were located in the
magnetosheath near noon, on the duskside and on the
dawnside, respectively. Positions of the spacecraft are
summarized in Figure 1 and Table 1.

3.1. Solar Wind Observations

[9] Figure 2 shows Wind and ACE observations in GSM
coordinates at 1135–1200 UT. The magnetic field at Wind
was changed between 1141:20 and 1143:20 UT; both times
are indicated by black and red dashed lines, respectively. By

increased from�8 to�2 nT and Bz increased from 3 to 7 nT.
The field strength decreased from 8 to 6 nT. Density
increased by a factor of �1.5 simultaneously, while the X
component of velocity remains almost constant, and the
dynamic pressure therefore increases. The thermal plasma
pressure increased and the magnetic pressure decreased
across the discontinuity. The magnetic field measured at
ACE around 1150 UT shows a profile similar to that at
Wind. By increased from �10 to �4 nT and Bz increased
from 2 to 4 nT. The field strength decreased from 10 to 6 nT.
[10] We determine the nature of the discontinuity as

follows. The minimum variance analysis (MVA) [Sonnerup
and Cahill, 1967; Sonnerup and Scheible, 1998; Song and
Russell, 1999], performed with the Wind data over the
interval of 1140:00–1145:00 UT, gave a normal with a
ratio of the intermediate-to-minimum eigenvalues of 8.0.
The normal was f = 178� and q = �20�, where f and q are
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longitude and latitude in GSM coordinates. The normal
component of B (Bn) was �0.092 ± 0.29 nT. The normal
component of solar wind velocity (vn) and the total pressure
(p) were �420 km/s and 0.051 nPa, respectively, and they
were nearly constant on both sides of the discontinuity; their
standard deviations were 2.6 km/s and 0.0018 nPa, respec-
tively. In calculating p, we assumed charge quasi-neutrality
and equivalence of proton and electron temperatures and
ignored the minor contribution from the alpha particles.
Since Bn was small and vn and p were nearly constant, the
discontinuity is regarded as a tangential discontinuity. In
fact, the estimated normal is quite close to that estimated
from the cross product (CP) of B on both sides of the
discontinuity (f = �179� and q = �26�).
[11] We conducted two tests for tangential discontinuities

described by Neugebauer et al. [1984] and Neugebauer
[2006]: the ratio of Bn to jBj (Bn/jBj) and the ratio of DB to

jBj (DB/jBj), where DB is change in magnitude of B across
the discontinuity. For a tangential discontinuity the first of
these ratios should be smaller than 0.2, and the second
larger than 0.2 [Neugebauer, 2006]. Bn/jBj was �0.0077
and 0.028 for jBj earthward and sunward of the disconti-
nuity, respectively. DB/jBj was 0.32 and 0.46 for jBj
earthward and sunward of the discontinuity, respectively.
Since Bn/jBj is small (<0.2) and DB/jBj is large (>0.2), we
conclude that this discontinuity is indeed a tangential
discontinuity.
[12] We also estimated uncertainties in the orientations of

the eigenvectors in the way described by Sonnerup and
Scheible [1998, section 8.3.1]. The angular uncertainties
were 831 = 0.90� and 832 = 2.3�, where 831 (832) is the
expected angular uncertainty of eigenvector x3 for rotation
toward or away from eigenvector x1 (x2). The eigenvectors
x1, x2, and x3 correspond to maximum, intermediate, and
minimum variances, respectively.
[13] MVA applied to the ACE data gave a normal with a

ratio of the intermediate-to-minimum eigenvalues of 19.9.
The normal direction was f = 177� and q = �19�. Bn was
0.73 ± 0.29 nT. Bn/jBj was small (0.077 and 0.13) and DB/
jBj was large (0.38 and 0.62), consistent with a tangential
discontinuity. 831 and 832 were 0.73� and 3.2�, respectively.

Table 1. Spacecraft Positions at 1250 UTa

Spacecraft XGSM (RE) YGSM (RE) ZGSM (RE)

Wind 263.9 16.6 21.6
ACE 229.4 �28.3 24.2
DSP/TC1 9.9 �4.0 �5.8
THEMIS A 6.3 7.7 �4.1
Cluster 1 �4.9 �19.3 �4.0
Cluster 2 �6.2 �19.1 �3.6
Cluster 3 �5.3 �18.8 �3.5

aTimes are 1150 UT for Wind and 1140 UT for ACE.

Figure 1. Spacecraft positions at 1250 UT. BS and MP
denote the bow shock and the magnetopause, respectively.
The locations of BS and MP are based on models by Peredo
et al. [1995] and Shue et al. [1998]. Solid and dotted lines
represent the locations before and after the arrival of the
discontinuity; we choose input parameters for the models so
that the model magnetopause locations can reproduce the
THEMIS A magnetopause crossing.

Figure 2. Solar wind observations by Wind and ACE
between 1135 UT and 1200 UT. Black and red dashed lines
indicate the leading and trailing edges of the discontinuity.
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[14] The timing analysis [Russell et al., 1983; Harvey,
1998], with the use of Wind, ACE, and DSP/TC1 (see
section 3.2 for DSP/TC1 observations), gave a normal and
its speed (Vn) in two dimensions: f = 174� and Vn =
410 km/s with the q = 0� assumption. If we assume zero
normal flow across a discontinuity (i.e., zero normal com-
ponent of solar wind velocity (vSW) in the frame of a
discontinuity (v0nSW), a normal and its speed can be calcu-
lated in three dimensions. When we used vSW = (�440, 30,
�10) km/s obtained from the Wind observations, f and q
were calculated to be 179� and �36�, respectively, and Vn

was 363 km/s. A small discrepancy between vn estimated
from MVA and Vn from the 3-D timing analysis is probably
due to an effect of the slowing down of the solar wind
before its arrival at DSP/TC1, since DSP/TC1 was in the
magnetosheath when the discontinuity arrived. This effect
underestimates Vn in the analysis.
[15] It should be noted that the observed width of the

discontinuity for this event was about 7.5 RE. For compar-
ison, the width of the discontinuity studied by Maynard et
al. [2008] was about 5 RE. Although the width of the
structure that we analyze is large, solar wind plasma and
IMF conditions on either side of it are consistent with those
expected mathematically for an infinitely thin discontinuity.
Therefore, we can determine the normal from MVA and CP
with the data on both sides of the discontinuity.
[16] The above shown results of the estimates are sum-

marized in Table 2. The ‘‘Window’’ column shows intervals
selected for the estimates; for calculations of CP, two
windows are selected to obtain upstream and downstream
values, which are averaged over the selected intervals.

