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Abstract21

We present a multi-instrument multi-scale study of a channel of enhanced, inhomoge-22

neous flow in the cusp ionosphere occurring on 30 November 2014. We provide evidence23

that strong Global Navigation Satellite System (GNSS) phase scintillations indices (σφ >24

0.5 rad) can arise from such events, indicating that they are important in the context25

of space weather impacts on technology. We compare in detail two-dimensional maps of26

ionospheric density, velocity, and temperatures obtained by the European Incoherent Scat-27

ter Scientific Association Svalbard Radar with scintillation indices detected from a net-28

work of four GNSS receivers around Svalbard and examine the different sources of free29

energy for irregularity creation. We observe that the strongest phase scintillations oc-30

cur on the poleward side of the flow channel in a region of sheared plasma motion and31

structured low-energy particle precipitation. As inhomogeneous plasma flows are evident32

in our observations, we perform a quantitative, nonlinear analysis of the Kelvin-Helmholtz33

instability (KHI) and its impact on phase scintillations using numerical simulations from34

the first principles based Geospace Environment Model of Ion-Neutral Interactions (GEM-35

INI) and Satellite-beacon Ionospheric-scintillation Global Model of the upper Atmosphere36

(SIGMA). Using representative values consistent with the radar data, we show that KHI37

can efficiently create density structures along with considerable scintillations, and is thus38

likely to contribute significantly under similar conditions, which are frequent in the cusp.39

1 Introduction40

The ionospheric cusps are complex systems where highly dynamic phenomena oc-41

cur due to their coupling to the solar wind, the magnetosphere and the thermosphere.42

These phenomena include electron and ion precipitation, electrostatic and electromag-43

netic waves, as well as turbulence (e.g. Kelley & Carlson, 1977; Keskinen & Ossakow,44

1983; Heppner et al., 1993; Cargill et al., 2005; Chaston et al., 2007; Carlson, 2012; Spicher45

et al., 2015, and references herein). At F region altitudes, this results in ionospheric den-46

sity irregularities and turbulence, which are important for applications related to adverse47

effects of space weather on technology, as they can affect high frequency (HF) commu-48

nication and cause amplitude and phase scintillations of transionospheric radio signals49

such as the ones used by Global Navigation Satellite Systems (GNSS) (e.g. Hey et al.,50

1946; Phelps & Sagalyn, 1976; Yeh, K. C. & Liu, C.-H., 1982; Kintner & Seyler, 1985;51

Tsunoda, 1988; Wernik et al., 2003; Kintner et al., 2007; Prikryl et al., 2011; Carlson,52

2012; Moen et al., 2013; Spicher et al., 2015; Jin et al., 2019). With increased human ac-53

tivity in the Arctic, making progress at identifying and understanding the physical mech-54

anisms that create these ionospheric irregularities, which can range from a few decame-55

ters to a few tens of kilometers, is of growing importance.56

At high latitudes, several possible sources of free energy and instability mechanisms57

exist, and three categories have gained significant attention (e.g. Keskinen & Ossakow,58

1983; Kintner & Seyler, 1985; Tsunoda, 1988; Wernik et al., 2003; Oksavik et al., 2011;59

Carlson, 2012; Moen et al., 2013): a) convective instabilities associated with density gra-60

dients (e.g. Keskinen & Ossakow, 1983; Tsunoda, 1988), b) particle precipitation driven61

irregularities (e.g. Dyson & Winningham, 1974; Keskinen & Ossakow, 1983) and c) flow62

shear related instabilities (e.g. Kintner & Seyler, 1985; Heppner et al., 1993; Ganguli et63

al., 1994; Keskinen et al., 1988). In particular, the gradient drift instability (GDI) op-64

erating on polar cap patches is often regarded as a dominant process for the creation of65

density irregularities (e.g. Simon, 1963; Linson & Workman, 1970; Weber et al., 1984;66

Basu et al., 1994, 1988; Gondarenko & Guzdar, 2004; Tsunoda, 1988; Oksavik et al., 2012;67

Lamarche & Makarevich, 2017; Makarevich, 2014, 2017; Forsythe & Makarevich, 2018).68

Particle precipitation is also believed to play an important role for plasma struc-69

turing in the cusp region (Dyson & Winningham, 1974; Kelley et al., 1982; Keskinen &70

Ossakow, 1983, and reference therein). Indeed, low-energy (≤ 1000 eV) precipitating elec-71
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trons deposit most of their energy at F-region altitudes, and might be a source of den-72

sity perturbations for large to medium scale irregularities (λ ≥ 10 km) (Rees, 1963; Dyson73

