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Abstract

The Magnetospheric Multiscale (MMS) mission has presented a new opportunity to study the fine scale structures and phe-

nomena of Earth’s magnetosphere, including cross scale processes associated with the Kelvin-Helmholtz Instability (KHI). We

present an overview of 19 MMS observations of the KHI from September 2015 to June 2017. Unitless growth rates and unstable

solid angles for each of the 19 events were calculated using 5 techniques to automatically detect plasma regions on either side of

the magnetopause boundary. There was no apparent correlation between solar wind conditions during the KHI and its growth

rate and unstable solid angle, though we note no KHI were observed for solar wind flow speeds less than 300 km/s or greater

than 600 km/s, likely due to a filtering effect of the instability onset criteria and plasma compressibility. Two-dimensional

Magnetohydrodynamic (2D MHD) simulations were compared with two of the observed MMS events. Comparison of the ob-

servations with the 2D MHD simulations indicates that velocity dependent methods are the most consistent when calculating

growth rate and unstable solid angle, but a combination of the velocity dependent and independent methods can be used to

select KHI events in which the vortex has rolled over. This may prove useful for future work studying secondary processes

associated with the KHI.
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Key Points:6

• A survey of MMS data from September 2015 to June 2017 identified 19 Kelvin-7

Helmholtz wave events.8

• KH events are only observed for solar wind speed between 300−600 km/s. KHI9

growth rates are otherwise independent of solar wind conditions.10

• New methods are developed for the automatic detection of magnetosheath and mag-11

netospheric regions within the KHI.12
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Abstract13

The Magnetospheric Multiscale (MMS) mission has presented a new opportunity to study14

the fine scale structures and phenomena of Earth’s magnetosphere, including cross scale15

processes associated with the Kelvin-Helmholtz Instability (KHI). We present an overview16

of 19 MMS observations of the KHI from September 2015 to June 2017. Unitless growth17

rates and unstable solid angles for each of the 19 events were calculated using 5 tech-18

niques to automatically detect plasma regions on either side of the magnetopause bound-19

ary. There was no apparent correlation between solar wind conditions during the KHI20

and its growth rate and unstable solid angle, though we note no KHI were observed for21

solar wind flow speeds less than 300 km/s or greater than 600 km/s, likely due to a fil-22

tering effect of the instability onset criteria and plasma compressibility. Two-dimensional23

Magnetohydrodynamic (2D MHD) simulations were compared with two of the observed24

MMS events. Comparison of the observations with the 2D MHD simulations indicates25

that velocity dependent methods are the most consistent when calculating growth rate26

and unstable solid angle, but a combination of the velocity dependent and independent27

methods can be used to select KHI events in which the vortex has rolled over. This may28

prove useful for future work studying secondary processes associated with the KHI.29

1 Introduction30

The coupling of the solar wind (SW) to Earth’s magnetosphere and its impacts on31

local space weather are a fundamental question of space physics. Several mechanisms32

operating at the magnetopause boundary, such as magnetic reconnection [Paschmann33

et al., 1979; Sonnerup et al.; Gosling et al., 1986; Burch and Phan, 2016] and viscous in-34

teractions [Axford and Hines, 1961; Otto and Fairfield , 2000; Fairfield et al., 2000], are35

responsible for the transfer of mass and energy from the solar wind to the magnetosphere.36

Understanding the detailed effects of these processes is vital to predict and help prevent37

negative outcomes from space weather.38

Observations from Defense Meteorological Satellite Program (DMSP) and Time39

History of Events and Macroscale Interactions during Substorm (THEMIS) spacecraft40

have established that the cold component ions of the plasma sheet are 30-40% hotter in41

the dawn flank than in the dusk [Hasegawa et al., 2003; Wing et al., 2005; Dimmock et al.,42

2015]. Dimmock et al. [2015] conducted a statistical study of the magnetosheath source43

population as observed by THEMIS spacecraft over seven years, which showed ions in44
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the dawn flank are on average 10% hotter than those in the dusk flank. This asymme-45

try is more pronounced under fast (> 400 km/s) SW conditions [Dimmock et al., 2015].46

However, even during fast SW, the asymmetry of the magnetosheath source plasma is47

insufficient to produce the observed asymmetry in the plasma sheet. MHD simulations48

were unable to reproduce the observed sheath asymmetry, but it was apparent in hybrid49

models, suggesting a kinetic scale mechanism is responsible for asymmetrically driving50

the heating of cold component ions in the sheath and further into the magnetosphere [Dim-51

mock et al., 2015].52

Several physical mechanisms have been proposed as drivers of the observed plasma53

sheet asymmetry. Kelvin-Helmholtz instabilities (KHI), which occur regularly at the mag-54

netopause boundary, are one such mechanism [Otto and Fairfield , 2000; Fairfield et al.,55

2000; Nykyri et al., 2003; Hasegawa et al., 2004; Nykyri et al., 2006; Taylor et al., 2008;56

Foullon et al., 2008; Merkin et al., 2013; Lin et al., 2014; Ma et al., 2014a,b; Nykyri et al.,57

2017; Ma et al., 2017; Sorathia et al., 2019]. KHI occur in regions of large shear flow [Chan-58

drasekhar , 1961], such as the boundary between magnetosheath plasma flowing with the59

shocked SW and the relatively stagnant magnetosphere [Miura and Pritchett , 1982]. Long60

established as a source for momentum and energy transport from the SW to the mag-61

netosphere [Miura, 1984, 1987], later simulations and observations have shown non-linear62

stages of the KHI are also capable of reconnection [Nykyri and Otto, 2001, 2004; Nykyri63

et al., 2006; Hasegawa et al., 2009] and ion heating via kinetic wave modes within the64

vortices [Moore et al., 2016, 2017]. Compressional waves, like the Kelvin-Helmholtz or65

ultra-low frequency (ULF) waves, can also lead to kinetic Alfvén wave (KAW) genera-66

tion via mode conversion [Johson et al., 2001; Chaston et al., 2007]. Recent work has sug-67

gested that KAWs associated with the KHI can contribute to parallel electron heating,68

but are insufficient to account for the total heating [Nykyri et al., 2020]. A detailed mech-69

anism for the KHI to develop electron scale waves and quantifying their contribution to70

electron heating is still an open question.71

Observations have shown the the KHI may form on both the dawn and dusk flanks72

under any orientation of the interplanetary magnetic field (IMF) [Kavosi and Reader ,73

