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Abstract

Coherent structures such as current sheets have been usually regarded to be sites of proton heating in the solar
wind. In this Letter, we statistically investigate the proton heating effects around the coherent structures within the
turbulent sheath regions of magnetic clouds (MCs) based on WIND observations. It is found that the proton
temperature enhancement near coherent structures in the MC sheath is not as remarkable as in the solar wind.
Significant temperature increase only exists near coherent structures with great directional changes (>45°) in
magnetic field or intensity changes (�10% of the mean magnetic field magnitude), which merely account for 13%
of the total of 12,426 identified intermittent events in the 71 studied MC sheaths. The temperature increment is
more evident near strong current sheets with great directional changes (>45°) at smaller scales than those at larger
scales. It suggests that the heating effects in the MC sheath regions are likely to be highly localized. The local
proton heating effects in the turbulent sheath are probably caused by the magnetic reconnection processes that are
frequently associated with the strong current sheets.
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1. Introduction

A well-known feature of solar wind turbulence is the
occurrence of intermittency, that is, the distributions of field
fluctuations at smaller scales will become non-Gaussian at a
greater rate (Marsch & Tu 1997). The intermittency is generally
associated with localized structures such as current sheets (Bruno
& Carbone 2013; Matthaeus et al. 2015). These structures are
ubiquitous in the solar wind and are used to be characterized as
classical discontinuities (Burlaga 1968; Hudson 1970; Tsurutani
& Smith 1979; Borovsky 2008). More recent studies indicated
that current sheets may be coherent structures generated by
magnetohydrodynamic (MHD) turbulence (Vasquez et al. 2007;
Greco et al. 2008, 2009; Zhdankin et al. 2012; Zhang et al. 2015;
Yang et al. 2017).

Current sheets in the solar wind have been suggested to be
sites of enhanced dissipation (Burlaga 1968; Leamon et al.
2000). Osman et al. (2011) found that coherent structures are in
statistical association with elevated proton temperatures,
indicating that inhomogeneous heating linked to current sheets
occurs in the solar wind. A subsequent study suggested that
proton temperature increases locally at coherent structures and
the temperature enhancement is more pronounced near stronger
current sheets (Osman et al. 2012b). Dissipation and heating
locally at turbulence-generated coherent structures are also
observed in numerical simulations (Servidio et al. 2012; Wan
et al. 2012, 2015). However, this issue has some controversial
aspects. In a separate statistical study, Borovsky & Denton
(2011) found no evidence for significant local heating of
protons or electrons in strong current sheets.

It is worth noting that strong current sheets are usually
associated with magnetic reconnection (Servidio et al.
2009, 2011; Osman et al. 2014). While turbulence commonly
exists in space plasmas, the role of magnetic reconnection and

other possible dissipation mechanisms such as ion instabilities
is not unambiguously known(e.g., Bale et al. 2009). Observa-
tional studies of magnetosheath turbulence suggested that
magnetic reconnection in thin current sheets could facilitate the
dissipation of magnetic energy at kinetic scales (Retinò et al.
2007; Sundkvist et al. 2007; Phan et al. 2018; Wilder et al.
2018; Stawarz et al. 2019). Such small-scale intermittent
structures are prevalent in the Earth’s magnetosheath and have
been revealed to be sites for local dissipation using high-
resolution data obtained by Cluster and Magnetospheric
Multiscale missions (Chasapis et al. 2015, 2017, 2018; Chhiber
et al. 2018). In the solar wind, magnetic reconnection is often
related to the Petschek-like reconnection exhausts extending
from the reconnection sites (Gosling et al. 2005). Reconnection
exhausts have been observed frequently in the low-β plasmas,
but rarely in the compressed sheath regions in front of
interplanetary coronal mass ejections (ICMEs; Phan et al.
2010; Gosling 2012). Therefore, studying the turbulence
intermittency and its heating effects in the magnetic cloud
(MC) sheath may shed some light on solar wind heating.
In this Letter, we will examine the proton temperature

variation around intermittent structures in the sheath regions of
71 MC events observed by the WIND spacecraft to investigate
the nature of intermittent heating in the MC sheath.