& Winningham, 1974; Kelley et al., 1982; Labelle et al., 1989; Millward et al., 1999). Moen74

et al. (2012) and Oksavik et al. (2012) suggested that the GDI could then further struc-75

ture plasma gradients that were initially created by precipitation. Furthermore, Moen76

et al. (2002) hypothesized that the initial source of the decameter-scale perturbations77

associated with HF backscatter in the cusp might be the fine structures within particle78

precipitation itself.79

Another source of energy can be found in flow shears, which are commonly found80

in the high latitude ionosphere in connection with discrete auroral forms (e.g. Oksavik81

et al., 2004a, 2005; Rinne et al., 2007; Moen et al., 2008). A relation between sheared82

plasma flow (inhomogeneous electric field) and broadband electrostatic turbulence and83

irregularities has been observed using rockets, satellites and from the ground (e.g. Kel-84

ley & Carlson, 1977; Basu et al., 1986, 1988; Earle et al., 1989; Heppner et al., 1993; Ok-85

savik et al., 2004b, 2011, 2012; Spicher et al., 2016). Shears in the cross-field ion veloc-86

ity can initiate the Kelvin-Helmholtz instability (KHI) (Keskinen et al., 1988), a mech-87

anism regarded as important for the creation of irregularities in the cusp (Basu et al.,88

1988, 1994; Oksavik et al., 2011), and on which for instance the GDI (Carlson et al., 2007)89

or microscale instabilities (Ganguli et al., 1994) could develop, and further structure the90

plasma. One specific cusp phenomenon where cross-field sheared plasma flows and par-91

ticle precipitation are fundamental is the Reversed Flow Event (RFE) (Rinne et al., 2007;92

Moen et al., 2008). RFEs are latitudinally narrow (∼ 50 km to ∼ 250 km) and longi-93

tudinally extended (> 400–600 km) flow channels with flow direction opposite to that94

of the large-scale background convection (Rinne et al., 2007). They are common cusp95

features typically observed around magnetic noon and have a preference for interplan-96

etary magnetic field (IMF) |By| > |Bz| (Rinne et al., 2007; Moen et al., 2008; Oksavik97

et al., 2011). RFEs are believed to be signatures of a flux transfer event (FTE) (Southwood,98

1987), and are related to the brightening of Birkeland current arcs (Oksavik et al., 2004a,99

2005; Moen et al., 2008). Decameter-scale density irregularities have been observed in100

relation to RFEs, and it was proposed that the KHI and micro-scales instabilities could101

be responsible for their creation (e.g. Oksavik et al., 2011; Carlson et al., 2007; Spicher102

et al., 2016). RFEs are therefore cusp phenomena that are particularly interesting in the103

framework of space weather and flow shear instabilities (Moen et al., 2013).104

Space weather studies based on ground-based GNSS data at high latitudes are nu-105

merous and include (not inclusive) statistical surveys (e.g. Spogli et al., 2009; Alfonsi106

et al., 2011; Prikryl et al., 2011, 2015; Jin et al., 2018b) and studies targeting specific107

ionospheric phenomena such as polar cap patches (e.g. Mitchell et al., 2005; Jin et al.,108

2014, 2016; van der Meeren et al., 2015; Zhang et al., 2017), the storm enhanced den-109

sity (SED)/tongue of ionization (TOI) (e.g. van der Meeren et al., 2014; Wang et al.,110

2016, 2018), auroral blobs (Jin et al., 2014, 2016), periods of extended dayside reconnec-111

tion (Clausen et al., 2016), cusp aurora (poleward auroral moving forms) (Jin et al., 2015;112

Oksavik et al., 2015), auroral arcs (e.g. van der Meeren et al., 2016; Forte et al., 2017;113

Semeter et al., 2017), cusp dynamics with or without polar cap patch production (Jin114

et al., 2017). However, despite the significant amount of studies, the physical causes for115

the development of the small-scale irregularities and associated enhanced scintillation116

observed are still not clear. In particular, the applicability and importance of different117

instability modes (e.g., KHI) in the high-latitude ionosphere remains to be tested.118

Here, we present a multi-instrument multi-scale study of a cusp flow channel (in-119

cluding an RFE) identified using the European Incoherent Scatter Scientific Association120

(EISCAT) Svalbard Radar (ESR) and leading to enhanced phase scintillations. Then,121

as velocity shears are evident in our data and due to the prevalence of inhomogeneous122

flows near the cusp (e.g. Heppner et al., 1993; Clauer, 2003; Oksavik et al., 2004b, 2005;123

