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Abstract

The Kelvin-Helmholtz instability (KHI) and its effects relating to the transfer of energy and mass from the solar wind into the
magnetosphere remain an important focus of magnetospheric physics. One such effect is the generation of Pc4-Pc5 ultra low
frequency (ULF) waves (periods of 45-600 s). On 3 July 2007 at $\sim$ 0500 magnetic local time (MLT) the Cluster space
mission encountered Pc4 frequency Kelvin-Helmholtz waves (KHWSs) at the magnetopause with signatures of persistent vortices.
Such signatures included bipolar fluctuations of the magnetic field normal component associated with a total pressure increase
and rapid change in density at the vortex edges, oscillations of magnetosheath and magnetospheric plasma populations, wave
frequencies within the expected range of the fastest growing KH mode, and magnetopause conditions favorable to the onset
of the KHI. The event occurred during a period of southward polarity of the interplanetary magnetic field. Most of the KHI
vortices were associated with reconnection indicated by the Walén relation, the presence of deHoffman-Teller frames and field-
aligned ion beams. Global magnetohydrodynamic (MHD) simulation of the event also resulted in KHWs at the magnetopause.
The observed KHWs associated with reconnection coincided with recorded ULF waves at the ground whose properties suggest
that they were driven by the KHWs. Such properties were the location of Cluster’s magnetic foot point, the Pc4 frequency, and

the solar wind conditions.
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Key Points:

 Kelvin-Helmholtz (KH) waves at the magnetopause were observed by Cluster dur-
ing southward IMF.

« ULF waves were recorded at the same time by ground-based geomagnetic obser-
vatories.

« ULF wave characteristics were consistent with the KH waves as the driver.
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Abstract

The Kelvin-Helmholtz instability (KHI) and its effects relating to the transfer of energy
and mass from the solar wind into the magnetosphere remain an important focus of mag-
netospheric physics. One such effect is the generation of Pc4-Pcb ultra low frequency (ULF)
waves (periods of 45-600 s). On 3 July 2007 at ~ 0500 magnetic local time (MLT) the
Cluster space mission encountered Pc4 frequency Kelvin-Helmholtz waves (KHWSs) at

the magnetopause with signatures of persistent vortices. Such signatures included bipo-

lar fluctuations of the magnetic field normal component associated with a total pressure
increase and rapid change in density at the vortex edges, oscillations of magnetosheath

and magnetospheric plasma populations, wave frequencies within the expected range of

the fastest growing KH mode, and magnetopause conditions favorable to the onset of the
KHI. The event occurred during a period of southward polarity of the interplanetary mag-
netic field. Most of the KHI vortices were associated with reconnection indicated by the
Walén relation, the presence of deHoffman-Teller frames and field-aligned ion beams. Global
magnetohydrodynamic (MHD) simulation of the event also resulted in KHWs at the mag-
netopause. The observed KHWs associated with reconnection coincided with recorded

ULF waves at the ground whose properties suggest that they were driven by the KHWs.
Such properties were the location of Cluster’s magnetic foot point, the Pc4 frequency,

and the solar wind conditions.

Plain Language Summary

The Earth’s magnetosphere acts as a protective barrier between our planet and the
charged particles streaming out from the sun, the solar wind. When the solar wind is
able to breach this barrier, there can be adverse consequences for the satellite, power,
and electrical systems relied upon by humans. Thus, it is important to understand the
various ways in which the solar wind particles and energy can be transferred into the in-
ner magnetosphere. One way in which this occurs is through the Kelvin-Helmholtz in-
stability. Waves can develop at the boundary between the faster moving solar wind and
the slower moving magnetospheric plasma. It has been proposed that the energy from
these waves can lead to strong disturbances in the magnetic field recorded on Earth. This
study focuses on one event where Kelvin-Helmholtz waves observed by spacecraft in the
magnetosphere induced such disturbances recorded at ground-based magnetic field ob-

servatories.



61 1 Introduction

62 The Kelvin-Helmholtz instability (KHI) at the magnetopause has been noted
63 for its role in the transport of mass and energy from the solar wind into the magne-
64 tosphere [e.g., Fairfield et al., 2000; Otto and Fairfield, 2000; Nykyri and Otto, 2001;
65 Hasegawa et al., 2004]. The KHI has been found to occur fairly frequently under

o6 both southward and northward interplanetary magnetic field (IMF) configurations

o7 with no apparent low-speed cutoff [Kavosi and Raeder, 2015; Yu and Ridley, 2013].
o8 When the IMF horizontal component is mostly in the Parker-Spiral (PS) orientation,
69 the KHI has been shown to favor the dawn flank magnetopause [Henry et al., 2017].
70 This possible explains the dawn-dusk asymmetry of the Pc4-Pch range ultra low

n frequency (ULF) waves [Nykyri and Dimmock, 2016] and enhanced heating of the

7 cold-component ions at the dawn sector [Wing et al., 2005; Moore et al., 2017] as

