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Abstract In this letter, first observations of ion-scale magnetic island from the Magnetospheric Multiscale
mission in the magnetosheath turbulent plasma are presented. The magnetic island is characterized by
bipolar variation of magnetic fields with magnetic field compression, strong core field, density depletion, and
strong currents dominated by the parallel component to the local magnetic field. The estimated size of
magnetic island is about 8 di, where di is the ion inertial length. Distinct particle behaviors and wave activities
inside and at the edges of the magnetic island are observed: parallel electron beam accompanied with
electrostatic solitary waves and strong electromagnetic lower hybrid drift waves inside the magnetic island
and bidirectional electron beams, whistler waves, weak electromagnetic lower hybrid drift waves, and strong
broadband electrostatic noise at the edges of the magnetic island. Our observations demonstrate that highly
dynamical, strong wave activities and electron-scale physics occur within ion-scale magnetic islands in the
magnetosheath turbulent plasma.

1. Introduction

The magnetosheath is the region downstream of bow shock that lies between the bow shock and the mag-
netopause. The magnetosheath is a highly turbulent region where plasma instabilities [Schwartz et al., 1996;
Lucek et al., 2005; Sahraoui et al., 2004], current sheets associated with magnetic reconnection [Retinó et al.,
2007; Phan et al., 2007; Chasapis et al., 2015], turbulent electromagnetic field fluctuations [Sahraoui et al.,
2003, 2006; Huang et al., 2014a; Hadid et al., 2015], and Alfvén vortex filaments [Alexandrova et al., 2008] have
been reported. Numerical simulations have shown that magnetic reconnection can take place in thin current
sheets that form in turbulent plasmas due to different coherent structures, such as magnetic islands and
magnetic holes [e.g., Karimabadi et al., 2013; Roytershteyn et al., 2015]. Recent global hybrid and fully kinetic
simulations have shown that magnetic islands can form in the quasi-parallel magnetosheath because of the
enhanced level of the turbulent fluctuations in it, in comparison with the quasi-perpendicular magne-
tosheath [Karimabadi et al., 2014]. The reported magnetic islands were observed from shock surface to the
vicinity of the magnetopause, had a spatial size of a few tens of ion inertial length in the magnetosheath,
and were characterized by a density depletion and magnetic field compression [Karimabadi et al., 2014,
Figures 6, 9, and 13]. In the magnetosheath, magnetic islands are distinct from flux transfer events (FTEs)
because FTEs are generated during magnetic reconnection at the magnetopause and some magnetic field
lines are still connected to the Earth [e.g., Elphic, 1995; Roux et al., 2015]. In spacecraft data, distinguishing
between magnetic islands and flux ropes is not obvious (magnetic islands can indeed be seen as the 2-D
version of 3-D flux ropes [e.g., Fu et al., 2015, 2016]). For convenience, we will use the terminology of
“magnetic islands” in the remainder of this paper.
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Magnetic islands associated with magnetic reconnection are frequently observed in the magnetotail [e.g.,
Slavin et al., 2003a; Huang et al., 2012a, 2014b, 2016]. However, in a turbulent medium such as the magne-
tosheath, the search for magnetic islands in spacecraft data becomes more difficult because their motions
can be in any direction of space due to the turbulent state of the medium (unlike in the magnetotail where
they move essentially in the XGSM direction). So far, because of the limited time resolution of the plasma data
on board previous spacemissions, studies of small (ion-scale) magnetic islands have not been possible. In this
letter, thanks to the unprecedented high time resolution data of the Magnetospheric Multiscale (MMS)
mission [Burch et al., 2015], we report the first observations of ion-scale magnetic islands in the magne-
tosheath and study their dynamics.

2. Observations

In this work, we use the fields data from the Fluxgate Magnetometer [Russell et al., 2014], the Search-Coil
Magnetometer (SCM) [Le Contel et al., 2014], the Electric Double Probe [Torbert et al., 2014; Lindqvist et al.,
2014; Ergun et al., 2014], and the 3-D particle data (distribution function and plasma moments) from the
Fast Plasma Instrument [Pollock et al., 2016].

Figure 1 displays an overview of plasma and magnetic field observations on 25 October 2015. MMS crossed
the bow shock around 09:21 UT and then entered into the magnetosheath. Between 09:21 and 10:43 UT,
MMS crossed the magnetosheath downstream of quasi-perpendicular shock, before entering into the
quasi-parallel magnetosheath region about 10:30. This region is characterized by stronger fluctuations in
the magnetic field, the ion velocity, and the plasma density in comparison with the quasi-perpendicular mag-
netosheath (see Figures 1b–11d). We identified a lot of magnetic islands in the highly turbulent quasi-parallel
magnetosheath. Here we analyzed one of them in detail, which is denoted by the pink shaded region in
Figure 1.