Carlson et al., 2008; Rinne et al., 2007; Moen et al., 2008) where phase scintillations peak124
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(Prikryl et al., 2015; Jin et al., 2015, 2017), we place our observations in the context of125

the KHI process. We do not intend to rule out GDI or precipitation (or alternative pos-126

sibilities) as playing a role in the scintillation for the specific event however, our main127

motivation is to test KHI and its impact on scintillations. Thus, we perform a quanti-128

tative, nonlinear analysis of KHI using numerical simulations from the Geospace Envi-129

ronment Model of Ion-Neutral Interactions (GEMINI) and Satellite-beacon Ionospheric-130

scintillation Global Model of the upper Atmosphere (SIGMA) and examine and discuss131

its potential role in creating cusp ionospheric irregularities and scintillations.132

2 Instrumentation and numerical models133

In this study, the large-scale context is obtained from the Super Dual Auroral Radar134

Network (SuperDARN) (Chisham et al., 2007) and GPS Madrigal total electron content135

(TEC) maps (Rideout & Coster, 2006; Vierinen et al., 2016), while data from ESR (Wannberg136

et al., 1997) and from the Defense Meteorological Satellite Program (DMSP) F17 (Hairston,137

2019; Redmon et al., 2017) provide details about the mesoscale structures. Irregulari-138

ties smaller than a few kilometers are considered using GNSS data obtained from a net-139

work of four receivers around Svalbard (Oksavik et al., 2015) and SuperDARN spectral140

width observations (Kintner et al., 2007; Chisham et al., 2007). Furthermore, numer-141

ical simulations are performed to supplement the observations. The different instruments142

and models used are briefly presented in this section.143

For completeness, we first briefly describe the solar wind conditions around the time144

of the event, i.e., around 09:37 UT to 10:00 UT on 30 November 2014. This includes the145

Interplanetary Magnetic Field (IMF) in geocentric solar magnetospheric coordinates (GSM),146

the solar wind velocity, and the proton density from the 1-min resolution OMNI data147

set (King & Papitashvili, 2005). The quantities have already been shifted to the obser-148

vation site from the nose of the Earth’s bow shock (King & Papitashvili, 2005).149

We use SuperDARN data to map the large-scale context surrounding the mesoscale150

flow channels detected by the ESR. We present velocity vectors derived by merging data151

from the Hankasalmi and Pykkvibær radars. The line-of-sight velocity data from both152

radars are mapped onto an equal-area grid in the vicinity of the ESR field-of-view and153

aggregated over six minutes, as a compromise between data coverage and temporal res-154

olution. Line-of-sight flow measurements within one grid cell are merged to form a two-155

dimensional (2D) flow vector, whenever both radars contribute (e.g. Ruohoniemi et al.,156

1989). The spectral width is computed in a similar manner.157

We use data from four NovAtel GPStation-6 GNSS Ionospheric Scintillation and158

TEC Monitors installed in the Svalbard archipelago. The receivers are located in Ny-159

Ålesund (NYA; 78.9◦N, 11.9◦E), at the Kjell-Henriksen Observatory in Longyearbyen160

(LYB; 78.1◦N, 16.0◦E), in Hopen (HOP; 76.5◦N, 25.0◦E), and on Bear Island (BJN; 74.5◦N,161

19.0◦E) (van der Meeren et al., 2015). The receivers are operated by the University of162

Bergen and track signals at several frequencies from GPS, GLONASS, and Galileo (Oksavik163

et al., 2015). The receivers output the phase scintillation index σφ (Fremouw et al., 1978;164

Rino, 1979), which is computed over 60 s from the raw carrier phase and detrended us-165

ing a sixth-order Butterworth high-pass filter with the conventional frequency of 0.1 Hz166

(Van Dierendonck et al., 1993). The 60 s amplitude scintillation index S4 (Briggs & Parkin,167

1963), the total TEC, and the rate of TEC (ROT) are also provided (Oksavik et al., 2015).168

169

It is worth noting that σφ is not without issues. The index is sensitive to the cut-170

off frequency (0.1 Hz), which may include refractive contributions from larger scale ir-171

regularities at high latitudes (e.g. Forte & Radicella, 2002; Beach, 2006; Mushini et al.,172