73 the horizontal component of the IMF is most often in the PS orientation [Dimmock

7 and Nykyri, 2013]. One proposed manner in which energy transfer is achieved by the

7 KHI is through the generation of ULF waves. ULF waves have been shown to drive
76 auroral arcs through magnetic field line resonance (FLR) [Lotko et al., 1998] and to
7 efficiently accelerate energetic electrons in the outer radiation belt [Elkington et al.,

7 2003; Kronberg et al., 2017].

7 Pc4-Pc5 band (frequencies of 2-22 mHz, periods of 47-600 s) ULF waves are
80 believed to be generated by KHIs through a coupling between the magnetopause
81 surface waves and resonant field lines, as shown in theoretical work by e.g., South-

82 wood [1974] and in statistical study by Nykyri and Dimmock [2016]. Since ULF

8 waves can be detected by ground-based magnetic observatories, it is possible to cor-
8 relate these observations with satellite observations of the KHI. However, debate
8 remains regarding whether or not the KHI is an actual, dominant driver for Pc4-Pc5
86 pulsations [Hasegawa, 2012], especially under southward IMF conditions when other
87 possible external drivers, such as flux transfer events, occur and interact with the

8 KHI [Bentley et al., 2018].

89 The proposal that the KHI drives ULF waves is not a new one. Hasegawa and Chen
%0 [1974] and Southwood [1974] showed theoretically that magnetic field line resonance os-
o1 cillations can be caused by Kelvin-Helmholtz waves (KHWs) at the magnetopause. More

o recently, Rae et al. [2005] investigated ULF pulsations at the magnetopause (believed
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to be KHWs but without explicit evidence) which were observed to propagate into the
magnetosphere and down into the ionosphere in the dusk sector under fast solar wind
speeds. Similarly, Agapitov et al. [2009] presented THEMIS magnetic field observations
at the dawn flank of magnetopause oscillations that coincided with ULF pulsations recorded
deeper in the magnetosphere. The magnetopause surface waves were hypothesized to be
KHWs based upon the critical velocity for KHI onset and wave growth [Walker, 1981].
Dougal et al. [2013] modeled several instances of the KHI observed at the magnetospheric
flanks under northward IMF to gain better insight into the resulting ionospheric signa-
tures. Pcb magnetic field oscillations within the ionospheric foot point ranges of some

of these events were observed. Wang et al. [2017] investigated magnetospheric Pc5 pul-
sations under steady solar wind conditions and made the case that ULF waves can not
only be driven by FLR or waveguide modes [Hasegawa and Chen, 1974], but also through

the generation of inner and outer Kelvin-Helmholtz modes.

Since other processes can externally drive ULF waves in the magnetosphere, it has
been argued that it is likely these mechanisms that are the true drivers, occurring in con-
junction with the KHI at the magnetopause. Such processes relate to high solar wind
speeds and include dynamic pressure variations and foreshock fluctuation anisotropy in-

stabilities [Hasegawa, 2012].

One of the greater difficulties involved in settling this current debate is the lack of
appropriate empirical data. This is due to the spatial and temporal limitations associ-
ated with satellite data collection. However, with the increase of satellite missions within
the past few decades, more opportunities for data analysis have arisen. In particular, ESA’s
Cluster space mission has the advantage of providing multi-point observations. Presented
herein is a Cluster-observed incidence of KHI-driven ULF waves under conditions that
refute the above counterarguments. This event adds to the few previously published KHW-
ULF linked events [Rae et al., 2005; Agapitov et al., 2009; Dougal et al., 2013], but pro-
vides an even more comprehensive analysis of the magnetopause surface waves, inves-
tigating the magnetic field data in conjunction with plasma particle observations for KHI
signatures. Furthermore, as the present event occurs for the southward IMF orientation,
both magnetic reconnection and KHI can start as a primary mode [Ma et al., 2014a,b].
For southward IMF conditions, fast magnetic reconnection is driven and can be strongly
modified by the nonlinear KH waves: MHD and Hall-MHD simulations have indicated

that reconnection rates are comparable to Petschek reconnection even without the in-
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clusion of Hall physics [Ma et al., 2014a]. On the other hand, magnetic reconnection can
seed the KH mode for KH unstable conditions [Ma et al., 2014b]. KHI vortices in our

event are associated with reconnection signatures, making the case more comprehensive.