Figure 2 shows the detailed observations of the magnetic island from 11:25:42 UT to 11:25:45 UT. During this
time interval, all instruments were in burst mode, and the MMS spacecraft had a tetrahedral configuration
with a separation of ~12 km. In this study, and unless otherwise stated, all the data are presented in local
boundary normal coordinates (often abbreviated as LMN), which were determined by the minimum variance

Figure 1. Overview of MMS observations. (a) Ion differential energy flux, (b) magnitude of the magnetic field, (c) amplitude
of ion velocity, and (d) ion density. The crossing of bow shock is marked by a blue dashed line. The analyzed magnetic
island is indicated by the pink shaded region.
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analysis of the magnetic fields [Sonnerup and Scheible, 1998]. In this coordinate system, L is the maximum var-
iation direction, N is the minimum variation direction, and M completes a right-handed orthogonal coordi-
nate system. Note that the N direction was found to be consistent with the normal direction inferred from
the timing analysis of using the magnetic field data from the four MMS spacecraft. Figure 2b shows a clear
bipolar variation in the BL component (from negative to positive) around 11:25:43.40 UT on the four MMS
spacecraft. It is accompanied by a peak in the BM component (Figure 2c) and an enhancement in the total
field Btot (Figure 2a). These signatures are the three criteria used in this study to identify the magnetic islands,
which are consistent with those used in previous works to identify similar structures at the magnetopause
and in the magnetotail [e.g., Elphic, 1995; Slavin et al., 2003a]. These criteria can rule out the possibility of O
lines [e.g., Eastwood et al., 2005]. Figures 2f and 2i show that the crossing of the magnetic island is accompa-
nied with a reversal in the plasma flow components ViL and VeL. This indicates that the magnetic island was
embedded in a vortex-like plasma flow, which may be seen as streamlines along the ambient magnetic field

Figure 2. Detailed observations of the magnetic island in the magnetosheath (vector data are given in LMN coordinates).
(a–d) Magnitude and components of the magnetic field from the four MMS spacecraft. (e) Electric field, (f) three compo-
nents of ion velocity, (g) ion temperature, (h) ion density, (i) electron velocity, (j) electron temperature, (k) electron density,
(l) current density calculated using the curlometer method (solid lines) and the plasma measurements (dashed lines), and
(m) current in field-aligned coordinates. The data shown in Figures 2e–2m aremeasured by MMS2. The center (respectively,
edges) of the magnetic island is marked by the shaded yellow (respectively, blue) regions.
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in the LN plane. Furthermore, a plasma density depletion is detected inside the magnetic island (Figures 2h
and 2k), along with an increase (respectively, a decrease) in the ion (respectively, electron) temperature
(Figures 2g and 2k). Strong electric field (Figure 2e) shows a peak in the EL component and a bipolar signature
in the EM and EN components during the crossing of the magnetic island, which is mainly due to the convec-
tive electric field (not shown). Figures 2l and 2m show the current density calculated using the curlometer
method [Dunlop et al., 2002]. Current estimated by the plasma measurements (i.e., Jpla = ne(Vi� Ve), where
n is the plasma density, e is the change, Vi is the ion flow, and Ve is the electron flow), is also displayed by
dashed lines in Figure 2l. Both currents are very consistent with each other, indicating that the currents were
well resolved during this time interval. Intense currents are observed in the magnetic island, with a strong
axial current component (JM). The parallel current inside the magnetic island is found to be much larger than
the perpendicular one. This feature contrasts with most magnetic islands observed in the magnetotail shown
to have a significant (sometimes dominant) perpendicular current [e.g., Slavin et al., 2003b;Walsh et al., 2007].
It is worth noting that there are large fluctuations in the electric field, along with an increase in the density
and the electron temperature (with Te||≫ Te⊥) at both edges of magnetic island. The observed electron aniso-
tropy would provide free energy for plasma instabilities and wave generations observed here (see below for
details). Timing analysis is used to estimate the speed of the magnetic island. It is found to move with a nor-
mal speed VN~230 km/s, yielding an estimated width in the N direction LN~VN × dt~240 km, where dt= 1.06 s
is the duration of the crossing of magnetic island. The estimated size LN is about 8 di, where di is the ion iner-
tial length (di~30 km based on n~58 cm�3).