2015], but simulations have shown a preference for dawn flank formation when the IMF74

is in a Parker Spiral (PS) orientation [Nykyri , 2013; Adamson et al., 2016]. Recent work75

by Henry et al. [2017] analyzed the events presented in Kavosi and Reader [2015] and76

confirmed this preference observationally. Henry et al. [2017] also confirmed a preference77
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for KHI formation at the dusk flank for high solar wind speeds under northward IMF78

(NIMF). As PS is the most statistically common IMF orientation, it follows that the as-79

sociated preference for dawn-side KHI development would also be statistically more com-80

mon. Such asymmetry in the formation of KHI, combined with KH-driven secondary pro-81

cesses like reconnection and kinetic scale waves, make the KHI a strong candidate to drive82

the dawn-dusk asymmetry of cold-component ions in the plasma sheet.83

The launch of the Magnetospheric Multiscale (MMS) satellites presents a new op-84

portunity to extend this study of the KHI and its associated secondary processes to smaller85

scales with higher resolution measurements. Within months of its launch, MMS had en-86

countered KHI [Eriksson et al., 2016]. The event reported by Eriksson et al. [2016] has87

been the subject of several case studies: Li et al. [2016] found evidence of Alfvénic ion88

jets and electron mixing due to reconnection at the trailing edge of the vortex; Wilder89

et al. [2016] noted compressed current sheets and evidence of ion-acoustic waves, and Stawarz90

et al. [2016] took advantage of MMS’s high temporal and spatial resolutions to study tur-91

bulence generated by the KHI. These secondary processes would contribute to ion heat-92

ing and plasma transfer across the magnetopause boundary.93

In order to better understand the role KHI and its secondary process play in driv-94

ing the plasma sheet asymmetry it is imperative, as a first step, to build a database of95

MMS encounters with KHI. The location, duration, and prevailing IMF conditions of each96

event are correlated with the unitless growth rates to establish patterns which may prove97

informative in understanding the role KHI plays in magnetospheric dynamics (e.g., in98

generating dawn-dusk asymmetries via secondary,“cross-scale” processes or affecting the99

radiation belt electron populations via ULF wave generation or magnetopause shadow-100

ing).101

In this paper we present a list of MMS encounters with KHI and the physical char-102

acteristics of each. The MMS instrumentation and observational signatures used to iden-103

tify the KHI encounters are described in Sections 2.2-2.3. Section 2.4 details the method-104

ology used to separate magnetosheath and magnetospheric regions of the observed events,105

typical parameters of which were used in calculation of the unitless growth rate and un-106

stable solid angle for each event. These methodologies were also tested using 2-dimensional107

magnetohydrodynamic simulations as described in Section 3. Results and conclusions108

are presented and discussed in Section 4.109
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2 Methodology110

2.1 MMS Instrumentation111

Obserational data reported here is level 2 data from MMS 1 [Burch et al., 2016].112

Spacecraft separations are at most 230 km, and more typically on the order of 20 km,113

well below the typical size of the KHI, thus all spacecraft are expected to observe the114

same signatures and a single craft is sufficient to identify the KHI. Ion energy spectra115

and moments are taken from the Fast Plasma Investigation (FPI) [Pollock et al.]. The116

Flux Gate Magnetometers (FGM) were used for the DC magnetic field [Russell et al.;117

Torbet et al., 2016]. Data file versions used are v3.3.0.cdf for FPI and v4.18.0.cdf for FGM.118

Solar wind data are taken from the OMNI database [King and Papitashvili , 2005].119

2.2 Observational Signatures of the KHI120

KHI are known to occur at regions of large velocity shear, such as at the flank mag-121

netopause. In this region the magnetosphere is relatively stagnant and plasma in the sheath122

is accelerating from low speeds immediately after the shock to “catch up” with the so-123

lar wind speed downtail [Dimmock and Nykyri , 2013]. At this boundary MMS observes124

a rapid change in ion bulk velocity on the order of several 100’s of km/s. This change125

in bulk velocity, however, is characteristic of most boundary crossings even if the bound-126

ary is stable. An unstable boundary, which MMS may cross several times, exhibits quasi-127

periodic fluctuations in ion energies between typical magnetosheath and magnetospheric128

values. Similarly, anti-correlated quasi-periodic signatures are also observed in the ion129

temperature and density for an unstable boundary. To distinguish the KHI from a shift-130

ing boundary (as a response to SW dynamic pressure variations) or other boundary in-131

stabilities (such as flux transfer events (FTE)), MMS is expected to observe quasi-periodic132

magnetic field fluctuations, particularly in the component of the field normal to the bound-133

ary, which indicate twisting of the field lines within the KH vortex. Total field strength134

will also vary due to compressions by the KHI. The vortex nature of the KHI also cre-135

ates a force imbalance as the rotational motion creates outward force. This is balanced136

by a pressure gradient such that a decrease of total pressure is observed at the center137

of the vortex. Potential KHI events thus show a lower total pressure near the center of138

the vortex (where BN is zero) and higher pressure in the spine region, whereas FTEs139
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are typically associated with an increase in total pressure when BN is zero [Nykyri et al.,140

2006; Zhao et al., 2016].141

Table 1 summarized the 19 MMS encounters of the KHI. Events are evenly distributed142

between the dawn (9) and dusk (10) flanks. Only two events occur well into the tail, the143

other 17 are observed sunward of the terminator. This is primarily due to a sampling144

effect of the MMS phase 1 orbit which targeted dayside magentopause. Encountered events145

ranged in duration from as little as 15 minutes to over 2 hours. Examples of two of the146

listed events (marked with asterisks) are shown in Figures 1 and 2.147

Table 2 details the prevailing SW conditions for each event. At the time of event152

onset, IMF configurations are well distributed between Parker spiral (4), northward (3),153

southward (3), radial (4), dawnward (2), and duskward (3) orientations. However, for154

the duration of each event, average IMF configurations show a slight preference for the155

Parker spiral orientation (6), followed by radial and duskward (4 each), northward and156

southward (2 each), and dawnward (1). None of the the observed events occurred un-157

der ortho-Parker Spiral IMF orientation. Solar wind flow speeds are never less than 300158

km/s or greater than 600 km/s. Pressure is typically between 1.4 and 3.5 nPa, with only159

one event occurring outside this range, with solar wind pressure 5 nPa. Solar wind pa-160

rameters are discussed in more detail and correlated with the KHI growth rate in Sec-161

tion 4.162

Figure 1 shows MMS1 observations of ions from 06:00 to 07:00 on 15 October 2015.165

MMS passed through the dusk side of the dayside mangnetopause during strongly dawn-166

ward IMF. The omni-directional ion energy spectrogram in panel (a) shows the expected167

quasi-periodic variations throughout the interval. The magnetic field in panel (b) shows168

fluctuations characteristic of the KHI from 06:20 to 06:40 and again near 06:50. A ve-169

locity shear on the order of 200 km/s is visible near 06:25 in panel (c) and anti-correlated170

fluctuations of ion density and temperature, shown in panel (d), occur throughout the171

interval. Decreases in total pressure, shown in black in panel (e), are visible starting around172

