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The solar wind-magnetosphere interaction drives diverse physical processes on the flanks
of Earth’s magnetopause, and in turn these processes couple to the ionosphere. We
investigate simultaneous multipoint in-situ spacecraft and ground-based measurements
to determine the role of Kelvin-Helmholtz waves at the Earth’s magnetopause and the low-
latitude boundary layer in the magnetosphere-ionosphere coupling process. Nonlinear
Kelvin-Helmholtz waves develop into flow vortices that twist and/or shear flux tube
magnetic fields, thereby generating localized field-aligned currents. Kelvin-Helmholtz
vortices on the dusk (dawn) flanks of the magnetosphere generate clockwise (counter-
clockwise) rotations and upward (downward) field-aligned currents inside the flux tubes,
consistent with the region-1 field-aligned current. We present in-situ MMS and Cluster
spacecraft observations of Kelvin-Helmholtz vortices at the magnetopause that map to the
poleward edge of the auroral regions. The FAST spacecraft and the ground-based
magnetometers from which spherical elementary currents (acting as a proxy for vertical
currents) can be calculated observe corresponding field-aligned current signatures. This
study demonstrates the role played by the Kelvin-Helmholtz waves in linking
magnetopause boundary fluctuations to ionospheric phenomena.

Keywords: Kelvin-Helmholtz vortices, Kelvin-Helmholtz waves, magnetosphere-Ionosphere coupling, region 1 field-
aligned current, magnetopause and boundary layers, flow vorticity

1 INTRODUCTION

In contrast to the Dungey (1961) model that refers to the transport of the solar wind into the Earth’s
magnetosphere via dayside-then-nightside magnetic reconnection, (Axford and Hines, 1961)
proposed that there was a quasi-viscous interaction between the solar wind and the
magnetosphere, powered by flow velocity shear. The Kelvin-Helmholtz instability (KHI) grows
in such a velocity shear layer. Along the Earth’s magnetopause, across which there is a significant
velocity shear between the fast anti-sunward magnetosheath and the relatively stagnant
magnetosphere, Kelvin-Helmholtz waves (KHWs) are generated. KHWs develop nonlinearly
into large-scale rolled-up Kelvin-Helmholtz vortices (KHVs) when the shear flow energy is
greater than the magnetic energy along the shear flow direction (Chandrasekhar, 1961;
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Hasegawa, 1975). This KHI-unstable condition is often satisfied
when the interplanetary magnetic field (IMF) is oriented nearly
perpendicular to the shear flow direction, i.e., either due
northward or southward. However, the magnetopause KHWs/
KHVs have been less frequently observed during periods of the
southward IMF (Kavosi and Raeder, 2015). Hwang et al. (2011)
and Nakamura et al. (2020) explained this: there exist decay
mechanisms such as magnetic reconnection and flux transfer
events that lead to a quick decay of the vortex structures under
southward IMF.

KHWs/KHVs affect the Earth’s magnetosphere via various
direct and indirect paths. Numerous studies have shown that
nonlinear KHWs lead to mass, momentum, and energy transport
across the magnetopause (Kivelson and Chen, 1995; Fairfield
et al., 2000; Hasegawa et al., 2004; Faganello et al., 2008;
Nakamura et al., 2013, 2017; Turkakin et al., 2013). In
particular, large-scale KHVs promote solar wind entry into the
magnetosphere via 1) magnetic reconnection between stretched
magnetic field lines caused by the vortex motion (Otto and
Fairfield, 2000; Nykyri and Otto, 2004; Cowee et al., 2010;
Nakamura et al., 2011; Eriksson et al., 2016; Hwang et al.,
2021) or mid-latitude reconnection between KHI-stable lobe
fields and vortex-induced engulfed magnetosheath fields
(Takagi et al., 2006; Faganello et al., 2012; Vernisse et al.,
2016; Hwang et al., 2020; Eriksson et al., 2021), 2) diffusive
transport through the turbulent decay of KHVs or coalescence of
neighboring vortices (Matsumoto and Hoshino, 2004; Nakamura
et al., 2004; Nakamura and Fujimoto, 2008; Cowee et al., 2009;
Matsumoto and Seki, 2010), or 3) kinetic Alfvén waves or ion
gyro-radius scale waves through a mode conversion from KH
waves (Chaston et al., 2007; Yao et al., 2011). These processes
result in plasma heating and the formation of a broad mixing
layer along the flanks of the magnetosphere.
Magnetohydrodynamic (MHD) simulations predict that flux
tubes populated by plasmas of magnetosheath origin that enter
the magnetosphere via KHVs can rapidly propagate toward the
inner magnetosphere via an interchange instability (Wiltberger
et al., 2000; Pembroke et al., 2012).

KHWs/KHVs can trigger ULF (ultra-low-frequency)
pulsations in the Pc4-5 range with a frequency of ~2–22 mHz
via the excitation of a global cavity/waveguide mode that can
occur at locations where the geomagnetic field-line
eigenfrequency equals the frequency of KHWs (Mathie and
Mann, 2000; Agapitov et al., 2009). KHW-driven ULF waves
facilitate radial diffusion and/or acceleration of radiation belt
electrons through drift resonance (Claudepierre et al., 2008).
Nonlinear fast-mode waves can also develop at the edges of
KHWs, propagate into the magnetosphere, and interact with
radiation belt and ring current plasmas (Lai and Lyu, 2010).