The observed magnetospheric conditions were also modeled to further test if the
magnetic field configuration was KHI-unstable. Finally, the satellite observed KHWs were
compared with concurrent ULF pulsations measured at ground, allowing for the connec-

tion between magnetic disturbances seen in space and those seen on Earth.

2 Spacecraft Observations

On 3 July 2007 from 1645-1720 UT, the Cluster spacecraft approached the bor-
der between the magnetosheath and the dawn side magnetopause (the coordinates
in Geocentric Solar Ecliptic (GSE) system were X ~ -10 Rg, Y ~ -15 Rg, Z ~ -9.4
REg). Observed plasma signatures of this event are shown in Figure 1. These mea-
surements, which were obtained through the Cluster Science Archive (CSA) [Laakso
et al., 2010], came from the Cluster Ton Spectrometry (CIS) experiment’s [Réme
et al., 2001] COmposition and DIstribution Function (CODIF) sensor and the Hot
Ton Analyser (HIA). Further documentation regarding the Cluster mission can be

found through FEscoubet et al. [1997].

The ion density and velocity profiles measured by the CIS/HIA instrument, in con-
junction with the proton (H+) and ion energy spectrograms measured by the CIS/CODIF
and CIS/HIA instruments, showed the oscillation of plasma populations (see Figure 1).
Bipolar velocity fluctuations from the strongly anti-sunward to the weakly anti-sunward
or sunward direction were experienced by both Cluster spacecraft (SC) 1 and 3 start-
ing after 16:45 UT (HIA data were unavailable for SC 2 and 4 during the event). The
proton energy spectrogram for SC 4 and the ion energy spectrogram for SC 1 displayed
similar alternations between high-energy (~10 keV) plasma and lower energy (~1 keV)
plasma. Those alternations corresponded with fluctuations in the SC 1 and 3 ion den-
sities from tenuous (< 1 cm™3) to dense (3-10 cm™2), respectively. These fluctuations
indicate that the spacecraft were observing alternating regimes between the magnetosheath

and the magnetosphere.

The OMNI-calculated solar wind parameters during this event can be found in Fig-

ure 2. There was a solar wind speed of 375 km s~! and the Bz component of the IMF
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Figure 1. Cluster CIS observations from 3 July 2007, 16:45-17:20 UT. From top to bottom:

CM CIS MOMENTS C1 HIAHS C4 CODIF

CM CIS MOMENTS

CODIF energy-time spectrogram of proton differential energy flux, keV/(cm? s sr keV), from SC

4; HIA ion differential energy flux, keV/(cm? s sr keV), from SC 1; ion density, cm™3, from SC 1

& 3; X-component ion velocity, km s™* (GSE), from SC 1 & 3.

was southward. The horizontal component of the IMF was in Parker spiral orientation
(Bx =~ 5 nT, By & -6 nT). There were pressure fluctuations up until about 16:35 which
then ceased and remained rather stable throughout the event time frame. The Dst in-
dex (not shown) revealed that there wasn’t a geomagnetic storm during the time of the

event, however the AE index indicated that a geomagnetic substorm had occurred.

The proton density, total pressure including its magnetic and plasma components,
velocity and magnetic field profiles for the first half of the event using Cluster SC 4 data
are shown in Figure 3. The observed magnetic field components were measured by Clus-
ter’s onboard fluxgate magnetometer (FGM) [Balogh et al., 2001]. The magnetic field
and velocity data for the time interval from 16:40 to 17:45 UT were transformed to the
(L, M, N) components using the minimization of the Faraday residue (MFR) technique

as detailed by e.g., Khrabrov and Sonnerup [1998]. The coordinate vectors L and M are



159

160

161

162

186

187

188

189

190

191

192

1-Minute Resolution OMNI Dataset

d; 11 P T\ e
e o \/h‘r\./—\“\_’_v
23 9
= =
gg: 8
< © 7 1
=
oyl Vs WA et ="
Q%GUWWH
X 0 41
m‘-"z_
bg O
w
>~ 01
m\-——S' WM‘\_A——\"J“
Eg 2]
NS 07
R R ——

g-!’-380— %N"J
§ £ 360
& 340 1

] "_\"—‘“—\M
400 A \“\J\/‘—’\/\/\_"
200 A

14:00 15:00 16:00 17:00 18:00
Hours of Day 184

Flow

Pressure,
nPa
w s v
1

AE-index,
nT
o
o
o
1

Figure 2. OMNI derived solar wind parameters for 3 July 2007 from 1400-1900 UT. The
highlighted portion represents the time frame of the observed KHI from 16:40-17:20. From top to
bottom: average IMF magnitude, nT; Bx, nT; By, nT; Bz, nT; speed, km/s; flow pressure, nPa;

and AE index, nT.