2. Data, Event List, and Method

The magnetic field and plasma data used to analyze the
associated local heating of intermittent structures are obtained
from the the Magnetic Field Investigation (MFI; Lepping et al.
1995) and the Three Dimensional Plasma analyzer (3DP; Lin
et al. 1995) on board WIND spacecraft, respectively. The time
resolutions are both 3 s. The lower-resolution magnetic field
and plasma data obtained from MFI and the Solar Wind
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Experiment (SWE; Ogilvie et al. 1995) are used to identify the
MC sheaths.

The large-scale MCs (time duration greater than 12 hr) with
unambiguous sheaths ahead are selected from a combined list
with MC events identified based on a force-free magnetic field
model (Lepping et al. 1990). The MCs identified from 1995 to
2012 are listed on the website5 and the MC list from 2012 to
2015 can be found in the paper of Lepping et al. (2018). The
exact time of shocks driven by the MCs can be found in the
database of heliospheric shock waves maintained at University
of Helsinki.6 The MC sheath refers to the region between the
leading shock and the MC’s front boundary layer (BL). The
BLs are identified according to the criteria of Wei et al. (2003).
Since the plasmas are usually heated in the near downstream of
MC-driven shocks and inside BLs, we exclude a 30 minute
interval at either end of the sheath to eliminate the interference
of the heating effects near the shocks and BLs. The time
intervals of the sheaths studied in this Letter are listed in
Table 1. The averaged bulk flow speed in the MC sheaths is
498 km s−1. The averaged proton β is 0.64. The ion inertial
length and ion gyroradius are 62 km and 49 km, respectively.
The ratio of bulk velocity to Alfvén speed is larger than 4 in
each MC sheath; thus, we consider the Taylor hypothesis to be
roughly valid to relate the temporal scales to the spatial scales.

A normalized parameter named Partial Variance of Incre-
ments (PVI) has been widely used to identify intermittent
structures in solar wind turbulence (Greco et al. 2008, 2018).
The PVI value is computed as

t
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where B is the magnetic field vector, tD =B t,∣ ( )∣
t+ -B Bt t∣ ( ) ( )∣, τ is the time lag, and á ñ... denotes an

average over the entire data set of each MC sheath. In the solar
wind, the most significant enhancements in proton temperature
are associated with PVI events above a threshold of 3 (Osman
et al. 2012a), which correspond to the intermittent current sheet
structures (Greco et al. 2009). The same threshold of 3 is
applied in this research for the identification of intermittent
structures. Then a superposed-epoch analysis is applied to
investigate the heating effects of the intermittent structures in
the MC sheath. The proton temperature data with a time
interval of 24 minutes at each side (leading and following) of
the selected PVI events are extracted for this study. A
normalized temperature conditioned on the distance from PVI
events above the threshold of 3 is calculated as
á + D ñT r r T rp I p I( ) ( ) , where Δr is the spatial lag relative to
the PVI events at rI, and is calculated as Δr=Vshτ≈500τ
km using Taylor’s hypothesis.

3. Results

Figure 1 shows an MC observed by WIND on 2012 October
8. A fast shock passed the spacecraft at 04:12 UT, marked by
the blue vertical line. The front BL is bounded by the two
discontinuities (see the green vertical lines denoted “Mf” and
“Gf,” respectively). In the sheath region between the shock and
“Mf,” both the plasma density and temperature are high, while