3.2. Observations in the Magnetosheath

[17] Figure 3 presents observations in the magnetosheath
by DSP/TC1, THEMIS A and Cluster from top down. TC1
observed a By increase, a Bz increase, and a jBj decrease
between 1246:05 and 1247:05 UT, as indicated by black
and red dashed lines. The profile is similar to that of the
discontinuity observed by Wind and ACE. It is reasonable
to conclude that the B changes at TC1 are associated with
the discontinuity which was transmitted through the bow
shock into the magnetosheath. The duration of the B
changes was 1 min. TC1 saw a small structure �1 min
before it observed the leading edge of the discontinuity, as
indicated by a red dotted line; By is smaller and jBj is larger
inside the structure than in the surrounding regions. The B
changes indicate that the structure is generated by the
inward motion of the bow shock caused by the arrival of
the discontinuity. We think that the front of the structure is
the fast forward shock generated at the bow shock. About
1.5 min after TC1 observed the trailing edge of the
discontinuity, it crossed the bow shock into the interplane-
tary space, as indicated by a light blue dashed-dotted line.
This indicates that the bow shock was moving antisunward.
[18] THEMIS A observed sudden changes in By, Bz, and

jBj between 1249:35 and 1250:40 UT. Since the profile is
similar to that of the discontinuity in the solar wind, we
conclude that the changes are the transmitted discontinuity
that is seen by TC1. The discontinuity spent 65 s to pass by
the THEMIS A location. A magnetic field change at
1247 UT was due to the magnetopause crossing. The ion

energy-time diagram (third panel) clearly indicates the
crossing; the magnetosheath plasma appeared after 1247 UT.
[19] Cluster 1, 2, and 3 saw magnetic field variations

from 1248 to 1252 UT, which are similar to those observed
by TC1. By increased and jBj decreased at 1250–1251 UT
about 2 min after By decreased and jBj increased. The
variations indicate the transmitted discontinuity following
the compressed region generated by inward motion of
the bow shock caused by the arrival of the discontinu-
ity. The transmitted discontinuity took 40–45 s to pass by
the spacecraft location; it is shorter than at the locations of
TC1 and THEMIS A.
[20] Figure 4 shows magnetic field and ion data obtained

by THEMIS A and Cluster 1. Ion density increased by a
factor of �2 at both spacecraft near 1250 UT at the arrival
of the leading edge of the transmitted discontinuity. The X
component of ion velocity, on the other hand, increased at
the fast forward shock and remained almost constant at the
discontinuity. The increase can be seen �20 s later than the
B change. This is probably because the fast shock has a
‘‘shock foot’’ region ahead of it.

3.3. Normal Direction of the Fast Forward Shock
and the Discontinuity

[21] We estimate the normal direction and speed of the
discontinuity in the magnetosheath and the fast forward
shock generated at the bow shock and propagating in the
magnetosheath. We use MVA and CP of the magnetic field
for the discontinuity, and MVA and the magnetic coplanar-
ity (MC) method [Colburn and Sonett, 1966] for the fast
forward shock.
3.3.1. Fast Forward Shock
[22] We apply MVA and the MC method to magnetic

field data obtained by TC1 and Cluster 1, 2, and 3 shown in
Figure 3. The normal vector is expressed in the MC method
as:

n ¼ � B1 � B2ð Þ 	 B1 	 B2ð Þ
j B1 � B2ð Þ 	 B1 	 B2ð Þj ;

where the subscripts 1 and 2 of B refer to the magnetic field
ahead of and behind the shock, respectively. The results are
summarized in Table 2. The ‘‘Window’’ column shows
intervals selected for the estimates; for calculations of MC,
upstream and downstream values are averaged over the
selected intervals. The ‘‘Ratio’’ column lists the ratio of
intermediate to minimum eigenvalues derived from MVA.
THEMIS A did not see the forward shock, because it was in
the magnetosphere when the shock arrived.
[23] All MVA estimates gave similar results for f

(�180�) and modest differences in q (2.1�–34�). The
bottom row is the results based on the timing analysis using
Cluster 1, 2, and 3; we chose the times indicated by magenta
dotted lines in the fourth, fifth, and sixth panels in Figure 3.
The estimates gave f = �147�, which was about 30�
different from the other estimates. We believe that the
differences arise from uncertainties for determination of
the onset of jBj increases and By decreases. We conclude
that the front of the fast forward shock is almost aligned
with the Sun-Earth line.
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3.3.2. Discontinuity in the Magnetosheath
[24] We apply MVA and CP to magnetic field data

obtained by TC1, THEMIS A, and Cluster 1, 2, and 3.
The results are summarized in Table 2; the format is the
same as the solar wind discontinuity portion of Table 2.
The normal direction was f � 170� at TC1, f � 145� at
Cluster, and f � �153� at THEMIS A. The 2-D timing
analysis with Cluster 1, 2, and 3 gave f = 140� which is
consistent with the other estimates. The results clearly
indicate that the transmitted discontinuity is deformed into
a concave shape, tilted toward dusk (dawn) on the dawn-
side (duskside).
[25] All MVA estimates gave high eigenvalue ratios,

small jBnj, small Bn/jBj (<0.1), and large DB/jBj (>0.18),
suggesting that the discontinuity remains a tangential dis-
continuity in the magnetosheath. In fact, the estimated

normal is close to that estimated from CP. Furthermore,
the timing analysis at Cluster with the zero v’nSW assump-
tion gave similar results.

4. Density Decrease Event

[26] A discontinuity, across which the density decreases,
arrived at Wind at 0909:50 UT and at ACE at 0916:40 UT.
It reached the bow shock around 1010 UT, when DSP/TC1,
THEMIS, and Cluster were located in the magnetosheath
near noon, on the duskside and on the dawnside, respec-
tively. Positions of the spacecraft are summarized in Figure 5
and Table 3.