The main focus of this paper is to study the influence of
KHWs/KHVs on magnetosphere-ionosphere coupling (MIC).
Previously, ionospheric traveling convection vortices have been
interpreted as an ionospheric manifestation of solar wind
dynamic pressure enhancements or KHI-driven ULF
perturbations (Glassmeier and Heppner, 1992; Samson and
Pao, 1996; Mann et al., 2002). Observations of ULF field-line-
resonance pulsations initiated by magnetopause KHWs and

conjugate ground-based magnetometer/radar measurements
have shown the enhancements of electron precipitation or net
downward Poynting flux and associated energy deposition into
the ionosphere at latitudes coupled to the resonance region
(Mann et al., 2002; Rae et al., 2007).

Those studies indicated that KHWs/KHVs have a global
influence on the dynamics of the coupled magnetosphere-
ionosphere system. In this paper, we incorporate the data
obtained from Cluster, MMS, FAST, and ground
magnetometers and show that KHWs/KHVs generate field-
aligned currents (FACs) via the vortical motion that twists
magnetic field lines within flux tubes. The sense of flux-tube
rotation and associated FACs and conjugate ionospheric currents
mapped to the dawn vs. dusk magnetopause KHWs/KHVs are
very consistent with the region-1 FAC. This study demonstrates
that KHWs/KHVs are at least partially responsible for the
region1 FAC.

We organize this paper by introducing a theoretical prediction
in Section 2, briefly describing the in-situ spacecraft and ground-
based data used for this study in Section 3, presenting case studies
of the dusk/dawn magnetopause KHW/KHV events observed by
Cluster and MMS in Section 4 and Section 5, respectively.
Discussion of Cluster/MMS case studies and conjugate
ionospheric signatures and the implied roles and impact of
KHWs/KHVs on MIC follow in Section 6.

2 THEORETICAL EXPECTATION

Nonlinear KHWs drive flow vortices that cause a twist or shear of
magnetic field lines within the vortical flux tube. This process
generates FACs within the flux tube (see Figure 19 of Birn et al.,
2004) as predicted by Maxwell’s equations:

zB
zt

� −∇× E , μ0J � ∇× B (1)

B and E are the magnetic and electric field, respectively. J is the
electric current density, and μ0 is the magnetic permeability of
free space. Combining the two equations in Eq. 1 gives

zJ
zt

� − 1
μ0

 × [B · V + V · B − B · V] (2)

V represents the plasma velocity. In case of small
perturbations, the first-order terms of Eq. 2 for the
component parallel to B yield (Paschmann et al., 2002)

zJ||
zt

� 1
μ0

B · ∇(∇× V)|| (3)

The parenthesis in the right-hand side term is defined as flow
vorticity, Ω � ∇× V. Eq. 3 is also valid for large-scale structures
such as KHVs without the small-perturbation approximation.

Eq. 3 tells us that the gradient of vorticity gives rise to the
generation of FACs. The magnitude of Ω. becomes largest in the
equatorial plane of the magnetosphere where a vortex flow
develops driven by the KHI. The flow vortex decreases toward
the northern/southern ionosphere along positive/negative B. The
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sense of rotation, which determines the sign of Ω., is clockwise at
the dawn flank of the magnetosphere and counter-clockwise at
dusk. Therefore, the right-hand side term is positive at dawn and
negative at dusk. Corresponding FACs, J|| in the left-hand side
term of Eq. 3 that build up within the flux tube with time are
downward into the northern ionosphere at dawn and upward
from the northern ionosphere at dusk. This corresponds to the
presence of FACs of region-1 sense.

3 METHOD

To test the theoretical prediction extracted from Eq. 3
observationally and to quantify how effectively and importantly
KHV-driven FACs contribute to the region-1 current system, we
use data from: the four Cluster spacecraft with the separation
among the spacecraft greater than or equal to the ion gyroradius
(ρi) or inertial length (λi), the four MMS spacecraft with
interspacecraft separation down to the order of the electron
scale, the FAST spacecraft, and THEMIS ground-based fluxgate
magnetometers, which we call “gMAG” in this paper.

Both Cluster and MMS regularly fly through the dawn/dusk
magnetopause and detect KHWs/KHVs. Their tetrahedral
configuration facilitates the calculation of J using the
curlometer technique (Dunlop et al., 2002). MMS further
enables the direct estimation of Ω using high time-resolution
plasma data (150-ms for ions and 30-ms for electrons in burst
mode; 4.5 s in fast survey mode). We focus on the ion flow
vorticity (the electron vorticity (Hwang et al., 2019) that is
associated with microphysical processes is out of the scope of
this study). The larger spacecraft separation of Cluster compared
to MMS allows a test using plasma density to determine if the
observed fluctuations are KHVs or not (Section 4).

FAST traversed the northern and southern ionosphere with an
altitude ranging from hundreds km to ≲4,000 km. Its operation
during ~12 years until 4May 2009 enables conjunctions to be studied
with KHWs/KHVs detected by Cluster. KHV events observed both
by Cluster and most-recently-launched MMS can be coupled to
ionospheric signatures recorded in ground magnetometers. Data
obtained from 11 different magnetometer arrays (gMAG) allow us
to calculate the (horizontal) equivalent ionospheric current (EIC) and
the (vertical) spherical elementary current (SEC), which is a proxy for
the field-aligned current, using the SEC technique outlined in Amm
and Viljanen (1999) and Weygand et al. (2011).

