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During 2018 November 06, 11:30—18:00 UT, the MMS constellation, the Cluster set of
spacecraft, and the Geotail spacecraft were all situated near the dusk flank
magnetopause. Large scale fluctuations were observed by the available and operating
science instruments at these various spacecraft (i.e., magnetic field, plasma moment, and
energy fluxmeasurements). Similar fluctuations were not observed by upstream solar wind
monitors, suggesting that the waves were initiated at the magnetopause. A localized
emission ‘bead’ from the post-noon ionosphere was also observed from low Earth orbit.
The nature and relation of the fluctuations observed at all of these spacecraft at the
magnetosphere boundary and the connection to the post-noon high-latitude ionosphere
are investigated in this study.
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INTRODUCTION

Large-scale motions of the magnetopause have long been observed by spacecraft (e.g., Holzer et al.,
1966; Kaufmann and Konradi, 1969; Howe and Siscoe, 1972; Song et al., 1988, 1994; Sibeck and
Croley, 1991; Sibeck, 1992; Phan and Paschmann, 1996; Sibeck and Gosling, 1996; Russell et al., 1997;
Plaschke et al., 2016). Such fluctuations of the magnetopause location can be caused by variations in
the convected solar wind, or by magnetosheath fluctuations initiated by processes at the bow shock
(Schwartz et al., 1996; Omidi et al., 2010; Dmitriev and Suvorova (2012, 2015); Li et al., 2020; and
references therein). Such fluctuations in the solar wind or magnetosheath can be either coherent or
incoherent. Instabilities at the magnetopause surface can also be caused by the interaction of the
magnetosheath and magnetosphere plasmas. For example, the initiation and evolution of the Kelvin-
Helmholtz Instability (KHI) along the magnetopause surface are due primarily to a significant
velocity shear across the boundary. The resulting Kelvin-Helmholtz waves evolve into quasi-periodic
vortices traveling anti-sunward along the magnetopause flanks, and have been observed by various
spacecraft sampling the in situ plasma and/or fields (e.g., Southwood, 1979; Chen et al., 1993; Chen
and Kivelson, 1993; Kivelson and Chen, 1995; Miura, 1995; Fairfield et al., 2000; Hasegawa et al.,
2004, 2006, 2009; Nykyri, 2013; Hwang, 2015; Nykyri and Dimmock, 2015; Plaschke, 2016). Kelvin-
Helmholtz waves occurring at the magnetopause have also been studied in association with waves
generated interior to the magnetopause. Lee et al. (1981) described two KH modes: one occurring at
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the magnetopause, and one occurring at the inner edge of the
magnetopause boundary layer. The associations between these
phenomena have been explored in several investigations (e.g.,
Hones et al., 1981; Pu and Kivelson, 1983; Kivelson and Pu, 1984;
Couzens et al., 1985; Claudepierre et al., 2008).

The Kelvin-Helmholtz Instability has also been conjectured to
be coupled via field-aligned currents to periodic dayside high-
latitude ionosphere bright spots observed in ultraviolet emissions
by the Viking spacecraft (Lui et al., 1989), and by Defense
Meteorological Satellite Program (DMSP) spacecraft (Johnson
et al., 2021).

The interval described in this paper was observed by several
spacecraft at a time when they were all aligned near the dusk flank
magnetopause. Specifically, the NASA Magnetospheric
Multiscale (MMS) constellation of spacecraft, the ESA Cluster
set of spacecraft, and the JAXA Geotail spacecraft were all
situated tailward of the dusk terminator, at locations between
XGSM of −2 RE and −14 RE, YGSM between +13 RE and +18 RE, and
ZGSM between −12 RE and +4 RE (i.e., at mid-to-low latitudes).
Multiple plasma and field fluctuations over an extended period of
time were observed at all of these spacecraft.

Finally, the DMSP F17 spacecraft at low-Earth orbit observed
far ultraviolet (FUV) ionospheric auroral zone emissions during
this time. Of particular interest for this investigation is a post-
noon “bead” that was observed in the northern hemisphere by the
SSUSI package on board DMSP F17, and how the “bead” is
related to the spacecraft observations along the dusk flank
magnetopause.