06:20.173

MMS observations of another KHI encounter on 26 September 2016 are shown in179

Figure 2 for the 70 minutes from 14:15 to 15:25. MMS crossed the dusk flank magne-180

topause while the IMF was in a Parker Spiral orientation. Quasi-periodic fluctuations181

in omni directional ion spectra are observable from approximately 14:20 to 15:15 in panel182
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Table 1. MMS observed 19 KHI from September 2015 to June 2017. The duration and GSM

location of each event are listed. Events were observed equally on the dawn and dusk flanks. The

shortest encounter lasted only 10 minutes, and the longest were 130 minutes. Observations for

marked (*) events are shown in Figures 1 and 2

148

149

150

151

Date Onset Duration GSM Location (R E)

Time (UT) (min) X Y Z

08 Sep 2015 09:20 130 5.0 7.8 -4.5

11 Oct 2015 10:35 20 8.7 6.5 -4.7

*15 Oct 2015 06:05 45 9.0 4.1 -2.3

17 Oct 2015 16:05 22 6.4 7.8 -4.1

18 Oct 2015 15:05 15 7.2 7.5 -4.4

22 Dec 2015 22:20 25 7.9 -5.7 -1.8

11 Jan 2016 20:56 10 6.2 -7.6 -3.4

22 Jan 2016 19:40 40 5.0 -8.5 -5.2

05 Feb 2016 19:00 25 3.3 -9.3 -5.0

07 Feb 2016 03:55 35 7.0 -6.9 -3.5

18 Feb 2016 19:30 55 2.5 -9.7 -6.3

25 Feb 2016 18:55 70 1.3 -9.9 -6.5

*26 Sep 2016 14:30 45 2.7 8.5 -5.4

04 Oct 2016 18:40 40 1.8 11.2 -3.6

10 Oct 2016 14:50 40 4.3 9.3 -5.0

24 Oct 2016 10:55 20 6.8 6.1 -4.3

04 Nov 2016 12:00 50 8.1 7.2 -3.8

03 May 2017 02:10 130 -12.9 -19.7 -3.9

11 May 2017 12:45 70 -15.6 -18.3 1.3
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Table 2. MMS observed 19 KHI from September 2015 to June 2017. Onset and average IMF

orientations and solar wind Alfvén Mach number are determined using OMNI data.

163

164

Date Onset IMF Angles (deg) Average IMF Angles (deg) Flow Alfvén Pressure

Clock Cone Clock Cone Speed (km/s) Mach Number (nPa)

08 Sep 2015 12.6 50.6 22.0 52.3 509.2 3.8 5.2

11 Oct 2015 -56.4 123.5 -48.4 111.7 478.0 10.9 1.4

15 Oct 2015 -82.9 92.5 -67.5 94.7 482.7 7.4 1.6

17 Oct 2015 82.2 128.6 -88.8 126.5 345.6 11.5 3.5

18 Oct 2015 -178.6 128.0 -51.1 146.3 454.6 10.5 2.0

22 Dec 2015 -96.9 65.3 129.6 35.8 411.4 7.6 2.0

11 Jan 2016 -113.4 77.8 -116.7 87.8 583.4 4.6 1.7

22 Jan 2016 26.7 15.7 0.5 6.0 493.4 6.3 1.5

05 Feb 2016 -25.7 125.6 -50.5 121.9 470.4 9.4 1.7

07 Feb 2016 42.7 83.4 36.0 78.0 405.3 11.1 2.4

18 Feb 2016 104.3 24.5 -175.1 48.0 594.9 10.2 2.0

25 Feb 2016 -145.6 146.4 -135.0 147.6 302.9 6.5 3.2

26 Sep 2016 -66.0 130.3 -54.6 107.4 430.8 6.8 3.2

04 Oct 2016 -30.0 145.4 86.8 151.7 532.6 9.6 3.2

10 Oct 2016 -86.0 112.5 -62.3 107.7 355.0 9.0 3.0

24 Oct 2016 -15.1 85.4 -21.4 88.7 383.5 9.8 3.5

04 Nov 2016 23.1 120.7 58.8 121.8 370.2 7.6 1.4

03 May 2017 51.4 137.6 49.6 139.7 414.1 14.8 1.4

11 May 2017 60.0 88.6 56.7 81.7 361.4 6.8 2.5
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Figure 1. MMS observations of (a) omnidirectional ion energies; (b) magnetic field in GSM

coordinates; (c) ion bulk velocity in GSM coordinates; (d) ion temperature and density; and (e)

total, magnetic and plasma pressures from 06:00 to 07:00 UT on 15 October 2015. Ion data is

taken from the Fast Plasma Investigation (FPI) and magnetic field data is from the Flux Gate

Magentometer (FGM) aboard MMS1.

174

175

176

177

178

(a) and are accompanied by anti-correlated variations in ion density and temperature183

(d). Velocity shears (c) on the order of 150-200 km/s occur several times from 14:20 to184

15:20. Panel (b) shows fluctuations around 20 nT and up to 40 nT in the magnetic field.185

Decreases in total pressure are small, but observable in panel (e) from 14:35 to 15:10.186
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Figure 2. MMS observations as in Figure 1 from 14:15 to 15:25 UT on 26 September 2016.

Ion data is taken from the Fast Plasma Investigation (FPI) and magnetic field data is from the

Flux Gate Magentometer (FGM) aboard MMS1.