From our coordinated case studies of in-situ magnetopause
KHVs observed by Cluster and MMS and corresponding
ionospheric responses identified by FAST or gMAG, we
qualitatively test Eq. 3 in the dusk sector (Section 4) vs. the
dawn sector (Section 5).

4 DUSKWARD KHVS AND IONOSPHERIC
FACS

4.1 Cluster Observations of Duskward KHVs
From 1,200 to 1300 UT on 20 November 2001 (Figures 1A–C)
Cluster was located in the duskward magnetopause boundary

layer. The four Cluster spacecraft (C1-4) were in a tetrahedral
configuration and were separated by ~1968 km on average
(Figure 1D) with its barycenter at ~[−5.3, 17.9, 3.2] Earth
radii (RE) in Geocentric Solar Ecliptic (GSE) coordinates. [GSE
coordinates correspond to the boundary normal coordinates
(LMN) obtained from Shue et al. (1997) model in this event.]
The IMF was mostly northward during this period. Figure 1
shows (A) the magnetic field (B) averaged over the four spacecraft
and (B, C) the electric current density (J) obtained using the
curlometer technique (x, y, and z components in blue, green, and
red in GSE) and decomposed into parallel (red) and
perpendicular (blue) components with respect to B. Both B
and J show quasi-periodic fluctuations with a period of
~8–15 min that are most likely to be attributed to
magnetopause KHWs.

To test if these fluctuations resulted from nonlinear KHWs, we
expanded the C1 data from 1200 UT to 1215 UT in Figures 1E–J.
On the top of Figure 1E, we denoted a more-magnetospheric
region in a blue bar as characterized by a relatively larger Bz
(Figure 1E), more flux of high-energy (≳1 keV) ions (Figure 1F
showing the ion energy spectrogram), reduced anti-sunward flow
velocity (Vx shown in blue; Figure 1G) and ion density (black in
Figure 1I). The region of a smaller Bz accompanied by more flux
of low-energy ions (<1 keV), increases in anti-sunward velocity
and ion density represents a more-magnetosheath side (red bar).
[Note that the energy spectrogram indicates that the boundary
layer was rather in a mixed/turbulent state.] We marked the
magnetosphere-to-magnetosheath transitions by ‘A’, ‘B’, ‘C’, and
‘D’ at the top of Figure 1E and vertical solid black lines. The
magnetosheath-to-magnetosphere transitions are marked by ‘a’,
‘b’, ‘c’, and ‘d’ and vertical dashed black lines.

In a steady state of KHVs, the centrifugal force is balanced by
the pressure force. Since the centrifugal force is radially outward
in a rolled-up vortex, the pressure force should point inward to
the vortex center. The high total pressure, then, builds up at the
boundary from the more-magnetospheric side into the more-
magnetosheath side crossing by Cluster (see Figure 19 of
Hasegawa, 2012). And the total pressure is minimized close to
the boundary from the more-magnetosheath side to the more-
magnetospheric side crossing. Figure 1H shows this trend. The
total pressure (black), i.e., the sum of plasma (red) and magnetic
(blue) pressures, often peaks at boundaries toward the more-
magnetosheath side (‘H’ letters in Figure 1H) and decreases at
boundaries toward the more-magnetospheric side (‘L’).

Another characteristic of KHVs is the so-called density reversal
(Hasegawa et al., 2004). For the rolled-up vortices, the density
profile away from the nominal magnetopause (i.e., ~along + yGSE
for duskward KHV events) shows a layer of a higher density (of
magnetosheath origin) sandwiched between layers of a lower
density (of magnetosphere origin). As a result, the spacecraft
can detect a lower-density magnetosphere-origin layer located
outward of a higher-density magnetosheath-origin layer.
Figure 1I shows the ion density measured by C1 (black), C3
(green), and C4 (blue). Figure 1J presents these observations by
color with C1, C3, and C4 data arranged in terms of their distance
away from the magnetopause, i.e., along + yGSE. Red arrows in
Figure 1J indicate the times when the density observed by C1

Frontiers in Astronomy and Space Sciences | www.frontiersin.org June 2022 | Volume 9 | Article 8955143

Hwang et al. Effects of KHVs on MIC

https://www.frontiersin.org/journals/astronomy-and-space-sciences
www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


(closest to the earth) is higher than that observed by C3 or C4
(further away from the earth).

Both features of total pressure (Figure 1H) and density
reversal (Figure 1J) support the identification of KHVs. For
the duskward KHV event such as Figure 1, we expect the
development of the antiparallel current or, equivalently,
upward FAC in the northern ionosphere. Figure 1C,
indeed, shows that J is donimantly antiparallel throughout
the event.