INSTRUMENTATION

Observations of the solar wind during this interval were made by
several spacecraft. The ARTEMIS 1 and 2 spacecraft were
upstream of the Earth’s bow shock, but closer than the solar
wind monitors stationed near L1. The solar wind plasma and
magnetic field observations were provided by the Electrostatic
Analyzer (ESA) (McFadden et al., 2008a, McFadden et al., 2008b)
and the FluxGate Magnetometer (FGM) (Auster et al., 2008),
respectively. These observations have been convected to the bow
shock nose. Additional convection time from the bow shock nose
(BSN) to the observing spacecraft (sc) along the flank
magnetopause is estimated as ΔX(BSN—sc)/(Vsw/2).

TheMMS instrument observations used in this paper are from
the Fluxgate Magnetometer (FGM) (Russell et al., 2016; Torbert
et al., 2016) and the Fast Plasma Instrument (FPI) (Pollock et al.,
2016). The FPI instrument provides rapid ion measurements over
the energy range 10 eV/e—30 keV/e at a temporal resolution of
150 msec (“burst” mode data rate for ions) and 4 s (slower
“survey” mode data rate for ions). Magnetic field observations
are from the Fluxgate Magnetometer (FGM) experiments on
board each of the Cluster spacecraft (Balogh et al., 1997). Geotail
magnetic field experiment (MGF) observations of the vector
magnetic field (Kokubun et al., 1994) are also used in the
study, as well as proton and electron observations from the
Low Energy Particle (LEP) instrument on board the Geotail
spacecraft (Mukai et al., 1994).

DMSP F17 Special Sensor Ultraviolet Spectrographic Imager
(SSUSI) imager (Paxton et al., 1992, 1993, 2002; Paxton and
Zhang, 2016; Paxton et al., 2017) is used to record Far-ultraviolet
(115–180 nm) emissions from the high-latitude regions. In
particular, the presence/absence of compact vortex-like
structures in the dayside ionosphere (beads) are described and
related to observations along the dusk flank magnetopause in this
investigation, using the Lyman–Birge–Hopfield short-band
(LBHS) emissions (140—150 nm).

ANALYSIS OF INTERVAL

Solar Wind Observations and Geomagnetic
Activity
Figure 1 shows the solar wind as observed by the ARTEMIS 1
spacecraft almost directly upstream, and convected to the bow
shock nose (an additional time of 7–12 min accounts for the
convection of the solar wind from the bow shock nose to the
locations of MMS to Geotail, respectively). ARTEMIS 2 provides
very similar solar wind observations, and is not shown here. A 5-h
interval (11–16 UT) is displayed, spanning the MMS encounters
with and passage across the flank magnetopause between ~12 and
~14 UT. The interplanetary magnetic field (IMF) in Figure 1A
was slightly southward during most of the 5-h interval, The
Bx-GSM component was also negative during this interval. The
By-GSM component was positive during most of the interval, with
the notable exception of a reversal in sign between ~11:40 and
~12:25 UT. The IMF cone angle is displayed in Figure 1B. During
this interval, the subsolar region was rather evenly divided
between being downstream of the quasi-parallel bow shock
(cone angle <45°) and being downstream of the quasi-
perpendicular bow shock (cone angle >45°). The solar wind
bulk density (Figure 1C) and solar wind bulk flow
(Figure 1D) were steady during this time interval.

There was no significant geomagnetic activity during this
interval. The Kp index was <2 throughout the interval
(Figure 1E), and the Dst index was > −40 nT during this time
(Figure 1F). The SMEU/L indices are SuperMAG derived indices
(based on all available ground magnetometer stations at
geomagnetic latitudes between +40° and +80°), provided in
Figure 1G for context only, and are not officially authorized
by the International Association of Geomagnetism and
Aeronomy (IAGA). The SME U/L data products are similar to
the traditional auroral electrojet indices (AE U/L) (Davis and
Sugiura, 1966), as described in detail by Newell and Gjerloev
(2011a,b). Based on these records, some modest auroral activity
was present early during this interval of interest; but was not of
great significance.