mutually orthogonal and tangential to the boundary. L = [-0.17, -0.96, 0.22] and is di-
rected mostly dawnward along the Geocentric Solar Magnetospheric (GSM) Y axis. M
= [-0.81, 0.26, 0.52] and is directed mostly antisunward along XGSM. N is the coordi-
nate vector in the boundary normal direction. It is orthogonal to L and M, forming a
right-handed coordinate system. N = [-0.56, -0.10,-0.82] and is directed mostly south-
ward along the ZGSM axis. The eigenvaluesof the system are [A1, A2, A3] = [4.35, 3.68,

0.94]. The ratio Ao/A3=3.92, indicating that the normal direction is well defined. The
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Figure 3. SC 4 measured and derived parameter profiles for the KHI event on 3 July 2007 are
shown for the time frame of 1640-1705 UT. From top to bottom within each graph: (a) trans-
formed velocity components L (blue) and M (green), km s™*; (b) transformed magnetic compo-
nents L (blue) and M (green), nT; (c) proton density (black), cm™3; (d) total/plasma/magnetic
pressure (blue/black/green), nPa; (e) transformed magnetic normal component (red), nT; (f)
transformed velocity normal component (red), km s™*. The vertical black dashed lines indicate
the times of strong maxima in the total pressure profile. The vertical shadowed bars show loca-
tion of rotational discontinuities. (1), (2) and (3) indicate time intervals for which field-aligned

beams were observed (see Figure 5).
—8&—



193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

vectors L and M are interchangeable because A\ ~ Ay. A suitably well-defined MFR
normal direction was also found for SC 1 during the event (not shown). The total pres-
sure was calculated as the sum of the magnetic (pmag) and plasma pressures (p), both

shown in Figure 3, such that:

B2
m = 5 1
b ag 2//60 ( )
p=nkgT (2)

with B = magnetic field strength, py = permeability of free space, n = plasma (pro-

ton) density, kg = Boltzmann’s constant, and

2T, + 1T,
=220 (3)
3
where T = plasma proton perpendicular temperature and 7} = proton parallel tem-
perature. The plasma proton temperature measurements were taken from the CIS/CODIF

instrument.

Bipolar fluctuations in the normal component of the magnetic field occurred through-
out the entirety of the event, from 1645 to 1705 UT (see Figure 3). The proton density,
total pressure, velocity and other magnetic component profiles were also highly oscilla-
tory. The vertical dashed lines mark the local total pressure maxima which are mostly
aligned with the local absolute maxima of By, not the bipolar crossings at Bx=0, which
is a signature of a hyperbolic point of the rolled-up KHWs [Hasegawa et al., 2004; Hasegawa,
2012] (see Discussion below). The jumps in the density are mostly associated with max-

ima of the total pressure.

KH waves are unstable if

— — — =

(B - (Vinsts — Viusp))? > ((F - Bunsn)? + (K- Bunsp)?) /A,

where p* = pmshPmsp/(Pmsh + Pmsp) 1S the mean mass density, k is the wave vector, V

is the plasma velocity, B is the magnetic field and msh/msp is magnetosheath /magnetosphere
[Johnson et al., 2014]. From the observations we consider the time period at 16:48 UT.

We took k=M , where M is the direction along the magnetopause for data transformed

in MFR coordinates and the following values of ppmsp=0.5 cm ™, prmsh=6 cm™3, Vit msp=110

km s71, Vit msn=100 km s™1, By msp:5-10_9 nT and By men=-4-10"? nT. This will give
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Figure 4. Walén relation calculated for the SC 4 observations during time interval 16:45:56-

16:47:02 UT.

(Vat msh — Vat msp)” = 4410 km? 572 > (B o + B o) /4™ = 4.2- 10" km?

s~2, implying that the environment observed by Cluster is unstable for KHI.

We also test if reconnection is observed during this event. For this we transform
the velocity, VET, into deHoffmann-Teller (HT) frame which is co-moving together with
the discontinuity [Sonnerup et al., 1995]. The HT velocity is determined by minimizing
|(Var—V| x B |2 to obtain the constant transformational velocity Vi for a given dataset.
Here V and B are the observed time series of the ion velocities and of the magnetic field.
The Walén relation calculated in HT frame shows the relation between the plasma ve-
locity in HT frame and the Alfvén velocity, Vi = B /\/Hop [Sonnerup et al., 1995]. We
found a 1-minute deHoffmann-Teller interval from 16:46:00-16:47:00 UT (HT slope is 0.99
and correlation coefficient (CC) is 0.99) where the Walén relation is very well met, see
Figure 4. We calculated Walén slope = -0.98 and Walén CC = -0.95. The Walén slope
was negative, which means the spacecraft crossed the rotational discontinuity (RD) tail-
ward of the X-line [Paschmann et al., 2005]. The interval is marked by a gray shadowed

bar in Figure 3.