Figure 3 shows the plasma observations associated with the identified magnetic island from MMS2. Inside
the magnetic island, ion differential energy fluxes increase at the high-energy level (Figure 3b) but decrease
at the low-energy level, yielding the ion density decreases and the ion temperature increases. In contrast,
electron differential energy fluxes decrease at high- and low-energy levels (Figure 3c), yielding both the
electron density and temperature decrease. The plasma behavior at both edges of the magnetic island
contrasts with the one inside the magnetic island. Electron pitch angle distributions at three energy bands
are presented in Figures 3d–3f. They show different pitch angle distributions inside and at the edges of
the magnetic island. Bidirectional electron flows are clearly detected at the edges of the magnetic island,
while a parallel electron flow at the energy level of 0–200 eV is observed in the center of magnetic island.
As for Figure 3d, the fluxes from 2 to 30 keV are too low to be measured. The cuts at three times
(marked by three red arrows at the bottom of Figure 3f) at pitch angles 0°, 90°, and 180° are shown in
Figures 3g–33i. The cuts clearly show bidirectional electron beams in the energy range of 60–300 eV at the
edges of the magnetic island (Figures 3g and 3i) and a parallel electron beam in the energy range of
30–120 eV inside the magnetic island (Figure 3h). These pitch angle distributions can provide free energy
for the generation of the waves that we will discuss later.

Figures 4b and 4c display the power spectral densities of the electric and the magnetic fields associated
with the magnetic island. Strong electric and magnetic wave activities around the lower hybrid frequency
(flh) can be seen inside the magnetic island, which would be electromagnetic lower hybrid drift waves due
to the large gradient in the plasma density (Figures 2h and 2k) in high plasma β (β ≥ 1, not shown here)
[e.g., Zhou et al., 2014]. Roytershteyn et al. [2012] have found that lower hybrid drift instabilities are
enhanced when the ratio between ion and electron temperature (Ti/Te) is much smaller than 1. However,
in our observation we found Ti/Te≫ 1 during the crossing of the magnetic island (Ti~230–340 eV in
Figure 2g and Te~30–45 eV in Figure 2j), which suggests that the excited lower hybrid drift waves may
be rather influenced by the density gradient as seen in Figures 2h and 2k. Whistler waves (marked by
two dashed ellipses in Figure 4b) and strong electrostatic waves activities around the electron cyclotron
frequency (fce) or the proton plasma frequency (fpi) are detected at the edges of the magnetic island. We
analyzed the filtered (500Hz–3 kHz) electric field data using the minimum variance analysis, where the k
vector direction is given by the maximum variance direction (because the electric field perturbations are
parallel to k). The estimated angles between the wave vector k and the ambient magnetic field B0 is about
20° (respectively, 8°) at the leading (respectively, trailing) edge of the magnetic island, implying that the
electrostatic waves seen around fce (or fpi) are field-aligned polarized and may belong to broadband elec-
trostatic noise (BEN) or electrostatic quasi-monochromatic (EQM) waves [Pickett et al., 2005; Shin et al.,
2006]. In addition, weak electromagnetic wave activities around flh are also detected at both edges, which
may be caused by the density gradient [e.g., Zhou et al., 2014].
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Figure 4d presents the parallel electric field waveform. Large-amplitude waves (up to 40mV/m) are located at
both edges, which correspond to the electrostatic waves around fce (or fpi) observed in Figure 4c. There is a
series of electrostatic solitary waves (ESWs) inside the magnetic island that last less than 1ms. They are char-
acterized by a bipolar variation (from negative to positive or vice versa) in the parallel electric field compo-
nent [e.g., Pickett et al., 2003]. Figures 4e and 4f show the observations of ESWs inside the magnetic island
from MMS1 and MMS2, respectively. The time intervals correspond to the black bars (for MMS1) and red bars
(for MMS2) at the bottom of Figure 4d. Clear bipolar structures of ESWs lasting less than 1ms and having
amplitudes ranging from 0.4mV/m to 6mV/m are well measured inside the magnetic island.

Figure 3. Particle observations of magnetic island in the magnetosheath. (a) Magnitude and three components of
magnetic field in LMN coordinates; (b and c) ion and electron differential energy fluxes, respectively; (d–f) electron pitch
angle distributions at high-, middle-, and low-energy levels; and (g–i) electron distributions at pitch angle 0°, 90°, and 180°
during the three intervals marked by red arrows at the bottom of Figure 3f. The center (respectively, edges) of themagnetic
island is marked by the shaded yellow (respectively, blue) regions.

Geophysical Research Letters 10.1002/2016GL070033

HUANG ET AL. MAGNETIC ISLAND IN THE MAGNETOSHEATH 7854



3. Discussion and Conclusions

MMSdata have beenused to identifymagnetic islands in the turbulentmagnetosheath. Our observations con-
firm the existence of several predicated features from numerical simulations [e.g., Karimabadi et al., 2013,
2014], such as the complex interplay between coherent structures, strong wave activity, and particle heating.

