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[1] We use detailed multispacecraft observations to study the interaction of an
interplanetary (IP) shock with the bow shock of the Earth on August 9–10, 1998. We can
distinguish four different phases of particle acceleration in the shock‐shock interaction:
(1) formation of magnetic contact with IP shock and the seed population of energetic
particles accelerated by it, (2) reacceleration of this population by the bow shock, (3) first
order Fermi acceleration as the two shocks approach each other, and (4) particle acceleration
and release as the shocks collide. Such a detailed analysis was made possible by the
particularly advantageous quasi‐radial interplanetary magnetic field configuration. To our
knowledge this is the first time the last phase of acceleration at a shock‐shock collision has
been reported using in situ space plasma observations.
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1. Introduction

[2] Collisionless shock waves are an essential source of
energetic particles in the heliosphere and beyond [Stone and
Tsurutani, 1985]. While most studies address the physics of
a single shock, shock‐shock interactions are also of impor-
tance. Interplanetary (IP) shocks traveling in the solar wind
frequently hit planetary bow shocks. Subsequent Coronal
Mass Ejections (CMEs) can interact in the inner heliosphere
while they travel toward the Earth [Lugaz et al., 2008]. In
the outer heliosphere, shocks associated with Co‐rotating
Interaction Regions (CIRs) are observed to merge [Burlaga,
1993]. Furthermore, Gómez‐Herrero et al. [2011] have
reported observations of possible Interplanetary CME–CIR
interactions affecting the observed energetic ion fluxes at
1 AU.
[3] An early work on shock‐shock interaction and ener-

getic particles was the study by Scholer and Ipavich [1983].
They compared the flux of 30–157 keV ions observed by
ISEE‐1 close to the bow shock of the Earth to the flux
observed by ISEE‐3 far upstream, during the passage of an
IP shock. During the shock crossing, ISEE‐1 detected a
peak‐like enhancement of the flux, but this peak was not
seen in the ISEE‐3 profiles. According to their interpreta-

tion, the peak was a result of particles upstream of the IP
shock undergoing further acceleration at the bow shock.
Reacceleration of energetic electrons in a similar setup with
Geotail and Wind was briefly reported by Terasawa et al.
[1997].
[4] Later, particle acceleration in shock‐shock collisions

was investigated by Cargill [1991]. They used a one‐
dimensional hybrid simulation with a quite small box size
(for typical solar wind parameters it was a few Earth radii).
Consequently the interaction time of the shocks was short
and the energy gain of the particles rather small. More
recently, Lembège et al. [2010] have analyzed collisions
between quasi‐perpendicular non‐stationary shocks using a
1D full particle‐in‐cell simulation.
[5] In the laboratory, proton and deuteron acceleration has

been studied in the collision of two quasi‐perpendicular
magnetosonic shocks. Dudkin et al. [1992] [see also Dudkin
et al., 1995] used a specific geometry where two low Alfvén
Mach number shocks collided at a fixed angle, with the
background magnetic field lying between the two shock
fronts. The energy of the accelerated ions streaming along
the magnetic field reached 1–10 MeV.
[6] In this paper, we present a detailed analysis of particle

acceleration in the interaction of an interplanetary shock
with the bow shock of the Earth. We first describe the main
features of the multispacecraft data and the general char-
acteristics of the IP shock in section 2. Section 3 discusses
the more detailed results of our analysis on the magnetic
field structure and the energetic particle populations. Dis-
cussion and conclusions are given in section 4.

2. Overview of the Event

[7] The data analyzed in this paper were obtained on
August 9 and 10, 1998, by five spacecraft: ACE, Wind,
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IMP‐8, Geotail, and Interball‐1. At the time ACE was
located near the Lagrangian point L1, and Wind between L1
and the Earth, while IMP‐8, Geotail, and Interball‐1 were in
front of the Earth’s bow shock, at dusk‐side, nose, and
dawn‐side, respectively (Figure 1). The IP shock passage,
which took place between 00:06:29 UT and 00:48:48 UT on
August 10, has been previously investigated by Szabo [2005],
by Prech et al. [2009], and recently by K. Andréeová et al.
(manuscript in preparation, 2011; hereafter referred to as
Andréeová et al., manuscript in preparation, 2011) from
points of view other than particle acceleration.
[8] On August 9, the evening before the passage of the IP

shock, the spacecraft observed a tangential discontinuity
(TD) in the interplanetary magnetic field (IMF). The dis-
continuity had a normal vector nTD = (−0.33, −0.58, 0.74)GSE
and speed vTD = 120 km/s (obtained using 4‐spacecraft
timing together with magnetic field considerations). The
IMF turned from its typical direction of 45° with the XGSE

axis to a quasi‐radial direction with an angle of a little over
20°. Due to this new IMF configuration, most of the dayside
of the bow shock was quasi‐parallel from 18:30 UT until the
IP shock crossing.
[9] At a quasi‐parallel shock [see, e.g., Burgess et al.,