187

188

189

2.3 Boundary Normal Coordinate System190

It is useful to rotate observed data into boundary normal (LMN) coordinates for191

further analysis. We make use of the maximum variance of the v×B electric field (MVAE)192

technique to determine the average outward pointing normal direction, N for the full du-193

ration of each event. The general method for variance analysis techniques is given in Son-194

nerup and Scheible [1998]. Nykyri et al. [2011a,b] showed the single spacecraft MVAE195

technique is sufficient for identification of the boundary normal direction when the plasma196

bulk velocity and magnetic field are primarily tangential to the boundary, as is typically197

in the case during KHI. It is also used here, rather than a multi-spacecraft method, to198
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allow for automation of the analysis. For MVAE, the direction in which the electric field199

variance is maximized (i.e., the direction of the maximum eigenvector of the MVAE ma-200

trix) is taken as the normal direction. Tangential directions are defined by the interme-201

diate and minimum eigenvectors of the MVAE matrix, but are not included here. We202

use the eigenvalues associated with the maximum and intermediate eigenvectors to de-203

termine if the normal direction is well-determined. For a large maximum to intermedi-204

ate eigenvalue ratio, λmax/λint > 5, the normal is clearly determined. Smaller ratios205

indicate more ambiguity in the normal direction.206

In Table 3 the average normal direction and eigenvalue ratio for each event are pre-207

sented. Roughly half (9) of the events have a clear, well determined normal direction.208

Another two events have only moderately well determined normals (λmax/λint = 4.9).209

The remaining 8 events are ambiguous in their normal direction. Events marked with210

an asterisk are examples shown in Figures 3 and 4211

MVAE analysis also assists in determining how non-linear the KHI may be. Lo-216

cal normal directions, n are calculated every 15 seconds for 1-minute sliding windows for217

the duration of each event. The dot product, n·N, is used to compare the average and218

local normal directions. For parallel n and N, n · N = 1, and there is no twisting of219

the boundary layer. As the boundary layer is twisted in the non-linear KHI n · N →220

−1. The local normal is not required to be outward pointing, but the shift from an out-221

ward to inward pointing normal is expected to be gradual [Nykyri et al., 2006]. Sudden222

shifts are most likely due to the 180 degree ambiguity in the MVAE technique.223

The 15th October 2015 event is shown in boundary normal coordinates from 06:00224

to 07:00 in Figure 3. After rotating to the LMN system, the normal component of the225

magnetic field showed strong fluctuations, on the order of 20-40 nT (a). For this event226

the normal direction was was (0.779,0.266,-0.568) in GSM, which was well determined227

with an eigenvalue ratio of 10.401. Figure 3 shows evidence of boundary twisting from228

06:00 to 06:40 (b). The boundary normal direction for each window was well determined,229

as shown by large value of the maximum to intermediate eigenvalue ratio (c). Because230

the average and local normal directions are all well-determined throughout the interval,231

this event is probably in a non-linear stage of development.232

Figure 4 shows the KHI encounter from 14:15 to 15:25 on 26 September 2016 in233

boundary normal coordiates. Fluctuations of 20-40 nT in the normal magnetic field com-234
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Table 3. The outward pointing normal to the boundary layer is identified as the direction of

maximum variance in the v × B electric field. This direction is well determined when the max-

imum eigenvalue significantly larger than the intermediate eigenvalue, yielding an eigenvalue

ratios of 5 or greater.

212

213

214

215

Date GSM Location (R E) Boundary Normal Direction Average

X Y Z X Y Z Eigenvalue Ratio

08 Sep 2015 5.0 7.8 -4.5 0.67 0.56 0.50 19.3

11 Oct 2015 8.7 6.5 -4.7 0.81 0.35 -0.47 8.8

15 Oct 2015 9.0 4.1 -2.3 0.78 0.27 -0.57 10.4

17 Oct 2015 6.4 7.8 -4.1 0.80 0.44 -0.40 3.9

18 Oct 2015 7.2 7.5 -4.4 0.80 0.35 -0.49 13.7

22 Dec 2015 7.9 -5.7 -1.8 0.78 -0.34 -0.53 4.9

11 Jan 2016 6.2 -7.6 -3.4 0.65 -0.40 -0.65 7.5

22 Jan 2016 5.0 -8.5 -5.2 0.56 -0.40 -0.72 1.6

05 Feb 2016 3.3 -9.3 -5.0 0.50 -0.50 -0.71 1.5

07 Feb 2016 7.0 -6.9 -3.5 0.86 -0.34 -0.39 3.8

18 Feb 2016 2.5 -9.7 -6.3 0.42 -0.39 -0.82 3.0

25 Feb 2016 1.3 -9.9 -6.5 0.54 -0.63 -0.56 14.4

26 Sep 2016 2.7 8.5 -5.4 0.48 0.32 -0.81 2.0

04 Oct 2016 1.8 11.2 -3.6 0.52 0.64 -0.57 2.6

10 Oct 2016 4.3 9.3 -5.0 0.72 0.48 -0.50 4.9

24 Oct 2016 6.8 6.1 -4.3 0.80 0.33 -0.49 13.5

04 Nov 2016 8.1 7.2 -3.8 0.78 0.38 -0.49 2.9

03 May 2017 -12.9 -19.7 -3.9 0.22 -0.95 -0.23 5.1

11 May 2017 -15.6 -18.3 1.4 0.18 -0.97 0.14 9.6
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ponent are clear throughout the interval (a). The average normal direction for this event235

is (0.484,0.323,-0.813) in GSM. Given a 1.993 eigenvalue ratio, the average normal di-236

rection is not clearly determined. Panel (b) of Figure 4 shows twisting of the local bound-237

ary away from the average normal at semi-regular intervals for the the duration of the238

event. Local normals are generally well determined, as shown by eigenvalue ratios con-239

sistently on the oder of 10-100 (c).240

Figure 3. The (a) normal component of the magnetic field, (b) dot product of local and av-

erage normal directions, and (c) ratio of maximum and intermediate eigenvalues for each local

window are derived from MMS1 FGM and FPI observations from 06:00 to 07:00 on 15 October

2015.

241

242

243

244

Having identified MMS encounters with the KHI, we next calculate the growth rates247

of the events and compare them with the prevailing solar wind and IMF properties.248
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Figure 4. Quantities, as in Figure 3, are derived from MMS1 FGM and FPI observations

from 14:15 to 15:25 on 126 September 2016.

245

246

2.4 Calculation of the Instability Growth Rate249

Any region unstable to the KHI will satisfy the KHI instability criteria250

[k · (v1 − v2)]2 ≥ n1 + n2
4πm0n1n2

[(k ·B1)2 + (k ·B2)2] (1)

where vi, ni, and Bi are the the velocity, density, and magnetic field on either side of251

the velocity shear layer and k is the wave vector [Chandrasekhar , 1961]. Note this equa-252

tion is merely an approximation of the instability for an observed event as it assumes253

an infinitely thin boundary layer which is not true for the magnetopause. Equation 1 also254

assumes an incompressible plasma, yet for high (> 600 km/s) solar wind speeds, the com-255

pressibility is sufficient to stabilize the development of the KHI. Furthermore, MMS will256

not necessarily observe the source region of the KHI gand local conditions may not match257
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those of the source region. Equation 1 may be rearranged to determine the normalized258

growth rate of the KHI in a particular region, which is defined as259

Q/k =

√
a1a2(∆v · k̂)2 − a1(vA1 · k̂)2 − a2(vA2 · k̂)2 (2)

where ai is a density parameter for either side of the boundary defined by ai = ρi/(ρ1+