Locations of Sampling Spacecraft
Figure 2 shows the projected locations of multiple plasma and
field sampling spacecraft during this time interval, in the GSM
coordinate system. Figure 2A shows the projection into the XY
(GSM equatorial) plane; Figure 2B shows the projection into the
XZ (GSM noon-midnight meridian) plane. The magnetopause
(Shue et al., 1997) and bow shock (Chao et al.,
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2002)–parameterized by the solar wind and including a small (4°)
rotation to account for aberration of the solar wind - are provided
for context. The Time History of Events and Macroscale
Interactions during Substorms (THEMIS) A, D, and E
spacecraft were all located in the dayside magnetosheath,
north of the GSM equatorial plane at this time. These
spacecraft did not observe any long period fluctuations in
either the fields or plasma moments during this interval, and
are not discussed further. The MMS constellation was at the dusk
flank magnetopause, just past the terminator plane (i.e., XGSM =
0), and was situated a couple RE below the equatorial plane. The
MMS spacecraft were on the inbound portion of the orbit,
traveling normal to the magnetopause surface. Although it

might at first appear that this is an unfortunate “angle of
attack” of the magnetopause for studying KH, it actually
provides for a relatively clean pass and sampling of the
boundary, along with the plasma and magnetic fields of the
magnetosheath proper and magnetosphere proper, which are
also sampled relatively close in time to the observance of KH
vortices. The Cluster set of spacecraft was also along the dusk
flank; somewhat earthward of the magnetopause, and had crossed
the GSM equatorial plane, moving from the southern magnetotail
lobe to the northern lobe over the span of several hours. The
Geotail spacecraft was also situated at the dusk flank
magnetopause; a bit further downtail (XGSM = ~−12 RE), but
at higher southern latitude than any of the other spacecraft. The

FIGURE 1 | Observations of the solar wind by the ARTEMIS 1 spacecraft, convected in time by 11.2 min to the bow shock nose. (A) IMF components in GSM
coordinates; (B) IMF cone angle; (C) Solar wind ion density; (D) Solar wind bulk speed; (E) Kp index; (F) Dst index; (G) SME U/L index (similar to the AE index).

Frontiers in Astronomy and Space Sciences | www.frontiersin.org February 2022 | Volume 9 | Article 8276123

Petrinec et al. Multi-Point Dusk Flank Magnetopause Fluctuations

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


projection of a single magnetospheric magnetic field line is also
shown, and will be discussed in further detail in Magnetic Field
Mapping of Ionospheric “Bead”. Figure 2C uses the IMF cone
angle and “clock angle” (convected to the bow shock, and then to
the location of MMS) in conjunction with the YZ coordinates of
the MMS spacecraft (a spatial “clock angle”) to construct a
parameter “q”. This single parameter provides an assessment
as to whether the magnetosheath region in the vicinity of MMS is
downstream of the quasi-parallel bow shock (q > 0), or is
downstream of the quasi-perpendicular bow shock (q < 0).
Using this parameter, during the interval of ~11:50—~12:40
UT, the magnetosheath region near MMS was downstream of
the quasi-parallel bow shock. Otherwise, the magnetosheath
region near MMS is surmised to have been downstream of the
quasi-perpendicular bow shock.

MMS Observations
Figure 3 shows the plasma and magnetic field observations from
the MMS1 spacecraft for a 3.5-h interval, as the spacecraft
traveled from the magnetosheath into the magnetosphere. The
four spacecraft of the MMS constellation were very close to one

another (a few tens of km separation) at this time, and differences
are negligible when viewed over larger time scales (hours).
Therefore, the observations from MMS1 represent the
observations from each of the spacecraft. The first panel of
Figure 3 shows the GSE components of the magnetic field,
and the magnetic field intensity is shown in the second panel.
The third panel displays the overlaid time series of the ion (blue)
and electron (red) number densities. The next three panels show
the GSE components of the ion bulk velocity. The ion and
electron temperatures parallel and perpendicular to the
magnetic field are presented in the next two panels of
Figure 3. The bottom panel shows the static pressure (PTot =
nikB(Ti-para + 2 Ti-perp)/3 + nekB(Te-para + 2 Te-perp)/3 + B2/2μ0).

Significant fluctuations were observed in all parameters as the
MMS spacecraft passed from the magnetosheath into the
magnetosphere, as displayed in Figure 3. As described earlier,
the IMF orientation at the time suggests that the MMS spacecraft
were downstream of the quasi-perpendicular bow shock.
Therefore, it is not likely that these fluctuations were due to
convected foreshock wave activity from the quasi-parallel bow
shock. It was also noted that the solar wind bulk flow speed was