4.2 FAST Observations of Ionospheric FACs
The geomagnetic field models (Tsyganenko, 1989; Tsyganenko,
1995) predict that the magnetic field lines encountered by Cluster
during the Figure 1 event are mapped to the ionosphere at ~73°

LAT and ~339° LON in geographic coordinates (GEO). FAST
spacecraft fortuitously passed the northern ionosphere at/near
the footprint of Cluster’s location around the time of the event.
Figure 2 shows the energy spectrograms of down-going (with
pitch angles of 0° ± 45°; A, C) and up-going (with pitch angles of

FIGURE 1 | Cluster observation of duskward KHVs: (A) the magnetic field and (B,C) the electric current density during 1,200–1300 UT on 20 November 2001; (D)
the tetrahedral configuration of the four Cluster spacecraft around its barycenter at ~(−5.3, 17.9, 3.2) RE in GSE. C1 observation from 1200 UT to 1215 UT on 20
November 2001: (E) the magnetic field; (F) the ion energy spectrogram; (G) the ion velocity; (H) the plasma (red) and magnetic (blue) pressures, and the sum (black) of
these pressures; (I) the ion density measured by C1 (black), C3 (green), and C4 (blue); (J) the ion density (color) at C1, C3, andC4 arranged in terms of their distance
away from the magnetopause (along y; e.g., C1 located closest to the earth).
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180° ± 45°; B, D) electrons (A, B) and ions (C, D). Precipitating
fluxes are larger than up-going fluxes for both electrons and ions.
The difference between the ion and electron flux gives rise to the
current density along B (Figure 2E) that is mostly upward from
the ground, i.e., antiparallel to B. The perturbed magnetic field
(dB; Figure 2G) also gives rise to a negative J (Figure 2F) from
Ampere’s law, demonstrating that FAST traversed the upward
FAC region. J calculated from both particles and dB ranges from
hundreds to ~2000 nA/m2.

4.3 MMS Observations of Duskward KHVs
During ~1759–1809 UT on 1 October 2015, the MMS quartet
with its barycenter at ~[3.9, 9.2, −4.1] RE in Geocentric Solar
Magnetospheric (GSM) coordinates encountered
magnetopause fluctuations shown in Figure 3. The IMF
was mostly southward during the period. A more-
magnetosheath region is then identified by a mostly
negative Bz (Figure 3A), more flux of <2 keV-energy ions
(Figure 3B), larger anti-sunward flow (Figure 3C), enhanced
ion density (Figure 3D), and reduced ion temperature
(Figure 3E). We denoted such repeated regions by red bars

on the top of Figure 3A (although the region between ‘E’ and
‘e’ at the top of Figure 1 is a mixed region exhibiting a
magnetospheric field and a magnetosheath plasma).
Opposite trends represent a more-magnetospheric region as
indicated by a blue bar.

We, again, marked magnetosphere-to-magnetosheath
transitions by ‘A’, ‘B’, . . ., ‘F’ at the top of Figure 3A with
vertical solid black lines and magnetosheath-to-magnetosphere
transitions by ‘a’, ‘b’, . . ., ‘f’ with vertical dashed black lines.
Figure 3F shows that the total pressure generally rises at/near
magnetosphere-to-magnetosheath boundaries (‘H’ in Figure 3F)
and lowers at/near magnetosheath-to-magnetosphere boundaries
(‘L’). This supports that the observed fluctuations are attributed
to KHVs.

The average spacecraft separation of ~31 km during this
event prevents us from testing the density reversal. Instead,
we performed boundary normal analyses. As shown in
Figure 3K (Hwang et al., 2011, 2020), boundaries of typical
KHVs tilt from the initially-undisturbed magnetopause with its
normal along n, showing a more-gentle waveform at the trailing
edges (see black arrows at ‘A’, ‘B’, . . ., ‘F’ in Figure 3K) and a

FIGURE 2 | FAST observation of the northern ionosphere conjugate to the Cluster observation of duskward KHVs (Figure 1): the energy spectrograms of down-
going [with pitch angles of 0° ± 45°; (A,C)] and up-going [with pitch angles of 180° ± 45°; (B,D)] electrons (A,B) and ions (C,D); the electric current density calculated (E)
from the particle data and (F) from the perturbed magnetic field (G).
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FIGURE 3 |MMS1 observation of duskward KHVs during 1759–1809 UT on 1 October 2015: (A) the magnetic field; (B) the ion energy spectrogram; (C) the ion
velocity; (D) the ion density; (E) the ion temperature; (F) the plasma (red) andmagnetic (blue) pressures, and the sum (black) of these pressures; (G) the current density, J;
(H) J decomposed into parallel (red) and perpendicular (blue) components; (I) the ion vorticity; (J) the mn-plane projections of boundary normals (black arrows) and
normal propagation velocities (magenta arrows) to be compared with (K) typical waveforms of duskward KHVs, when viewed from north, with color representing
density. The gray shade in (B–I) indicates a gap in the burst-mode particle data.
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steeper waveform at the leading edges (black arrows at ‘a’, ‘b’,
. . .. ‘f’). Also, since KHVs propagate tailward along the
magnetopause (along − m or k-vector seen by a white
arrow), normal propagation velocities (magenta arrows) are
more aligned to the ± n direction with smaller speed at the
trailing edges, and more perpendicular to n (or more parallel to
k-vector) with larger speed at the leading edges. To test this, we
determined the nominal boundary normal coordinates (LMN)
derived from minimum variance analysis (MVA) (Sonnerup
and Scheible, 1998; Siscoe and Suey 1972) for the
magnetopause-crossing period from 1710 UT to 1730 UT
prior to the occurrence of KHVs: l = [0.31, 0.34, 0.89], m =
[0.59, −0.80, 0.10], and n = [0.75, 0.50, −0.44] in GSM. Table 1
lists the normal propagation velocities derived from a four-
spacecraft timing analysis (Paschmann and Daly, 1998) and the
MVA (using B)-derived boundary normals in LMN together
with the medium-to-minimum eigenvalue ratio.

