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ABSTRACT

Context. Reconnection exhausts are a common phenomenon in the solar wind. Many exhausts were observed between an interplanetary coronal mass ejection (ICME) and the ambient solar wind, or between two ICMEs, or within the interior of a single ICME.
Observed exhausts are almost exclusively associated with ICMEs with low (often much lower than 1) proton beta.
Aims. Often the sheath regions of ICMEs have a high level of plasma beta. Therefore we aim to find out whether the reconnection
exhausts occur frequently in the sheath regions of ICMEs.
Methods. We examined the plasma and magnetic-field data in the sheath of the magnetic cloud (i.e., ICME) observed
on 18–20 October 1995, and identified six reconnection exhausts.
Results. The six reconnection exhausts occured within regions of proton beta that was higher than unity. Five of them occurred on a
high level (>2.2) of proton beta.
Conclusions. Low proton beta is no exclusive condition for magnetic reconnection. Reconnection may occur frequently in the sheath
of ICMEs when magnetic fields from diﬀerent source regions, that is, from diﬃdent orientations, are pushed together.
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1. Introduction
Magnetic clouds (MCs) are an important subset of interplanetary coronal mass ejections (ICMEs), which are interplanetary
manifestations of transient events with large amounts of material ejected from the solar atmosphere (e.g., Hundhausen 1987;
Kahler 1987). An MC was originally defined empirically in
terms of in situ spacecraft measurements of magnetic fields and
plasma in the interplanetary medium at ∼1 AU; that is, it has
the following necessary properties: (1) a higher magnetic-field
magnitude than the ambient field; (2) a smooth change in field
direction as observed by a spacecraft passing through the cloud;
and (3) a lower proton temperature than the ambient proton temperature (Burlaga et al. 1981, 1990; Burlaga 1995). MCs are typically observed in association with bidirectional ion and electron
beams (e.g., Bame et al. 1981; Gosling et al. 1987; Marsden et al.
1987), helium enhancements (Zwickl et al. 1983), and decreases
in the energetic particle intensity (Cane et al. 1997). MCs have
received considerable attention because the magnetic configuration is amenable to simple flux-rope modeling (e.g., Goldstein
1983; Burlaga 1988, 1991; Lepping et al. 1990; Farrugia et al.
1995), and they are responsible for some major geomagnetic
storms (e.g., Webb et al. 2000). When an MC propagates outward from the Sun, the faster-moving MC will compress and
deflect the upstream flow. If the relative speed of the two plasma
regimes is higher than the fast-mode magnetohydrodynamic
(MHD) wave speed, a shock will form ahead of the MC. The
region of compressed solar wind bounded by the leading shock
front and the leading edge of the MC-front is referred to as the
sheath region. The sheath regions often have high plasma beta,
density, proton temperature, and magnetic-field magnitude (e.g.,
Guo et al. 2010, 2011). Within a sheath, the dynamic pressure

is typically high and fluctuates more than within MCs, and the
magnetic-field direction can change many times. The sheath durations range from 7.7 to 19.1 h with an average value of 14.8 h
(Feng et al. 2010).
Magnetic reconnection is an important and eﬃcient process
that converts magnetic energy into bulk-flow energy (particle energy). This process generally favors oppositely directed magnetic fields at thin current sheets and plays a central role in
many interpretations and models of space, solar, astrophysical,
and laboratory plasma phenomena (e.g., Parker 1983; Priest &
Forbes 2000; Priest et al. 2005). Recently, observational studies have focused on some of these macroscopic properties of
magnetic reconnection. Gosling et al. (2005a) first developed
magnetic-reconnection exhaust criteria based on the Petschek
reconnection model (Petschek 1964). The exhausts are roughly
Alfvénic plasma-jet flows confined to magnetic-field reorientation regions, which typically take the form of bifurcated current
sheets. The direct evidence to identify reconnection exhausts in
the solar wind is a pair of correlated and anti-correlated variations in B and V at the edges of the exhaust. The reconnection
exhausts reported by Gosling et al. (2005a) have the following
characteristics: within the exhaust the plasma beta, the proton
temperature, and the density are all higher than outside if the
magnetic-field strength is weaker than that of the surrounding
solar wind; the field shear across these exhausts range is large
(often >98◦ ); and the surrounding solar wind has low proton beta
(<0.15). Since ICMEs (i.e., MCs) have low (often 1) proton
beta, many reconnection events have been found to be associated with ICMEs (e.g., Gosling et al. 2007; Gosling & Szabo
2008; Lugaz et al. 2005), and a number of small field-shear angle exhausts occurred within the interiors of ICMEs (Gosling
& Szabo 2008), even certain exhausts within the ICME were
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Fig. 1. Interplanetary magnetic field and plasma data measured by the WIND spacecraft in the GSE coordinate system during the passage of the
MC on 18−20 October 1995.