Table 1
List of 71 Magnetic Cloud Sheaths Investigated in This Letter

No. Start End

1 1995 Aug 22 13:26 1995 Aug 22 18:25
2 1995 Oct 18 11:11 1995 Oct 18 16:30
3 1997 Jan 10 01:22 1997 Jan 10 03:24
4 1997 Feb 9 13:20 1997 Feb 9 22:40
5 1997 May 15 01:45 1997 May 15 07:01
6 1997 Oct 10 16:27 1997 Oct 10 19:50
7 1997 Nov 22 09:42 1997 Nov 22 14:15
8 1998 Jan 6 13:59 1998 Jan 7 00:50
9 1998 Mar 4 11:32 1998 Mar 4 13:45
10 1998 May 1 21:51 1998 May 2 07:50
11 1998 Aug 19 19:10 1998 Aug 20 04:20
12 1998 Sep 24 23:50 1998 Sep 25 05:10
13 1998 Nov 8 05:11 1998 Nov 8 22:55
14 1999 Feb 18 03:18 1999 Feb 18 11:20
15 2000 Feb 20 21:33 2000 Feb 21 14:02
16 2000 Jun 23 13:28 2000 Jun 24 06:30
17 2000 Jul 28 10:31 2000 Jul 28 13:40
18 2000 Aug 11 19:19 2000 Aug 12 03:30
19 2000 Sep 17 17:18 2000 Sep 17 21:20
20 2000 Oct 3 01:32 2000 Oct 3 16:04
21 2000 Oct 12 23:03 2000 Oct 13 16:11
22 2000 Oct 28 10:00 2000 Oct 28 21:52
23 2000 Nov 6 09:59 2000 Nov 6 17:00
24 2001 Mar 19 12:03 2001 Mar 19 22:44
25 2001 Apr 11 16:47 2001 Apr 11 21:57
26 2001 Apr 21 15:59 2001 Apr 21 23:04
27 2001 Apr 28 05:30 2001 Apr 28 14:55
28 2001 May 27 15:15 2001 May 28 08:30
29 2001 Oct 31 14:16 2001 Oct 31 18:50
30 2002 Apr 17 11:31 2002 Apr 18 03:35
31 2002 May 18 20:15 2002 May 19 02:15
32 2002 May 23 11:14 2002 May 23 22:03
33 2002 Aug 1 23:39 2002 Aug 2 05:35
34 2002 Sep 30 08:24 2002 Sep 30 21:06
35 2004 Apr 3 15:21 2004 Apr 4 01:35
36 2004 Jul 24 06:00 2004 Jul 24 11:20
37 2004 Nov 7 18:29 2004 Nov 7 21:23
38 2005 May 15 02:43 2005 May 15 04:34
39 2005 Jun 12 07:18 2005 Jun 12 14:10
40 2005 Jun 14 18:25 2005 Jun 15 03:50
41 2005 Jul 17 01:22 2005 Jul 17 14:00
42 2007 Nov 19 17:52 2007 Nov 19 22:30
43 2009 Jun 27 11:34 2009 Jun 27 13:30
44 2010 Apr 5 08:26 2010 Apr 5 11:30
45 2010 May 28 02:23 2010 May 28 17:52
46 2010 Dec 19 21:05 2010 Dec 20 00:26
47 2011 Feb 18 01:19 2011 Feb 18 17:59
48 2011 Mar 29 15:39 2011 Mar 29 20:30
49 2011 Oct 5 07:16 2011 Oct 5 08:04
50 2011 Oct 24 18:09 2011 Oct 24 20:20
51 2012 Jun 16 21:14 2012 Jun 16 22:10
52 2012 Sep 30 22:48 2012 Sep 30 23:52
53 2012 Oct 8 04:42 2012 Oct 8 15:58
54 2012 Oct 31 14:58 2012 Oct 31 19:50
55 2012 Nov 12 22:42 2012 Nov 13 06:56
56 2012 Nov 23 21:21 2012 Nov 24 10:40
57 2013 Apr 13 22:43 2013 Apr 14 12:17
58 2013 Apr 30 09:22 2013 Apr 30 12:09
59 2013 Jun 27 14:21 2013 Jun 28 00:56
60 2013 Jul 9 20:41 2013 Jul 10 09:27
61 2013 Jul 12 17:13 2013 Jul 13 03:14
62 2013 Oct 2 01:45 2013 Oct 2 20:15
63 2013 Nov 30 20:45 2013 Dec 1 01:50
64 2014 Apr 20 10:50 2014 Apr 21 05:42

5 https://wind.gsfc.nasa.gov/mfi/mag_cloud_S1.html
6 http://ipshocks.fi
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the magnetic field is strong but turbulent. As mentioned above,
we exclude a 30 minute interval at both ends of the sheath to
eliminate the interference of the heating effects near the shock
and BL. Thus, the region bounded by the two red lines is the
sheath studied in practice. The fourth panel of Figure 1 presents
the PVI values calculated from the magnetic field in the sheath.
The spikes over the threshold (blue dashed lines) indicate the
presence of intermittent structures.