There were several other frames that met the “strict” HT qualifications (HT Slope

= 0.9-1.1 and CC >0.95) according to Nykyri et al. [2006], but none meet the “strict”

—10—
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Figure 5. Ion velocity distribution functions in the parallel/perpendicular-plane as measured
by the HIA instrument onboard SC3 at 16:45:58.748 UT (left), 16:56:06.596 UT (middle) and
16:59:12.674 UT (right). The black arrows indicate the field-aligned beams. The time of observa-

tion for distributions (1), (2), and (3) correspond to that similarity noted in Figure 3.

classification for an RD (HT Slope = 0.7-1.1 and CC >0.95). One, however, met a less-
strict RD slope (>0.5). That was from 16:51:30-16:52:00 UT. If the correlation require-
ments and slope requirements for the Walén relation are both relaxed (CC>0.85, Walén
slope>0.5), then four more RDs are seen at time intervals: 16:52:29 to 16:53:02 UT, 16:55:27
to 16:56:00 UT, 16:57:27 to 16:58:00 UT and 16:58:58 to 16:59:31 UT. All these inter-

vals are marked by gray shadowed bars in Figure 3.

Field-aligned ion beams were observed at three instances during these intervals: 16:45:58.748

(Vour=2300 km 5=, Voerp=000 km s~1), 16:56:06.596 (Viar=1400 km 5=, Verp=-700
km s71) and 16:59:12.674 UT (Vpar=1700 km s, Vj,erp=-500 km s~!), see Figure 5. This

further indicates that reconnection had occurred.

In Figure 3 we can see that the hyperbolic points of the rolled-up KHWs indicated
by the dashed lines are in most cases followed by rotational discontinuities likely asso-

ciated with reconnection.

The spectral wavelet analysis of the magnetic field normal fluctuations as observed
by Cluster is shown in Figure 6. The power peak in the global wavelet spectrum for the
magnetic fluctuations is seen at a period of about 140 s. The period of 140 s approxi-
mately coincides with the frequency of the vertical lines (approximately every 112 s) drawn
in Figure 3, namely with the reoccurrence frequency of KHI rolled-up vortex signatures.

These are fluctuations within the Pc4 range.

—11-
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3 Ground-based observations

During the same time period as the observed magnetopause fluctuations, large mag-
netic field disturbances were recorded at ground-based geomagnetic stations. These dis-
turbances are shown in SuperMAG’s Polar Plot (Gjerloev [2012]; see Figure 7). Also shown

in Figure 7 is the estimated magnetic field line foot point from Cluster SC 4.

The magnetic foot point of the Cluster mission was mapped to the ionosphere by
projecting the satellite location along the magnetic field lines to the altitude of 100 km,
where the lower boundary of the ionosphere was assumed. Since the spacecraft was lo-
cated at the magnetosheath boundary just outside the bounds of the magnetic field model,
some adjustments were necessary in order to derive the magnetic foot point’s location.

In this case, the Z-coordinate of the spacecraft was assumed to be equal to -8.8 Ry in-
stead of -9.4 Rg. Z = -8.8 R was the closest point to Z = -9.4 Rg where mapping was
possible. The location of the magnetic foot point was derived using the Tsyganenko-1989
model of the external magnetic field (for K, = 2.7), as implemented in the IRBEM li-

brary [Boscher et al., 2012; Shumko et al., 2018]. It is worth mentioning that magnetic

—12—
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Figure 7. The SuperMAG Polar Plot is shown for 3 July 2007 at 16:40 UT. ULF waves

at ground-based magnetometers are shown in red and the field line foot point corresponding

to Cluster spacecraft 4 is shown. The green vectors represent the direction and magnitude of
ground-based magnetic field disturbances. The approximate location of the Arctic Station (ARC)

magnetometer is denoted by the red dot.

foot point tracing is highly model dependent (as shown in Dunlop et al. [2015]) and thus
gives only an approximate indication of the spacecraft position with relation to the iono-

sphere.

