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[1] The angle (�Bn) between the normal to an interplanetary shock front and the upstream
magnetic field direction, though often thought of as a property “of the shock,” is also
determined by the configuration of the magnetic field immediately upstream of the shock.
We investigate the interplanetary circumstances of 105 near‐Earth quasi‐perpendicular
shocks during 1996–2005 identified by �Bn ≥ 80° and/or by evidence of shock drift particle
acceleration. Around 87% of these shocks were driven by interplanetary coronal mass
ejections (ICMEs); the remainder were probably the forward shocks of corotating
interaction regions. For around half of the shocks, the upstream field was approximately
perpendicular to the radial direction, either east‐west or west‐east or highly inclined to the
ecliptic. Such field directions will give quasi‐perpendicular configurations for radially
propagating shocks. Around 30% of the shocks were propagating through, or closely
followed, ICMEs at the time of observation. Another quarter were propagating through the
heliospheric plasma sheet (HPS), and a further quarter occurred in slow solar wind that did
not have characteristics of the HPS. Around 11% were observed in high‐speed streams,
and 7% in the sheaths following other shocks. The fraction of shocks found in high‐speed
streams is around a third of that expected based on the fraction of the time when such
streams were observed at Earth. Quasi‐perpendicular shocks are found traveling through
ICMEs around 2–3 times more frequently than expected. In addition, shocks propagating
through ICMEs are more likely to have larger values of �Bn than shocks outside ICMEs.

Citation: Richardson, I. G., and H. V. Cane (2010), Interplanetary circumstances of quasi‐perpendicular interplanetary shocks in
1996–2005, J. Geophys. Res., 115, A07103, doi:10.1029/2009JA015039.

1. Introduction

[2] In particular in discussions of energetic particle accel-
eration, interplanetary shocks are often classified in terms
of �Bn, the angle between the shock normal and upstream
magnetic field since this parameter is expected to influence
the mechanism of particle acceleration at the shock. At quasi‐
parallel (�Bn ∼ 0°) and intermediate shocks, particles are
accelerated by diffusive shock acceleration, a first‐order
Fermi process in which particles are accelerated by scattering
between converging scattering centers upstream and down-
stream of the shock [e.g., Toptyghin, 1980; Lee, 1983]. At a
quasi‐perpendicular shock (�Bn ∼ 90°), “shock drift” accel-
eration takes place [e.g., Sarris and Van Allen, 1974;Decker,
1983; Erdös and Balogh, 1994]. In this process (see reviews
by Toptyghin [1980], Armstrong et al. [1985], and Forman
and Webb [1985]), particles drift along the shock front, due

to the magnetic field gradient across the shock, in the
direction of the −v × B electric field at the shock front. The
distinction between these two acceleration mechanisms may
be blurred however. For example, particles can be returned
to a quasi‐perpendicular shock by magnetic field irregular-
ities, ripples in the shock front or looped magnetic field lines
such that the process also has characteristics of diffusive
shock acceleration [e.g.,Decker, 1983, 1990, 1993; Erdös and
Balogh, 1993, 1994; Neugebauer and Giacalone, 2005]. The
role of �Bn in shock acceleration has gained renewed interest
with the recent suggestion that compositional variations in
solar energetic particle events may be related to differences
in �Bn of the accelerating shocks [Tylka and Lee, 2006].
[3] Although �Bn is often considered to be a property “of

the shock,” this angle is also determined by the changing
direction of the upstream interplanetary magnetic field
(IMF) which may be influenced by features ranging in size
from waves and turbulence to the large‐scale Archimedian
spiral structure of the IMF [Parker, 1958]. For example, �Bn
would be expected to increase with increasing heliocentric
distance for a ∼spherical shock driven by a fast interplane-
tary coronal mass ejection (ICME, the interplanetary mani-
festation of a coronal mass ejection at the Sun) moving out
radially through a Parker spiral field, reaching ∼45° at 1 AU
(cf. the Helios spacecraft observations of interplanetary
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shocks at 0.3–1 AU reported by Volkmer and Neubauer
[1985]). Evidently, to produce a quasi‐perpendicular con-
figuration at 1 AU, the magnetic field direction upstream of
such a shock must deviate considerably from the Parker spiral
field. Another possibility is that the ICME‐driven shock is
strongly “draped” around the ICME, resulting in a quasi‐
perpendicular configuration on the western flank of the
shock, where the shock front is approximately aligned with
the spiral IMF. Although cartoons of interplanetary shocks
often show this strong draping [e.g., Hundhausen, 1972,
Figure 2], observations [e.g., Cane, 1988] suggest that these
shocks are typically near‐spherical with only modest drap-
ing at the flanks. In this case, �Bn would not be expected to
vary strongly with location along a shock moving through a
spiral magnetic field.
[4] In this study, we focus on the interplanetary circum-

stances of a sample of 105 quasi‐perpendicular shocks
observed in the near‐Earth solar wind in 1996–2005, a
period extending from the preceding minimum through to
the late decay phase of solar cycle 23. A novel feature of this
study is that we have identified these shocks using estimates
of �Bn inferred from in‐situ plasma and magnetic field data
and by examining energetic (∼1 MeV/n) ion observations
for evidence of shock drift acceleration. We examine the
types of solar wind structures through which these shocks
were propagating at the time of observation and consider
whether certain types of structures may favor the formation
of such shocks.

2. Identification of Quasi‐perpendicular Shocks

2.1. Using Plasma/Field Data

[5] We have used shock identifications and values of
�Bn from several sources. One source is the shock database
compiled by Justin Kasper (Harvard‐Smithsonian Center
for Astrophysics; http://www.cfa.harvard.edu/shocks/). This
combines the results of several independent shock analysis
methods to arrive at a consensus of the shock parameters. The
data used are principally from the WIND spacecraft with
additional data from the Advanced Composition Explorer
(ACE) spacecraft. The Kasper database provides parameters
for shocks during 1995 to 2004 but is not complete. In partic-
ular, only shocks in 2003 and 2004 associated with intense
geomagnetic storms [Zhang et al., 2007] are included. To
complement this database, we used the ACE shock list
(http://www.ssg.sr.unh.edu/mag/ace/ACElists/obslist.html)
compiled by C. W. Smith (University of New Hampshire).
Parameters obtained from interactive and automated fits
are provided for shocks up to October 2005 at the time of
writing. In general we use here the interactive fits, unless
the automated fit has a substantially smaller error in �Bn. We
have also referred to the WIND shock list of Berdichevsky
et al. [2000].
[6] We have chosen to define “quasi‐perpendicular” shocks

as fast forward shocks (i.e., we do not consider slow forward
shocks or reverse shocks) with �Bn ≥ 80°. Tables 1 and 2
include the shocks in 1996–2005 that meet this criterion in
any of the shock lists discussed above (additional shocks in
Tables 1 and 2 will be discussed below). The time of shock
passage is listed in the first column of Tables 1 and 2. If the
shock is accompanied by a geomagnetic storm sudden com-
mencement (SSC; provided by the National Geophysical