Parallel current inside magnetic island was found to be dominant over the perpendicular one, implying that
the magnetic island is close to a force-free configuration. Indeed, an estimation of the pressure gradient (not
shown here) indicated that the magnetic island is close to a MHD equilibrium. This observation contrasts with

Figure 4. Waves observed in the magnetic island. (a) Magnitude and three components of magnetic field in LMN coordi-
nates; (b and c) power spectral densities (PSDs) of the magnetic and electric field, respectively; (d) parallel electric field
waveform fromMMS2; and (e and f) zoomed-in parallel electric field, from MMS1 and MMS2, respectively, during the three
time intervals marked by black and red bars at the bottom of Figure 4d from left to right. The center (respectively, edges) of
the magnetic island is marked by the shaded yellow (respectively, blue) regions.
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those reported in the magnetotail, where the magnetic islands were found to be either accelerating or brak-
ing due to external (nonequilibrium) forces [e.g., Slavin et al., 2003b; Walsh et al., 2007]. The nature of force-
free configuration and its condition in the magnetic island will be studied in depth in the future.

ESWs were frequently observed in the magnetosheath [e.g., Pickett et al., 2003, 2005] and near-magnetic
reconnection sites in the magnetotail [e.g., Khotyaintsev et al., 2010]. There are several mechanisms proposed
in the literatures to explain the generation of ESWs, e.g., normal Buneman instability [Buneman, 1958], elec-
tron beam instability [e.g., Omura et al., 1996], and nonlinear lower hybrid Buneman instability in the pre-
sence of an electron beam [Jovanovic and Shukla, 2004]. In our study, the appearance of the parallel
electron beam inside the magnetic island (energy ~80 eV; Figure 3h), intense lower hybrid drift waves, and
ESWs suggest that the observed ESWs may be generated by the beam-plasma instability or the lower hybrid
Buneman instability. This is in agreement with Graham et al. [2016], who confirmed that the electrostatic
instabilities driven by an electron beam (below 100 eV), namely, the beam-plasma instability, can generate
ESWs (see Figure 13f therein and Figure 3h above).

Shin et al. [2006] have reported that EQM waves can be generated by the destabilization of the electron
acoustic mode in the presence of electron beams. In our study, we have observed bidirectional electron
beams at both edges of the magnetic island, which is similar to the electron observations in Shin et al.
[2006]. Such electron beams may explain the generation of the EQM (or BEN) waves observed around fce
(or fpi) in our data that can also belong to electron acoustic mode [e.g., Gary and Tokar, 1985; Shin et al.,
2006]. We note that the ion acoustic mode can be ruled out from our observations considering the low-
temperature ratio Te/Ti~0.16, which is not consistent with the theoretical generation condition for ion acous-
tic mode, i.e., Te/Ti≫ 1 as discussed in Shin et al. [2006].

On the other hand, whistler waves are known to be generated by electron temperature anisotropy Te⊥> Te||
[e.g., Gary and Karimabadi, 2006; Huang et al., 2012b] or electron beams via electron cyclotron resonance
[Zhang et al., 1999]. Recent kinetic simulations have shown that whistler waves can be generated in a
reconnection separatrix region due to the beamwhistler instability [Fujimoto, 2014]. In our data, we observed
electron temperature anisotropy Te||≫ Te⊥ and bidirectional electron beams. Moreover, the velocity of the
resonant electrons is roughly estimated to ~9.0 × 103 km/s (i.e., 230 eV), which is close to the energy peak
of the electrons at the edges of magnetic island (Figures 3g and 3i). This suggests that the observed whistler
waves could have been generated by the electron beam instability.

In summary, we presented the observations of ion-scale magnetic islands in the magnetosheath turbulent
plasma. Their observational features, such as magnetic field compression, density depletion, and their size,
were consistent with the simulation results of Karimabadi et al. [2014]. Furthermore, our observations show
highly structured, dynamical, and intense wave emissions within the magnetic island. Distinct particle beha-
viors and wave activities are observed inside and at the edges of the magnetic island. ESWs and strong elec-
tromagnetic lower hybrid drift waves were detected inside the magnetic island corresponding to a parallel
electron beam, while whistler waves, weak electromagnetic lower hybrid drift waves, and strong electrostatic
waves around fce (or fpi) were observed at the leading and trailing edges of the magnetic island along with
bidirectional electron beams. These observations demonstrate the existence of strong (electron scale) wave
activity and its multiscale coupling to the highly dynamical ion-scale magnetic island in the turbulent mag-
netosheath. The wave identifications, wave generation conditions, and wave-particle interactions within
the magnetic island will be addressed in detail in the future studies.
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