The highest amplitude of ground-measured magnetic field disturbances in the Su-
perMAG Polar Plots were observed to be concentrated within the North Slope region
of Alaska. While magnetic fluctuations were recorded at other geomagnetic variation sta-
tions around the polar cap, they were lower in amplitude and asymmetrically distributed.
The magnetic field line foot point for Cluster SC 4 mapped to the NW coast of Canada,
in the vicinity of the highest magnitude magnetic field fluctuations. These disturbances
were possibly at least partially triggered by the flux transfer events (FTEs) in the north-
ern hemisphere where they are likely to occur. Figure 8 shows the calculated magnetopause

shear angle determined according to the event’s specific solar wind parameters and ge-
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Figure 8. The magnetopause shear angle for IMF values Bz <0, By<0 as seen from the Sun.
Red areas represent magnetopause regions where the geomagnetic field and IMF are antiparallel
within 150°to 180°. White regions embedded in the red regions represent the line of maximum
magnetic shear angles which are thought to be the most likely location for reconnection to occur.
The black circle represents the location of the x=0 plane. Earth’s dayside and nightside magne-
topause are shown inside and outside of the black circle, respectively. The yellow star marks the

location of Cluster spacecraft 4 (Xasm= -10 Rg, Yasm~ -16.2 Rg, Zasm~ -8 Ri).

omagnetic field (calculated from the T96 model). The white line depicts the maximum
magnetic shear angle where magnetic reconnection had the highest probability of occur-

ring [Trattner et al., 2007, 2017], particularly at the dawn side of the northern hemisphere.

Our event showed magnetic field fluctuations at the magnetopause in the Pc4 fre-
quency range. Therefore, to establish a link between the disturbances measured by Clus-
ter in space and those recorded at ground-based magnetic field observatories, we needed
to analyze those field measurements at a resolution of 1-10 s. The closest stations to the
mapped Cluster location were Arctic Village (ARC) and Kaktovik, Alaska (KAV). The
wavelet analysis for the magnetic field recorded at the magnetometer in ARC (as more
clear) is shown in Figure 9. The analysis shows a wave power peak in the global wavelet

spectrum for the E-component at 140 s.
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Figure 9. Wavelet transform analysis of the geomagnetic field oscillations at Arctic Village,
Alaska (ARC) for the E-component, nT, between 16:40 and 17:05 UT: (a) original (black) series
and inverse (gray) wavelet transform; (b) the normalized wavelet power spectrum and shaded
cone of influence and (c) the global wavelet (black) and Fourier power spectra (green). Note that

period scale is logarithmic.

4 Modeling of magnetospheric observations

The Lyon-Fedder-Mobarry (LFM) global magnetosphere model, as hosted by the
NASA Community Coordinated Modeling Center (CCMC), was used to further inves-
tigate the magnetopause configuration in the vicinity of the Cluster spacecraft during
the event time frame. The LFM model solves the ideal magnetohydrodynamic (MHD)
equations to simulate the 3D interaction between the solar wind and the Earth’s mag-
netosphere. Further description of the simulation code and its numerical methods can
be found in Lyon et al. [2004] and Merkin and Lyon [2010]. The LFM model can effec-
tively resolve the KHI due to its low diffusion numerical scheme and has been used in

previous studies of the KHI [Merkin et al., 2013; Sorathia et al., 2019].

The simulation was driven by measured solar wind parameters provided by the vir-
tual OMNI database [King and Papitashvili, 2005] including plasma density, velocities,
IMF vector, and dipole tilt angle. The simulation was run from 16:00 to 17:30 UT and
snapshots of its development at 16:37 and 16:41 UT are shown in Figure 10. The back-
ground color represents plasma density and the arrows show the velocity vectors. The

triangles show the actual location of the four Cluster spacecraft during the event. From
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the figure, it can be seen that the lower density magnetosphere (dark blue) has devel-

oped rolled-up waves at the border with the higher density magnetosheath (light blue).

At 16:37 the KH waves are not clearly visible on the dusk-side (see supplemental ma-
terials for full dawn/dusk snapshot). This is because the horizontal component of the

IMF for this event is in the Parker Spiral orientation, making the dusk flank downstream
of the quasi-perpendicular bow shock, where the stronger magnetic tension can stabi-

lize the KHI, which is consistent with previous simulation studies of the KHI during Parker
Spiral IMF [Nykyri, 2013] and observations from 6 years of THEMIS data [Henry et al.,
2017].

Figure 11 displays the simulation driven for constant solar wind and IMF condi-
tions but without any solar wind dynamic pressure variations in order to check whether
the ULF waves were caused by pressure driven surface waves or by KHI driven waves.
Because the waves were formed in the simulation without any solar wind fluctuations,
the non-linear waves seen by Cluster were most likely generated by the KHI. Note that
for the unstable boundary conditions, the KHI can be seeded by any perturbation such
as magnetic fluctuations [Ma et al., 2014b], velocity fluctuations [Nykyri et al., 2017,
pressure fluctuations, or any combination of these. The magnitude and frequency of the
perturbation can affect the non-linear stage of the instability [Nykyri et al., 2017]. Based
on the present simulation, the source region for the KHI appears to be on the dayside
magnetopause where the magnetosheath flow first diverges dawnward. Note that this is
a cut at Z =-9.4 Rg and low latitude reconnection is also likely to operate which can

act as a seed perturbation for the KHI [Ma et al., 2014b].