Data Center), we give the SSC time, indicated by “S”.
Otherwise, the time given is at WIND, ACE or IMP 8 as
indicated by ‘W’, ‘A’, or ‘I’, respectively. Typically a shock
is identified at multiple spacecraft but only one time is listed
due to space limitations. The value of �Bn from the Kasper
database is given in column two. In the third column, values
of �Bn from the ACE shock list are enclosed in parentheses
while those in square brackets are from Berdichevsky et al.
[2000] using WIND data.
[7] For each shock in Tables 1 and 2, we give our

assessment of the shock type, i.e., whether the shock was
generated by a CIR or an ICME (not to be confused with the
structure upstream of the shock to be discussed in following
sections). CIRs are formed by the interaction of high speed
solar wind streams from coronal holes with the preceding
slower solar wind and are identified from the characteristic
variations in their plasma parameters [e.g., Belcher and
Davis, 1971; Richardson, 2004, and references therein].
Expansion of the CIR may lead to the formation of a for-
ward shock at the CIR leading edge. Though CIR shocks
typically form beyond 2 AU [e.g., Smith and Wolfe, 1976,
1977], they may develop at or within 1 AU [e.g., Schwenn,
1990; Berdichevsky et al., 2000].
[8] To identify shocks driven by ICMEs, we have referred

to our “comprehensive” list of ICMEs since 1996 (http://
www.ssg.sr.unh.edu/mag/ace/ACElists/ICMEtable.html)
that is updated from the list from Cane and Richardson
[2003] and includes shock associations. Since the flanks
of ICME‐driven shocks typically extend beyond the related
ICME [e.g., Borrini et al., 1982; Cane, 1988; Richardson
and Cane, 1993] some ICME‐driven shocks will not be
followed by an ICME observed in situ. In general, if a shock
is not followed by an ICME and does not appear to be
associated with a CIR, we assume it is the flank of an
ICME‐associated shock. In a few cases, the assignment is
uncertain.

2.2. Using Energetic Particle Data

[9] To provide an independent method of identifying a
sample of quasi‐perpendicular shocks, we have examined
energetic particle data from various spacecraft instruments
in the vicinity of all ∼350 forward shocks during our study
period for evidence of shock drift acceleration. This process
increases the component of the particle velocity perpendic-
ular to the magnetic field direction, resulting in a “pancake”
angular distribution in the particles transmitted downstream
in which the particle intensity at a given energy is greatest
for pitch angles ∼perpendicular to the field [e.g., Sarris and
Van Allen, 1974; Marhavilas et al., 2003]. The accelerated
particles also tend to be localized at the shock front, forming
short duration “spike‐like” intensity increases close to shock
passage that typically extend to energies of ∼5 MeV and
have softer spectra than the ambient ions [e.g., Sarris and
Van Allen, 1974; Sarris et al., 1976; Decker, 1983; Sarris
and Krimigis, 1985].
[10] To search for pancake ion distributions, we used data

from the Goddard Medium Energy instrument (GME) on
IMP 8 [McGuire et al., 1986] which provided observations
of protons and heavy ions at energies of ∼0.5 to 400 MeV/n
from October 1973 until October 2006. In particular, we
examined observations of 0.5–4 MeV/n proton and He ion
anisotropies made by accumulating particle counts in 8 azi-
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Table 1. Solar Wind Structures Associated With “Quasi‐perpendicular” Shocks in 1996–2000

Shocka

Structureb
∼1 MeVc

Upstream Field DirectionDate(UT) �Bn
(°) Kasper �Bn

(°) [WIND](ACE) Type Spike? Pancake?

1996 Apr 08 1334S 84 ± 5 [67 ± 2] C HPS n … Spiral
1996 Jun 18 2235W … [87 ± 3] C SSW n … E–W

1997 Mar 20 1942W 81 ± 8 [84 ± 13] C? HPS n … W–E
1997 Apr 10 1258W 65 ± 20 [85 ± 5] I HPS Y … Spiral, N
1997 May 15 0159S 85 ± 4 [86 ± 2] I HPS Y 0145 – >0215 Spiral
1997 May 25 1434S 84 ± 5 [80 ± 10] I SSW n … W–E, N
1997 Oct 10 1612S 86 ± 4 … I ICME Y … W–E
1997 Oct 24 1050S 61 ± 12 … C? HPS Y … E–W
1997 Nov 06 2248S … … I HPS Y n W–E
1997 Nov 22 0949S 83 ± 3 … I HPS Y … W–E
1997 Dec 30 0209S 71 ± 9 … I HPS Y … E–W

1998 Jan 06 1416S 74 ± 14 … I HPS Y 1400–1430 E–W
1998 Jan 24 0529S 51 ± 19 … C? HPS Y … Spiral
1998 Mar 04 1156S 45 ± 14 (88 ± 3) I SSW n … S
1998 Apr 07 1749S 40 ± 12 … I? HPS n 1715–1800 Radial
1998 May 04 0230A … (79 ± 5) I ICME Y ? Spiral
1998 Aug 06 0736S 81 ± 1 (82 ± 3) I ICME? Y 0730–1000 W–E, S
1998 Aug 26 0655I 68 ± 20 (88 ± 2) I SSW Y … N
1998 Oct 23 1302I 37 ± 15 (56 ± 12) I hss Y 1200–1345 N
1998 Nov 08 0451S 52 ± 11 (76 ± 2) I ICME Y … W–E
1998 Dec 11 1930A … (83 ± 4) ? HPS Y … E–W
1998 Dec 26 0956W 78 ± 8 (82 ± 6) I hss Y … N

1999 Jan 13 1054S 61 ± 9 (59 ± 7) C HPS Y … S
1999 Feb 17 0709S 85 ± 4 (80 ± 6) I ICME Y … W–E, S
1999 Mar 10 0130S 82 ± 5 (78 ± 4) I HPS n … E–W, S
1999 Jun 26 0325S 86 ± 3 … I? HPS n n Spiral
1999 Aug 04 0219S 52 ± 7 (44 ± 23) I ICME TE? n 0115–0230 Spiral
1999 Aug 23 1541W 85 ± 4 (58 ± 4) C ICME TE n … W–E
1999 Sep 22 1222S 77 ± 10 (64 ± 7) I HPS Y 1230–1330 ? Spiral, N
1999 Oct 21 0225S 69 ± 5 (77 ± 3) I HPS Y n W–E
1999 Oct 28 1216S 62 ± 14 (83 ± 4) I? SSW n … ? Spiral, N
1999 Nov 13 1246I 67 ± 6 (88 ± 2) I ICME n … W–E, S