FIGURE 2 | Spacecraft locations in GSM coordinates during the interval 2018-11-06, 11:30–15:00 UT. (A) Equatorial plane projection; (B) Meridian plane
projection. The red trace demarks the parameterized bow shock shape and location; while the blue trace demarks the parameterized magnetopause shape and location.
A magnetospheric magnetic field line (grey) is traced from the center location of the ionospheric bead in the northern ionosphere into the magnetotail and ending in the
southern ionosphere. (C) Time series of parameter “q”. This parameter uses the ARTEMIS 1 IMF components (convected to the bow shock, plus an additional
convection time of 7 mins) in conjunction with the MMS Y/Z location to determine whether the region local to MMSwas downstream of the quasi-parallel bow shock (q >
0, in blue), or was downstream of the quasi-perpendicular bow shock (q < 0, in red).
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considerably higher than average during this time. Higher solar
wind speed has been shown to be statistically more conducive to
initiate Kelvin-Helmholtz waves along the magnetopause, due to
a larger velocity shear (e.g., Kavosi and Raeder, 2015). Figure 4
shows a 70-min expanded view focused on the fluctuations at the
magnetopause, displaying the same set of panels as was shown in

Figure 3. Variations in the ion number density are observed and
exhibit the common and well-known feature of sharp increases
followed by more gradual decreases associated with observations
of rolled-up KH vortices at the magnetopause (cf., Chen et al.,
1993; Hasegawa et al., 2004; Hasegawa et al., 2006; Hasegawa
et al., 2009).

FIGURE 3 | MMS observations of the magnetic field and plasma moments during the inbound traversal from the magnetosheath across the flank dusk
magnetopause and into the magnetosphere. (A) Magnetic field components in GSE coordinates; (B) Magnetic field intensity; (C) Number densities of ions (blue) and
electrons (red); (D) Ion bulk velocity component VxGSE; (E) Ion bulk velocity components VyGSE; (F) Ion bulk velocity components VzGSE; (G) Perpendicular temperatures
of ions (blue) and electrons (red); (H) Parallel temperatures of ions (blue) and electrons (red); and (I) Total static pressure (Sum of magnetic and thermal pressures).
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An often-used test for the onset of the KHI for an ideal,
incompressible plasma across a thin velocity shear layer satisfies
the following inequality (Chandrasekhar, 1961; Henry et al., 2017):

[k · (v1 − v2)]2 ≥ n1 + n2

4πm0n1n2
[(k · B1)2 + (k · B2)2] (1)

and is tested across the flank magnetopause. The subscript “1”
refers to the magnetosheath proper, and subscript “2” refers to the

magnetosphere proper. The methodology for determining these
regions is based on the description of Henry et al., 2017. The
average of the highest and lowest quartiles of the ratio ni/Ti are
used to determine “the magnetopause” value of ni/Ti. Larger
values are designated to “the magnetosheath”; lower values are
designated to “the magnetosphere”. The top one-third of the
ranked ni/Ti ratio of “the magnetosheath” population is used to
determine the mean vector and scalar components for the

FIGURE 4 | Expanded view of sub-interval from Figure 3. This sub-interval lies between the magnetosheath proper and magnetosphere proper, and shows several
brief crossings of the magnetopause boundary. Panel format is the same as that of Figure 3. Blue vertical lines in the bottom panel demark peaks of the static pressure.
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magnetosheath proper. Similarly, the lowest one-third of “the
magnetosphere” population is used to determine the mean vector
and scalar components for the magnetosphere proper. The mean
vector (GSE) components and ion number density values are thus
as follows: B1 = {−7.738, 6.977, −2.593} nT; B2 = {−5.925, 3.965,
10.009} nT; V1 = {−261.563, 145.446, 29.466} km/s; V2 = {13.953,
0.189, −0.215} km/s; n1 = 10.336 cm−3; n2 = 0.290 cm−3. Using
these mean plasma moment and magnetic field vector values for
the magnetosheath proper and for the magnetosphere proper, the
unit k-vector corresponding to maximum wave growth is:
{−0.736, −0.668, −0.114}. With this unit k-vector, the ratio of
the left hand side to the right hand side of the inequality of Eq. 1 is
2.95; easily satisfying this test for the presence of a Kelvin-
Helmholtz instability. As shown in Figure 1, the IMF was
steady and slightly southward during most of this time
interval. Although the Kelvin-Helmholtz instability commonly
occurs along Earth’s low-latitude magnetopause flanks during
sustained intervals of northward IMF (e.g., Kavosi and Raeder,
2015), it is occasionally observed during intervals of southward
IMF. About 10% of all KH intervals occurred during southward
IMF as reported in the statistical study by Kavosi and Raeder,
(2015), while a larger percentage of KH intervals were reported to
occur during southward IMF by Henry et al. (2017). Individual
cases of flank magnetopause Kelvin-Helmholtz occurring during
southward IMF were investigated by Hwang et al. (2011);
Nakamura et al. (2020); Kronberg et al. (2021).