All the simulation results and more details on the settings of both runs can be found
at hitps : //ceme.gsfenasa.gov/ with run-name Katariina-Nykyri-111218_1 (real so-
lar wind and IMF based run) and Katariina-Nykyri-070119_8 (synthetic run without
solar wind dynamic pressure variations). A movie of the simulation can be found in the
supplementary materials. More detailed high-resolution 3D MHD simulations with test

particles and Cluster data comparison is left for our future work.

5 Discussion

The time frame of study showed periodical observations of magnetospheric and mag-

netosheath plasma populations which can be interpreted as the KHI:
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(1) Persistent bipolar By fluctuations occurred such that the By=0 crossings were
not observed simultaneously with the total pressure maxima. Rather, the magnetic field
magnitude and normal component maxima were aligned with the pressure maxima, in-
dicating that the spacecraft were traversing the rolled-up Kelvin-Helmholtz waves [Hasegawa
et al., 2004; Hasegawa, 2012]. This differs from instances of observing either FTEs or
persistent surface waves. In the case of FTE observation, the pressure maxima is expected
at its core and the bipolar By fluctuations are separated by quiet periods with repeti-
tion period longer than four minutes [Kavosi and Raeder, 2015]. In the case of persis-
tent surface waves, the pressure maxima will be associated with the bipolar BN=0 cross-
ings. These KHW magnetic field and total pressure signatures occurred in conjunction
with periodical observations of magnetospheric and magnetosheath plasma populations,
indicating that the KHI had developed into the vortices necessary for energy transport

across the magnetopause [Moore et al., 2016];

(2) The plasma conditions of instability growth for KHW at the magnetopause were

satisfied;

(3) The rolled-up vortices were also clearly seen in LFM simulation results for the

event, confirming that the solar wind conditions were favorable for KHW development;

(4) The fastest growing Kelvin-Helmholtz wavelength, A, and frequency, f, depend

on the boundary layer thickness, A, such that:

so the fastest growing frequency can be calculated from:

f = Vphase/((2...4)AT) (5)

(See Miura and Pritchett [1982]).

Using the spatial and temporal development of the KHWSs seen in Figure 10, the
phase velocity between 16:37 and 16:41 UT can be estimated to be vppase =~ 3.5 Rg/240
s &~ 93 km/s. Assuming the shear layer thickness, A, to be 1500 km and calculating for

the frequency using the above equation gives f &~ 4.9-9.8 mHz, which is within the Pc5/Pc4

—17—



410

411

413

414

415

416

417

418

419

420

421

422

423

424

426

427

429

430

432

433

434

435

436

437

438

439

440

441

range. This is in agreement with the Cluster-observed magnetopause KHW associated

with reconnection frequency peak of about 7 mHz (140 s);

(5) The analysis of the magnetopause shear angle confirmed the configuration to
be favorable for the KHI. The event was recorded at Xgsm =~ -10 Rg, Yasm ~ -16 Rg,

Zgsm ~ -8 Rg, putting it in the blue zone of Figure 8.

However, most of the KHI vortices observed in this event were followed by recon-
nection events as indicated by the Walén relation, the presence of deHoffman-Teller frames
and field-aligned ion beams. For the southward IMF orientation, both magnetic recon-
nection and KHI can be observed at the same time [Ma et al., 2014a,b]. Such coupling
is well-illustrated in modeling by Ma et al. [2014a] in Figure 11 at t= 124 s. This event

demonstrates the complexity of the instabilities generated at the magnetopause.

It has been shown that when the IMF has a strong Parker spiral component, the
KHI can develop with tilted k-vectors with respect to the shear flow plane to maximize
the onset condition [Adamson et al., 2016; Henry et al., 2017; Nykyri et al., 2006], which
could explain why KHWs were observed by Cluster at high latitudes. Source regions for
longer wavelengths and lower frequencies are expected further down the magnetotail. For
the present KHI associated with reconnection event, there are three possible source re-
gions: one close to the subsolar point where magnetosheath flow first starts to diverge
and where KHI growth may be enhanced both by the solar wind velocity and pressure
fluctuations [Nykyri et al., 2017] and dayside reconnection [Ma et al., 2014b]; one at the
high-latitude southern dawn sector of the cusp; and one farther down the tail, where the
flow from tail reconnection is moving earthward and forms a shear layer farther along
the tail. This velocity shear layer is observable in the LFM simulation plot. Most rel-
evant for the present event are the first two, and future work will need to address the

possible KHI associated with reconnection interference from multiple sources.