2012; Wang et al., 2018; McCaffrey & Jayachandran, 2019). This issue is however not173

crucial for the purpose of our paper, i.e. to use σφ as a proxy for the presence of den-174
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sity irregularities. Also, for completeness, spectrograms of the raw phase data are shown175

in the supporting material in Figure S3. Those may indeed provide further information176

about the scales of the irregularities involved and overcome issues related to the σφ in-177

dex as suggested by van der Meeren et al. (2014, 2015). Furthermore, geometric enhance-178

ments of scintillations may occur when the signal path is parallel to the irregularity axis.179

At the onset of enhanced phase scintillations, the elevation angle of the satellites of in-180

terest ranged between around 32◦ degrees to around 42◦, roughly corresponding angles181

of about 40◦ to about 50◦ between the signal path and the magnetic field, which had lo-182

cal dip angles greater than 82◦ (calculated using International Geomagnetic Reference183

Field-12 (Thébault et al., 2015)). Thus, we do no expect this to be a critical issue for184

the purpose of this study.185

We use the L1 frequency for scintillation, and dual frequencies for TEC (L1 and186

L2Y for GPS, L1 and L2P for GLONASS). No Galileo satellite was tracked during the187

time of interest. For TEC we calculate the vertical TEC (vTEC) (Mannucci et al., 1993;188

Alfonsi et al., 2011). The data have been scrutinized to filter out multi-path effects us-189

ing long-term observations for each stations but we also apply a cutoff elevation angle190

of 25◦ for all receivers to minimize remaining errors. The GNSS ionospheric pierce points191

(IPPs) have been projected to 300 km altitude, which roughly corresponds to the peak192

electron density observed by the magnetic field-aligned fixed 42 m ESR dish (shown in193

Figure S3 in the supporting information).194

We use the fully steerable ESR 32 m antenna (Wannberg et al., 1997) for deriv-195

ing 2D maps of densities, velocities and temperatures. The scans were performed in az-196

imuth at a fixed elevation angle of 30◦, providing ”fan plots” of the ionospheric plasma197

conditions with an integration time of 6.4 s (Carlson et al., 2002). In the rest of the pa-198

per, the abbreviation ESR always refers to the 32 m dish.199

In addition, we use in situ measurements right above the ESR field of view. These200

were obtained by DMSP F17, which has an orbital period of about 101 min at around201

840 km altitude (e.g. Rich & Hairston, 1994; Kilcommons et al., 2017). We use the level202

2 data obtained at a cadence of 1 sec from the Special Sensors-Ions, Electrons, and Scin-203

tillation (SSIES) instruments, and show ion and velocity data from the Retarding Po-204

tential Analyzer (RPA) and from the Ion Drift Meter (IDM), respectively (Rich, 1994b;205

Hairston, 2019). Data with quality flags ”poor” are removed. We also use the new DMSP206

database of precipitating electrons and ions obtained from the Special Sensor J (SSJ)207

5 instrument (Redmon et al., 2017), which measures fluxes from 30 eV to 30 keV each208

second (Hardy et al., 2008).209

Numerical models are also used in this study. The GEMINI model (Geospace En-210

vironment Model of Ion-Neutral Interactions) is a 3-dimensional (3D) multifluid-electrodynamic211

model of high latitude ionospheric plasma instabilities (Zettergren et al., 2015). GEM-212

INI includes both aeronomical, transport, and electrodynamic processes relevant to the213

formation of ionospheric fluid instabilities such as GDI and KHI (e.g. K. B. Deshpande214

& Zettergren, 2019). The model comprises a fluid system of equations (Schunk, 1977;215

Blelly & Schunk, 1993), describing dynamics of the ionospheric plasma, self-consistently216

coupled to an quasi-electrodynamic treatment of auroral and neutral dynamo currents217

(Zettergren et al., 2015). The fluid system is a set of three conservation equations (mass,218

momentum, and energy) for each ionospheric species s relevant to the E-, F-, and top-219

side regions (s = O+,NO+,N+
2 ,O

+
2 ,N

+,H+). Terms in the conservation of mass equa-220

tions encapsulate chemical production and impact ionization (via the method of (Fang221

et al., 2008) or the GLOW energetic electron transport code of (Solomon & Qian, 2005))222

and chemical loss (taken from Diloy et al. (1996); St-Maurice and Laneville (1998), and223

references therein), while photoionization sources are calculated according the method224

presented in Solomon and Qian (2005) using solar fluxes from the EUVAC model (Richards225

et al., 1994). GEMINI’s momentum equations includes time-dependence and ion iner-226