2000 Feb 05 1544S 70 ± 7 (90 ± 8) C SSW n … Spiral
2000 Feb 11 2352S 84 ± 5 (88 ± 3) I ICME TE? Y 2345–0000 Spiral
2000 Feb 20 2139S 86 ± 2 (85 ± 3) I SSW Y … W–E
2000 Apr 06 1632W 66 ± 4 (71 ± 2) I HPS? Y … Spiral
2000 May 23 2342W 63 ± 18 … I ICME Y 2330–0000 N
2000 Jul 10 0638S 67 ± 7 (67 ± 6) I SSW Y … W–E, S
2000 Jul 11 1206I 69 ± 5 (84 ± 3) I ICME n 1200–1245 W–E
2000 Jul 19 1527S 58 ± 9 (81 ± 7) I hss Y … Spiral
2000 Jul 26 1857S 85 ± 3 (84 ± 4) I Sheath? n 1900–1915 Spiral, S
2000 Jul 28 0634S 53 ± 6 (51 ± 8) I ICME TE Y 0700–0815 W–E
2000 Jul 28 0909A 47 ± 8 (60 ± 4) I Sheath Y n ? Spiral
2000 Aug 10 0501S 81 ± 8 (18 ± 9) I SSW n … Spiral
2000 Aug 11 1846S 79 ± 7 (61 ± 5) I ICME/MC Y Yd Spiral
2000 Sep 06 1701S 67 ± 6 (85 ± 3) I? SSW Y … W–E, N
2000 Sep 17 1657A 54 ± 22 (73 ± 19) I hss Y … N
2000 Sep 30 1116W 60 ± 11 (86 ± 10) ? HPS n … W–E
2000 Oct 05 0322I 74 ± 5 (66 ± 8) I ICME/MC Y 0330–0445 S
2000 Oct 12 2228S 73 ± 5 (83 ± 6) I SSW Y … Spiral
2000 Nov 04 0221S 73 ± 16 (84 ± 3) C HPS Y 0230–0315 Spiral
2000 Nov 26 1158S 52 ± 21 (83 ± 7) I Sheath Y n W–E, N

aShock time: S, storm sudden commencement time; W, time of passage at WIND; A, time at ACE, and I, time at IMP 8. �Bn in column 2 is from the
Kasper database, generally at WIND. Values of �Bn in column 3 in square brackets are WIND values from Berdichevsky et al. [2000], while those in
parentheses are from the ACE shock list. Shock type C (I) denotes a CIR (ICME‐driven) shock.

bStructure through which the shock is propagating at the time of observation: “HPS,” heliospheric plasma sheet; “ICME,” interplanetary coronal mass
ejection (“/MC” indicates a magnetic cloud); “hss,” high‐speed stream from a coronal hole; “Sheath,” sheath between an ICME and the related upstream
shock; “ICME TE,” at or closely following the trailing edge of an ICME.

cEvidence of shock‐drift acceleration in ∼1 MeV ions: “…,” low intensity or data gap; “Y,” evidence of ion intensity spike in the vicinity of shock
passage. “n,” observations available but feature is not evident. Times of pancake distributions observed by the IMP 8 GME are given.

dSOHO/ERNE observation from Torsti et al. [2006].
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Table 2. Solar Wind Structures Associated With “Quasi‐perpendicular” Shocks in 2001–2005

Shocka

Structureb
∼1 MeVc

Upstream Field DirectionDate(UT) �Bn
(°) Kasper �Bn

(°) [WIND](ACE) Type Spike? Pancake?

2001 Jan 23 1048S 39 ± 7 (24 ± 23) I SSW Y … Radial
2001 Mar 03 1121S 32 ± 17 (82 ± 4) I SSW n … Spiral, S
2001 Mar 27 1747S 59 ± 10 (49 ± 22) I Sheath Y … Spiral
2001 Mar 31 0052S 77 ± 14 (75 ± 2) I ICME TE Y 0115–0300 W–E, S
2001 Apr 08 1101S 56 ± 18 (90 ± 3) I Sheath Y … W–E
2001 Apr 18 0046S 66 ± 22 (81 ± 5) I SSW n n E–W
2001 Apr 28 0500S 54 ± 15 (88 ± 2) I hss? Y n W–E
2001 May 12 1003W 62 ± 8 (84 ± 4) I SSW Y 0945–1015 ? Spiral, S
2001 Jun 18 0259S 79 ± 12 … C HPS Y … Spiral
2001 Aug 17 1103S 85 ± 3 (62 ± 6) I SSW Y … N
2001 Aug 27 1952S 45 ± 11 (89 ± 6) I SSW n … Spiral
2001 Aug 31 0138I 88 ± 3 … I ICME n … Spiral, S
2001 Sep 14 0205S 64 ± 4 66 ± 5 C? ICME Y … Radial, N
2001 Sep 25 2025 71 ± 7 … I ICME Y … Spiral
2001 Oct 08 1305W 81 ± 4 (55 ± 39) C? HPS n … Spiral
2001 Oct 11 1701S 53 ± 4 (74 ± 4) I SSW Y … Spiral
2001 Oct 21 1648S 61 ± 6 (50 ± 4) I SSW Y … S
2001 Oct 25 0850S 84 ± 10 (30 ± 22) I ICME n … Spiral
2001 Nov 24 0556S 87 ± 3 (56 ± 9) I hss? n … ? Spiral, N

2002 Jan 10 1544A … (65 ± 2) I? hss Y … W–E, S
2002 Jan 31 2127S 67 ± 18 … I SSW Y … E–W
2002 Mar 20 1328S 80 ± 12 (50 ± 18) I ICME/MC Y n ? Spiral
2002 Apr 17 1107S 62 ± 9 (90 ± 1) I HPS Y … E–W
2002 Apr 19 0835S 76 ± 4 (67 ± 6) I ICME/MC Y … E–W
2002 May 18 2008S 32 ± 14 (58 ± 3) I SSW Y … Spiral
2002 May 23 1050S 72 ± 5 (84 ± 2) I HPS Y … W–E, N
2002 Jul 19 1441A 64 ± 20 (76 ± 6) I ICME Y … Radial
2002 Jul 25 1259A 76 ± 14 (81 ± 7) I? SSW n … Spiral
2002 Sep 07 1636S 80 ± 8 (89 ± 4) I ICME Y … S
2002 Nov 09 1849S 72 ± 5 (84 ± 6) ? SSW n … Spiral, N
2002 Nov 26 2150S 70 ± 1 (71 ± 3) I HPS Y … Spiral