A second diagnostic to test for the presence of Kelvin-
Helmholtz observed by the MMS spacecraft at the
magnetopause is to plot the bulk velocity as a function of the
ion density. The presence of low ion density at high tailward
velocity is suggestive of the mixing of plasmas and the occurrence
of well-developed rolled-up vortices, as described by both models
and observations (Hasegawa et al., 2004, 2006; Takagi et al., 2006;
Taylor et al., 2012). Themaximum variance of the magnetosheath
electric field (-vxB) is estimated via the MVA-E method

(Sonnerup and Scheible, 1998), and provides the bulk velocity
tangential to the magnetopause, which is displayed in Figure 5.
The data points in the region below the red dashed curve provide
evidence for the presence of rolled-up vortices, and is consistent
with the results of the first diagnostic test. It is therefore
concluded from the results of these diagnostic tests that KH
waves were observed along the dusk flank magnetopause
by MMS.

Cluster Observations
As described above (and shown in Figure 2), the four Cluster
spacecraft were relatively close to the MMS constellation during
this interval; but were located slightly further within the
magnetotail. The four Cluster spacecraft were traveling
northward from south of the GSM equator along their
respective orbits during this interval, and all four observed
clear oscillations in the magnetic field components and
intensity. Although it is not proven here that the KH waves
along the dusk flank magnetopause drove the magnetic field
oscillations observed at Cluster, past observational studies have
established an observations-based connection between KH waves
along the magnetopause and the excitation of ULF waves
observed within the magnetosphere and on the ground (e.g.,
Mann et al., 2002; Rae et al., 2005). The Lyon-Fedder-Mobarry
(LFM) global, three-dimensional magnetohydrodynamic (MHD)
single-fluid simulations has also been shown that ULF pulsations
can be generated near the flank magnetopause in response to the
magnetopause KH instability (Claudepierre et al., 2008). A recent
study by Kim et al. (2021) also shows how KH waves may couple
to Alfvén waves in the magnetosphere. In contrast to the MMS
observations of fluctuations at the magnetopause, the magnetic
field transverse and compressional fluctuations observed at
Cluster are of a more sinusoidal nature.

Wave periods are determined during the interval of greatest
observed wave activity in the maximum variance direction of the
Cluster magnetic field; i.e., from estimates of peak-to-peak times
during 12:30 to 15:41 UT. The Cluster 3 and 4 spacecraft were
very close to one another during this time interval, with a
separation distance of ~13.5 km at 10:30 UT, decreasing to
~11.0 km at 16:00 UT. As would be expected from spacecraft
in such proximity, the observed magnetic field variations are
nearly identical (Figure 6): with a correlation coefficient of r >
+0.999. The average and standard deviation of the wave period
was 7.5 ± 2.9 min (frequencies of 1.6—5.7 mHz). In comparison
(Figure 7), the Cluster 1 and 2 pair of spacecraft were further
separated from one another than the Cluster 3,4 pair: from
~6,000 km at 10:30 UT, decreasing to ~5,300 km at 16:00 UT.
The average and standard deviation of the wave period was 7.6 ±
3.2 min (frequencies of 1.5—3.8 mHz), with a high correlation
coefficient (r = +0.92); though not quite as high as the correlation
between Cluster 3 and 4. The Cluster 1 and 2 pair of spacecraft
were significantly distant from the Cluster 3 and 4 spacecraft
(~3.1–4.5 RE distant).