tial effects relevant to plasma instabilities of interest, as well as pressure, gravity, elec-227
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tromagnetic and collisional drag forces. Full ion and electron energy equations are also228

solved by GEMINI.229

SIGMA (Satellite-beacon Ionospheric- scintillation Global Model of the upper At-230

mosphere) is a three-dimensional (3D) electromagnetic wave propagation model capa-231

ble of simulating scattering, diffraction, wave refraction and reflection through an arbi-232

trary density field - including a turbulent plasma simulated by a physics-based model233

like GEMINI. SIGMA handles propagation of a radio frequency signal from a moving234

satellite to the ground through multiple phase screens (MPS) anywhere on the globe (Deshpande235

et al., 2014). The model is especially applicable at high latitudes where the magnetic field236

inclination is changing with the location, making the geometry complicated. Inside SIGMA,237

first a spatial electron number density distribution from a spectral model for irregular-238

ities or the number density itself from a plasma model (such as GEMINI) translated into239

phase screens is inserted, and then the signal is propagated between the multiple phase240

screens and to the ground. SIGMA outputs 2D complex signal propagated to the ground241

as well as high rate GPS scintillation phase and power time series with 50 Hz sampling242

frequency, from which S4 and σφ can be easily extracted. High rate phase and power are243

detrended and filtered in order to eliminate any low frequency effects including the satel-244

lite motion (Van Dierendonck et al., 1993).245

For this paper, we simulate the time-dependent evolution (through both linear and246

nonlinear stages) of KHI with GEMINI and then use SIGMA to propagate GPS signal247

from satellite vehicle number PRN G28 through simulated KHI electron density irreg-248

ularities at the time of interest (on 30 November 2014); the methodology is an exten-249

sion of that applied to study GDI in prior related work (K. B. Deshpande & Zettergren,250

2019).251

3 Data presentation252

In this section, we present the observations from the different instruments described253

in section 2. We first outline the large-scale context and then zoom into the meso- and254

smaller-scale observations.255

3.1 Large-scale context256

The solar wind conditions were relatively stable around the time of the event, i.e.,257

between about 09:37 UT and 10:00 UT on 30 November 2014. For completeness, a fig-258

ure showing OMNI data is given in the additional material in Figure S1 and the main259

characteristics of the solar wind during the interval of interest are described below. The260

IMF Bx component was positive with values ranging between about 9 nT and 4 nT, while261

the IMF By component decreased from 0 nT to about −9 nT right after 09:40 UT. IMF262

By then remained quite stable around −9 nT. The IMF Bz component turned slightly263

negative at about 09:38 UT (with values close to −3 nT), remained negative for about264

15 minutes, and increased to close to zero from about 09:52 UT. The solar wind veloc-265

ity took values between about 375 km/s and 395 km/s between about 09:37 UT and 10:00266

UT, and the proton density ranged between 6 and 9 particles per cubic meter.267

In order to frame the large-scale ionospheric flow context above Svalbard during268

the time of the event, we use the Doppler drift velocity data from SuperDARN radars,269

shown in Figure 1. The coordinates are Altitude Adjusted Corrected Geomagnetic Co-270

ordinates (AACGM) (Baker & Wing, 1989), with magnetic local time (MLT) shown on271

the bottom of each panel. Geomagnetic North (Nm) is roughly on the top of each panel,272

as illustrated by the blue arrow. The solid black line shows the ESR field of view and273

the red box highlights the region with largest phase scintillation indices (presented in274

detail below). The black arrows illustrate the velocity vectors derived by combining data275

from the Hankasalmi and Pykkvibær radars, and the grey arrows show line-of-sight ve-276
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locities from single radars, i.e. when it was not possible to combine the data from the277

two radars.278

During the time of the event, Svalbard was located postnoon at around 13 MLT,279

with the ESR field of view being located around 12 MLT. Between 09:36 UT and 09:42280

UT, the large scale plasma flow above and north of Svalbard was directed towards south-281

west, as seen in Figure 1 a). This flow motion reversed completely between 09:42 UT and282

09:48 UT, as shown in 1 b): the large scale plasma motion was now generally poleward.283

Between 09:48 UT and 09:54 UT the poleward (northeast) flow displayed in 1 c) inten-284

sified significantly and, in the field of view of ESR, it reached values of about 1000 m/s285

north of Svalbard. During the next 6 minutes enhanced poleward plasma circulation re-286

mains visible in Figure 1 d) (this goes on until about 10:10 UT, not shown).287

Figure 1. SuperDARN velocity vectors (black arrows) derived by combining data from the

Hankasalmi and Pykkvibær radars and integrated over 6 minutes. The grey vectors show line-

of-sight velocities from single radars where not enough data from both radars was available to

produce 2D flow vectors. Coordinates are AACGM with MLTs shown on the bottom of each

panel. North is roughly on the top of each panel, as illustrated by the blue arrow. The fan shape

shows the ESR field of view and the red box highlights the region with largest phase scintillation

indices.