Figure 3J displays the mn-plane projections of boundary
normals shown as black arrows and normal propagation
velocities as magenta arrows. Both the normals and normal
propagation vectors generally show a repetitive pattern
between leading and trailing edges, consistent with
Figure 3K. This confirms the identification of KHVs for the
Figure 3 event.

Figure 3G shows J caculated from particle data (it is consistent
with the curlometer-derived J) and Figure 3H shows parallel and
perperdicular components of J. Both Jz and J||, although fluctuating
around zero, are mostly negative with magenta shades in Figure 3H
representing Bz < 0 periods. Therefore, Jmainly pointed opposite to
the geomagnetic B, consistent with the upward FAC in the northern
ionosphere for the duskward KHV event.

Figure 3I shows the ion vorticity, Ω. As expected in Section 2
(Eq. 3), the z component ofΩ. is relatively positive, indicating the
counter-clockwise rotation of the duskward KHV. A quantitative
test of Eq. 3 requires another spacecraft quartet simultaneously
crossing the KHV flux tube above/below the near-equatorial
plane where MMS traversed. Figures 3G–I, however,
demonstrate the sign/sense of J and Ω. We note that the
larger inertia on the faster magnetosheath side than the
magnetospheric side generally leads to a larger |J| and smaller |Ω.|

4.4 Ground Magnetometer Observations of
Ionospheric FACs
The geomagnetic field model (Tsyganenko, 1989) predicts
that the magnetic field lines encountered by MMS during the
Figure 3 event are mapped to the ionosphere at ~67° LAT and
~302° LON. We use the gMAG data to derive the equivalent
ionospheric current (EIC) and spherical elementary current

TABLE 1 | Boundary normals and normal propagation vectors at the trailing (marked by vertical solid lines, A, B, . . ., F in Figure 3) and leading (vertical dashed lines, a, b, . . .,
f) edges in LMN (λmid-min is the medium-to-minimum eigenvalue ratio in the minimum variance calculation.).

A a B b C c D d E e F f

Time (UT) ~17:
59:30

~18:
00:44

~18:
01:51

~18:
02:40

~18:
03:20

~18:
04:19

~18:
04:31

~18:
04:42

~18:
06:00

~18:
07:34

~18:
08:10

~18:
08:51

Normal in
LMN
coordinates

λmid-min =
2.71

[−0.007,
−0.047,
−0.998]

λmid-min =
7.94

[−0.025,
−0.996,
−0.080]

λmid-min =
14.5

[−0.176,
0.093,
−0.980]

λmid-min =
2.80

[−0.041,
−0.622,
0.782]

λmid-min =
4.40

[−0.244,
−0.611,
−0.753]

λmid-min =
3.44

[0.081,
−0.915,
0.396]

λmid-min =
3.63

[0.008,
−0.702,
−0.712]

λmid-min =
3.09

[−0.497,
−0.863,
−0.092]

λmid-min =
9.49

[−0.342,
−0.523,
−0.781]

λmid-min =
6.49

[−0.054,
−0.998,
−0.007]

λmid-min =
29.4

[−0.222,
−0.406,
−0.886]

λmid-min =
2.24

[−0.290,
−0.936,
−0.198]

Normal
propagation
velocity
in LMN

v =
106 km/s
[−0.372,
−0.137,
−0.918]

v =
280 km/s
[−0.054,
−0.941,
−0.335]

v =
57.6 km/
s [0.341,
−0.101,
−0.935]

v =
86.5 km/
s [−0.169,
−0.729,
0.663]

v =
43.4 km/
s [0.293,
−0.177,
−0.940]

v =
143 km/s
[−0.326,
−0.945,
0.033]

v =
145 km/s
[−0.162,
−0.667,
−0.727]

v =
142 km/s
[−0.143,
−0.962,
0.233]

v =
86.8 km/
s [−0.270,
−0.288,
−0.918]

v =
166 km/s
[0.581,
−0.792,
−0.188]

v =
79.9 km/
s [−0.192,
−0.569,
−0.800]

v =
199 km/s
[−0.447,
−0.878,
−0.167]

FIGURE 4 | Ground magentometer observation of the ionospheric
currents calculated from the SEC technique (Amm and Viljanen, 1999;
Weygand et al., 2011) at 1800 UT on 1 October 2015: The (horizonal)
equivalent ionospheric current [EIC; (A)] and the vertical spherical
elementary current [SEC; (B)], which is a proxy of the FAC. The MMS footprint
corresponding to the duskward KHV event (Figure 3) is denoted by a
green dot.
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(SEC). The result is shown in Figure 4, where the MMS
footprint is denoted by a green dot. A counter-clockwise
rotation of EIC around the green dot (upper panel) indicates
upward FACs. SEC (lower), a proxy of the vertical current for

an altitude of 100 km, shows the upward FAC of ~18,400 A at
the green dot. We note a bead-like structure in SEC indicative
of upward FACs elongated in the east-west direction, possibly
implying their generation via the duskward KHVs (Figure 3).