ρ2), vAi is the Alfvén velocity on either side, and k̂ is the unit wave vector (thus the growth

rate is normalized to the wavelength), pointing in the direction of maximum growth. In

order to compare the normalized growth rates for KHI events observed at various loca-

tions and under a variety of SW and IMF conditions, we make it completely unitless via

comparison with the local fast mode speed, vfm =
√
v2A + c2s. The fast mode speed is

not equal in the magnetosheath (sub-index msh) and magnetosphere (sub-index msp)

regions, so we normalize to the mean of the two, such that

Qunitless =
Q/k

vfm

where vfm = 1
2 (vfmmsh + vfmmsp).260

In Equation 2 the direction of k̂ is chosen to maximize the normalized growth rate,261

but many directions of k̂ may satisfy the instability criteria. This range of angles capa-262

ble of satisfying the instability criteria can be used to determine just how susceptible a263

region is to the development of KHI.264

KHI may propagate in any direction k̂ for which Q/k is positive. If we express k̂265

in terms of the spherical angles φ and θ, the percent of the 4π solid angle that satisfies266

the KHI instability criteria at a given location may be calculated. We use the term this267

percentage the “unstable solid angle.” Events with larger growth rates and/or larger un-268

stable solid angles are likely to be KHI.269

Calculation of the unitless growth rate and unstable solid angle requires the iden-270

tification of separate regions of magnetosheath and magnetospheric plasma on either side271

of the magnetopause boundary. The unpreturbed flank magnetosheath is characterized272

by cold, dense plasma flowing tailward at high speeds with the shocked SW. In contrast273

the magnetospheric plasma is hot, tenuous, and relatively stagnant. Using several com-274

binations of density, temperature, and the X-component of the bulk velocity we devel-275

oped five methods to separate data from the magnetosheath and magnetosphere regions,276

allowing automated growth rate calculations. The isolated data was then used to deter-277
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mine characteristic values of each region for calculation of the growth rate and unsta-278

ble solid angle.279

2.4.1 Density-Temperature Ratio Methods280

Method 1 uses a ratio of the ion density and average temperature, n/T , to iden-281

tify the separate regions. The largest 20% and smallest 20% of all n/T values in the ob-282

servation interval are used to calculate a typical value of n/T value at the magnetopause283

boundary, n/Tmp, for each interval. In the cold and dense magnetosheath n/T is signif-284

icantly greater than in the hot and tenuous magnetosphere, so regions with n/T > 1.5n/Tmp285

or n/T < .5n/Tmp are classified as the magnetosheath or magnetospheric regions, re-286

spectively. We avoid any ambiguous and mixed regions, thus only the plasma param-287

eters of pristine magnetosheath and magnetosphere are used in calculation of the growth288

rate and unstable solid angle. The regions identified using this method are marked in289

yellow (magnetosheath) and blue (magnetosphere) in Figure 5 for the 15 October 2015290

event and Figure 6 for the event on 26 September 2016.291

Method 1 is appropriate for linear stages of the KHI, but may fail for non-linear292

stages. In cases of rolled-up, non-linear KHI, a portion of the magnetospheric plasma293

may be accelerated within the vortex and carried tailward with the magnetosheath. Ac-294

celeration within the late stage KHI cannot have a physical effect on the development295

and initial growth rate, but without constraining the velocity this accelerated plasma296

may be identified with the magnetosphere and affect the initial conditions used in cal-297

culations. To avoid this issue, the mean and standard deviation of the tailward (X-component)298

magnetosheath velocity are found, and the magnetospheric region is constrained to plasma299

with tailward flow at least one standard deviation slower than the mean sheath speed,300

such that vXmsp < vXmsh−σvXmsh
. Portions of the previously identified magnetosphere301

that fulfill the criteria are marked in green in Figure 5 and 6 for the example events.302

As can be seen in Figures 5 and 6 both Methods 1 and 2 identify only a small por-310

tion of the intervals as magnetosheath. MMS data does suggest the spacecraft spent less311

time in the sheath than in the magnetosphere, but the omnidirectional energy spectro-312

gram (panels (c) in Figures 5 and 6) show several regions (6:20 to 6:41 in 5, 14:56 and313

15:11 in 6) which appear to have sheath like populations that these methods classified314

as ambiguous and/or mixed. A much larger region is identified as the magnetosphere and315
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is only slightly reduced when we constrain the velocity signature of the region. This in-316

dicates the velocity constraint is useful in accounting for the effects of rolled-up of the317

vortex.318

In both methods, mean values for velocity, magnetic field, and density in either re-319

gion are used to calculate the unitless growth rate and unstable solid angle. Results of320

these calculations for all the of identified MMS KHI encounters may be found in Table321

5 and Table 6.322

2.4.2 Specific Entropy Methods323

Method 3 uses the specific entropy, S = T/n2/3, rather than n/T , to identify the324

regions on either side of the boundary layer. Again the largest and smallest 20% of all325

S values in an interval are used to determine the typical value at the magnetopause bound-326

ary, Smp, for each event. The specific entropy of the magnetosheath is expected to be327

significantly less than the magnetosphere, so regions with S < 0.5Smp are sorted to the328

magnetosheath and regions with S > 1.5Smp are sorted to the magnetosphere. In this329

method, as with the density-temperature ratio methods, ambiguous and mixed regions330

are avoided when calculating characteristic parameters for each region. The sheath, as331

identified using the specific entropy, is marked in yellow in Figure 7 and 8 for the 15 Oc-332

tober 2015 and 26 September 2016 events respectively; the magnetosphere is marked in333

blue.334

As in the density-temperature ratio, identification of the sheath and magnetosphere335

using specific entropy does not consider the expected velocity differences in the regions,336

thus it may be less effective for rolled-up KHI vortices. Again we require the magneto-337

spheric plasma be flowing tailward at least one standard deviation slower than the sheath338

(vXmsp < vXmsh− σvXmsh
). The remaining magnetospheric regions meeting this con-339

straint are marked in green in Figure 7 and 8.340

Using this methodology, a much larger portion of each event is classified as mag-348

netosheath plasma, including some intervals that appear mixed and ambiguous in the349

MMS data (6:30 to 6:43, 6:44 to 6:47 in Figure 7 and 14:47 to 14:58, 15:11 to 15:17 in350