2003 May 09 0455A … (82 ± 3) I hss Y … W–E, S
2003 May 29 1831W 72 ± 5 (87 ± 1) I ICME n … S
2003 May 30 1600A … (72 ± 2) I ICME Y … Radial, N
2003 Aug 17 1421S … (84 ± 2) I ICME Y … Spiral, N
2003 Oct 26 1908S … (87 ± 3) I Sheath n … Spiral
2003 Oct 28 0206S … (68) I ICME n 0000–0215 Radial
2003 Nov 15 0550S … (81 ± 2) ? hss n … Spiral, N

2004 Jan 06 1951S … (82 ± 3) ? hss n … Spiral
2004 Jan 22 0137S … (89 ± 1) I hss n n Spiral
2004 Jul 16 2155S … (85 ± 3) C HPS n … W–E, S
2004 Jul 26 2249S 57 ± 8 … I ICME Y … W–E
2004 Sep 13 2003S … … I SSW Y … Spiral
2004 Nov 07 1827 58 ± 7 … I Sheath Y … N
2004 Nov 09 0930S 54 ± 7 (30 ± 17) I ICME/MC n 0945–1000 Spiral

2005 Jan 11 2000A … (87 ± 2) C HPS n … Spiral
2005 Jan 21 1711S … (75 ± 1) I ICME TE? Y … E–W
2005 May 15 0238S … (48 ± 39) I hss Y … E–W
2005 Jun 14 1835S … (63 ± 10) I ICME? Y … ? Spiral
2005 Jun 16 0847S … (73 ± 6) I ICME/MC Y … Spiral
2005 Jul 10 0337S … (82 ± 3) I HPS n … W–E
2005 Aug 01 0605A … (87 ± 1) ? SSW n … E–W
2005 Sep 02 1450A … I SSW Y … W–E, N

aShock time: S, storm sudden commencement time; W, time of passage at WIND; A, time at ACE, and I, time at IMP 8. �Bn in column 2 is from the
Kasper database, generally at WIND. Values of �Bn in column 3 in square brackets are WIND values from Berdichevsky et al. [2000], while those in
parentheses are from the ACE shock list. Shock type C (I) denotes a CIR (ICME‐driven) shock.

bStructure through which the shock is propagating at the time of observation: “HPS,” heliospheric plasma sheet; “ICME,” interplanetary coronal mass
ejection (“/MC” indicates a magnetic cloud); “hss,” high‐speed stream from a coronal hole; “Sheath,” sheath between an ICME and the related upstream
shock; “ICME TE,” at or closely following the trailing edge of an ICME.

cEvidence of shock‐drift acceleration in ∼1 MeV ions: “…,” low intensity or data gap; “Y,” evidence of ion intensity spike in the vicinity of shock
passage. “n,” observations available but feature is not evident. Times of pancake distributions observed by the IMP 8 GME are given.
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muthal sectors as the spacecraft spins which are then
transformed into the solar wind frame [Ipavich, 1974]. After
the failure of the IMP 8 magnetometer in June 2000, we
used data from the 1‐minute OMNI data base (http://omni-
web.gsfc.nasa.gov/) to estimate the local magnetic field
direction for comparison with the particle distribution. Due
to data gaps and time spent inside the Earth’s bow shock,
GME can only provide observations of the interplanetary
particle angular distribution for a subset of the shocks in our
study period. To supplement these observations, we exam-
ined ∼1 MeV proton intensity‐time profiles from GME, the
COSTEP [Müller‐Mellin et al., 1995] and ERNE [Torsti et al.,
1995] instruments on SOHO, and the EPAM instrument on
ACE [Gold et al., 1998], for evidence of a spike‐like increase
in the particle intensity (e.g., an increase of at least a factor
of two in intensity extending over a period of <∼4 hours) in
the vicinity of the shock.
[11] To illustrate the use of IMP 8 observations to identify

a quasi‐perpendicular shock, Figure 1 shows a shock that
passed Earth on August 6, 1998. Two views are shown,
extending over 4 days (left) and 6 hours (right) around the
shock. The top plot of each panel shows the 0.5 − 4.0 MeV/n
proton + He intensity as a function of viewing azimuth
about the spacecraft (in GSE coordinates) resulting from a
3rd‐order Fourier fit to the sectored intensities in the solar wind

frame averaged over 15 minute periods [e.g., Richardson
and Reames, 1993; Richardson et al., 2008]. The intensi-
ties in a given averaging period are normalized to the maxi-
mum intensity. Thus, particle flows away from the Sun along
the Parker spiral would be indicated by white/pink shading
around ∼315°, while Sunward flows would be indicated by
similar shading at ∼135°. Black horizontal line segments
indicate the directions parallel and anti‐parallel to the mea-
sured local magnetic field direction along which the particle
flows are typically aligned, as expected. The second and third
plots show the corresponding direction‐averaged counting
rate and the amplitudes of the first and second order Fourier
components. The fourth plot shows proton intensities at
0.88 – 11.1 MeV in three GME energy channels. Below this
are plots of the solar wind magnetic field intensity and polar
and azimuthal angles (in GSE‐coordinates), proton temper-
ature, density and speed, in this case from the 1 minute OMNI
database. Passage of the shock is indicated by the vertical
green line. The proton intensity clearly shows a narrow spike
that lasted for ∼3 hours and peaked close to shock passage at
a level around an order of magnitude higher than the
ambient intensity at ∼1 MeV. The spike was observed up to
energies of ∼6 MeV. The top panel shows that within the
spike, commencing at shock passage and extending for
around 2 hours, the highest intensities were found perpen-

Figure 1. Energetic particle and solar wind magnetic field and plasma observations for (left) 4 days and
(right) 6 hours around the passage of an interplanetary shock on August 6, 1998 (green vertical line). Par-
ticle observations are from the IMP 8 GME, and solar wind data are from the 1 minute OMNI database.
Evidence of shock drift acceleration, suggestive of a quasi‐perpendicular shock, includes the brief particle
intensity spike at shock passage (second and fourth panels), and pancake ion distributions peaked perpen-
dicular to the magnetic field direction commencing at shock passage (first panel).
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dicular to the magnetic field and lowest along the field
direction, characteristic of a pancake distribution. Consistent
with such evidence of shock drift acceleration, the Kasper
and ACE shock lists give �Bn = 81 ± 1° and 82 ± 3°,
respectively, both indicating a nearly perpendicular shock.