FIGURE 5 | Cluster observation of dawnward KHVs during 0330–0430 UT on 28 July 2006: (A) the magnetic field and (B) the ion energy spectrogram; (C) the ion
velocity; (D) the plasma (red), magnetic (blue), and total (black) pressures; (E) the ion density (color) measured by C1, C3, and C4 arranged in terms of their distance away
from the magnetopause (along−—y; e.g., C3 located closest to the earth); (F) the current density, J; (G) J decomposed into parallel (red) and perpendicular (blue)
components; (H) the tetrahedral configuration of Cluster around its barycenter at ~[−13, −13, −3.0] RE.
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5 DAWNWARD KHVS AND IONOSPHERIC
FACS
5.1 Cluster Observations of Dawnward
KHVs
From ~0250 UT to ~0430 UT on 28 July 2006 Cluster located at ~
[−13, −13, −3.0] RE in GSE observed KHV-induced
magnetopause fluctuations (Figure 5) as reported by Hwang
et al. (2011). [GSE coordinates that were close to GSM in this
event correspond to the boundary normal coordinates (LMN)
obtained from Shue et al. (1997) model.] The IMF was fluctuating
with Bz ≤ 0. On the top of Figure 5A, blue (red) bars represent a
more-magnetospheric (more-magnetosheath) region with a
larger (smaller or negative) Bz (Figure 5A), more (less) flux of
high-energy ions (Figure 5B), reduced (enhanced) anti-sunward
flow (Figure 5C). We, again, denoted the magnetosphere-to-
magnetosheath transitions by ‘A’, ‘B’, . . ., ‘I’ with vertical solid
black lines and the magnetosheath-to-magnetosphere transitions
by ‘a’, ‘b’, . . ., ‘j’ with vertical dashed black lines.

The total pressure (black in Figure 5D) is maximized at/near
the boundaries toward the more-magnetosheath region (‘H’) and
minimized at boundaries toward the more-magnetospheric
region (‘L’). The four Cluster spacecraft in a tetrahedron were
separated by > 1 RE on average (Figure 5H), which enables us to
test the density reversal. Figure 5E shows the ion density in color
measured by C1/3/4 arranged in terms of their distance away

from the magnetopause. Red arrows in Figure 5H mark the
density-reversal times when the density observed by C4 or C3
(closer to the earth) is larger than that observed by C1 (further
away from the earth). These observations confirm the dawnward-
magnetopause KHVs for the Figure 5 event.

For the dawnward KHV event, we expect the development of
the parallel current or, equivalently, downward FAC in the
northern ionosphere (Section 2). Jz is, indeed, mostly positive
(Figure 5F) and J|| is mainly parallel (Figure 5G) although the
anti-paralell component becomes significant during later (near-)
magnetosheath-side crossings (‘G’-‘h’, ‘H’-‘i’, around ‘j’). The
overall trend is consistent with the prediction.

5.2 FAST Observations of Ionospheric FACs
The geomagnetic field models (Tsyganenko, 1989;
Tsyganenko, 1995) predict that the footprint of the
magnetic field lines encountered by Cluster at ~0425 UT on
28 July 2006 falls at −69° LAT and ~72° LON in GEO. FAST
spacecraft fortuitously passed the conjugate southern
ionosphere. Figure 6 shows the energy spectrograms of up-
going (A, C) and down-going (B, D) electrons (A, B) and ions
(C, D). During 0424:30-0426 UT precipitating fluxes of
electrons are larger than up-going fluxes, and vice versa for
ions. The difference between the ion and electron flux gives rise
to the up-flowing FAC (Figure 6E) reaching −12,500 nA/m2

(dB data is not available). The up-flowing FAC in the southern

FIGURE 6 | FAST observation of the southern ionosphere conjugate to the Cluster observation of dawnward KHVs (Figure 5): the energy spectrograms of down-
going (with pitch angles of 0° ± 45°; A, C) and up-going (with pitch angles of 180° ± 45°; B, D) electrons (A,B) and ions (C,D); (E) the electric current density calculated
from the difference between the ion and electron flux.
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FIGURE 7 | MMS1 observation of dawnward KHVs during 1947–1954 UT on 6 February 2016: (A) the magnetic field; (B) the ion energy spectrogram; (C) the
electron energy spectrogram; (D) the ion velocity; (E) the ion density; (F) the ion temperature; (G) the plasma (red), magnetic (blue), and total (black) pressures; (H) the
current density, J; (I) J decomposed into parallel (red) and perpendicular (blue) components; (J) the ion vorticity; (K) themn-plane projections of boundary normals (black
arrows) and normal propagation velocities (magenta arrows) to be compared with (L) typical waveforms of dawnward KHVs, when viewed from north, with color
representing density.
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ionosphere corresponds to the down-flowing FAC in the
northern ionosphere, as expected for the dawnward KHVs
of Figure 5.

5.3 MMS Observations of Dawnward KHVs
During ~1833–2015 UT on 6 February 2016, MMS observed the
dawnward magnetopause/low-latitude boundary layer to be
fluctuating. We focus on 7-min (1947–1954 UT) data when MMS
with its average spacecraft separation of ~17 km was located in the
boundary layer at ~[3.6, −9.3, −5.4]RE in GSM (Figure 7). The IMF
was mostly duskward for the period. On the top of Figure 7A, blue
(red) bars represent a more-magnetospheric (more-magnetosheath)
region with more (less) flux of high-energy ions and electrons
(Figures 7B,C), reduced (enhanced) anti-sunward flow and ion
density (Figures 7D,E), and enhanced (reduced) ion temperature
(Figure 7F). The magnetosphere-to-magnetosheath transitions are
denoted by ‘A’, ‘B’, ‘C’, and ‘D’ with vertical solid black lines and the
magnetosheath-to-magnetosphere transitions by ‘a’, ‘b’, ‘c’, and ‘d’
with vertical dashed black lines.