The superposed-epoch analysis results of normalized proton
temperature around intermittent structures with PVI values
above the threshold of 3 are shown in Figure 2. The time lag τ
is chosen to be 3 s, which is in the inertial range. A total of
12,426 PVI events have been identified using the criterion of
PVI�3. The averaged proton temperature of all these
intermittent structures is shown in Figure 2(a). Only a 3%
enhancement of proton temperature can be found, indicating
that the local heating effect associated with intermittent
structures in the MC sheath is not significant, which is
different from the observations in the solar wind (Osman et al.
2012b).

To reveal the reason for this difference, the intermittent
structures are grouped according to the intensity and direction
changes of magnetic field. The intensity changes are
determined by a normalized parameter d B B0∣ ∣ , where
d t= + -B BB t t∣ ∣ ∣ ( )∣ ∣ ( )∣ and B0 is the average of the

magnetic field strength of the whole sheath. The directional
changes are also divided into two groups: Δθ>45° and
Δθ�45°, as current sheets with Δθ>45° are categorized to
strong currents in Borovsky & Denton (2011). Thus, the
intermittent structures are grouped into the following four
categories: (1) d B B 0.10∣ ∣ and Δθ>45°; (2) d B B0∣ ∣
0.1 and Δθ�45°; (3) d <B B 0.10∣ ∣ and Δθ>45°;
(4) d <B B 0.10∣ ∣ and Δθ�45°. Figure 2(b) shows the
associated proton temperature of intermittent structures with
significant magnetic field intensity changes (d B B 0.10∣ ∣ ).
A substantial enhancement (10%) of the normalized proton
temperature can be found regardless of the value of Δθ,
revealing that local heating is prominent near these coherent
structures. Near the intermittent structures without large
changes in magnetic field magnitude (d <B B 0.10∣ ∣ ), local
enhancement is still prominent (nearly 8%) near current sheets
with large shear angles (Δθ>45°), but is not significant near
current sheets with small shear angles (Δθ�45°), as shown
in Figure 2(c). However, 10,831 of the total 12,426
intermittent structures identified fall into Group 4, so the
average enhancement of normalized proton temperature is
only 3%, as shown in Figure 2(a).
As shown in Figures 2(b) and (c), the normalized proton

temperature suffers a significant enhancement near current
sheets with Δθ>45° (red lines). We then analyze the
association between the temperature enhancement and the
scale of such current sheets. The superposed-epoch analysis is
performed for strong current sheets identified under four
different time lags. Figure 3 shows that the temperature
enhancement becomes more prominent as the spatial scale
(≈τ·Vsh) of the current sheets decreases. Meanwhile, the
heating effect is more localized near thinner current sheets.
When the time lag is 3 s, the normalized proton temperature has
already dropped 7% at a distance of 105 km, but it almost
remains the same at this distance when the time lag increases to

Table 1
(Continued)

No. Start End

65 2014 Aug 19 06:18 2014 Aug 19 13:20
66 2014 Dec 21 19:08 2014 Dec 21 22:10
67 2015 Jan 7 06:09 2015 Jan 7 07:00
68 2015 Mar 17 04:30 2015 Mar 17 10:10
69 2015 May 6 01:25 2015 May 6 11:00
70 2015 Jul 13 01:35 2015 Jul 13 15:14
71 2015 Nov 6 18:15 2015 Nov 7 06:10

Figure 1. Magnetic cloud observed by WIND on 2012 October 8. A driven
shock (blue vertical line) is located at 04:12 UT. The MCBL is bounded by the
two discontinuities marked by the green lines. The sheath region investigated is
bounded by the two red vertical lines.