4.1. Solar Wind Observations

[27] Figure 6 shows Wind and ACE observations at
0900–0925 UT. The magnetic field changed at Wind

Figure 3. Observations by DSP/TC1 in the magnetosheath near noon, THEMIS A around the
magnetopause on the duskside, and Cluster in the dawnside magnetosheath between 1240 UT and
1305 UT. Black and red dashed lines indicate the leading and trailing edges of the discontinuity. A light
blue dashed-dotted line indicates the bow shock crossing. Magenta dotted lines show the arrival of the
forward fast shock.
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between 0909:50 and 0912:20 UT; both times are indicated
by black and red dashed lines, respectively. By decreased
from �5 to �8 nT and Bz increased from �6 to 10 nT. The
field strength increased from 6 to 12 nT. The density
decreased �40% of its original value simultaneously, while
the X component of velocity remained almost constant, and
therefore the dynamic pressure decreased. The thermal
plasma pressure decreased and the magnetic pressure
increased across the discontinuity.
[28] The magnetic field measured at ACE around

0918 UT shows a similar profile to that at Wind. By

decreased from �5 to �9 nT and Bz increased from �6
to 8 nT. The field strength increased from 8 to 11 nT.
[29] We discuss the nature of the discontinuity in the

same way as in section 3.1. MVA performed with the Wind
data over the interval of 0909:00–0913:00 UT gave a
normal with a ratio of the intermediate-to-minimum eigen-
values of 5.8. The normal was f = �171� and q = 11�. Bn

was 3.86 ± 0.37 nT. vn was 409 km/s, being nearly
constant, and its standard deviation was 3.2 km/s. p
was 0.058 nPa and its standard deviation was 0.0068 nPa.
Bn/jBj was 0.52 and 0.30 for jBj earthward and sunward of
the discontinuity. DB/jBj was 0.61 and 0.38 for jBj earth-
ward and sunward of the discontinuity. The angular uncer-
tainties were 831 = 0.48� and 832 = 3.2�. MVA applied to the
ACE data gave a normal with a ratio of the intermediate-to-

minimum eigenvalues of 11.0. The normal was f = 174�
and q = 6.2�. Bn was 1.43 ± 0.65 nT. Bn/jBj was 0.17 and
0.14, andDB/jBj was 0.32 and 0.24. 831 and 832 were 0.75�
and 5.1�, respectively. The timing analysis with the use of
Wind, ACE, and DSP/TC1 (see section 4.2 for DSP/TC1
observations), gave a normal and Vn in two dimensions: f =
170� and Vn = 395 km/s with the q = 0� assumption. Under
the v’nSW = 0 assumption with vSW = (�420, 0, �20) km/s
from the Wind observations, f and q were calculated to be
174� and �34�, respectively, and Vn was 358 km/s. We used
the arrival times of the leading edge of the discontinuity at
Wind, ACE, and DSP/TC1 for the timing analysis.
[30] The above shown results of the estimates are sum-

marized in Table 4 in the same format as in Table 2. The
calculations with the Wind data show that vn was constant
on both sides of the discontinuity, while p was not com-
pletely constant across the discontinuity. DB/jBj was large,
while Bn/jBj was not small. The discontinuity does not
completely satisfy requirements for a tangential discontinu-
ity. The spatial width of this structure was about 9 RE. This
structure, followed by a region with low plasma beta (<0.2),
seems to be the front of the magnetic cloud [e.g., Lepping et
al., 1996]. The nonconstant p and nonzero Bn may be
related to an expansion of the magnetic cloud [e.g., Klein
and Burlaga, 1982] and/or a complex layer in front of the
magnetic cloud body (i.e., in the magnetic cloud boundary
layer) [e.g., Wei et al., 2006; Farrugia et al., 2008]. Since
this study focuses on a sudden decrease in density and a
sudden increase in jBj, we call the structure a (density-
decrease) discontinuity in this study. Since solar wind and

Figure 5. Spacecraft positions at 1020 UT. BS and MP
denote the bow shock and the magnetopause, respectively.
The locations of BS and MP are based on models by Peredo
et al. [1995] and Shue et al. [1998]. Solid and dotted lines
represent the locations before and after the arrival of the
discontinuity; we choose input parameters for the models so
that the model magnetopause locations can reproduce the
THEMIS B magnetopause crossing.

Figure 4. Magnetic field and ion data obtained by
THEMIS A and Cluster 1 at 1240–1305 UT. Dashed and
dotted lines are drawn in the same way as in Figure 3.
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IMF conditions on either side of the discontinuity are
similar to those expected mathematically for an infinitely
thin discontinuity, it is reasonable to determine the normal
from MVA and CP with the data on both sides of the
discontinuity. We conclude that the discontinuity normal is
inclined 0�–10� toward dusk and �10� toward north.
[31] Black dotted lines shown ahead of the discontinuity

indicate small changes of the magnetic field, which are used
as a reference of solar wind propagation.

4.2. Observations in the Magnetosheath

[32] Figure 7 shows observations in the magnetosheath
by DSP/TC1; THEMIS A, E, C, and B; and Cluster 1, 3,
and 2 from the top. TC1 observed a By decrease, a Bz

increase, and a jBj increase starting at 1013:30 UT. It
crossed the bow shock at 1016:20 UT indicated by a light
blue dotted line. The change in B ended around 1018 UT.
The profile is consistent with that observed by Wind and
ACE in the solar wind, except that TC1 crossed the bow
shock. TC1 observed small changes in By and Bz at
1009:40 UT, as indicated by a black dotted line; the changes
are similar to those observed by Wind and ACE ahead of
the discontinuity. We believe that the B changes between
the black and red dashed lines are due to the arrival of the
discontinuity.
[33] THEMIS A, E, and C crossed the bow shock before

they observed B changes: a Bz increase and a jBj increase.
The changes are similar to those seen in the discontinuity
observed in the solar wind by Wind and ACE, except that
an overshoot of jBj appears at the trailing edge (red dashed
line) at THEMIS C and E. In addition, before crossing the
bow shock, THEMIS observed small B changes (black
dotted lines) similar to those found ahead of the solar wind
discontinuity. It is reasonable to conclude that the B changes
are due to the arrival of the discontinuity transmitted
through the bow shock. Differences among THEMIS A,
E, and C are the durations of the whole discontinuity
(between black and red dashed lines) and the reversal times
of Bz near the trailing edge (red dashed lines). Bz at
THEMIS A, E, and C reversed at �1016–�1021 UT,
�1020–�1024 UT, and �1024–�1025 UT, respectively.
The duration (reversal time) becomes longer (shorter) for
spacecraft further away from the bow shock.
[34] THEMIS B observed a small By decrease and Bz

increase which are similar to the variations ahead of the
discontinuity. It experienced a big jump in Bz at 1019:00 UT
followed by undisturbed magnetic field, as indicated by a
pink dotted-dashed line. The jump is due to the magneto-
pause crossing; an ion energy-time diagram shows magne-

