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Abstract TheTime History of Events andMacroscale Interactions during Substorms (THEMIS) observed several
magnetopause crossings periodically at the duskside of magnetopause under southward interplanetary
magnetic field (IMF), with significant sunward returning flows inside themagnetopause. The vortex features of
the flows and the periodic enhancements in the calculated vorticity normal to the spacecraft plane could be
found in the observation. The distortion of the magnetopause, the periodic features of vortex flows, the
tailward propagation, and the evaluation of Kelvin-Helmholtz instability (KHI) condition support the evidence of
the Kelvin-Helmholtz vortices produced by the velocity shear at the duskside of magnetopause. Based on
three-point simultaneous observations of the flow, the vorticity was calculated to be about 0.15 s�1, similar
to previous results. The tailward propagation of the vortices along the flank magnetopause was estimated to
be about 292 km/s. The circular-induced electric field of several mV/m was deduced perpendicular to the
magnetic field when the magnetic field compression occurred at the edges of the vortices.

1. Introduction

There aremany wavelike structures such as surfacewaves [Sibeck, 1992;Mozer et al., 1994] and Kelvin-Helmholtz
(K-H) waves [Chen and Kivelson, 1993; Kivelson and Chen, 1995; Fujimoto et al., 2003; Hasegawa et al., 2004;
Foullon et al., 2008] at the magnetopause boundaries. The K-H vortex is the nonlinear stage of one surface wave
sandwiched between the two different regions with velocity shear. At the flanks side of the magnetopause,
because the solar wind flows tailward and produces a shear with the stagnant magnetospheric plasma, it is
amendable to excite the Kelvin-Helmholtz instability (KHI) and K-H waves. The nonlinear stage of the K-H
surface wave could possibly cause the transport of solar wind into magnetosphere through the low-
latitude boundary layer (LLBL). Hasegawa et al. [2004] found the evidence of the solar wind transport into
the magnetosphere by the rolled-up K-H vortices under northward interplanetary magnetic field (IMF),
in which the reconnection process was excluded due to the absence of predictable accelerated flows in
the observation. However, the microphysical process that controls the solar wind transport into magnetosphere
in the K-H vortices is still not clearly understood. Nykyri and Otto [2001] simulated the reconnection inside
the vortices and estimated the transport efficiency across themagnetopause, which is away for the solar wind in a
reconnected magnetic island to be dispatched into magnetosphere. Recently, great effort has been made to find
the observational evidence of such a reconnection process inside vortices, and some associated observations
have been reported [Nykyri et al., 2006; Eriksson et al., 2009]. It was also emphasized that themodel of reconnection
inside vortices was different from the vortex-induced reconnection (VIR) model developed by Liu and Hu [1988]
and Liu and Pu [1990a, 1990b]. By using the 2-D and 3-D models, respectively, Nakamura et al. [2006, 2008, 2013]
simulated the reconnection induced in the vortices and compared the 3-D results with The Time History of
Events and Macroscale Interactions during Substorms (THEMIS) observation. It was summarized that there were
two types of the vortex-induced reconnection in 2-D [Nakamura et al., 2008]. In addition, Faganello et al. [2012]
showed another type of the vortex-induced reconnection in 3-D. Hasegawa et al. [2009] revisited the Cluster
event of rolled-up K-H vortices shown in Hasegawa et al. [2004] and found the evidence of the associated
reconnection near the rolled-up interval. Some models or statistical studies presented that during northward IMF,
the solar wind could be transported into magnetosphere through the LLBL caused by the KHI [Fujimoto et al.,
1997; Fairfield et al., 2000; Tsyganenko and Mukai, 2003; Yan et al., 2005]. As for the single point observation of
rolled-up vortices, the criteria were established [Hasegawa et al., 2006] to identify the rolled-up K-H vortices and
the solar wind entry into the magnetosphere. The criteria can facilitate the observational analysis of K-H vortices.
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The unstable condition for the KHI would not be changed by the sign of the IMF component perpendicular
to the vortex plane, which roughly corresponds to the northward and southward component in the
equatorial plane. The high density on both sides and the perpendicularity of the flow shear velocity to the
undisturbed magnetic field can facilitate the excitation of KHI [Hasegawa, 1975]. On the other hand, it has
been thought for a long time that the K-H waves were more preferentially excited [Chen et al., 1997;
Farrugia et al., 2003; Miura, 1995; Hashmoto and Fuijimoto, 2005] and observed [Chen and Kivelson, 1993;
Kivelson and Chen, 1995; Fujimoto et al., 2003; Hasegawa et al., 2004] under northward IMF. Mozer et al. [1994]
investigated an observation of linear stage of surface waves observed by Geotail under southward IMF that were
distorted less than 20°, by investigating the electric field. Kawano et al. [1994] also calculate the local normal
direction of the magnetopause in the same event by using the minimum variance analysis (MVA). Hwang et al.
[2011] reported the first observation of K-H vortices by Cluster at the dawnside of the magnetopause under
southward IMF. To recapitulate, the current status is that most observations of K-H vortices are reported under
northward IMF, and for southward IMF there is only one event reported by Hwang et al. [2011]. In this paper,
we present another observation of the K-H vortices under southward IMF at the duskside of themagnetopause.
This event shows the K-H vortices could also have noticeable periodicity and regularity under southward IMF.
Moreover, a circular-induced electric field of several mV/mwas found perpendicular to themagnetic field when
the magnetic field compression occurred at the distorted magnetopause.