The frequency range of the Cluster magnetic field fluctuations
overlaps substantially with the ULF frequency range found in the
LFM simulations by Claudepierre et al. (2008) within the
magnetosphere (0.5—3 mHz). The magnetic field oscillations

FIGURE 5 | MMS ion bulk velocity along maximum variance direction
during this interval, as a function of the ion number density. Positive velocities
are in the sunward direction. Low density, larger anti-sunward speeds (below
the red dashed curve) are indicative of Kelvin-Helmholtz activity, with
plasma mixing within well-developed vortices.
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were also of similar frequency to long-period ULF waves in the
plasma sheet as described by Tian et al. (2012) (1.7—2.0 and
3.0—3.2 mHz). The location of the spacecraft is consistent with
being near the magnetopause edge of the magnetotail plasma
sheet. Cluster Ion Spectrometry (CIS) plasma moment data were
available during this time. However, the observed plasma
moments showed no significant variations; in contrast to the
magnetic field. The observed proton density remained relatively
constant; between ~0.1 and ~0.3 cm−3 throughout this entire
interval (not shown).

Geotail Observations
The Geotail magnetic field, electron and proton energy flux
spectrograms are shown in Figure 8, plotted over a 6-h interval

(12:00—18:00 UT). A >1-h data gap occurred between ~15:
30—16:25 UT. The components and intensity of the magnetic
field were fairly steady during the first few hours of this
interval, and are consistent with the expectations of the
Geotail spacecraft being located within the magnetotail,
south of the neutral sheet. Small oscillations of the
magnetic field (a few nT) were observed after ~14:25 UT.
The magnetic field fluctuations did not exhibit any significant
linear or circular polarization. The diminished magnetic field
fluctuations relative to those observed at Cluster is consistent
with the LFM numerical simulations of Claudepierre et al.
(2008); which suggests that the ULF integrated wave power as
driven by KH decreases markedly with distance downtail, and
with distance away from the GSM equator.

FIGURE 6 | Magnetic field observations from Cluster 3 and Cluster 4, in GSE coordinates. These spacecraft were initially in the southern lobe (strong and rather
steady negative Bx), and ended in the northern magnetotail lobe (strong and rather steady positive Bx). During the time spent near the magnetopause and flank neutral
sheet, coherent transverse and compressional waves were observed in the magnetic field. Magnetic field intensity (and compressional waves) from the two spacecraft
are overlaid in the fourth (middle) panel, and are essentially identical in amplitude, frequency, and phase. Highest frequency waves are closest to the neutral sheet
(Bx near zero).
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The electron and proton energy flux spectrograms from the
Geotail LEP instrument during this interval are also shown in
Figure 8, segregated into four distinct sectors designating plasma
flow directions: Sunward, duskward, tailward, and dawnward.
For the electron energy flux spectrograms, equal flux was
observed in all directions, with an energy of ~100 eV. For the
proton energy flux spectrograms, significant flux was only
observed moving towards dusk and downtail, with an energy
of several hundred eV. These observations are consistent with the
spacecraft sampling the plasma mantle (cf., Rosenbauer et al.,
1975; Haaland et al., 2008).

Starting just prior to 14:30 UT, enhancements in the electron flux
appear in all directions; while the peak energy remains at ~100 eV.
Coincident with the electron flux enhancements, proton flux
enhancements are also observed. The proton flux enhancements
are also seen in all directions, and are at higher energy (peaked at a
few to several keV). An expanded (90-min) view of these flux

enhancements (along with the magnetic field) is shown in
Figure 9. The enhancements are likely due to brief excursions
into the plasma sheet boundary layer. The enhancements are
somewhat periodic, with eight enhancements occurring within the
span of about hour (period of ~7min; or frequency of ~2.4 mHz).
This frequency is within the frequency band observed by the Cluster
magnetometers, and suggests that the flux enhancements observed at
Geotail are related to the ULF wave activity observed by Cluster.

DMSP Observations of a Dayside
Ionosphere “Bead”
DMSP satellites imaged significant portions of the auroral oval several
times during this KH event. Figure 10A presents an example of an
auroral oval in the northern hemisphere imagedDMSP SSUSI at ~11:
40–12:00 UT. This time is near the start of the larger time interval
when fluctuations were observed by the various spacecraft, as

FIGURE 7 | Magnetic field observations from Cluster 1 and Cluster 2, in GSE coordinates. Panel format is the same as that of Figure 6.
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described above. The image reveals several bead structures can be
seen more clearly in the zoomed in image presented in Figure 10B.
Although the DMSP satellite re-visited and images the northern
auroral region every ~101min, due to the precession of the magnetic
dipole, subsequent passes did not provide image coverage of the same
auroral region near local noon. Although this particularDMSP SSUSI
observation occurred just prior to the MMS spacecraft encountering
the flankmagnetopause, this interval does coincide with the Cluster 3
and 4 observations of ULF pulsations just inside the flank
magnetopause (starting ~11:30 UT). As described above, these
pulsations are believed to occur in response to KH activity
(Claudepierre et al., 2008).