2005], the reflected particles can stream against the solar
wind flow and interact with the incident plasma over long
distances. The interaction triggers instabilities and creates
multiple types of waves in this region called the foreshock.
The foreshock is most pronounced for a strong bow shock
and when the upstream magnetic field is aligned with the
solar wind velocity, i.e., during radial IMF [e.g., Omidi et al.,
2009]. In the event under study, the solar wind speed was
∼400 km/s, and the bow shock had an Alfvén Mach number

MA ∼ 8. The foreshock extended far to the solar direction
due to the quasi‐radial IMF. Both Interball and Geotail
measurements show foreshock type plasma properties.
[10] During the first hour of August 10, the fast forward

IP shock of MA ∼ 2.5 (in the solar wind frame) traversed the
near‐Earth space, driven by an interplanetary CME. The IP
shock crossed first ACE and Wind, then IMP‐8, Geotail,
and Interball‐1, in that order, and thus hit the bow shock
from the dusk flank. A detailed analysis of the magnetic
field and plasma measurements of the different satellites will
be presented by Andréeová et al. (manuscript in preparation,
2011). Figure 1 summarizes the spacecraft locations, the
shock crossing times, and the shock normal vectors (calcu-
lated using the Minimum Variance Analysis, magnetic
coplanarity and four‐spacecraft methods). We estimate that
the shock speed at different spacecraft was between 310 and
365 km/s. Given the differences of the normal direction
observed by the spacecraft (Figure 1), the IP shock was
somewhat rippled at a few RE scale [see also Szabo, 2005].
According to our analysis, IP shock hit the flank of the bow
shock at 00:40:50 ± 40 s (UT).
[11] Figure 2 shows the energetic particle observations

between 00:00 UT on August 9 and 06:00 UT on August 10
from three satellites: EPAM‐LEMS120 and LEMS30 instru-
ments on ACE [Gold et al., 1998], 3DP‐SST instrument on
Wind [Lin et al., 1995], and EPIC‐ICS instrument on
Geotail [Williams et al., 1994]. For ACE, the profiles for
the two lowest energy channels show only the LEMS120
measurements because the relevant channels at LEMS30
were contaminated by sunlight. The solar wind speed and
IMF measurements obtained by plasma and magnetic field
instruments onboard the spacecraft are shown for reference.
The black dashed line depicts the tangential discontinuity
observed at 17:19:13UT byACE, at 17:58:33UT byWind, at
18:23:56 UT by Geotail, and at 18:03:48 UT by IMP‐8
(not shown). Before the discontinuity, the flux level of E >
100 keV particles was approximately the same for all three
spacecraft (given the slightly different limits of the energy
channels), as well as for IMP‐8 (not shown). The particle
intensity profiles show a slow increase in the lower energy
channels after 12:00 UT on August 9, and then a sudden
jump when the magnetic field turned radial.
[12] After the discontinuity until the shock passage (red

dashed line), the flux profiles measured by the three
spacecraft were quite different: ACE observed a flat profile
and a small increase after the shock crossing. Wind data
show a spiky profile and increasing fluxes after 22:00 UT
with a sharp drop at the crossing. Geotail observed an
otherwise similar profile as Wind, but there was a very
prominent peak right at the shock crossing.
[13] We analyze and discuss these differences in detail in

the following section, and interpret them to be consequences
of different magnetic connectivity to the two shocks. A
possible approach for the study would be to investigate the
fluxes in the frame of reference of the solar wind. However,
performing this transformation for the entire data set would
be extremely laborious. Since our main interest in this IP
shock event is shock‐shock interaction, we want to find out
whether the bow shock has a significant influence on the
observed fluxes at different spacecraft. This is best seen by
considering the data in the frame of the bow shock which is,
in turn, well represented by the spacecraft frame.

Figure 1. Interplanetary shock observations on August 10,
1998: The locations of the satellites in the GSE coordinate
system (in units of the Earth radius RE = 6371 km) and
the time (UT) of the shock crossing at each satellite. Shown
are (top) the XZGSE and (bottom) the XYGSE planes. Blue tri-
angles show the calculated shock fronts with shock normal
vectors obtained using the Minimum Variance Analysis,
magnetic coplanarity, and four‐spacecraft methods. The
dark red solid lines show the direction of the magnetic field
upstream and downstream of the shock (BX < 0). The orange
line represents the model bow shock.
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