ULF waves in the magnetosphere have been correlated with changing or high-speed
solar wind conditions. For one, dynamic pressure variations are known to generate pul-
sations [Hwang and Sibeck, 2016]. However, the solar wind speed, IMF magnitude, Alfvénic
Mach number (not shown), and flow pressure all remained nearly constant during the
event, ruling out the likelihood of the ULF waves being driven directly by pressure per-
turbations. There were solar wind pressure pulsations preceding the event which may

have acted as seed perturbations at the subsolar point, providing for the propagation and
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development of the event KHWSs seen further down the flank [Hartinger et al., 2015]. In
fact, three of the THEMIS spacecraft situated at the subsolar point during this event
recorded signatures of significant boundary motion, including pressure perturbations, which
further supports this hypothesis. Figure 12 shows the pressure tensor for the zz—, yy—,
and zz—components (red, blue, green, respectively) recorded by the Electrostatic An-
alyzer (ESA) onboard THEMIS-E (P4). The ion pressure moment data were obtained
from reduced-mode data, which has a degraded angular resolution, but high time res-
olution (~ 3 s). Similar plots for THEMIS-C and THEMIS-D can be found in the sup-

plementary materials.

6 Conclusions

The current debate surrounding the extent of magnetospheric effects caused by Kelvin-
Helmholtz waves at the magnetopause remains an exciting topic as more and more in
situ observations become available for analysis. This process’ role in the generation of
ULF waves at the Earth’s ground, in particular, continues to be uncertain since so many
potential drivers have been identified. The event scrutinized in this article will hopefully
aid in confirming the KHI associated with reconnection as one of the direct ULF-driving

mechanisms.

On 3 July 2007 Cluster encountered KHWs at the magnetopause. Signatures of
these waves included bipolar fluctuations in the magnetic field normal component at the
edge of total pressure maxima and alternations of the low-density, low-speed, and high-
energy magnetospheric plasma with the high-density, high-speed, and low energy mag-
netosheath plasma. The plasma conditions for KHI grow at the magnetopause were sat-
isfied. The KHWs exhibited frequency peaks in the Pc4 range which is typical for this
instability. LFM simulations of the observed event conditions also resulted in KHWs at
the magnetopause. Most of the observed KHI vortices were followed by reconnection as
indicated by the Walén relation, the presence of deHoffman-Teller frames and field-aligned

ion beams.

During the same time as the event at the magnetopause, there were Pc4 ULF per-
turbations recorded at ground-based geomagnetic stations. These pulsations were ob-
served around the location of the foot point corresponding to the field line of the loca-

tion of the spacecraft recordings. Solar wind conditions during the event were rather steady.
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The solar wind speed was low and the IMF magnitude was nearly constant. Only min-
imal pressure perturbations were recorded and the By component of the IMF remained

southward without strong fluctuations.

The conditions recorded during this case study provide evidence for the likelihood
that Pc4 ULF waves can be generated by the KHI associated with reconnection at the
magnetopause. It is probable that other KHI-ULF events with similar solar wind con-
ditions exist, but further study is needed before the ubiquity of such an event can be de-
clared. However, the fact that this event directly links the KHI associated with recon-
nection to ULF perturbations at the ground solidifies the conclusion that the KHI plays

a powerful role in the transfer of energy from the solar wind to the magnetosphere.
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Figure 10. Snapshot of the Global MHD (LFM-model) simulation, driven with solar wind dy-
namic pressure variations, in the X,Y -plane with Z = -9.4 Rg (solar magnetic coordinates) for 3
July 2007 at 16:37 (top) and 16:41 UT (bottom). Colors represent plasma density (see color bar),
arrows represent plasma velocity, and the triangles show the location of the four Cluster space-
craft. The purple diamond denotes the approximate (z, y) location of the THEMIS spacecraft

(With Zasg ~ -2.4 RE)
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Figure 11. Snapshot of the Global MHD (LFM-model) simulation, driven with constant IMF
orientation and without solar wind dynamic pressure variations, in the X,Y -plane with Z = -9.4
RE (solar magnetic coordinates) for conditions characteristic of 3 July 2007 between 16:00 and
17:30 UT. The upper figure show a snapshot taken at 10 minutes into the simulation, and the
lower figure shows a snapshot taken at 20 minutes. Colors represent plasma density (see color
bar), arrows represent plasma velocity, and the triangles show the location of the four Cluster
spacecraft. The purple diamond denotes the approximate (z, y) location of the THEMIS space-

craft (With Zasg ~ -2.4 RE)
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451 Figure 12. THEMIS-E pressure tensor for the zz— (red), yy— (blue), and zz—components
452 (green), eV/em?, recorded by the Electrostatic Analyzer (ESA). Reduced mode data are shown

453 for 3 July 2007 from 16:30-17:20 UT.
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