The total pressure (black in Figure 7G) generally shows the
typical ‘H’/‘L’ trend at magnetosphere-to-magnetosheath/
magnetosheath-to-magnetosphere boundaries. To test the
unique signature of leading vs. trailing edges of KHVs, we
determined the nominal boundary normal coordinates (LMN)
using Shue et al. (1997) model: l = [0.27, −0.26, 0.93],m = [−0.70,
−0.72, 0.00], and n = [0.66, −0.65, −0.38] in GSM. Table 2 lists the
normal propagation velocities derived using the four-spacecraft
timing analysis and the MVA-derived boundary normals in LMN
together with the medium-to-minimum eigenvalue ratio.

Figure 7K shows the mn-plane projection of boundary normals
(black arrows) and normal propagation velocities (magenta arrows).
Both the normals and normal propagation vectors are more aligned
to−—n with smaller normal-propagation speed at the trailing edges,
and more aligned to k-vector (white arrow in Figure 7L) with larger
speed at the leading edges. Agreement with Figure 7L confirms the
identification of KHVs.

Figures 7H,I shows J caculated from the curlometer technique
(decomposed into parallel and perperdicular components). Both
Jz and J|| are mostly positive, in particular, during ‘A’-‘a’ (red
arrows between Figures 7H,I). J mainly points due the
geomagnetic B, consistent with the downward FAC in the
northern ionosphere for the dawnward KHV event.

The ion vorticity,Ω. (Figure 7J; note that there is no burst-mode
ion data for this vent), although fluctuating around zero, shows—Ω.z

during ‘A’-‘a’ (red arrows between Figures 7I,J). This corresponds to
the clockwise rotation of the dawnward KHV. Although a
quantitative test of Eq. 3 is not available, Figures 7H–J indicates
a linkage (red arrows) between the FAC and the vorticity.

5.4 Ground Magnetometer Observations of
Ionospheric FACs
Figure 8 shows the EIC (upper) and SEC (lower) at 1951 UT
(corresponding to the Figure 7 event) using the data from gMAG.
The footprint of the magnetic field lines encountered by MMS at

TABLE 2 | Boundary normals and normal propagation vectors at the trailing (marked by vertical solid lines, A, B, C, and D in Figure 7) and leading (vertical dashed lines, a, b,
c, and d) edges in LMN (λmid-min is the medium-to-minimum eigenvalue ratio in the minimum variance calculation.).

A a B b C c D d

Time (UT) ~19:47:34 ~19:49:13 ~19:50:31 ~19:50:47 ~19:51:15 ~19:51:38 ~19:52:16 ~19:52:33
Normal in LMN
coordinates

λmid-min = 4.37
[−0.141, 0.301,

−0.943]

λmid-min = 8.87
[0.625, 0.700,

−0.345]

λmid-min = 3.40
[−0.280,
−0.077,
−0.957]

λmid-min = 4.04
[0.138, 0.883,

0.448]

λmid-min = 28.9
[−0.629, 0.075,

−0.773]

λmid-min = 9.54
[−0.387, 0.850,

0.357]

λmid-min = 3.82
[−0.037,
−0.214,
−0.976]

λmid-min = 3.03
[0.083, 0.892,

0.443]

Normal
propagation
velocity in LMN

v = 39.8 km/s
[−0.618, 0.282,

−0.734]

v = 95.2 km/s
[−0.754, 0.632,

0.177]

v = 93.2 km/s
[−0.378, 0.186,

−0.907]

v = 157 km/s
[−0.635, 0.448,

−0.630]

v = 74.7 km/s
[−0.571, 0.373,

−0.731]

v = 151 km/s
[−0.596, 0.733,

−0.326]

v = 58.5 km/s
[0.503, 0.230,

−0.833]

v = 86.7 km/s
[−0.704, 0.516,

0.488]

FIGURE 8 | Ground magentometer observation of the ionospheric
currents calculated from the SEC technique (Amm and Viljanen, 1999;
Weygand et al., 2011) at 1951 UT on 6 February 2016: The (horizonal)
equivalent ionospheric current [EIC; (A)] and the vertical spherical
elementary current [SEC; (B)], which is a proxy of the FAC. The MMS footprint
prior to (at 1804 UT) and during the dawnward KHV event (Figure 7) is
denoted by a green dot and a green arrow (presumed), respectively.
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1804 UT, i.e., prior to the Figure 7 event is predicted to sit on the
ionosphere at ~70° LAT and ~230° LON in GEO from the
Tsyganenko (1989) model (mapping failed after 1804 UT on 6
February 2016). A green dot in Figure 8 denotes the MMS
footprint at 1804 UT. A generally clockwise rotation of EIC
around the green dot indicates downward FACs. SEC shows an
azimuthally-extended band of downward FACs at/around the
green dot. Considering ~1.8 h interval between 1804 UT and 1951
UT, it is likely that the footprint of MMS at 1951 UT falls within
the downward FAC band (a green arrow), where the magnitude
of downward FACs ranges from—−7800 A to−—1080 A. Again, a
bead-like structure in SEC/FACs elongated in the east-west
direction possibly implies the generation of the downward
FACs via the dawnward KHVs (Figure 7).

6 DISCUSSION

In this paper, we report coordinated Cluster/MMS observations of
magnetopause KHVs and FAST/gMAG observations of ionospheric
responses to those KHVs categorized into duskward vs. dawnward
events. Cluster and MMS events presented in Section 4 and Section
5 demonstrate that nonlinear KHWs on the dusk (dawn) flank of the
magnetosphere develop into flow vortices, which twist or shear flux
tube magnetic fields in counter-clockwise (clockwise) rotation,
generating upward (downward) FACs in the northern
ionosphere. The sense of rotations is consistent with the region-1
Birkeland current system.