tospheric energetic ions and no magnetosheath plasma (not
shown here). THEMIS B crossed the magnetopause at
1024:20 UT back into the magnetosheath, as indicted by
the second pink dotted-dashed line. THEMIS B did not
observe the discontinuity owing to its transient excursion
into the magnetosphere.
[35] Cluster 1, 2, and 3 observed a similar Bz profile to

that THEMIS A, E, and C observed. As seen in THEMIS
data, the discontinuity durations (between black and red
dashed lines) and the Bz reversal times (�1017–1024 UT
for Cluster 1 and �1023–�1025 UT for Cluster 3 and 2)
become longer and shorter, respectively, for a spacecraft
located further away from the bow shock. An overshoot of
jBj is seen near the trailing edge (red dashed line) at all of
the Cluster spacecraft.
[36] Figure 8 presents magnetic field and ion moment

data from THEMIS. Density decreased gradually in the
discontinuity at all spacecraft. It started to decrease before
the leading edge of the discontinuity arrived. Figure 9
shows magnetic field, ion density, and ion velocity data
from Cluster 1 and 3. Similar profiles of density and
velocity are seen in the Cluster data. We suggest that the
earlier density decrease is associated with the rarefaction
waves generated at the bow shock through the interaction

Table 3. Spacecraft Positions at 1020 UTa

Spacecraft XGSM (RE) YGSM (RE) ZGSM (RE)

Wind 263.9 16.5 �4.7
ACE 229.4 �28.8 23.6
DSP/TC1 10.6 �5.4 �5.5
THEMIS A 8.5 8.0 �4.8
THEMIS B 6.5 7.7 �4.3
THEMIS C 7.2 7.8 �4.5
THEMIS E 7.4 7.9 �4.6
Cluster 1 �4.2 �19.3 �2.5
Cluster 2 �5.5 �19.2 �2.1
Cluster 3 �4.5 �18.5 �2.0

aTimes are 0910 UT for Wind and 0920 UT for ACE.

Figure 6. Solar wind observations by Wind and ACE
between 0900 UT and 0925 UT. Black and red dashed lines
indicate the leading and trailing edges of the discontinuity.
Black dotted lines indicate a small B change ahead of the
discontinuity.
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between the discontinuity and the bow shock, as theoreti-
cally proposed by Völk and Auer [1974].
[37] The X component of plasma flow and its magnitude

decreased after the leading edge arrived, being slower inside
the discontinuity than in the surrounding regions. We think
that the slowing down is key to explain the broadening of
the discontinuity. We discuss it in more detail in section 6.

4.3. Normal Direction of the Discontinuity

[38] We estimate the normal direction and speed of the
discontinuity in the magnetosheath. We apply MVA to

magnetic field data obtained by THEMIS E and C and
Cluster 1, 2, and 3 shown in Figure 7. The results are
summarized in Table 4; the format is the same as Table 2.
The normal direction was f = �137� at THEMIS C, f =
�141� at THEMIS E, f = 114� at Cluster 1, f = 144� at
Cluster 2, and f = 124� at Cluster 3 and q � 10� at both
THEMIS and Cluster. The results clearly indicate that the

Figure 8. Magnetic field and ion data from THEMIS at
1005–1030 UT. Dashed and dotted lines are drawn in the
same way as in Figure 7.

Figure 7. Magnetic field variations observed by TC1,
THEMIS A, E, C, and B, and Cluster 1, 3, and 2 from
1005 UT to 1030 UT from top down. Black and red dashed
lines indicate the leading and trailing edges of the
discontinuity. Black dotted lines indicate a small B change
ahead of the discontinuity. Light blue dashed-dotted lines
are drawn at the bow shock crossing.
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transmitted discontinuity is deformed into a concave shape,
tilted toward dusk (dawn) on the dawnside (duskside).
Table 4 summarizes the results including calculations of
CP. Although a normal derived from CP was similar to the
MVA results, large Bn upstream (in the earthward side) of
the discontinuity did not satisfy requirements for a tangen-
tial discontinuity. It is difficult to classify this discontinuity
into a category, since this discontinuity has expanded and its
internal structure evolved as it propagates in the magneto-
sheath (see next paragraph and Discussion),
[39] Next, we conducted the timing analysis in 2-D with

the use of THEMIS data. We estimated the normal direction
and speed of the leading edge (black dashed lines in
Figure 7) and the trailing edge (red dashed lines) of the
discontinuity. Table 4 summarizes the results. The bottom
two rows list the same estimates based on Cluster data. In
general, both the leading and trailing edges are inclined
toward dusk on the dawnside and toward dawn on the
duskside. The speed of the trailing edge is slower than the
leading edge.

5. Theoretical Analysis

5.1. Calculations Based on Rankine-Hugoniot
Equations

[40] The observations shown in sections 3 and 4 indicated
differences in the duration of the discontinuity crossing

among different spacecraft. This suggests the evolution of
the spatial width of the discontinuity in the magnetosheath,
because the solar wind speed is virtually unchanged
between the locations of the spacecraft. We believe that
the evolution is associated with variations of solar wind
velocity downstream of the bow shock. The variations are
most likely produced by the bow shock motion caused by
an impingement of the discontinuity on the bow shock.
[41] In this section, we calculate the plasma velocity

downstream of the bow shock, using upstream plasma
properties and taking into account the motion of the bow
shock. We use a simplified approach based on Rankine-
Hugoniot (R-H) equations [cf. Lepping and Argentiero,
1971; Baumjohann and Treumann, 1996; Petrinec and
Russell, 1997; Kabin, 2001] to qualitatively explain the
observations.
[42] The R-H equations, under the assumption that the

shock front is locally planar and the plasma is isotropic on
both sides of the shock, are expressed as

nvn½ � ¼ 0

mnvn vn½ � þ pþ B2
t

2m0

� �
¼ 0

nvn vt½ � � Bn

m0

Bt

� �
¼ 0

vn
1

2
nmv2 þ g

g � 1
pþ B2

t

m0

� �
� Bn

m0

vt  Btð Þ
� �

¼ 0

Bnvt � vnBt½ � ¼ 0

Bn½ � ¼ 0

; ð1Þ

where n is density, m is mass, v is plasma speed, p is plasma
thermal pressure, B is the magnetic field strength, m0 is the
magnetic constant, v is velocity, and B is the magnetic field.
The subscripts n and t denote the normal and tangential
component of the corresponding vectors, respectively. The
quantity [A] is the jump of a variable A across the boundary.
g is the specific heats ratio, for which we choose a constant
value of 5/3 on both sides of the bow shock.
[43] The discontinuities examined in the present study