2. Orbits and Data

During the interval from UT 10:30 to UT 11:20 on 12 October 2012, the three spacecraft A, D, and E of THEMIS
[Angelopoulos, 2008] were located at the duskside of the low latitude magnetopause with magnetic local
time (MLT) about 18:00 and geocentric distances of 11 Re, forming a tilted triangle, as shown in Figure 1.
Each of spacecraft crossed the magnetopause several times, which was distorted by the K-H vortices. In
the analysis of this observation, we used the spin resolution measurements of about 3 s from the fluxgate
magnetometer (FGM) [Auster et al., 2008], the electrostatic plasma analyzer (ESA) [McFadden et al., 2008], and
the electric field instrument (EFI) [Bonnell et al., 2008]. The ACEmeasurements at L1 point and FGMmeasurements
on board TH-B at the lunar orbit (in the upstream solar wind with a 10min time lag) were also used to
confirm the southward IMF during the interval (Figure 2, panel 1).

Figure 1. The orbits and positions of the TH-A in red, TH-D in green, and TH-E in blue, during the interested interval of
UT 10:30 to UT 11:20, with the three-point triangle in blue lines every 5min. The normal direction of the spacecraft
plane e3 is presented in panel 3. The position data are expressed in GSM coordinates. The averaged local magnetopause
coordinates LMN deduced from magnetopause model [Shue et al., 1998] has been illustrated in panel 4.
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3. Observations and Discussion

Figure 2 shows observations from TH-A, TH-D, and TH-E. During the interval shown in Figure 2, the periodical
crossings of magnetopause were observed 6 times by the TH-A, 2 times by TH-D, and 5 times by TH-E.
For each crossing, when the spacecraft crossed the magnetopause into the magnetosheath, the ion density
up to about 50–60 cm�3 in the magnetosheath and southward IMF were observed. On the other hand,
when the spacecraft crossed the magnetopause back into the magnetosphere, the dilute and warm plasma
and northward geomagnetic field could be seen, with significant sunward flows of 200–300 km/s. The
three spacecraft formed a tilted triangle, as shown in the Figure 1, with the normal direction e3 of the
spacecraft plane presented in panel 3. The ACE monitor showed the generally southward IMF and the solar
wind velocity of 500 km/s at L1 (not shown). Furthermore, Artemis (THB and THC) in the upstream solar
wind at the lunar orbit monitored the southward IMF (Figure 2, panel 1). Observations of southward IMF
by the THEMIS spacecraft in the magnetosheath further confirmed that the IMF was southward for this
time interval.

In Figure 2, the panels 3, 5, and 7, we present the velocity observations from TH-A, TH-D, and TH-E,
respectively. The periodical features and the rotating of the flows could be seen in each single-point
observation. The sunward flows inside the magnetopause and the tailward flows in the magnetosheath
indicate the strong velocity shear at the magnetopause, which could excite the KHI and cause the vortices
to propagate tailward along the magnetopause. The vortex flows can be illustrated by investigating
the observed velocity in the averaged magnetopause coordinates LMN (Figure 3, panels 1, 2, and 3). The
vectors in the M-N plane (approximately the vortex plane) showed the periodical features of vortices. The
sunward returning flows inside the magnetopause were nearly the shear velocity in the magnetosheath,
indicating that the sunward flows inside the magnetopause was caused by the rotation of the vortex
flows. The time lags shown in panel 2 indicate the propagation from TH-A to TH-E, and then to TH-D. TH-D