Figure 8). The magnetosphere accounts for only a few minutes of the example events,351

in direct contradiction to the regions identified using the density-temperature ratio. Con-352

straining the velocity required in the magnetosphere, reduces the region even further,353
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to the point MMS does not spend enough time in the region to calculate reliable plasma354

parameters.355

Results for the growth rate and unstable solid angles using mean sheath and mag-356

netosphere parameters as determined with both the unconstrained and velocity-constrained357

specific entropy methods are reported in Table 5 and Table 6.358

2.4.3 Density and Velocity Method359

The final method uses the product of density and tailward (GSE/GSM X−component)360

velocity, nvx to separate regions of the sheath and magnetospheric plasma. As in all other361

methods, the mean of the largest and smallest 20% of nvX values in the interval are used362

as the typical magnetopause value, nvXmp. In the shocked SW of the magnetosheath,363

nvx is large and negative, while it is small in the stagnant magnetosphere. Thus the mag-364

netosheath comprises regions of nvX < nvXmp, and the magnetosphere comprises re-365

gions of nvX > nvXmp. Mixed and ambiguous regions are not avoided in this method,366

thus the presence of a significant transition layer will affect the normalized growth rate.367

The sheath and magnetosphere identified using this method are marked in yellow and368

blue respectively for the 15 October 2015 event in Figure 9 and for the 26 September 2016369

event in Figure 10.370

Unlike the previous methods, mixed and ambiguous regions are intentionally in-377

cluded in this method. This avoids the exclusion of relevant intervals, but can also un-378

predictably affect the parameters used for the growth rate calculation. In both exam-379

ple cases only a small portion of the interval is classified as the magnetosheath and sev-380

eral regions, which exhibit sheath like characteristics, are instead sorted into the mag-381

netosphere (6:06, 6:14 to 6:19 in Figure 9 and 14:48 to 14:52 in Figure 10).382

Values of the unitless growth rate and unstable solid angle of all the events found383

using the density-velocity product are reported in Table 5 and Table 6.384

Unitless growth rate is not a perfect parameter to describe the KHI. The KHI is385

a convective instability which dissipates stored energy as it develops, thus growth rate386

and the unstable solid angle are maximized just prior to the formation of the KHI. The387

nature of in-situ observations, however, dictates we cannot identify KHI until they are388

relatively well developed. Thus small growth rates and unstable solid angles are not nec-389
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essarily counter-indicative of KHI, but may instead be features of later stage KHI. As390

KHI develop, they may form non-linear vortices, which can be seen in observations as391

low density magnetospheric plasma flowing tailward with the magnetosheath [Hasegawa392

et al., 2006; Taylor et al., 2012]. Figure 11 plots tailward velocity as a function of ion393

density for the event on (top) 15 October 2015 and (bottom) 26 September 2016. Color394

overlays correspond with (left) the density temperature ratio, n/T ; (center) specific en-395

tropy, S; and (right) the density-tailward velocity product nvX . Red to orange points396

are magnetospheric values, blue to green are the sheath. As expected from Figures 5 and397

6, the n/T parameter identifies only a few points in the sheath, and indicates a signif-398

icant amount of the magnetospheric plasma moving tailward with the magnetosheath,399

as in a rolled up vortex. The specific entropy method, on the other hand indicates no400

magnetospheric plasma flows with the magnetosheath, but also indicates almost no mag-401

netospheric plasma generally. The method using the product of the density and tailward402

velocity yields the largest mixed region of any of the methods, with only a small por-403

tion of the data identified as the magnetosheath. Any indication of a non-linear rolled-404

up vortex is obscured by the large number of mixed and ambiguous data points.405

3 Comparison with Simulations411

To verify our method for the calculation of normalized growth rates is robust it was412

applied to parameters generated by two dimensional MHD simulations of KHI. A sim-413

ulation case for the KHI developing under Northward IMF (NIMF) conditions was tested414

using initial conditions comparable to those of the event on 08 September 2015. A sec-415

ond simulation case used initial conditions similar to those of the 18 October 2015 event416

for the KHI developing on the dusk flank under Parker Spiral IMF (PSIMF).417

The simulations, after Ma et al. [2019], solve the full set of resistive Hall-MHD equa-418

tions equations using a leapfrog scheme [Potter , 1973; Birn, 1980; Otto, 1990]. We nor-419

malize all physical quantities to their typical scale, for example, the length L is normal-420

ized to L0, the half width of the initial sheered flow; number density to n0, the magnetic421

field to B0, velocity to the Alfvén velocity, VA = B/
√
µ0ρ0; and the time to the Alfvén422

transit time. The values of the these normalizations for each simulation case are sum-423

marized in Table 4424
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Table 4. Normalization constants for the 2D MHD simulations.425

Quantity Northward Parker spiral

Magnetic field B0 (nT) 71.5 33.38

Number Density n0 (/cc) 12.36 6.45

Length scale L0 (km) 640 640

Velocity VA (km/s) 443 286.5

Time t0 (s) 1.35 2.23

A cut was taken through the KHI vortex in the simulation box every 10 time steps.426

Data from these cuts was separated into distinct regions using the methods described427

in Sections 2.4.1 - 2.4.3 and used to calculate growth rates and unstable solid angles. The428

growth rates as a function of time are shown on the left of Figures 12 and 13 for the PSIMF429

and NIMF cases respectively; examples of the density within the KHI and the cuts used430

for calculations (red) are shown on the right. The ”true” growth rate, as determined by431

the linear slope of a plot of ln(v⊥) as a function of time, is also shown (solid black line).432

In both cases, all methods overestimate the growth rate, which is expected as the cal-433

culation assumes an infinitely thin boundary layer and incompressible plasma.434

As can be seen in Figures 12 and 13 for the PSIMF and NIMF cases, respectively,442

all methods produced very similar results until vortex roll-over was captured by the cut.443

After roll-over occurred, the velocity-independent methods saw a sharp decrease in growth444

rate. The velocity dependent methods remained roughly consistent throughout roll-over445

and saw a more gradual decrease in growth rate as the instability dissipated. We do note446

that the method using a product of density and tailward velocity behaved more unpre-447

dictably than the other velocity dependent methods. This is likely due to the inclusion448

of mixed and ambiguous regions with this method.449

The unstable solid angle followed a similar pattern as the unitless growth rate, but450

remained near its minimum value longer than the growth rate. Both simulation cases451

produced a larger initial growth rates and unstable solid angles than the observational452

events they were based on. As the the simulations progressed however, the growth rate453

and unstable solid angle decreased to roughly match the observational case, and at later454
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simulation times, some methods produced unstable solid angles less than the MMS ob-455

servations.456

4 Conclusions and Discussion457

The main conclusions may be summarized as follows:458

• MMS observed 19 clear KHI events from September 2015 to June 2017.459

From September 2015 to June 2017 MMS observed more than 80 mixed regions which460

initially resembled KHI. Further analysis of growth rate calculations, total pressure and461

boundary-normal rotated magnetic field showed 19 of these events likely to be KHI. These462