Recently, Johnson et al. (2021) developed a theory for

mesoscale field-aligned currents generated by the KH vortices

at the magnetopause boundary layer. The theory predicts that the

mapping of the KH vortex to the ionosphere is optimal when Λ/L
= 2.8, where Λ = width of the vortex field-aligned current, L = the

auroral electrostatic scale length =
����
Σp/κ

√
, Σp = Pedersen

conductivity, and κ = Knight κ (Knight, 1973). The

assumption of the linear approximation to the Knight current-

voltage relation is used: j = κΦ, and κ = e2ne/(2πmeTe)
1/2; where j

and Φ represent the field-aligned current density and field-

aligned potential, respectively. Moreover, they demonstrated

that the theory can predict the KH vortex size at the

magnetopause boundary layer from DMSP and THEMIS

observations in one event.
A theory–observation comparison using DMSP and MMS

observations is conducted here, as was done in Johnson et al.
(2021). For the analysis, the focus is on a bead pointed to by the
red arrow in Figure 10B. The bead is centered at (Mlat, MLT) =
(76.5°, 14.1) and Λ = 93 km. Using the solar zenith angle at this
location (χ ~ 6°) and F10.7 solar flux density = 68Wm−2 Hz−1,
the Pedersen conductivity due to the ionizing solar extreme
ultraviolet (EUV) radiation is Σp,s = 7 S (Robinson and
Vondrak, 1984). Inside the bead, the mean energy is estimated
to be 8 keV and the mean energy flux to be 18 erg s−1 cm−2 based
on N2 LBHS (140–150 nm) and LBHL (165–180 nm) radiances
(Zhang and Paxton, 2008 and references therein) observed by
DMSP SSUSI (Paxton et al., 1993). Using these values, the
Pedersen conductivity due to electron precipitation is
estimated as Σp,e = 17 S (Robinson et al., 1987). The total Σp ����������
Σ2
p,e + Σ2

p,s

√
~ 18 S (Wallis and Budzinski, 1981).

MMS provides observations of Te = 39.7 eV, ne = 2.9 cm−3,
|B|MMS = 20.5 nT near the center of the KH vortex at the
boundary layer. Using the Knight κ calculated from MMS Te

and ne and Σp calculated from DMSP observations, values of L =
39 km and Λ/L = 2.4 are obtained, which is close to the Johnson
et al. (2021) theoretical optimal value for mapping the vortex to
the ionosphere: Λ/L = 2.8.

The predicted KH vortex spatial scale is calculated from Λ, L,
Bi, and Bm where Bm = |B|MMS, and Bi = |B|DMSP = 39,759 nT.
Johnson et al. (2021) derived an expression for Δi = 2 α L = 49 km,
where Δi = the vortex radius mapped to the ionosphere and α = a
mapping parameter obtained from Λ/L (|x|/L = 2 Λ/L) as

FIGURE 8 | Geotail observations of the magnetic field, electron energy
flux spectrograms, and proton energy flux spectrograms observed in four
directions. Color scale of flux min/max values are auto-scaled within
each panel.
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described in Figure 3 in Johnson et al. (2021). The radius of the
KH vortex at the boundary layer Δm = b Δi = 2,162 km, where b =
(Bi/Bm)

1/2. The diameter of the KH vortex = 4325 km (̃0.68 RE),
where RE = radius of the Earth = 6,372 km. This size is compared
with that estimated from the MMS observation. The estimate
from Figure 3 is that the KH wavelength = 1.5 RE, using the
number of identified static pressure peaks between 13:17 and 13:
32 UT to estimate the wave period, and using the bulk speed at the
center of the vortex (at 13:25:18 UT, identified from the local
minima observed in the |Vi-N|, |Vi-M|, and |BN| components,
where the GSE–> LMN coordinate transformation was
determined from the MVA-E method mentioned earlier, and
used in the diagnostic test of Figure 5). Otto and Fairfield (2000)
found that KH vortex size is about one-half the wavelength. Using
this ratio of KH wavelength to diameter, the estimate of the
observed KH diameter = 0.75 RE, which is close to the predicted
value of 0.68 RE. Using the peak value εmax from Figure 7 of
Johnson et al. (2021), the predicted maximum current density
using observed KH vortex parameters is j||,max = 45 μA/m2.