had the normals almost aligned with the Sun-Earth line; that
is, the discontinuity front was perpendicular to the Sun-
Earth line. vn in the rest frame dominated plasma velocity.
The normal component of the magnetic field across the
discontinuities was small. Therefore, in the following cal-
culations, we assume that upstream velocity (v1) is parallel
to the Sun-Earth line (v1 = vx1) and that the upstream
magnetic field (B1) is perpendicular to the Sun-Earth line
(B1 = By1). In the following descriptions, upstream and
downstream quantities are denoted by the subscripts 1 and 2.
[44] When the bow shock normal is parallel to v1, Bn

across the bow shock is zero. This condition applies to the
interactions at the subsolar point. In this condition, the
equation (1) can be rewritten as a second-order equation
for the inverse of the ratio of downstream to upstream
density (e = n2/n1):

g þ 1

g � 1
M2

A

1

e

� �2

� M2
A þ g

g � 1
1þ bð Þ

� �
1

e

� �
þ g � 2

g � 1
¼ 0;

ð2Þ

Figure 9. Magnetic field and ion data from Cluster at
1005–1030 UT. Dashed and dotted lines are drawn in the
same way as in Figure 7.
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whereMA is Alfvén Mach number (MA = v(mnm0)
1/2/B), and

b is plasma beta (b = 2m0p/B
2). See Wu et al. [1993] for

more details.
[45] When vn1 is not parallel to the bow shock normal, Bn

is not zero across the bow shock. In this condition, equation

(1) can be combined into the following third-order polyno-
mial equation for e:

A2
1 � e

� �2
A2
1 �

2eS21
eþ 1� g e� 1ð Þ

� �
� ek21A

2
1

 2e� g e� 1ð Þ
eþ 1� g e� 1ð ÞA

2
1 � e

� �
¼ 0; ð3Þ

where A = MAcos(a)/cos(a-q), S = MA/Mscos(a-q), and
k = tan(a-q). Ms is sonic Mach number (Ms = v(gp/
mn)�1/2), a is the angle between v and the bow shock
normal, and q is the angle between v and B. The subscript 1
denotes quantities based on the upstream parameters. See
Petrinec and Russell [1997] and Kabin [2001] for more
details. We set q = 90� because we are assuming the
situations where v1 (B1) is parallel (perpendicular) to the
Sun-Earth and therefore v1 is perpendicular to B1.
[46] Once e is obtained from equation (1) or (2) with a set

of upstream quantities, vn2 is determined from the first
equation of equation (1) (n2/n1 = vn1/vn2 = e), and then
vx2 and jvj2 are obtained with the use of equation (1).
When the bow shock motion is taken into account, vn is
replaced by vn� vBS in calculations ofMA andMs, where vBS
vBS is the bow shock velocity. This means that the R-H
equations are solved in the frame of the bow shock.
[47] In the following, we calculate jvj2 and vx2 under

upstream conditions similar to those obtained by Wind
during the intervals examined in the present study (i.e.,
during the observations of the two discontinuities). For
simplicity, we assume that upstream parameters are constant
outside the discontinuities and that sharp gradients of the
quantities inside the discontinuity are linear with time. v1 is
assumed to be constant on both sides of the discontinuities.
We assume that the bow shock starts to move when the
leading edge of the discontinuity hit the bow shock and its
speed varies linearly with time up to a constant maximum
value. Wu et al. [1993] found in their 1-D modeling that the
bow shock, a tangential discontinuity, and a fast shock in
the magnetosheath move with constant velocities after the
interaction. We assume that the R-H conditions are satisfied
in the frame of the bow shock even while the bow shock is
moving (i.e., vBS 6¼ 0).
[48] Figure 10 shows upstream quantities corresponding

to the density-increase discontinuity examined in the pres-
ent study, vBS, and calculated jvj2 and vx2. We conducted the
calculations with six different maximum values of earth-
ward vBS: 0, 30, 60, 90, 120, and 150 km/s, because the bow

Figure 10. Calculations of the magnitude and X compo-
nent of plasma velocity downstream of the bow shock (jvj2
and vx2) with the use of the Rankine-Hugoniot equations.
The first through fourth panels show upstream quantities
used in the calculations, which correspond to the density-
increase discontinuity examined in this study. The fifth
panel is the bow shock antisunward velocity that was taken
into account; we choose six different values. The sixth
through thirteenth panels show variations of the calculated
jvj2 and vx2. The calculations were conducted with four
different values of a, which is the angle between the
upstream velocity vector and the bow shock normal.
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shock moves earthward when it is hit by a discontinuity
accompanied by a density increase [Völk and Auer, 1974].
We also made the calculations with different values of a: 0,
15, 30, and 45�. The results for a = 0 were derived from
equation (2). The calculations show that, when a = 0�, jvj2
at the trailing edge of the discontinuity is slower than that at
the leading edge if the bow shock stands still. On the other
hand, jvj2 at the trailing edge is faster than that at the leading
edge when the bow shock moves earthward. jvj2 inside the
discontinuity is faster for plasma closer to the trailing edge
(further away from the leading edge). These characteristics
appear also for jvj2 when a = 15� and for vx2 when a = 0�,
15� and 30�. For the other cases shown in Figure 10, jvj2
(vx2) at the trailing edge is faster than that at the leading
edge regardless of the bow shock motion. jvj2 and vx2 at the
trailing edge become faster as the bow shock earthward
motion becomes faster. These results indicate that the bow
shock earthward motion is responsible for the plasma speed
faster near the trailing edge than near the leading edge.
Such speed variations inside the discontinuity cause the
discontinuity to be compressed as it propagates in the
magnetosheath.
[49] Figure 11 plots the variables correspond to the

density-decrease discontinuity in the same format as
Figure 10. We choose six different maximum values for
sunward vBS: 0, 30, 60, 90, 120, and 150 km/s, because the
bow shock moves sunward when it is hit by a discontinuity
with a density decrease [Völk and Auer, 1974]. The calcu-
lations show that, when a = 0� and 15�, jvj2 at the trailing
edge is faster than that at the leading edge when the bow
shock stands still. On the other hand, jvj2 at the trailing edge
is slower than that at the leading edge when the bow shock
moves sunward; jvj2 inside the discontinuity is slower for
plasma close to the trailing edge (except for its speed
assumed 30 km/s with a = 0�). Similar results are seen
for vx2 when a = 0�, 15�, and 30�. For the other cases
shown in Figure 11, jvj2 (vx2) at the trailing edge is slower
than that at the leading edge regardless of the bow shock
motion. jvj2 and vx2 at the trailing edge become slower as
the bow shock sunward motion becomes faster. These
results indicate that the bow shock sunward motion is
responsible for the plasma speed slower near the trailing
edge than near the leading edge. Such speed variations
inside the discontinuity cause the discontinuity to be
expanded as it propagates in the magnetosheath.