19 events, summarized in Table 1, were evenly distributed between the dawn and dusk463

flanks and occur under a variety of prevailing SW conditions and IMF orientations.464

• A method combining the density-temperature ratio and tailward velocity of a KHI465

event is most consistent at automatically identifying regions of magnetosheath and466

magnetospheric plasma for calculation of the KHI growth rate and unstable solid467

angle.468

Five methods are developed to separate the sheath and magnetospheric regions in469

the MMS data. Mean parameters from each region are used to calculate the unitless growth470

rate and unstable solid angle for each of the 19 events. Results of the growth rate and471

unstable solid angle calculations for all methods are presented in Table 5 and Table 6472

respectively. When the results of the calculations are considered with the identified re-473

gions, mean parameters of each region, and the results of the simulations, we find the474

velocity constrained density-temperature ratio method is the most robust and reliable475

in separating the sheath and magnetosphere plasmas.476

The density-temperature ratio methods have a tendency to neglect some appar-477

ently sheath-like regions, and thus tailward velocity in the sheath is somewhat overes-478

timated. This overestimation is consistent and predictable. Constraining the velocity sig-479

nificantly increases the growth rate in some, but not all cases, suggesting this is a use-480

ful method for identifying and characterizing rolled up, non-linear KHI vortices.481

The entropy methods are the least reliable. Identified sheath regions include many482

intervals that to do not exhibit sheath-like characteristics despite having low entropy.483
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Thus the sheath velocity and density are much lower than expected. The reduced ve-484

locity shear and density parameters result in low growth rates. Constraining the tail-485

ward velocity universally increases the growth rate due to the severely reduced magne-486

tospheric region (see green boxes in Figures 8 and 7), such that the sample size is too487

small to produce reliable parameters for the growth rate calculation. This may be an ef-488

fect of the conservation of specific entropy across the boundary.489

Use of the product of density and tailward velocity has inconsistent effects on the490

growth rate. Including mixed and ambiguous regions avoids the exclusion of relevant in-491

tervals seen in the other methods, but can also unpredictably affect the parameters used492

for the growth rate calculation. This is particularly pronounced in the simulation cases,493

where the identified values of physical parameters (density, temperature, etc.) for each494

distinct region approached the same value as the simulation progressed. This method495

appears less reliable than the velocity constrained density-temperature ratio when con-496

sidering rolled-up KHI vortices.497

• A comparison of two methods, the density-temperature ratio with and without498

constraints on the tailward velocity, is an effective way to identify KHI votices which499

have rolled-over.500

Constraining the magnetospheric velocity for both the density-temperature ratio501

and entropy methods increased the final growth rate. In several cases this increase was502

an insignificant fraction of the growth rate, which we believe indicates MMS encountered503

a more linear stage of the KHI where very little if any magnetospheric plasma had been504

rolled-up in the vortex and accelerated downtail with the sheath. More significant in-505

creases in growth rate indicate a larger fraction of the previously identified magnetosphere506

was moving with the sheath, as expected for a non-linear rolled-up KH vortex. For only507

one event under either methodology (24 Oct 2016 for density-temperature ratio and 18508

Feb 2016 for entropy) did the unitless growth rate decrease when velocity was constrained.509

Ustable solid angles follow the same patterns as the unitless growth rate. When510

comparing the velocity constrained and unconstrained methods those events with insignif-511

icant increases in unstable solid angle match exactly the events with insignificant increases512

in growth rate. The same is true for cases with large increases and cases with decreases.513
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This further suggests the comparison of the methods with and without constraints on514

velocity are able consistently able to indicate if a KHI vortex has rolled over.515

• The KHI is observed only when solar wind flow speeds are between 300 and 600516

km/s. KHI growth rates are otherwise independent of the prevailing solar wind517

conditions.518

Values of the unitless growth rate for each event using all 5 methods described in519

Sections 2.4.1 - 2.4.3 are presented in Table 5. Figure 14 then plots the mean unitless520

growth rates of all events as a function of (a) solar wind density, (b) temperature, (c)521

flow speed, (d) pressure, (e) IMF magnitude, and (f) Alfvén Mach number. Growth rates522

appear to be independent of most solar wind parameters, with the exception of solar wind523

flow speed. All of the observed events occurred when the solar wind was between 300524

and 600 km/s. At flow speeds below 300 km/s the velocity shear is too low to satisfy the525

KHI onset conditions. At solar wind speeds above 600 km/s the compressibility of the526

plasma can stabalize the KHI [Miura and Pritchett , 1982]. Within this selection window,527

flow speed and growth rate are not correlated.528

• The KHI is observed only when solar wind flow speeds are between 300 and 600536

km/s. Unstable solid angles are otherwise independent of the prevailing solar wind537

conditions.538

Table 6 lists the unstable solid angle of each KHI event calculated using the 5 meth-539

ods described in Sections 2.4.1 - 2.4.3. The mean unstable solid angles for all events are540

plotted as function of (a) solar wind density, (b) temperature, (c) flow speed, (d) pres-541

sure, (e) IMF magnitude, and (f) Alfvén Mach number in Figure 15. As with the growth542

rates, unstable solid angles show no apparent correlation with solar wind conditions, with543

the exception of a selection window from 300 to 600 km/s flow speed. This confirms that544

KHI develop within an ideal plasma velocity range, such that the velocity is high enough545

(> 300 km/s) to satisfy the onset criteria, but not so high (> 600 km/s) as to produce546

high compressibility for typical magnetosheath plasma.547

We note several of the observed events occur in apparently stable regions with very556

low growth rates; this does not preclude the observed events from being KHI. Convec-557

tive instabilities like KHI dissipate energy stored in unstable regions and systems. As558
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Table 5. Unitless growth rates describe the speed at which the KHI develops as a fraction

of the local mean fast mode speed for each of the 19 MMS encounters. Parameters for each re-

gion both the sheath and magnetospheric regions were identified using 5 methods described in

Sections 2.4.1 - 2.4.3.