Figure 2. The periodical crossings of the flank side of the magnetopause by the three spacecraft of TH-A, TH-D, TH-E, and
the vorticity normal to the three-point triangle plane. Panel 1 is the IMF monitored by ThB in the upstream solar wind at
the Lunar orbit, with the about 10min time lag; Panel 2 presents the ion densities in logarithmic plots observed by TH-A
in red, TH-D in green, and TH-E in blue; in panel 3 are the velocity vectors from TH-A; in panel 4 are the magnetic field
vectors from TH-A; in panel 5 are the velocity vectors from TH-D; in panel 6 are the magnetic field vectors from TH-D; in
panel 7 are the velocity vectors from TH-E; in panel 8 are the magnetic field vectors from TH-E; panel 9 shows the vorticity
normal to the three-point plane, calculated from the three-point simultaneous measurements of the velocity. All the
vectors are expressed in GSM coordinates.
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crossed into magnetosheath only twice because it was located a little deeper inside the magnetosphere.
The second crossing of TH-D appeared to show a split structure in both ion density observation (green line
in panel 2) and magnetic field observation (panel 6). Although the split structure in the TH-D crossing
could be also produced by magnetopause fluctuations, it could be more likely interpreted as the re-entry
of the spacecraft into magnetosheath caused by the nonlinear, fully developed or rolled-up vortex,
because such a structure was really one of the tailward propagating vortices as presented in Figures 2
and 3.

Shen et al. [2012] developed a new technique to calculate the spatial gradient based on three- to five-point
measurements even when the space configuration is distorted, or even when only three-point measurements
are available. In this particular event, the three spacecraft formed a tilted triangle with its normal direction e3
northward and a little tailward (Figure 1, panel 3). The separation between spacecraft was about 2 Re. The three-
point configuration makes it possible to calculate the flow vorticity by using this technique. Only the
component normal to the spacecraft plane could be calculated based on the three-point measurements in this
event. There were ten periodical enhancements in the normal vorticity from UT 10:35 to UT 11:15 (Figure 2,
panel 9), so the period was estimated about 4min. The vorticity at the flank side of 18:00 MLT in this event is
calculated as about 0.15 s�1, similar to the 0.10 s�1 in the Cluster event at the flank side [Hasegawa et al., 2004]
that has been calculated by the same technique [Shen et al., 2012]. The positive vorticity along the northward
normal direction to the spacecraft plane is reasonable to the tailward velocity shear at the duskside of the
magnetopause. The characteristic size of the spacecraft triangle is about 2

ffiffiffiffiffiffi
w1

p
=13,000 km (w1 is the largest

eigenvalue of the volume tensor). The calculated vorticity (Figure 2, panel 9) means that the vorticity could
only be measured at such a size, so the vortex size (the size of flow rotation) should be estimated as 2 Re. By
assuming that the K-H vortices propagate in the X-Y plane, i.e., Vpz = 0, the propagation speed could be
estimated to be about 292 km/swith the azimuth angle of 150° in GSM coordinates, consistent with the tailward
direction of magnetopause deduced from Shue et al. [1998] model, and similar to the propagation speed of
about 320 km/s in Hwang et al. [2011] event. The wavelength (distance between the neighbor vortices) was

Figure 3. The vortex features in the velocity and electric field observation in LMN coordinates. In panel 1, panel 2, and
panel 3, are Vl in green, Vm in blue, and Vn in red, observed by ESA on TH-A, TH-D, and TH-E, respectively; the black
arrows present the velocity vectors in the vortex plane. In panel 1, panel 2, and panel 3 are El in green, Em in blue, and En
in red, observed by EFI on TH-A, TH-D, and TH-E, respectively; the black arrows present the electric field vectors in the
vortex plane. All the vectors are expressed in averaged LMN coordinates, deduced from the magnetopause model by
Shue et al. [1998].
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estimated to be about 11Re. The number in the event of Hwang et al. [2011] was about 10 Re and typically was
about a few 104 km in the Cluster observation [Foullon et al., 2008].

k �V0ð Þ2 > 1
μ0

1
ρ1

þ 1
ρ2

� �
k �B1ð Þ2 þ k �B2ð Þ2

h i
(1)