5.2. MHD Modeling

[50] In this section we further analyze the deformation
and evolution of the two discontinuities in the magneto-
sheath, using a numerical MHD simulation. The MHD
model is mathematically based on the equations of ideal
single-fluid magnetohydrodynamics. The equations are
solved on a three-dimensional unstructured adaptive grid
with over 4 million cells and the smallest cell size of 0.156
Earth radii. The spatial resolution in the solar wind area
proper (upstream of the bow shock) is 4 	 0.156 RE; the
magnetosheath for the most part had a resolution of 2 	
0.156 RE. The grid structure is not changed during the
simulation. The computed solution was saved every 20 s.
The technical and numerical details of this simulation code
are described by Powell et al. [1999] and Tóth et al. [2005].
Examples of the model application to the terrestrial magne-

Figure 11. Calculations of the magnitude and X compo-
nent of plasma velocity downstream of the bow shock (jvj2
and vx2) with the use of the Rankine-Hugoniot equations in
the same format as Figure 10. The upstream quantities used
here correspond to the density-decrease discontinuity
examined in this study.
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tosphere are given by, e.g., Kabin et al. [2003] and
Watanabe et al. [2005].
[51] The inner boundary conditions are imposed at 3 RE

and represent magnetosphere-ionosphere coupling. Field-
aligned currents calculated in the inner magnetosphere at
4 RE are mapped into the ionosphere, where the electric
potential is determined and then mapped back to the
inner magnetosphere at 3 RE under the assumption that
the magnetic field lines are equipotentials. The convection
velocity at the inner boundary is calculated from the
mapped electric potential.
[52] The upstream outer boundary is positioned at 22 RE.

For the present simulation, the upstream conditions are
obtained in the following way. The magnetic field data
obtained by Wind are linearly interpolated to the same time
points as the plasma data from Wind. The X component of
the magnetic field is set to the constant value roughly
averaged over the considered interval, in order to avoid
introducing divergence of the magnetic field into the sim-
ulation domain. We assume that the normal of the disconti-
nuities is aligned with the Sun-Earth line and that the solar
wind is exactly along the Sun-Earth line (i.e., vy = vz = 0).
5.2.1. Density-Increase Discontinuity
[53] This section presents the results of the MHD simu-

lation for the density-increase discontinuity. Figure 12
shows spatial distributions of Dr (top) and jDBj (bottom)
in the X-Y plane in GSM coordinates (the Sun to the left and
dusk to the bottom), where Dr is the difference in mass
density between the solution at present time and 20 s ago;
jDBj is, similarly, the absolute value of the change in jBj

over a 20 s interval. We make plots of the time differences
of the solution, rather than the solution itself, because this
representation removes the background variation of the
MHD variables and shows the evolution of the disturbance
much more clearly. The circle in the middle is the inner
boundary of the simulation. The Wind data interval used
as input is 1120–1205 UT. IMF Bx is set to �1.5 nT.
White dashed lines are drawn at the leading edge of the
discontinuity.
[54] Figure 12a corresponds to t = t0 + 80 s, where t0 is

the time when the discontinuity first interacts with the nose
of the bow shock. The density increases (yellow arc) in the
discontinuity in the dayside magnetosheath. A density
decrease (blue arc) behind (sunward of) the discontinuity
indicates that the bow shock moves earthward; magneto-
sheath plasma is replaced by less dense pre-bow shock solar
wind plasma. jBj also changes in the discontinuity. Another
jBj increase is clearly seen around the magnetopause, where
the discontinuity has not yet arrived. This is probably due to
the earthward motion of the magnetopause caused by the
fast shock (or fast waves) that is generated at the bow shock
and propagates ahead of the discontinuity. We checked DB
distributions between t = t0 and t = t0 + 80 s (not shown
here), and found the jBj increase indeed propagates ahead of
the main discontinuity. Figures 12b and 12c correspond to
t = t0 + 220 s and t = t0 + 360 s, respectively. The results
including Figure 12a clearly show that the discontinuity is
deformed into a concave shape in the magnetosheath
although it is assumed to be straight in the solar wind,
in agreement with the earlier simulations [e.g., Šafránková

Figure 12. Spatial distributions of Dr and DB in the X-Y plane (the Sun to the left and dawn to
the bottom) obtained by our 3-D MHD simulation of the density-increase discontinuity. The circle in
the middle is the inner boundary of the simulation. White dashed lines are drawn at the leading edge
of the discontinuity. See text for details.
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et al., 2007]. The bow shock earthward speed was esti-
mated to be �150 km/s on the Sun-Earth line.
5.2.2. Density-Decrease Discontinuity
[55] Figure 13 shows spatial distributions of Dr (top) and

DBz (bottom) for the density-decrease discontinuity in the
same format as Figure 12, whereDBz is the difference in the
Z component of the magnetic field during a 20 s interval.
The Wind data interval used as input is 0905–1005 UT.
IMF Bx is set to �0.25 nT. White dashed lines are drawn at
the leading and trailing edges of the discontinuity.
[56] Figure 13a corresponds to t = t0 + 60 s, where t0 is

the time when the discontinuity first interacts with the nose
of the bow shock. The density decreases (blue arc) in the
discontinuity in the dayside magnetosheath. A density
increase (red curve) behind (sunward of) the discontinuity
indicates that the bow shock moves sunward; solar wind
plasma is replaced by denser magnetosheath plasma. Bz

increases across the discontinuity. Another Bz increase is
seen around the magnetopause before the discontinuity
reaches there. The disturbances are likely associated with
rarefaction waves launched at the bow shock by the inter-
action between the discontinuity and the bow shock.
[57] Figure 13b corresponds to t = t0 + 160 s. The

discontinuity lies in the dayside flank. White arrows indi-
cate the spatial width of the change in each quantity. r
decreases across the discontinuity. Bz increases across the
discontinuity; the increase is concentrated near the trailing

edge of the discontinuity although in the solar wind it is
distributed over the discontinuity. A density decrease (blue
arc, Figure 13b, top) and a Bz increase (red/yellow arc,
Figure 13b, bottom) along the magnetopause indicate that
the magnetopause moves sunward; magnetosheath plasma
and magnetic field are replaced by less dense magneto-
spheric plasma and stronger magnetic field, respectively.
Figure 13c corresponds to t = t0 + 260 s. The spatial width
of the density decrease in the discontinuity is wider than that
at t = t0 + 160 s, and the Bz increase is concentrated near the
trailing edge.
[58] The simulation results clearly show that the discon-

tinuity is deformed and assumes a concave shape in the
magnetosheath although it was taken to have a planar front
in the solar wind. The spatial width of the discontinuity (i.e.,
the r decrease) becomes wider as it propagates in the
magnetosheath. A Bz increase appears near the trailing edge
of the discontinuity. The bow shock sunward speed on the
Sun-Earth line was estimated to be �100 km/s between t =
t0 + 60 s and t = t0 + 160 s and �40 km/s between t = t0 +
160 s and t = t0 + 260 s.