associated with current sheets having extremely small (4◦ ) fieldshear angles (Gosling & Phan 2013). Accordingly, a large fieldshear angle is not the only condition for magnetic reconnection.
Similar, it is interesting to ask whether magnetic reconnections
can occur in the solar wind with high proton beta (>2)? As mentioned above, the sheath regions of MCs often have high proton
beta. In addition, signatures of magnetic reconnection have previously been found in the fronts of MCs (e.g., Farrugia et al.
2001; Ruﬀenach et al. 2012). Can magnetic reconnections occur frequently in the sheath regions of MCs? We here report
six reconnection exhausts in the sheath of MC observed by
WIND on 18–20 October 1995, all six of which were observed
in plasma characterized by high proton beta.

2. Observations
We used 3-s-averaged plasma and magnetic-field data measured
by WIND, the magnetic-field data were obtained from Magnetic
Field Investigation (MFI) magnetometer and the proton data
are obtained from the 3-Dimension Plasma (3DP) analyzer. A
description of the instruments onboard WIND was given by
Lepping et al.(1995) and Lin et al. (1995). Figure 1 shows the interplanetary magnetic field and plasma, which were measured in
the GSE during the passage of the MC on 18–20 October 1995.
From top to bottom the panels show the magnitude of the total magnetic field (Bt), the x, y, z components of the magnetic
field (B x, By , Bz ), the solar wind velocity along the Sun-Earth
direction (V x ), the proton thermal speed (Vth ) and density (N),
and the proton beta, respectively. The MC has been discussed
by many authors (e.g., Lepping et al. 1997; Wu et al. 2000; Wei
et al. 2003; Feng et al. 2006). Clearly there is a preceding shock
produced by the MC at 10:56 UT on 18 October 1995. There
is a distinct directional discontinuity (DD) at 18:58 UT, which
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was identified as the front boundary of the MC by many authors
(e.g., Wu et al. 2000; Wei et al., 2003; Feng et al. 2006). The
leading shock and the front boundary are denoted by two vertical
solid lines in Fig. 1, this time interval defines the MC sheath. For
the MC, diﬀerent authors gave diﬀerent rear boundaries due to
the ambiguities properties, and we identified the rear boundary
at 01:33 UT on 18 October 1995 (Feng et al. 2006). However,
a diﬀerent rear boundary was identified by Dasso et al. (2006)
at 17:37 UT on 19 October 199. But the diﬀerence in rear
boundaries dose not aﬀect the identification of the MC sheath.
The MC was characterized by smooth magnetic-field rotations,
low proton number density, and low proton beta. In contrast,the
magnetic-field direction in the MC sheath was fluctuating; the
proton beta within the sheath varied from 0.06 to 44 with a mean
value of 3.84, which is much higher than the average proton beta
(0.076) within the MC.
We identified six reconnection exhausts within the sheath of
the MC on 18–20 October 1995, two of which occurred immediately at the beginning and two at the end of the sheath.
Figure 2 provides expanded views of the magnetic field and velocity curves of the magnetic-reconnection exhaust. The reconnection exhaust occurred during 11:14:34–11:14:58 UT. As can
be seen from Fig. 2, the changes in V and B are correlated at its
leading edge and are anti-correlated at its trailing edge. In addition, the exhaust is characterized by increases in proton density,
temperature, and proton beta within the exhaust, the magneticfield strength is weaker than that of the surrounding solar wind
(not shown in Fig. 2). The change of the observed field orientation in this exhaust is strong (102◦). These features are consistent
with the previously reported reconnection exhausts. However,
the ambient solar wind has a high level of proton beta. The
proton beta is 1.06 at its leading edge and 2.54 at its trailing
edge. This indicates that magnetic reconnection can occur at the
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Fig. 2. Interplanetary magnetic field, speed data and proton beta measured by the WIND spacecraft during the 11:14:34–11:14:58 UT magnetic
reconnection exhaust passage.
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Fig. 3. Interplanetary magnetic field, speed data, and proton beta measured by the WIND spacecraft during the 17:49:07–17:49:16 UT magneticreconnection exhaust passage.