To frame the large-scale background density, Figures 2 a1) to a4) display four GPS288

TEC maps around Svalbard using data from the Madrigal database (Rideout & Coster,289

2006; Vierinen et al., 2016). Geographic north is on the top of the each panel and the290

blue arrow with label Nm shows the direction to geomagnetic North. For better visu-291

alization, each TEC map has been averaged using a median filtering process including292

the previous and the next GPS TEC maps (Thomas et al., 2013). In addition, each panel293

shows five minutes of phase scintillation indices σφ centered around the times shown in294
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the top right corners. The phase scintillation index is displayed as dots for low phase scin-295

tillation (σφ < 0.25 rad), medium circles for intermediate phase scintillation (0.25 ≤296

σφ < 0.5 rad), and big circles for strong phase scintillation (σφ ≥ 0.5 rad). A few se-297

lected PRNs detected from the NYA receiver are highlighted using different colors, with298

the letter ”R” standing for GLONASS and ”G” for GPS. The fan-shaped line shows the299

ESR field of view.300

As can be seen in Figure 2 a1), the event began with the presence of a region of301

enhanced density poleward of Svalbard, hereafter referred to as ”the density reservoir”.302

This region is highlighted by the dotted oval. The enhanced solar EUV plasma density303

can be seen further south separated by a region with low density above Svalbard, i.e. a304

trough. Comparing with SuperDARN data shown in Figure 1 a), this corresponds to the305

time interval during which the flow reversed from approximately sunward to antisunward.306

In general, the phase scintillation level observed was low in the entire field of view. In307

Figure 2 a2), the TEC map remains quite similar with a slight poleward motion of the308

high density reservoir. In this panel, enhanced phase scintillation indices appear between309

the large density at high latitudes and the trough. Values of σφ ≥ 0.5 rad persisted in310

the same region in panel a3) and a4), during which a clear poleward motion of the high311

density region can observed. This is consistent with the large-scale flow pattern observed312

by SuperDARN in Figure 1 c) and d). In the end, the electron density was low in the313

field of view of ESR, but σφ remains enhanced.314

To better visualize the evolution of the GNSS measurements, Figure 2 b) to m) shows315

the time series for selected PRNs detected from NYA. G11 was chosen to illustrate ob-316

servations at lower latitudes in the trough while R12, R22 and G28 were initially close317

to the boundary between the trough and the density reservoir and detected the strongest318

phase scintillation indices. R13 is also shown as it detected enhanced phase scintillation319

indices at higher latitudes. Panels b), c) and d) show vTEC with respect to time. In panel320

b), vTEC takes values below about 10 TECU, consistent with the density trough observed321

in the TEC maps. In panel c) and d), vTEC is relatively constant until about 09:48-09:49322

UT, after which it decreases. At the end of the interval, the vTEC values observed from323

NYA in the northern portion of the ESR are similar to vTEC in the trough, consistent324

with panel a4). In panels b), c) and d), vTEC also becomes relatively more irregular with325

time. This can be better seen by looking at the absolute value of the ROT shown in pan-326

els e), f), and g): |ROT| is larger from the middle of the interval. A maximum of 4 TECU/min327

is reached at 09:50 UT for R22 and R12 in panel f) and at 09:51 UT for R13 in panel328

g).329

Figure 2 h), i), and j) shows the amplitude scintillation index S4 with respect to330

time. The values remain low with some small increases in panel j) and k).331

Panels k), l) and m) display the phase scintillation index σφ with respect to time.332

In the density trough, σφ < 0.2 rad during the entire time interval, as can be seen in333

panel l). The onset of large phase scintillation index is detected by PRNs R12, R22 and334

G28 at 09:49 UT while PRN R13 sees a maximum in σφ about 3 minutes later. The en-335

hanced values of σφ are not observed in the regions with largest vTEC, but coincide with336

the decrease in vTEC observed in panel c) and d).337
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Figure 2. a1 to a4) GPS TEC maps for four time intervals of 5 minutes using data from

the Madrigal database with phase scintillation indices obtained from four receivers on Svalbard

overlaid. The phase scintillation level is displayed as black dots for low scintillations (σφ < 0.25

rad), medium circles for intermediate scintillations (0.25 ≤ σφ < 0.5 rad), and big circles for

strong scintillations (σφ ≥ 0.5). The colored numbers highlight selected PRNs tracked from the

receiver at Ny-Ålesund. The letter ”R” stands for GLONASS and ”G” for GPS. The fan-shaped

solid line shows the ESR field of view while the dotted oval in a1) highlights the density reservoir.