Table 3 lists our statistics of duskward (left columns) and
dawnward (right) events including Figures 1–8 events. KHV-
associated J|| or Jz ranges are obtained after low-pass filtering
highly-fluctuating J data. ‘gMAG’-derived FAC ranges are
obtained from the SEC data around the ionospheric footprint of
MMS. For all MMS-gMAG conjunction events listed in Table 3, we
identify the bead-like structure in SEC/FACpatterns elongated in the
east-west direction (e.g., Figures 4, 8). This might support the
generation of FACs via corresponding KHVs. We speculate that
the characteristic time scale of the build-up of FACs into the

ionosphere induced by low-latitude magnetopause KHVs is on
the order of the Alfvén transit time (Johnson et al., 2021; Ebihara
and Tanaka, 2022). This is hardly measurable in our study due to a
limited knowledge on the developmental phase of KHVs that are
locally observed by the spacecraft.

We note that the current density obtained fromCluster is less than
that obtained fromMMS by up to 2 orders of magnitude. This might
be due to larger spacecraft separation of Cluster than MMS by ~2
orders of magnitude. Since the size of a KHV (with a wavelength of
~1.5–15 RE for the KHV events listed in Table 3; ~3°–11° latitudinal
or longitudinal width on ground) corresponds to the Cluster
separation, we assume that the average current density induced by
KHVs ranges from ~1 to ~10 nA/m2. The ratio between the current
density associated with KHVs in the near-equatorial magnetopause
(at Cluster) and in the ionosphere (at FAST) from Table 3 ranges
from ~200 to ~4,000. This is relatively consistent with the ratio of
magnetic flux-tube cross-section area between in-situ KHV locations
and their conjugate ionosphere (~1,000–6,000) based on the flux-
tube current/magnetic-flux conservation.

Our statistics shown in Table 3 indicate that KHV-induced
FACs categorized by duskward vs. dawnward KHVs correspond
to FACs of region-1 sense. Considering the size of a KHVmapped
to the ionosphere for the two Cluster events, the magnitude of
FAC ranges 0.14–4.2 MA. This is comparable to the FAC
magnitude obtained from gMAG for the MMS KHV events
listed in Table 3. The order of region-1 current magnitudes
often ranges 10−1 to 1 MA. Table 3, thus, indicates that KHVs
might significantly contribute to region-1 current.

Previous studies attributed the generation of the region-1
current to magnetospheric pressure gradients (Yang et al.,
1994; Iijima, 1997; Mishin et al., 2011) or speculated the
region-1 current driver to be anti-sunward flows in the
magnetosphere (Tanaka, 1998). Wing et al. (2011) investigated
the variations of region-1 and 2 FACs as a function of solar wind
and IMF. They showed that the response of FACs to solar wind
velocity is higher for southward than for northward IMF, which is
attributed to the higher velocity shear across the magnetopause
boundary layer. A theory connecting the low-latitude shear flow

TABLE 3 | List of coordinated Cluster/MMS observations of magnetopause KHVs and FAST/gMAG observations of ionospheric responses to those KHVs categorized into
duskward (left columnes) vs. dawnward (right) events.

Duskward KHV events Dawnward KHV events

Time (UT) KHV-
induced
J|| (Jz)
[nA/m2]

FAST J|| [nA/m
2] gMAG FAC [A] Time (UT) KHV-induced

J|| (Jz) [nA/m
2]

FAST J|| [nA/m
2] gMAG FAC [A]

~12:43 UT 20
November 2001

Cluster
Upward
1.2–11

Upward 500–2200
(0.14–0.62 MA)

N/A ~04:20 UT 28
July 2006

Cluster
Downward
1.5–4.5

Downward
5000–12,000
(1.7–4.2 MA)

N/A

~18:00 UT 01
October 2015

MMS Upward
120–470

N/A Upward
16,000–32,000

~19:51 UT 06
February 2016

MMS Downward
45–270

N/A Downward
1,100–7800

~16:00 UT 14
September 2015

MMS Upward
50–196

N/A Upward
72,000–110,000

~18:52 UT 07
February 2016

MMS Downward
23–84

N/A Downward
10,000–23,000

~16:05 UT08
October 2015

MMS Upward
46–150

N/A Upward
8,700–18,000

~17:49 UT 18
February 2016

MMS Downward
30–115

N/A Downward
14,000–23,000

~18:37 UT 27
September 2016

MMS Upward
53–280

N/A Upward
20,000–63,000

~15:38 UT 17
February 2017

MMS Downward
88–370

N/A Downward
11,000–19,000
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or vortex and FACs in the ionosphere has been proposed
(Johnson and Wing, 2015; Johnson et al., 2021). A theory-
observation comparison was conducted by Johnson et al.
(2021) and Petrinec et al. (2022). The theory is restricted to
regions of upward region-1 FACs where a Knight current-voltage
relation is generally valid.

So far as we know, our study presents the first observational
evidence for the role played by KHVs inMIC, i.e., the generation of
the global FAC system developed in both duskward and dawnward
sectors: the magnetoapuse KHVs, at least partially and possibly
significantly, contribute to the region-1 current system.
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