The unstable condition of the KHI (equation (1), k is the K-H wave vector,V0 is the shear velocity between the two
regions, ρ1 and ρ2 are the mass densities of two regions, B1 and B2 is magnetic fields of the two regions
respectively, and μ0 is the permeability of vacuum) does not indicate a preference for northward or southward
IMF, and the instability occurs more easily for a k vector perpendicular to the unperturbed magnetic field B0
[Hasegawa, 1975]. We evaluated the unstable condition in the averaged LMN coordinates, whose�M direction
is the k direction. The averaged geomagnetic field and IMF observed by the spacecraft was, respectively,
about Bm= [�13.43, �27.18, 20.96] and Bs = [7.72, �5.72, �9.13] nT in GSM, the observed densities in
magnetosphere and magnetosheath were, respectively, about 1 cm�3 and 50 cm�3, then the threshold of the
shear velocity could be estimated as 203 km/s, easily surpassed by the tailward shear velocity of 200–300 km/s,
so the unstable condition was satisfied in this event.

In the magnetic field measurements by each spacecraft (Figure 2, panels 4, 6, and 8), it is noticeable that there
were enhancements in magnetic fields at the leading and trailing edges of the vortices, i.e., at the distorted
magnetopause. Besides the enhancements, the crater type flux transfer event (FTE) [e.g., Zhang et al., 2010] or
vortex-induced flux rope structures [e.g., Nakamura et al., 2013] were also possible within some individual
vortex, but the periodicity is hard to be explained by the random FTEs. Most of the enhancements occurred
in three components or two components, which is the feature of the magnetic field compression. When
the vortex formed, the magnetosheath plasma was crushed into the magnetosphere and distorted the
magnetopause. The wedge-like crush compressed the boundary layer and caused the time variance of the

Figure 4. The comparison of the observed electric field with convective electric field in measurements of TH-E. In panel
1, panel 2, and panel 3 are Ex in green, Ey in blue, and Ez in red, respectively, observed by EFI on TH-E, and compared with
the calculated three components of convective electric field �v× B in black lines; in panel 4, panel 5, and panel 6 are
the three components of the induced electric field calculated as the difference between the observed electric field
and the convective electric field, in green, blue, and red lines respectively; the observed magnetic field is shown in panel
7; the magnitude of the induced electric field is in panel 8. The bipolar signatures in the induced electric field were
marked by vertical lines in panel 4, 5, and 6.
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magnetic field. According to Faraday’s Law
(equation (2)) [Parks, 2004], there should be induced
electric field along the circles around the
compressed magnetic field when the magnetic
field compression occurs. If the induced electric
field is strong enough, it should be measureable
with bipolar signatures by the EFI.

EMF ¼ ∮C E þ v�Bð Þ �dl ¼ � dΦ
dt

(2)

We calculated the convective electric field
Econ=�v × B and compared it with the observed
electric field. Only the observation from TH-E was
presented (Figure 4, panels 1, 2, and 3) because
similar features were found in the observations from
TH-A and TH-D. One can see that it was quite
consistent with the observed electric field, but there
were still some difference at the edges of the vortices
when the magnetic field compression occurred. The
high consistencies between Econ and the observed
electric field E indicated that the electric field comes
mainly from the convective electric field at large
scale. The difference between Econ and observed
electric field only exists at small time scale.

The evidence of the K-H vortices could also be seen in the fluctuations of the observed electric field by each
of the three spacecraft (colorful lines in Figure 4, panels 1, 2, and 3), because the orientation of the local
magnetopause can be determined under the assumption that the main component of the electric field in
the boundary layer is normal to the boundary [Mozer et al., 1994]. When the magnetopause was distorted by
the vortices, the boundary layer was also distorted, but the direction of electric field was maintained
perpendicular to the magnetopause. That is why the fluctuations in electric field can be observed. At the
same time, the electric field directions at the leading and trailing edges of one vortex should be predicted as
illustrated by the red arrows in Figure 5. The observed electric field vectors in the M-N plane (nearly the vortex
plane) by TH-A, TH-D, and TH-E have been plotted during the interested interval (Figure 3, panels 4, 5, and 6).
The predicted electric field can be seen at leading and trailing edge of nearly each vortex. This feature means
the magnetopause distortion by the K-H vortices. The directions of the electric field were rotating in the
vortex plane, which could be interpreted as the rotating normal direction of the magnetopause. MVA is the
alternative way to determine the normal direction of the magnetopause [e.g., Hwang et al., 2011; Kawano
et al., 1994], but here we use the electric field.