Figure 2. Superposed-epoch analysis of 12,426 intermittent events in the MC
sheath identified using the criterion PVI�3. The identified events are grouped
into four categories: (1) d B B 0.10∣ ∣ and Δθ>45°; (2) d B B 0.10∣ ∣ and
Δθ�45°; (3) d <B B 0.10∣ ∣ and Δθ>45°; (4) d <B B 0.10∣ ∣ and Δθ�
45°, where d t= + -B BB t t∣ ∣ ∣ ( )∣ ∣ ( )∣, B0 is the averaged magnetic field
intensity of the whole sheath, and Δθ is the directional change. Averages of
normalized proton temperature conditioned on the distance from (a) all events;
(b) Group 1 (red line) and Group 2 (blue line) events; (c) Group 3 (red line) and
Group 4 (blue line) events.
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120 s. This result suggests that the intermittent heating mainly
occurs at thin current sheets instead of large-scale ones.

4. Summary and Discussion

A total of 12,426 PVI events have been identified in the
sheaths of 71 MC events observed by the WIND spacecraft,
with the criterion of PVI�3. Superposed-epoch analysis of
normalized proton temperature associated with the PVI peaks
identified shows that the averaged temperature enhancement is
not prominent near the current sheets in the MC sheath, which
is different from the results in the solar wind (Osman et al.
2012b). This motivates us to categorize the intermittent
structures according to the magnitude and directional changes
of the magnetic field. Strong current sheets, as characterized by
Δθ>45° in Borovsky & Denton (2011), turned out to be sites
of proton heating. Additionally, temperature is substantially
enhanced at intermittent structures with significant changes in
magnetic field intensity. However, these structures are only a
small fraction of the total of intermittent events identified. The
averaged proton temperature increment is small near the
weaker current sheets; thus, the averaged temperature enhance-
ment of all intermittent events identified is not so prominent as
in the solar wind.

The strong current sheets with large shear angles are
candidate sites for magnetic reconnection (Servidio et al.
2009; Franci et al. 2017). Note that significant change in
magnetic field magnitude during single-spacecraft crossing
indicates a great gradient in field line linkage, which may lead
to a breakdown of ideal MHD conditions and break the
conservation of magnetic field topology (Priest & Démoulin
1995). It suggests that current sheets with significant changes in
magnetic field intensity are also plausible reconnection sites.
Therefore, our results suggest that prominent localized heating
of protons can be found only at candidate reconnection sites,
and the proportion of such sites would affect the averaged
temperature in the superposed-epoch analysis for all intermittent
structures. As the reconnection process is more prevalent in
low-β solar wind such as current sheets within ICMEs, the
higher-β sheath has a lower proportion of reconnection sites
(Phan et al. 2010; Gosling 2012). Consequently, the temperature

enhancement is not so prominent in the MC sheath as in the
solar wind.
The temperature enhancement is also found to be highly

dependent on the scale of the strong current sheets. The
temperature increment decreases as the thickness of the current
sheets increases. This result may provide some clues to explain
the contradictory results by Osman et al. (2012b) and Borovsky
& Denton (2011). As seen in Figure 3, the enhancement at
current sheets is weak at a time lag of 120 s, especially
compared to the neighboring points. This may explain why the
latter authors found no evidence for local heating at strong
current sheets, as they compute the ratio of the proton
temperature at current sheets to the averaged temperature of
two adjacent points. The scale of reconnection sites in
collisionless plasma is around the ion inertial length (Øieroset
et al. 2001), which is about 100 km (less than 0.3 s, using
Taylor’s hypothesis) in the solar wind and a bit smaller in the
MC sheath. Since the highest resolution of plasma parameters
obtained by WIND is only 3 s, it is difficult to capture the
reconnection sites directly. Usually a spacecraft only encoun-
ters the reconnection exhausts far away from the reconnection
sites. It is reasonable to suppose that thinner current sheet
crossings are closer to the reconnection sites than thicker ones,
and hence the temperature enhancement is more significant at
thinner current sheets.
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