3. Results

3.1. Quasi‐perpendicular Shocks

[12] Of ∼350 individual fast forward shocks during 1996 –
October 2005 included in the Kasper, ACE or Berdichevsky
et al. [2000] shock lists, 57 (∼16%) have �Bn ≥ 80° in at least
one of these lists (Tables 1 and 2). Interestingly, where two
estimates of �Bn are listed in Tables 1 and 2, in only 8 cases do
both estimates meet our criterion to be quasi‐perpendicular.
Possible reasons for the differing estimates of �Bn include
true differences in shock configuration at individual space-
craft [e.g., Russell et al., 1983; Szabo, 2005] and variations
in analysis methods.
[13] Considering quasi‐perpendicular shocks suggested

by ∼1 MeV ion observations, we have identified 68 shocks
that show an intensity “spike” in the vicinity of the shock,
indicated by “Y” (yes) in the “spike” column in Tables 1
and 2, and 19 shocks with pancake‐like particle distribu-
tions. (We note that a subset of the “energetic storm particle”
events reported by Huttunen‐Heikinmaa and Valtonen [2009]
correspond to the shock spikes in our study.) The times at
which pancake distributions were evident at IMP 8 are listed
in the “pancake” column of Tables 1 and 2. (Torsti et al.
[2006] reported pancake distributions at the August 11,
2000 shock and this is also indicated in Table 1.) A summary
is also provided of the ∼1 MeV particle features at all the
shocks in Tables 1 and 2, where “n” (no) indicates that the
feature was not present, “…”means that the intensity was low
(close to background) in the vicinity of the shock, and “dg”

denotes that there was a data gap. Around 39% (67%) of the
shock spike events are associated with at least one report of
�Bn ≥ 80° (≥70°). Considering shocks with pancake dis-
tributions, 37% (58%) are associated with shocks reported to
have �Bn ≥ 80° (≥70°). Overall, all but seven shocks in Tables 1
and 2 have at least one estimate of �Bn > 60°. Although there
is a tendency for shocks associated with particle spikes or
pancake distributions to have larger values of �Bn, the rea-
sons for the lack of a one‐to‐one association between the
occurrence of shock drift acceleration signatures and �Bn ∼
90°, and differences between estimates of �Bn for the same
shock, require further investigation which is beyond the
scope of this study.
[14] Figure 2 shows the close relationship between the

time of shock passage and the intervals of pancake distribu-
tions observed at IMP 8. Typically, pancake distributions
commence close to shock passage and generally extend
into the downstream (post‐shock/positive time) region, as
expected from shock drift acceleration theory, with dura-
tions of ∼15 minutes to ∼2.5 hours. The pancake distribu-
tions clearly demonstrate the distinct but localized effect of
the shock on the ∼1 MeV ion population.
[15] The October 28, 2003 shock is unusual in that the

pancake distribution was observed for an extended interval
(∼2 hours) prior to shock passage. We also have identified
even more extended intervals of pancake distributions
upstream of the August 10, 1998 and January 31, 2001
shocks (in the latter case, pancake distributions persisted for
∼16 hours). We have decided not to include these two
shocks here because it is unclear whether these extended
upstream pancake distributions are indicative of shock‐drift
acceleration, and hence of a quasi‐perpendicular shock, or
arise in some other situation. Furthermore, none of the
estimates of �Bn for these shocks meet our criterion to be
quasi‐perpendicular.
[16] Combining the plasma/field and energetic particle

identifications gives the 105 shocks in Tables 1 and 2,
comprising ∼30% of the 350 shocks identified in the various
shock lists during the study period. The majority of these
shocks (87%) were probably driven by ICMEs.

3.2. Interaction of Quasi‐perpendicular Shocks
With Solar Wind Structures

[17] We next consider the interplanetary circumstances
that gave rise to these quasi‐perpendicular shocks, in par-
ticular the types of solar wind structures through which
these shocks were propagating at the time of observation.
These structures are indicated in the fifth column of Tables 1
and 2.
3.2.1. Shocks Propagating Through ICMEs
[18] We first consider shocks propagating through ICMEs.

Figure 3 illustrates the types of data typically considered for
each shock, in this case for an ICME‐driven shock observed
on October 5, 2000 (second vertical green line) that was
encountering a preceding, unrelated ICME. This ICME
arrived in the vicinity of Earth at ∼11 UT on October 3
following a shock early on this day (first vertical green line).
The ICME had a magnetic cloud structure [Klein and Burlaga,
1982; Lepping et al., 2006] including an enhanced mag-
netic field with a slow rotation in direction, in this case
turning from northward (�B ∼ 90°) in the leading half of the
ICME to southward (�B ∼ −90°) in the trailing half. Several

Figure 2. Times of pancake distributions observed by the
IMP 8 GME with respect to shock passage (the event date
is given on the right). Positive times are after shock passage.

RICHARDSON AND CANE: QUASI-PERPENDICULAR SHOCKS A07103A07103

6 of 14



other signatures in Figure 3 support the presence of the
ICME (for a summary of in‐situ ICME signatures, see
Zurbuchen and Richardson [2006]). Abnormally low solar
wind proton temperatures, a frequent signature of ICMEs
[e.g., Richardson and Cane, 1995] are indicated by black
shading in the Tp panel where the condition Tp < 0.5Tex (Tex
is the “expected temperature” for normal (non‐ICME) solar
wind, shown by the red graph) is met. (See Richardson and
Cane [1995] for further information on Tex.) Enhanced solar
wind oxygen ion charge states, as indicated by the O7/O6

ratio, were observed by the SWICS instrument on ACE
within the ICME. Here, the red line indicates the “expected
value” of O7/O6 in normal solar wind for comparison (see
Richardson and Cane [2004] for further discussion). The
solar energetic particle event commencing early on October
3 developed field‐aligned bidirectional ion flows within the
ICME which are evident as double ∼horizontal stripes in the
IMP 8 ion anisotropies shown in the first panel of Figure 3.
Such flows are also characteristic of some ICMEs [e.g.,
Marsden et al., 1987; Richardson and Reames, 1993;
Richardson and Cane, 2008].
[19] The magnetic field was near‐southward for a period

of ∼8 hours ahead of, and at the time of shock passage. For a
radially propagating shock, this field direction would give

rise to a near‐perpendicular shock, although the ACE shock
list indicates that the normal to this shock was in fact
directed 25° from the radial direction, and the estimates of
�Bn for this shock in Table 1 (74° and 66°) do not quite meet
our criterion for the shock to be quasi‐perpendicular. On the
other hand, the IMP 8 ion observations provide evidence
that the shock should be classified as quasi‐perpendicular.
In particular at ∼1 MeV/n, there was a brief ∼2 orders of
magnitude intensity spike at shock passage with a duration
of ∼1 hour, while (though less conspicuous than in the
event in Figure 1) pancake distributions commenced at the
shock and extended for ∼75 minutes following the shock.
(Note that other than in the shock spike, the sectored count
rates are too low to calculate meaningful ion distributions
from 15‐minute‐averaged data after around midday on
October 4.)
[20] Some 32 of the 105 shocks in Tables 1 and 2 (30%)

were probably propagating though ICMEs. We include
here cases indicated by “ ICME TE” when the shock was
observed closely following what may have been the trailing
edge of an ICME (which is frequently ill‐defined in the
plasma/field data) and may still have been encountering
structures associated with the ICME.