6. Discussion

[59] The multipoint observations in the magnetosheath
revealed the deformation and evolution of the disconti-
nuities. In this section, we discuss how the disconti-

Figure 13. Spatial distributions of Dr and DBz in the X-Y plane, obtained by our 3-D MHD simulation
of the density-decrease discontinuity, in the same format as Figure 12. White dashed lines are drawn at
the leading and trailing edges of the discontinuity. White arrows indicate the spatial width of the Dr and
DBz changes. See text for details.
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nuities deform and what caused them to evolve in the
magnetosheath.

6.1. Density-Increase Discontinuity

6.1.1. Deformation
[60] The observations showed that the forward fast shock

was generated at the bow shock and propagated ahead of the
density-increase discontinuity in the magnetosheath. The
normal vector was almost aligned with the Sun-Earth line,
being almost the same as that of the discontinuity in the
interplanetary space. This implies that the fast shock prop-
agates with the speed comparable to the discontinuity in the
interplanetary space. This is consistent with Völk and Auer
[1974], who demonstrated that the fast shock speed is
315.1 km/s when the incident solar wind flows at
287.7 km/s and the ratio of downstream to upstream density
of a discontinuity is 2. Wu et al. [1993] showed in their
theoretical analysis based on the R-H equations that the fast
shock speed is comparable to the incident solar wind speed.
[61] The discontinuity front in the magnetosheath was

inclined toward dusk on the dawnside and toward dawn on
the duskside. The deformation was also presented by our
MHD simulations. There are two reasons for the deforma-
tion: differences in the bow shock strength (as defined, for
example, by the compression ratio for the plasma density, e)
along the bow shock surface and differences in travel
distance. The bow shock is stronger near the subsolar point
than around the flank. The solar wind is more decelerated
across the bow shock near the subsolar point. It is slowed

down less around the flanks. In addition, the solar wind can
travel in the interplanetary space longer around the flanks,
because the bow shock is literally shaped like a ‘‘bow’’
shape. Therefore, the discontinuity travels faster around the
flank, undergoing the deformation in the magnetosheath.
Figure 14a summarizes the observations of the deformation.
6.1.2. Evolution
[62] The observations showed differences in the duration

of the discontinuity among spacecraft. The duration was 60 s
at TC1 in the magnetosheath near noon, 65 s at THEMIS A
in the dayside magnetosheath on the duskside, and 40–45 s
at Cluster in the nightside and dawnside magnetosheath; it
became shorter as the discontinuity propagated in the
magnetosheath. The different durations arise from the
different spatial width of the discontinuity, since the solar
wind speed is virtually unchanged between the locations
of the spacecraft. The discontinuity spatial width contin-
ued to narrow as the discontinuity propagated in the
magnetosheath.
[63] We conclude that the observed compression of the

discontinuity is due to bow shock earthward motion caused
by the impact of the discontinuity on the bow shock. The
bow shock is pushed toward the Earth when it is hit by a
discontinuity with enhanced density (dynamic pressure)
[e.g., Völk and Auer, 1974], as also demonstrated by our
MHD simulation. At the earthward moving bow shock, the
solar wind is less decelerated than at the stationary bow
shock, as demonstrated by the theoretical analysis based on
the R-H equations (see section 5). This causes the solar

Figure 14. (a) Summary of the deformation of the fast forward shock and the density-increase
discontinuity in the magnetosheath. CL and TH-A denote Cluster and THEMIS A, respectively. Red and
blue bars represent the shock and discontinuity fronts obtained from the observations (see section 3.3 for
details). TD denotes a tangential discontinuity. The bow shock (BS) and the magnetopause (MP) are
drawn in the same way as in Figure 1. (b) An illustration of propagation of the leading edge (LE; black
line) and the trailing edge (TE; red line) of the discontinuity, the bow shock (BS; light blue line), and the
fast forward shock generated at the bow shock (FS; thin black line). Vertical dashed lines indicate
positions of the spacecraft used in the present study. They qualitatively represent the observations of the
discontinuity and/or the shock(s) by the spacecraft (see text for details).
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wind downstream of the bow shock to flow faster inside the
discontinuity than at its leading edge. Thus the discontinuity
keeps compressed as it propagates.
[64] Figure 14b illustrates the propagation of the fast

forward shock (thin black line), the leading and trailing
edge of the discontinuity (black and red lines), and the
motion of the bow shock (light blue line). Vertical dashed
lines qualitatively represent the observations of the discon-
tinuity and/or the shock(s) by the spacecraft used in the
present study. When we make comparisons between lines
denoted by ‘‘TC1’’ and ‘‘CL/TH-A,’’ the duration of dis-
continuity observations shortens as the discontinuity prop-
agates. This interpretation is based on the assumption that
the bow shock keeps moving after the trailing edge passes
by the bow shock. This assumption is further supported for
the examined event by the fact that TC1 crossed the bow
shock after it observed the trailing edge (see Figure 3), as
shown by the line denoted by TC1.