FTE and vortex are not incompatible in this event. Under southward IMF, when the spacecraft crossed
magnetopause, the southward IMF could clearlymark the crossings. The shift ofmagnetic field when spacecraft
crossed magnetopause showed configuration changing frommagnetosphere to magnetosheath or vice versa,
less likely to be bipolar signatures characterizing the FTEs. If the FTE could explain the observed periodic
features, the jets should have been observed mainly in Vl, which were not found in the observations. At the
same time, FTE or flux rope was still possible to sporadically occur within an individual K-H vortex, but the
periodic and propagating features were more likely the K-H vortices caused by the velocity shear because of
the absence of the jets mainly in Vl/Vz and the absence of transient changing in magnetic field such as bipolar
signatures in Bn; at least regular and periodic bipolar signatures were not found. On the other hand, the
distortion of the magnetopause deduced from the electric field observation, the periodic features of the vortex
flows observed by each spacecraft, and the tailward propagation from one spacecraft to the other, together
with the evaluation of the K-H unstable condition, can support the K-H vortices in this event.

Furthermore, we removed Econ from the observed electric field to investigate the possible induced electric
field Ein= E� Econ = E+ v×B. It is also the same reason that only the observation from TH-E was presented
(Figure 4, panels 4, 5, and 6), because similar features can be observed by TH-A and TH-D. This removal of Econ is

Figure 5. Illustration to estimate the induced electric field at
the distorted magnetopause according to Faraday’s Law. The
closed circle line is chosen to be the rectangle at the com-
pressed region at the edge of the vortex, with the direction
shown in the figure.
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equal to observe the electric field in a frame moving together with the frozen plasma and magnetic field, in
which the convective electric field vanishes. At the edges of the K-H vortices, there existed significant induced
electric field of several mV/m, distributed in each component when the magnetic field compression occurred.
In the components of induced electric field, some bipolar signatures could be seen at the time marked by
vertical lines (Figure 4, panels 4, 5, and 6). The bipolar signatures imply that the induced electric field should be
circles around the compressed magnetic field, as predicted by Faraday’s Law. The induced electric field
Ein= E+ v×B was calculated from the observation assuming that E �B=0. Note that non-convective electric
field also satisfies that Ein �B=0. The induced electric field should also be in the perpendicular plane to
magnetic field, which has also been predicted by Faraday’s Law.

In order to estimate the induced electric field quantitatively, a closed rectangle in the vortex plane is chosen,
as illustrated in Figure 5, and the induced electric field could be estimated as

Ein ¼ E þ v�B ¼ � dB
dt

D=2ð Þ (3)

The minus means that the Ein is along the opposite direction of the defined C. D is defined as the width of the
compressed region, which could also approximately be the width of the LLBL, typically about 800–1000 km

[Happygood and Lockwood, 1993; Mozer et al., 1994]. The observed dB
dt at the compressed region could be

typically about several nT/s, then the induced electric field caused by the magnetic field compression could
be estimated as about several mV/m, consistent very well with the observation of E+ v×B (Figure 4, panel 8).

Based on the in situ observations, we can see that electric field comes mainly from the convective electric
field at large scale, and there exists induced electric field generated by the compressed magnetic field at
leading and trailing edges of the vortices. The electrons will be accelerated faster than protons by 1830 times
in the circular electric field and then cause complex dynamic evolution. The induced electric field could
be one of the possible factors to induce magnetic reconnection inside the K-H vortices or to cause other
possible transport processes across the magnetopause, which would be investigated in further work.

4. Summaries

Generally, K-H vortices are observed under northward IMF, but Hwang et al. [2011] reported first observation
under southward IMF on the dawnside of the magnetopause. In our work, the K-H vortices under southward
IMF were observed by THEMIS at the duskside of the magnetopause. The results of our analysis could be
summarized in three aspects: (1) under southward IMF, the K-H vortices can be accompanied by periodicity
and regularity at the duskside of magnetopause, with significantly larger returning flows inside the
magnetopause; (2) the distortion of the magnetopause, the periodic features of the vortex flows, the tailward
propagation, and the evaluation of KHI condition imply that the vortices can be formed, with a tailward
propagation of about 292 km/s; (3) the observed electric field mainly comes from convective electric field at
large scale, and induced electric field of about several mV/m was deduced at the both leading and trailing
edges of vortices when the magnetic field compression occurred. The bipolar signatures in the induced
electric field imply that the induced electric field is circular around the compressed magnetic field, as
predicted by Faraday’s Law.
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