529

530

531

532

Event Date n/T n/T , vx S S, vx nvx MEAN

08 Sep 2015 0.129 0.130 0.059 0.059 0.133 0.102

11 Oct 2015 0.018 0.018 0.031 0.032 0.004 0.021

15 Oct 2015 0.009 0.008 0.010 0.011 0.085 0.024

17 Oct 2015 0.027 0.037 0.014 0.018 0.068 0.033

18 Oct 2015 0.064 0.060 0.063 0.063 0.099 0.070

22 Dec 2015 0.001 0.020 0.002 0.005 0.044 0.014

11 Jan 2016 0.026 0.052 0.011 0.034 0.017 0.028

22 Jan 2016 0.014 0.012 0.004 0.009 0.029 0.014

05 Feb 2016 0.046 0.049 0.002 0.007 0.045 0.030

07 Feb 2016 0.004 0.019 0.010 0.019 0.012 0.013

18 Feb 2016 0.043 0.059 0.008 0.006 0.060 0.035

25 Feb 2016 0.021 0.045 0.008 0.039 0.023 0.027

26 Sep 2016 0.100 0.106 0.027 0.037 0.123 0.079

04 Oct 2016 0.043 0.080 0.005 0.041 0.078 0.049

10 Oct 2016 0.079 0.084 0.026 0.043 0.090 0.064

24 Oct 2016 0.013 0.007 0.001 0.001 0.011 0.007

04 Nov 2016 0.028 0.035 0.016 0.021 0.036 0.027

03 May 2017 0.155 0.169 0.165 0.171 0.134 0.159

11 May 2017 0.127 0.130 0.021 0.055 0.134 0.093
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Table 6. The unstable solid angle is the percent of the total 4π solid angle which is unstable

to the development of the KHI. For each of the 19 MMS KHI encounters parameters for the

two sheath and magnetospheric regions are identified using each of the 5 methods described in

Sections 2.4.1 - 2.4.3.

548

549

550

551

Event Date n/T n/T , vx S S, vx nvx MEAN

08 Sep 2015 6.93 6.98 3.83 3.84 6.97 5.71

11 Oct 2015 0.26 0.31 2.10 2.21 0.04 0.98

15 Oct 2015 0.07 0.06 0.25 0.30 5.48 1.23

17 Oct 2015 1.28 2.32 0.44 0.58 4.77 1.88

18 Oct 2015 5.68 6.12 5.39 5.39 7.62 6.04

22 Dec 2015 0.00 0.56 0.01 0.03 1.95 0.51

11 Jan 2016 0.73 2.65 0.15 1.27 0.22 1.00

22 Jan 2016 0.21 0.11 0.02 0.05 0.92 0.26

05 Feb 2016 5.21 5.56 0.02 0.14 3.66 2.92

07 Feb 2016 0.01 0.16 0.21 0.46 0.06 0.18

18 Feb 2016 5.24 7.72 0.11 0.07 5.88 3.80

25 Feb 2016 0.23 1.38 0.04 0.92 0.30 0.57

26 Sep 2016 7.47 8.22 2.35 3.37 9.64 6.21

04 Oct 2016 3.04 7.16 0.10 4.07 7.62 4.40

10 Oct 2016 7.14 7.73 2.44 4.19 7.56 5.81

24 Oct 2016 0.10 0.06 0.00 0.00 0.11 0.05

04 Nov 2016 1.35 1.83 0.80 1.08 1.93 1.40

03 May 2017 19.14 21.40 18.44 19.14 14.50 18.52

11 May 2017 12.14 12.53 0.65 6.24 12.54 8.82
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excess energy is dissipated, the region becomes more stable, thus maximum instability559

and growth rates occur just prior to the formation of the instability. KHI, by necessity,560

are only observed after instability and growth rates have decreased from their maxima.561

We believe those events occurring in apparently more stable regions are simply later in562

development than faster growing KHI in less stable areas.563
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Figure 5. MMS observations of the (a) density-temperature ratio and (b) tailward velocity

for the KHI event from 06:00 to 07:00 on 15 October 2015. Panels (c)-(g) are presented as in

Figure 1 (a)-(e). Yellow boxes indicate magnetosheath regions, blue and green boxes are the

magnetospheric regions for the velocity unconstrained and constrained methods respectively.
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Figure 6. MMS observations, as in Figure 5 for the KHI event from 14:15 to 15:25 on 26

September 2016. Yellow boxes indicate magnetosheath regions, blue and green boxes are the

magnetospheric regions for the velocity unconstrained and constrained methods respectively.
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Figure 7. MMS observations of the (a) specific entropy and (b) tailward velocity for the KHI

event from 06:00 to 07:00 on 15 October 2015. Panels (c)-(g) are presented as in Figure 1 (a)-

(e). Yellow boxes indicate magnetosheath regions, blue and green boxes are the magnetospheric

regions for the velocity unconstrained and constrained methods repsectively.
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Figure 8. MMS observations as in Figure 7 for the KHI event from 14:15 to 15:25 on 26

September 2016. Yellow boxes indicate magnetosheath regions, blue and green boxes are the

magnetospheric regions for the velocity unconstrained and constrained methods repsectively.
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Figure 9. MMS observations of the (a) density-tailward velocity product for the KHI event

from 06:00 to 07:00 on 15 October 2015. Panels (b)-(f) are presented as in Figure 1 (a)-(e).

Yellow boxes indicate magnetosheath regions, blue boxes are the magnetospheric regions.
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Figure 10. MMS observations as in Figure 9 for the KHI event from 14:15 to 15:25 on 26

September 2016. Yellow boxes indicate magnetosheath regions, blue boxes are the magneto-

spheric regions.
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Figure 11. A comparison of MMS observed density (logarithmic scale) and tailward velocity

for ions during (top) the 06:00-07:00 KH event on 15 October 2015 and (bottom) the 14:15-

15:225 event on 26 September 2016. Color overlays indicate (left) density-temperature ratio,

(center) specific entropy, and (right) density-tailward velocity product. Red points correspond to

more sheath like characteristics and blue to more magnetosphere-like plasma.

406

407

408

409

410

–40–



Confidential manuscript submitted to JGR-Space Physics

Figure 12. (Right) 2D MHD simulations of a dusk flank KHI occurring during Parker Spiral

IMF. Cuts, as indicated by the red line, were taken through the instability every 10 simulation

time steps and growth rates were calculated using all 5 methods and plotted as a function of time

(left). The true growth rate is indicated by the solid black line. The dashed black line indicates

the mean growth rate of the observational case on which the simulation is based.
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Figure 13. As Figure 12 for the 2D MHD simulation of a dusk flank KHI occurring under

Northward IMF.
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Figure 14. Unitless growth rates as a function of solar wind (a) density, (b) temperature, (c)

flow speed, (d) pressure, (e) average IMF magnitude, and (f) Alfvén Mach number. Other than

the window from 300-600km/s flow speed, growth rate is independent of solar wind parameters.
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Figure 15. Unstable solid angles as a function of solar wind (a) density, (b) temperature, (c)

flow speed, (d) pressure, (e) average IMF magnitude, and (f) Alfvén Mach number. Other than

the window from 300-600km/s flow speed, unstable angle is independent of solar wind parame-

ters.
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