Figure 3. Energetic particle and solar wind magnetic field and plasma observations in the vicinity of an
interplanetary shock on October 5, 2000 (second vertical green line) that was propagating into an ICME
that arrived at ∼11 UT on October 3 following a shock early on that day (first vertical green line). Particle
observations are from the IMP 8 GME and solar wind data are from the 1 minute OMNI data base. The
bottom panel shows the solar wind O7/O6 ratio measured by the SWICS instrument on ACE.
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3.2.2. Heliospheric Plasma Sheet/Slow Solar Wind
[21] The heliospheric plasma sheet was involved in 28

(27%) of the shocks in Tables 1 and 2. We identify the HPS,
associated with flows from the streamer belt, as a region of
dense plasma lying around the heliospheric current sheet
(HCS) that is often distinct from the compressional density
enhancement associated with CIRs [e.g., Borrini et al., 1981;
Gosling et al., 1981;Winterhalter et al., 1994;Crooker et al.,
2004].
[22] To understand how the HPSmight contribute to quasi‐

perpendicular shock configurations, we note that Behannon
et al. [1981] reported that crossings of the HCS may be
complex, including non‐spiral fields and discontinuities
tilted at large angles to the ecliptic, while Lepping et al.
[1996] and Blanco et al. [2008] have discussed how the
HCS may be highly inclined to the ecliptic. A transient
component in the HPS has also been discussed [e.g., Crooker
et al., 1996, 2004]. Evidently, field deviations do occur in the
vicinity of the HCS/HPS and may help to account for the
frequent formation of quasi‐perpendicular shocks propagat-
ing through the HPS. Another 26 shocks in Tables 1 and 2
(25%) were propagating through the slow solar wind
(SSW) but the HPS did not appear to be present in the vicinity
of the shock.
3.2.3. High‐Speed Streams
[23] Twelve shocks in Tables 1 and 2 (11%) were prop-

agating through high‐speed solar wind streams (hss) that
originated in coronal holes. One such event, the ICME‐

driven shock of May 9, 2003 (�Bn = 82° at ACE), is shown
in Figure 4. This shock was propagating through solar wind
with speeds of ∼750 km/s associated with a corotating high
speed stream that persisted from October 2002 to January
2004. We show this event since it illustrates how the quasi‐
perpendicular nature of a shock may be determined by the
magnetic field orientation at the shock in a region of vari-
able field direction, in this case associated with large
amplitude Alfvén waves propagating away from the Sun,
a typical feature of corotating high‐speed streams [e.g.,
Belcher and Davis, 1971]. The anti‐correlated variations in
the individual components of the solar wind velocity and
magnetic field direction immediately upstream of the shock
in Figure 5 indicate the presence of Alfvén waves. In par-
ticular, the field was directed west to east (Bx ∼ 0; �B ∼ 90°)
and southward at shock passage. Combined with the closely
radially propagating shock (the normal was only 4° from the
radial direction), a quasi‐perpendicular shock configuration
was the result. However, this configuration is unlikely to
have been maintained as the shock moved out through the
Alfvén wave field. The ∼1 MeV ion data from ACE/
EPAM in Figure 6 show an enhancement that does not
encompass the shock, but extends for ∼3 hours following
the shock, until the arrival of the ICME driving the shock,
at ∼8 UT.
3.2.4. Sheath
[24] We finally identify 7 shocks (7% of the shocks in

Tables 1 and 2) that were probably observed within the sheath

Figure 4. Energetic ion observations from the EPAM instrument on ACE, and ACE solar wind obser-
vations, in the vicinity of a quasi‐perpendicular shock on May 9, 2003, that was propagating through a
high‐speed stream.
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of an unrelated shock, i.e., in the region of compressed,
heated plasma lying between the unrelated shock and driv-
ing ICME. We might expect some quasi‐perpendicular
shocks to be observed within sheaths because of the sub-

stantial field direction variations that may be present,
including field draping around the ICME [e.g., McComas
et al., 1988, 1989; Liu et al., 2008], and the possibility
that at times of high activity, shocks will be found prop-
agating through the sheaths of preceding shocks. Evidently
however, this situation only accounts for a small fraction
of our sample of quasi‐perpendicular shocks.

3.3. What Factors Determine the Type of Structures
Encountered by Quasi‐perpendicular Shocks?

[25] Figure 6 summarizes the solar wind structures
upstream of all the shocks in Tables 1 and 2 and for sub
groups defined by �Bn ≥ 80°, ion pancake distributions, or
shock spikes. With the exception of the group of shocks
defined by pancake distributions, overall around a third of
the shocks were propagating into an ICME. Another
∼quarter were propagating through the HPS, and a further
∼quarter through slow solar wind away from the HPS.
Around 10% were propagating through high‐speed streams
and about one in fifteen was observed in the sheath of
another shock.
[26] Considering shocks defined by pancake ion dis-

tributions, 58% of these shocks were propagating through
ICMEs, another quarter through the HPS, and relatively few
through other slow or fast solar wind (6% in each case). The
differences from the results summarized in the preceding
paragraph may arise from the smaller sample size, or, more
interestingly, it is possible that the slowly varying field di-
rections often found in ICMEs and present at the times of
several of these shocks (e.g., the events in Figures 1 and 3)
may allow the quasi‐perpendicular configuration to persist
for longer intervals and favor the development of clear
pancake distributions in the vicinity of the shock. This
aspect could be examined further by using the extensive
IMP 8 GME database since 1973 to identify a larger sample
of shocks associated with pancake distributions, but such a
study is beyond the scope of this paper.
[27] Figure 7 examines how the occurrence rates of quasi‐

perpendicular shocks and the structures upstream of quasi‐
perpendicular shocks, and within the solar wind as a whole,
vary through our study period. The top panel shows the
monthly sunspot number to indicate the progress of solar
cycle 23. The second panel shows the yearly occurrence rate

Figure 5. Magnetic field and solar wind velocity compo-
nents (in GSE coordinates) at ACE in the vicinity of the
shock illustrated in Figure 4. Anti‐correlations between
the field and velocity components indicate that the shock
(vertical green line) was propagating through Alfvén waves
moving away from the Sun.

Figure 6. Summary of the solar wind structures upstream of all the shocks in this study and subsets
defined by �Bn ≥ 80°, and the presence of ∼1 MeV pancake distributions and shock spikes.
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of the shocks in Tables 1 and 2. This largely follows solar
activity levels, as expected since ∼90% of the shocks were
probably associated with ICMEs and the ICME rate tends to
follow solar activity levels [e.g., Cane and Richardson,
2003; Richardson and Cane, 2010].