interface between two diﬀerent plasma flows characterized by
high (>1) proton beta.
Figure 3 shows the exhaust event within 17:49:07–
17:49:16 UT. The changes in V and B were anti-correlated with

one another at the leading edge and were correlated at the trailing
edge. During the exhaust, the proton density, temperature, and
proton beta are all enhanced, whereas the field strength is diminished (not shown). All the above properties are characteristic of
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Table 1. Observational characteristics of reconnection exhausts.
N◦ . a
01
02
03
04
05
06

Startb
11:02:07
11:14:34
14:06:16
14:16:34
17:45:01
17:49:07

Endc
11:02:28
11:14:58
14:06:22
14:17:07
17:45:22
17:49:16

Angled
36
102
36
9
85
67

β1 e
3.92
1.06
2.65
2.29
3.74
3.90

β2 f
3.56
2.54
2.28
2.49
2.61
2.89

Notes. (a) The code number of the reconnection exhaust. (b) The beginning of the reconnection exhaust (UT). (c) The end of the reconnection
exhaust (UT). (d) The magnetic-field shear angle across the reconnection
exhaust (degree). (e) The proton beta at the leading edge of the reconnection exhaust. ( f ) The proton beta at the trailing edge of the reconnection
exhaust.

reconnection exhausts. In addition, the exhaust occurred within
a solar wind in quite high (>2.5) proton beta . The proton beta
at the leading edge is 3.90, that at the trailing edge is 2.89.
Table 1 lists the six identified magnetic-reconnection exhausts.
Table 1 indicates that the timescale of these six exhausts ranges
from 6 to 32 s. The observed magnetic-field shears across the exhausts range from 9◦ to102◦, and the external proton betas range
from 1.06 to 3.92 with a mean value of 2.83.

3. Discussion
Recently, many reconnection exhaust observations in the solar
wind were reported (e.g., Gosling et al. 2005a,b, 2006a,b; Phan
et al. 2006). A large number of these reconnection exhausts
events have been found to be associated with ICMEs. These reconnection exhausts can be classified into three types based on
the occurrence locations: (1) between ICMEs and the ambient
solar wind; (2) between ICME and ICME; and (3) within the
interior of ICMEs (Xu et al. 2011). In addition, Gosling et al.
(2007) have pointed out that these exhausts were observed almost exclusively in either the low-speed wind or in association
with ICMEs in plasma with predominantly low (often 1) proton beta. However, the sheath regions of ICMEs (MCs) often
have a high level of proton beta. Could the reconnection exhausts
also exclusively occur in the sheath regions of ICMEs? We examined the plasma and magnetic-field data of the sheath of the
MC observed on 18–20 October 1995, and identified six reconnection exhausts. Except for the reconnection exhaust that occurred at 11:14:34–11:14:58 UT, the reconnection events occurred in the ambient solar wind that had quite a high (>2.2)
proton beta level. Therefore, a low level of proton beta is not
the only condition for magnetic reconnection. In addition, solar wind regions on opposite sides of the reconnection exhausts
typically had small, but distinctly diﬀerent, plasma and field
characteristics, (e.g., Gosling et al. 2006a), that is, magnetic
reconnection occurs at the interface between diﬀerent streams.
The sheath regions often have highly fluctuating fields, density,
and dynamic pressure; it may contain many diﬀerent interacting
streams. Ruﬀenach et al. (2012) also found evidences of exhaust
at the front boundary of MC, which means that magnetic reconnections may occur frequently in the sheath of ICME.
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