6.2. Density-Decrease Discontinuity

6.2.1. Deformation
[65] The observations indicated that the front of the

density-decrease discontinuity was inclined toward dusk
on the dawnside and toward dawn on the duskside. The
deformation was also shown in our MHD simulation. We
believe that the reasons for the deformation are the same as
mentioned in section 6.1.1. Figure 15a summarizes the
observations of the deformation.
6.2.2. Evolution
[66] The duration of observations of the discontinuity was

6.5–8.5 min at THEMIS and 9.5–10 min at Cluster in the

magnetosheath, being longer at spacecraft further away
from the bow shock. The different durations arise from
the different spatial width of the discontinuity, since the
solar wind speed is virtually unchanged between the loca-
tions of the spacecraft. The discontinuity spatial width
continued to broaden as the discontinuity propagated in
the magnetosheath.
[67] We conclude that the observed expansion of the

discontinuity is due to a start or enhancement of the bow
shock sunward motion caused by the impact of the discon-
tinuity on the bow shock. The bow shock moves toward the
Sun when it is hit by a discontinuity across which the
density decreases [e.g., Völk and Auer, 1974], as also
demonstrated by our MHD simulation. The solar wind is
more decelerated at the sunward moving bow shock, as
demonstrated by the theoretical analysis based on the R-H
equations (see section 5). Downstream of the bow shock,
plasma inside the discontinuity flows slower than the
leading edge, as confirmed by plasma velocity data
obtained by THEMIS and Cluster (see Figures 8 and 9).
Thus, the discontinuity keeps expanded as it propagates in
the magnetosheath.
[68] Figure 15b illustrates the propagation of the leading

edge (black line), the trailing edge of the discontinuity (red
line), and the rarefaction wave (thin black line). Vertical
dashed lines qualitatively represent the observations of the
discontinuity and/or the bow shock by the spacecraft used in
the present study. When we make comparisons between
lines denoted by ‘‘TH-A,’’ ‘‘TH-E/CL1,’’ and ‘‘THC/
CL2,3,’’ observations of the discontinuity become longer
as it propagates in the magnetosheath. This interpretation is

Figure 15. (a) Summary of the deformation of the density-decrease discontinuity in the magnetosheath.
CL denotes Cluster. Blue bars represent the discontinuity front obtained from the observations (see
section 4.3 for details). TD denotes a tangential discontinuity. The bow shock (BS) and the magnetopause
(MP) are drawn in the same way as in Figure 5. (b) An illustration of propagation of the leading (black
line) and trailing (red line) edges of the discontinuity, the bow shock (BS; light blue line), and the front of
the rarefaction waves launched at the bow shock (RW; thin black line). A dotted light blue line represents
the sunward moving bow shock before and after the arrival of the discontinuity at the bow shock. Vertical
dashed lines represent positions of the spacecraft used in the present study. They qualitatively represent
the observations of the discontinuity and/or the bow shock by the spacecraft (see text for details).
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based on the assumption that the bow shock keeps moving
after the trailing edge passes by the bow shock. Although
we cannot infer the bow shock speed and its changes
quantitatively from the observations available, we believe
that the assumptions are qualitatively valid, because the
MHD simulation demonstrates that the bow shock is mov-
ing sunward after the whole discontinuity passed by the
bow shock (see red/orange arc in Figure 13c, top).
[69] Another noteworthy feature is the steepening of a Bz

reversal at the trailing edge of the discontinuity (�1016–
�1021 UT at THEMIS A, �1020 –�1024 UT at
THEMIS E, �1024–�1025 UT at THEMIS C, �1017–
1024 UT at Cluster 1, and �1023–�1025 UT at Cluster 3
and 2). The reversal becomes faster as the discontinuity
propagated in the magnetosheath. The MHD simulation
demonstrated that while Bz is changed gradually in the
solar wind, a steep Bz increase appears near the trailing edge
in the magnetosheath. We interpret this steepening as a
consequence of the compression of the discontinuity trailing
edge by fast solar wind flows following the discontinuity.
Cluster and THEMIS observations (Figures 8 and 9) con-
firmed that the solar wind was faster near the trailing edge
than inside the discontinuity. The interpretation is also
supported by the fact that the spacecraft observing a steep
Bz reversal (THEMIS C and E and Cluster 1, 2, and 3) saw
an overshoot of jBj indicating the compression of the
magnetic field, which was not seen by the spacecraft
observing a gradual Bz reversal (DSP/TC1 and THEMIS A).
[70] The fast solar wind flows is likely due to the slowing

down or stopping of the sunward motion of the bow shock
after the whole discontinuity passed by the bow shock.
Since the Alfvén and sonic Mach numbers remained con-
stant behind the discontinuity, the bow shock should stop at
a new equilibrium position. The bow shock stopping in the
rest frame is regarded as the earthward speed up of the bow
shock in the frame of the sunward moving bow shock. We
have shown that downstream plasma speed (i.e., in the
magnetosheath) becomes faster when the bow shock moves
earthward. It is highly probably that the slowing down or
stopping of the sunward moving bow shock causes fast
solar wind flows behind the discontinuity.

7. Summary and Conclusions

[71] The present study examined the interactions of solar
wind discontinuities accompanied by density changes with
the bow shock, using multipoint observations in the mag-
netosheath by THEMIS, Cluster, and DSP/TC1. We focused
on their deformation and evolution in the magnetosheath.
[72] A discontinuity, across which the density increases

and the magnetic field decreases, arrived near the bow
shock at about 1245 UT on 21 June 2007. The spacecraft
in the magnetosheath observed the fast forward shock
generated at the bow shock as well as the discontinuity
transmitted across the bow shock. We estimated the normal
direction of the shock and discontinuity, and then confirmed
that the shock front propagated with the normal similar to
the incident discontinuity and that the discontinuity was
deformed into a concave shape (i.e., tilted toward dusk on
the dawnside and toward dawn on the duskside). The
discontinuity was being compressed as it propagated in

the magnetosheath. We suggest that bow shock antisunward
motion is responsible for the compression. The motion is
caused by an impact of the discontinuity on the bow shock.
[73] Another discontinuity, across which the density

decreases and the magnetic field increases, arrived near
the bow shock at about 1010 UT on 21 June 2007. The
spacecraft in the magnetosheath observed the transmitted
discontinuity, which we confirmed was deformed into a
concave shape. As the discontinuity propagated in the
magnetosheath, it was being expanded. We conclude that
the sunward motion of the bow shock (or speeding-up of
the sunward motion) is responsible for the expansion. The
motion is caused by the impact of the discontinuity on the
bow shock. Near the trailing edge of the discontinuity, a
Bz increase became steeper, accompanied by an overshoot
of jBj. We suggest that the trailing edge was compressed
by the solar wind flow behind it with faster speed. The
faster flow may be due to the stopping or slowing down of
the sunward bow shock motion.
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Sonnerup, B. U. Ö., and M. Scheible (1998), Minimum and maximum
variance analysis, in Analysis Methods for Multi-spacecraft Data, edited
by G. Paschmann and P. W. Daly, Eur. Space Agency Spec. Publ., ESA
SP-449, 185–220.
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