[28] We might expect the occurrence rates of the different
types of upstream structures to be determined to a large
extent by the fraction of the near‐Earth solar wind occupied
by each type of structure. To examine this, the black graphs
in the third and fourth panels of Figure 7 show, respectively,
the percentage of the time that the near‐Earth solar wind was
occupied by slow solar wind (SSW) or high speed streams
from coronal holes (HSS), averaged over intervals of 13 solar
(Carrington) rotations (∼1 year). These percentages are
updated from the analysis of solar wind plasma and field data
described by Richardson et al. [2000, 2002] [see also Emery
et al., 2009]. The solar wind structure list is available at http://
cedarweb.hao.ucar.edu/wiki/index.php/Tools_and_Models:
Solar_Wind_Structures. The black graph in the fifth panel
shows the percentage of time when the solar wind was
occupied by ICMEs included on our ICME list. This also
follows the solar cycle.
[29] Figure 7 also shows how the percentages of quasi‐

perpendicular shocks propagating through different types of
upstream structures vary with time. Since in the solar wind
classification we have not attempted to separate the HPS
from other slow solar wind, in the third panel we show in
red the percentage of quasi‐perpendicular shocks propagating
through either the HPS or slow solar wind in each year. The
“error bars” indicate how the percentages would vary if the
number of shocks were changed by ±1. The percentage of
quasi‐perpendicular shocks propagating through high‐speed
streams is similarly plotted in red in panel 4, while the
percentage of quasi‐perpendicular shocks propagating through
ICMEs is shown in red in panel 5.
[30] In general, the percentage of quasi‐perpendicular

shocks propagating through slow solar wind is around a half
as large again as the percentage of solar wind occupied
by slow solar wind (e.g., typically ∼60% compared with
∼40%), at least until the decay phase of the solar cycle. This
result suggests that quasi‐perpendicular shocks are found in
the slow solar wind more frequently than might be expected
based on the fraction of the solar wind occupied by slow
solar wind. Note also that both of the shocks in 1996 were
CIR forward shocks propagating into slow solar wind or
the HPS.
[31] The percentage of shocks propagating through high‐

speed streams (panel 4) is substantially lower than might be
expected based on the time when high‐speed streams were
present (typically ∼10% compared with ∼30%, i.e., ∼one
third of the expected rate). Possible contributing factors may
include the general absence of solar active regions within
the coronal holes that produce high‐speed streams, the
reduced pitch of the Parker spiral within high‐speed streams,
the higher ICME speeds necessary to drive shocks in high‐
speed solar wind, and the presence of Alfvén waves within
high‐speed streams. In addition, for CIR‐associated shocks,
we only consider forward shocks that are propagating into
slow solar wind, though such shocks only form a minority
of our sample.
[32] The percentage of shocks propagating through

ICMEs (panel 5) is comparable or larger than the percentage
of the solar wind occupied by ICMEs. As noted above
around a third of quasi‐perpendicular shocks were propa-
gating through ICMEs. Since the fraction of solar wind
occupied by ICMEs was ∼10% during the study period and

Figure 7. Comparison of the percentage of the near‐Earth
solar wind occupied by slow solar wind (third panel, black
graph), high‐speed streams (fourth panel, black graph),
and ICMEs (fifth panel, black graph) with the percentage
of the quasi‐perpendicular shocks that were propagating
through these structures (red graphs) during 1996–2005.
For comparison with the slow solar wind fraction, the
shocks propagating into slow solar wind and the helio-
spheric plasma sheet are combined. The first panel shows
the monthly sunspot number, while the second panel gives
the number of shocks in each year in Tables 1 and 2. The
sixth compares the percentage of the time when the solar
wind magnetic field is directed ≥70° and ≥80° from the
radial direction (black and red graphs, respectively), while
the green graph indicates the fraction of all identified shocks
that are quasi‐perpendicular based on plasma/field and
energetic particle observations.
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∼15% at solar maximum when the shock rate was highest,
this suggests that quasi‐perpendicular shocks were found
inside ICMEs around 2–3 times more frequently than would
be expected. The unusually high percentages in 1999 and
2003 may have been enhanced by the absence of shocks
moving through high‐speed streams and slow solar wind,
respectively. Note that the 2003 enhancement is not simply
due to shocks associated with the “Halloween” solar events
in late October‐early November; shocks earlier in the year
also contribute (see Table 2).

3.4. Magnetic Field Direction Upstream of Quasi‐
perpendicular Shocks

[33] We have also examined the direction of the magnetic
field upstream of the shocks in Tables 1 and 2, based on
1‐minute averaged field data. First, we have summarized
this direction for each shock in the right‐hand column of
Tables 1 and 2. The field azimuth is assigned to eight 45°
width bins centered on: the inward or outward radial direc-
tions (�B (in GSE coordinates) = 0° or 180°), the west‐east or
east‐west directions (�B = 90° or 270°), outward and inward
Parker spiral directions (�B = 135° or 315°), and inward and
outward directions perpendicular to the Parker spiral (�B =
45° or 225°). If the field was inclined between 35° and 65°
north or south of the ecliptic, this is also noted in addition to
the azimuthal direction. If the field was inclined ≥65° from
the ecliptic, the direction is summarized as either north (N)
or south (S) as appropriate. The most common circum-
stance is for the magnetic field azimuth to be directed
∼perpendicular to the radial direction. In particular, the field
was east to west or west to east ahead of 45 shocks (43% of
105 shocks), and was strongly northward or southward
ahead of 13 shocks. Together, these account for 55% of the
shocks in Tables 1 and 2. Another 33 shocks (31%) had

spiral upstream fields, 6 shocks (6%) had radial fields (an
unlikely direction for the field upstream of a radially prop-
agating quasi‐perpendicular shock) and for 8 shocks (8%)
the upstream magnetic field was perpendicular to the Parker
spiral, the low number of such shocks presumably reflecting
the low occurrence rate (∼10%) of such field orientations in
the solar wind.
[34] Figure 8 compares the occurrence rates (in 10° bins)

of the angle between the radial and magnetic field directions
immediately upstream of 85 ICME‐driven quasi‐perpendicular
shocks (red graph), and in all the solar wind during the study
period (black graph). The field upstream of these shocks is
clearly more likely to be inclined at angles >60° to the radial
direction than in average solar wind, while smaller angles
are rarer, as would be expected assuming that these shocks
are typically propagating ∼radially away from the Sun. In
particular the magnetic field is 2.3 times more likely to lie
80 – 90° from the radial direction upstream of these shocks.
[35] Since magnetic field orientations approximately per-

pendicular to the outward radial direction may favor the for-
mation of quasi‐perpendicular ICME‐driven shocks (assuming
that these shocks are propagating ∼radially away from the
Sun), we have also investigated the occurrence of such field
orientations in the solar wind at 1 AU. The sixth panel of
Figure 7 shows the percentages of time when the field was
directed ≥70° (black; ∼30%) and ≥80° (red; ∼15%) from the
radial direction. (Note there is little variation with solar
activity levels.) The percentage of all the ICME‐driven shocks
in our study period that are quasi‐perpendicular based on
plasma/field or particle observations is indicated in green.
Overall, the fraction of quasi‐perpendicular shocks is similar
to the fraction of the time when the solar wind is oriented at
large angles (>70°) to the radial direction, suggesting that the
orientation of the interplanetary magnetic field may help to
determine the shock configuration.
[36] It would be interesting to examine the distribution of