Panels b) to m) show the time series of vTEC (b,c,d), |ROT | (e,f,g), S4 (h,i,j), and the phase

scintillation index σφ (k,l,m) for the selected PRNs between 09:37 UT and 10:00 UT.
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3.2 Meso- and small-scale observations338

Now that the large-scale framework has been presented, insights into the meso-scale339

configuration can be obtained from ESR. Figure 3 shows four ESR fan plots labelled with340

S0 to S3 in geographic coordinates. For visualization purpose and comparison with Su-341

perDARN, a blue arrow points towards geomagnetic north (Nm) and the same red box342

as in Figure 1 is shown in the last panel. Each row corresponds to one scan covering 120◦343

in azimuth in 192 s. The GNSS data from all four receivers are superimposed on the ESR344

scans. The GNSS vTEC is color-coded while the phase scintillation level is displayed as345

black dots for low phase scintillation (σφ < 0.25 rad), medium circles for intermediate346

phase scintillation (0.25 ≤ σφ < 0.5 rad), and big circles for strong phase scintillation347

(σφ ≥ 0.5 rad). The first column shows the electron density (Ne) measured by ESR with348

vTEC. The second column shows ESR ligne-of-sight ion velocity vi and σφ. The third349

and fourth columns show σφ with the ESR electron temperature (Te) and the ESR ion350

temperature (Ti), respectively. The altitudes (200 km, 300 km and 400 km) of the ESR351

beams are also displayed as black lines. Note that the data above 400 km in regions with352

low density is quite uncertain (with errors that can be larger than 50% in some bins).353

It is however kept here to show the full ESR scan beams. For visualization purpose, the354

PRNs are not repeated, but the red arrow points toward PRNs R22, R12 and G28, while355

the black arrow towards G11. The time history of the event shown in Figure 3 is pre-356

sented in detail in the following.357
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Figure 3. Each row (labelled with S0 to S3) is an ESR fan plot with the corresponding scan-

ning time shown in black in the center. ”cw” and ”ccw” stand for clockwise scan and counter-

clockwise scan, respectively. Left column: ESR density and GNSS vTEC. Second column: ESR

ion line-of-sight velocity vi. Third column: ESR electron temperature Te. Fourth column: ESR

ion temperature Ti. The black dots and circles illustrate different phase scintillation levels. The

magenta line and times (in UT) in the bottom row illustrate the orbit of DMSP F17. The red

and black arrows highlight regions of interest and the red box is the same as the one in Figure 1.

In the first scan shown here, S0 (from 09:37:37 UT to 09:40:49 UT), a reservoir of358

high density can be observed poleward of Svalbard above 200 km altitude (red and or-359

ange region in ESR Ne and vTEC in the top left panel, highlighted by the red arrow),360
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equatorward of which a trough of low density can be observed (blue region in ESR Ne361

and vTEC, highlighted by the black arrow). At F-region altitudes, densities take rep-362

resentative values of 4 · 1011 m−3 and 1.5 · 1011 m−3 in the reservoir and trough, re-363

spectively. A broad region of westward flow with median velocities reaching about 700364

m/s (yellow, away from the radar) can be seen above Svalbard, i.e., in the trough region,365

and directed towards the radar at higher latitudes (blue, towards the radar) with veloc-366

ities of about −100 m/s. This is generally consistent with the SuperDARN velocities shown367

in Figure 1 a), exhibiting a southwest flow. No significant enhancements in the electron368

and ion temperatures can be observed. During that time interval, the phase scintillation369

level is low.370

In the next scan, S1 (from 09:40:49 UT to 09:44:01 UT), the trough and higher den-371

sity reservoir are still present, in agreement with the TEC map shown in Figure 2 a1).372

No significant enhancements in ESR Te and Ti can be observed. In the velocity scan, the373

broad region of westward flow has turned into a narrower flow channel (yellow) with ve-374

locities reaching values of about 600-800 m/s. The flow outside of this channel is gen-375

erally in the opposite direction (blue) with median velocities (between about 200 km and376