In the above calculation, Σp,e was estimated from the
precipitating electron energy flux (Je) and mean energy (Ee)
inside the bead from DMSP SSUSI LBHS and LBHL emissions
using the method described in Zhang and Paxton (2008). The
estimated Je and Ee have relatively large statistical errors due to
limited counts in the LBHS and LBHL channels. The estimated
values of Je = 18 erg s−1 cm−2 and Ee = 7 keV are probably too high,
which leads to a rather high estimated value ofΣp,e = 17 S (Robinson
et al., 1987; Johnson andWing, 2015;Wing and Johnson, 2015). If a
value of Σp,e = 5 S is used (resulting in total Σp = 8.6 S), then a value
of Λ/L = 3.5 would have been obtained, with a predicted KH vortex
diameter = 0.72 RE. It is interesting to note that the predicted KH
diameter of 0.72 RE would be closer to the observed value of 0.75 RE,
although the value of Λ/L = 3.5 would represent a larger deviation
from the theoretical optimal value of 2.8. It is also interesting to note
that in this particular event, changing Σp from 17 to 8.6 S would
result in only a small change of the predicted KH diameter; from
0.68 RE to 0.72 RE. Using the peak εmax from Johnson et al. (2021),
the predictedmaximum parallel current density is then significantly
reduced (j||,max = 21 μA/m2).

Magnetic Field Mapping of Ionospheric
“Bead”
The Tsyganenko 1996 magnetospheric magnetic field model
(Tsyganenko, 1995) has been used to trace the magnetic field
from the center location of the ionospheric bead out into the
magnetosphere. The traced magnetic field line extends from the
post-noon high-latitude ionosphere to the deep magnetotail, to
XGSM = ~−28 RE downtail (shown in gray in Figure 2). This field
line trace is also close to the dusk flankmagnetopause, in the same
general region as the sampling spacecraft previously discussed.
Continuing the trace to the southern hemisphere, the magnetic
field line associated with the ionospheric bead passed very close to
the location of Geotail.

FIGURE 9 | Expanded view of the Geotail magnetic field and electron
and proton energy flux spectrograms. Layout is the same as Figure 8.
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CONCLUSIONS AND SUMMARY

During an extended interval on 2018 November 06, Kelvin-
Helmholtz wave activity was observed by multiple
instruments on board the MMS spacecraft at the dusk flank
magnetopause. The solar wind during this time was slightly
faster than the nominal solar wind; but was steady with a
slightly southward Bz-GSM component. Additional spacecraft
(Cluster at low latitudes; Geotail at mid-latitude) within the
dusk flank magnetotail near the magnetopause also observed
wave activity in the magnetic field and plasma fluxes.
However, this wave activity was more coherent than that
observed at MMS, consistent with ULF waves driven by the
Kelvin-Helmholtz wave activity at the magnetopause. The
observed magnetic field ULF wave activity is consistent in
location and in frequency range with the global MHD
simulation results described by Claudepierre et al. (2008).
Fluctuations in ion and electron fluxes were also observed
further downtail within the plasma mantle close to the
duskside magnetopause by Geotail; with a periodicity
similar to that of the ULF magnetic field waves observed by
the Cluster spacecraft.

DMSP SSUSI LBHS observations of an ionospheric bead
structure in the post-noon high-latitude region along with
observed properties of the KH vortices along the flank
magnetopause have been used to successfully test a theory of
mesoscale field-aligned currents generated by KH vortices. This
theory (Johnson et al., 2021) predicts that the optimal mapping of
the KH vortex to the ionosphere occurs when Λ/L (= 2.8).
Observations have provided a value of close to the optimal value.
This theoretical treatment has also been used to show that
ionospheric observations along with a mapping relation can
provide an estimate of the KH vortex size, which is very similar
to the size determined from the in situ observations of KH vortices
(d = ~0.7 RE).

To summarize, an extended, seredipitous interval of multi-
spacecraft observations along the dusk flankmagnetopause and at

low Earth orbit has been investigated. KH vortices observed at the
magnetopause boundary layer are associated with ULF waves
observed just inside of the flank magnetopause, along with a
successful testing of parameters associating an observed pre-noon
high-latitude ionospheric “bead” with the KH vortices along the
flank magnetopause.
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