values of �Bn for shocks propagating through different types
of solar wind structure and hence assess the influence of
solar wind structure type on �Bn. However, such a study
would require the upstream solar wind structures to be
identified for a larger sample of shocks with a range of values
of �Bnwhich is beyond the scope of the present paper. We can
however examine how values of �Bn compare for shocks
propagating into ICMEs and those observed outside ICMEs
since we have already compiled a comprehensive list of
ICMEs for cycle 23, as described in section 2. One com-
plication, as noted above, is that independent estimates of
�Bn can differ significantly. Thus in Figure 9, we combine
estimates of �Bn from the Kasper data base, plotted on the
vertical axis, with those from the ACE shock list or
Berdichevsky et al. [2000] (plotted on the horizontal axis)
for 176 shocks for which two estimates of �Bn are available
(error bars, which can be substantial, are not shown). The
bottom panel shows results for 39 shocks propagating into
ICMEs, while the top panel shows 137 other shocks not
propagating into ICMEs. Our general conclusion is that
shocks propagating into ICMEs tend to have larger values of
�Bn than other shocks. In particular, 69% of the shocks
propagating into ICMEs have both estimates of �Bn ≥ 50°
compared with 43% for the other shocks. To investigate
why shocks observed inside ICMEs may have larger values

Figure 8. Occurrence rates of the angle between the radial
direction and the magnetic field direction upstream of 85
quasi‐perpendicular shocks (red) and in all the solar wind
during the study period (black).
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of �Bn, Figure 10 shows the occurrence rate of the angle
between the radial and IMF directions (∼�Bn for a radially
propagating shock) in 10°‐width bins relative to the occur-
rence rate in all solar wind (black graph in Figure 8) for
magnetic fields within ICMEs during the study period that
are, or are not, magnetic clouds. Values above 1 indicate that
the field was more likely to lie in a given range than in the
solar wind as a whole. The results show that angles above
∼70° are ∼30% more likely to occur in magnetic clouds
whereas their occurrence rate is only slightly enhanced in
other ICMEs. In addition, intermediate angles are less likely
to be found inside ICMEs. Thus, in particular in magnetic
clouds, the magnetic fields in ICMEs may be more condu-
cive for the production of quasi‐perpendicular shock con-
figurations than in the solar wind as a whole. Note also that
small field angles with respect to the radial tend to be found

more frequently in ICMEs, though the occurrence rates are
still low compared to higher angles.

4. Summary

[37] We have examined the interplanetary circumstances
of 105 near‐Earth quasi‐perpendicular fast forward shocks
in 1996–2005 identified either using estimates of �Bn with
a criterion of �Bn ≥ 80°, or by evidence of shock drift
acceleration in observations of ∼1 MeV ions. Our major
conclusions are:
[38] 1. Around 87% of these shocks were probably gen-

erated by ICMEs, the remainder by CIRs. Together, these
shocks represent ∼30% of all the shocks identified at 1 AU
during the study period.

Figure 9. �Bn from the Kasper database plotted against �Bn
from the ACE shock list or Berdichevsky et al. [2000]
(bottom) for shocks propagating into ICMEs and (top) for
other shocks.

Figure 10. Ratio of the probability of the angle between
the magnetic field and radial directions inside ICMEs that
are or are not magnetic clouds lying in 10° bins compared
with the solar wind as a whole (black graph in Figure 8).
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[39] 2. These shocks were propagating into a variety of
solar wind structures including ICMEs, accounting for
around a third of the shocks, and the heliospheric plasma
sheet and other slow solar wind, each accounting for around
a quarter of the events. Around 11% were observed in a
high‐speed stream, and 7% in the sheath following a pre-
vious shock.
[40] 3. The association rates with each type of structure

varied during solar cycle 23. Quasi‐perpendicular shocks
were observed more frequently propagating through slow
solar wind than would be expected based on the fraction of
the solar wind occupied by slow solar wind whereas the
occurrence rate in high‐speed streams was only around a
third of that expected. The fraction of shocks propagating
through ICMEs was around 2–3 times larger than expected,
suggesting a preference for quasi‐perpendicular shocks to be
found propagating through ICMEs.
[41] 4. Magnetic fields upstream of ICME‐driven quasi‐

perpendicular shocks are more likely to be inclined at large
angles to the radial direction than is found generally in the
solar wind, with the most probable angle being >80°. Such a
field orientation combined with a radially directed shock
would give rise to a quasi‐perpendicular shock configura-
tion. The fraction of fast forward shocks that are quasi‐
perpendicular is similar to the fraction of the time when the
solar wind is at large angles (>70°) to the radial direction.
[42] 5. The formation of pancake ion distributions may be

favored at shocks propagating through ICMEs, although a
larger sample of shocks should be examined to confirm this.
A possible reason is that the smoothly varying field direc-
tion in some ICMEs, in particular magnetic clouds (such as
in Figure 3) may allow the quasi‐perpendicular configura-
tion to be maintained for a longer period, allowing clear
signatures of shock‐drift acceleration to develop. However,
it is difficult to evaluate the relationship between the level of
magnetic field variations and the presence of pancake dis-
tributions because it is the past history of the magnetic field,
contained in the downstream region and distorted by the
passage of the shock, that is most relevant, not the future
development as determined by the upstream conditions.
[43] 6. Shocks propagating through ICMEs tend to have

larger values of �Bn than other shocks. In particular, 69% of
shocks with two estimates of �Bn from the Kasper and
another shock list had both estimates >50° compared to 43%
for other shocks. The higher occurrence rates of magnetic
fields highly inclined to the radial direction, in particular in
magnetic clouds, and lower occurrence of “intermediate”
orientations, may contribute.
[44] 7. It is probably unrealistic in studies of particle

acceleration by shocks to regard a local estimate of �Bn as an
indicator of the “global” shock configuration. For example,
as noted above, there is frequently a lack of agreement
between the values of �Bn derived from data from different
near‐Earth spacecraft or by different researchers (see Figure 9).
Energetic particle data do not always help to confirm the
shock configuration ‐ shock‐drift acceleration may occur
where �Bn is not consistent with a quasi‐perpendicular shock,
and there are quasi‐perpendicular shocks that lack clear sig-
natures of shock drift acceleration. Even in the simplest
Parker spiral field, �Bn will evolve with heliocentric distance.
Such factors may be problematical in studies attempting to

relate event‐averaged particle properties, e.g., spectra, with
the deceptively simple parameter “�Bn.”
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