350 km altitude) of about −150 to −200 m/s. The equatorward side of the flow chan-377

nel is located in the density trough and the poleward side near the boundary between378

the trough and the higher density northward. The phase scintillation level is still low.379

In the next scan, S2 (09:44:01 UT to 09:47:13 UT), the density trough and reser-380

voir are still similar. The flow channel has moved slightly poleward and exhibits veloc-381

ities reaching 900 m/s, while the plasma motion towards the radar (blue) on its flanks382

reach values of about −500 m/s. This implies maximum velocity differences ∆V ≈ 1400383

m/s. In addition, a (geographic) poleward flow of about 500 m/s north of Svalbard is384

now visible, in accordance with the large-scale convection pattern seen by SuperDARN385

in Figure 1 b) and the GPS TEC map in Figure 2 a2). A new feature in this scan is the386

appearance of a thin East-West channel of enhanced Te between 300 km and 400 km,387

collocated with the polweard side of the flow channel. Low-energy cusp particle precip-388

itation will result in enhanced Te in the cusp ionosphere (Vontrat-Reberac et al., 2001),389

which is often seen in connection with auroral arcs (Weber et al., 1989; Valladares & Carl-390

son Jr., 1991; Doe et al., 2001). The channel of enhanced Te in Figure 1 S2 is therefore391

interpreted as a signature of active cusp precipitation and auroral emissions. The con-392

ditions are sill relatively quiet, with a low scintillation level in general. In the ESR field393

of view, an increase of the phase scintillation index (to 0.25 ≤ σφ < 0.5 rad) can how-394

ever be observed at the poleward boundary of the flow channel, i.e. close to sheared-flow,395

and near the region of enhanced Te. This is also located in the high density reservoir (close396

to the red arrow) near the boundary between the low and high density regions and in397

the shear region. On the other hand, there are still no significant increases in the phase398

scintillation indices on the equatorward side of the RFE in the trough (highlighted with399

the black arrow).400

During the next scan, S3 (from 09:47:13 UT to 09:50:25 UT, i.e., after about 10401

min to 13 min since S0), the trough and high density reservoir are still present. The flow402

channel has moved slightly poleward since S2 and is less uniform, but with similar ve-403

locity magnitudes (slightly larger). The reversed flow poleward of the flow channel matches404

the definition of an RFE (Rinne et al., 2007). The poleward motion north of Svalbard405

is also still present, consistent with SuperDARN Figure 1 c) and Figure 2 a2). The chan-406

nel of enhanced Te has now expanded equatorward into a broad region above 180-200407

km altitude. This may indicate the presence of broader region of cusp particle precip-408

itation. The poleward region of this enhancement in Te matches the RFE region (blue409

vi), and the equatorward part extends to the middle of the trough. At this stage, enhance-410

ments in Ti to about 2500 K also appear above about 200 km altitude. During this scan,411

enhanced phase scintillation indices are detected in the RFE on the poleward side of the412

flow channel and of the region with enhanced Te. This is also collocated with the area413
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exhibiting ion heating. On the other hand, no significant scintillations are observed in414

the density trough on the equatorward side of the flow channel (black arrow).415

During scan S3, DMSP F17 orbits above the field of view of ESR between about416

09:49 UT and about 09:51 UT, as indicated by the magenta line. The observations made417

by DMSP F17 are shown in Figure 4 a), b), and c), with a magenta box highlighting the418

interval during which DMSP orbits above the region of interest. For visualization pur-419

poses scan S3 is also shown (only Ne, vi and Te) with the magenta part of the trajec-420

tory corresponding to the magenta box. Figure 4 a) depicts the ion density, which is quite421

irregular. One larger peak with steep gradients can be seen at about 09:49:30 UT, and422

one at 09:50:00 UT.423

Panel b) shows two components of the ion velocity measured on-board DMSP F17;424

the horizontal cross-track component (dark blue, v⊥) with negative sign being approx-425

imately anti-sunward, and the upward component (cyan, vz). Both components are highly426

inhomogeneous with several intervals of fast flows (≥ 2000 m/s), and several gradients427

in the region of interest. In particular, a flow channel with a maximum of −2921 m/s428

reached at 09:50:36 UT can be observed. This is collocated with the location of the flow429

channel, as can be seen in the ESR vi scan (yellow, away from the radar).430

Figure 4 c) shows the electron precipitation differential energy flux (color coded),431

with the average energy (Eav) displayed as a black line. From about 09:49:45 UT to about432

09:52:00 UT, the average energy of precipitating electrons ranges between about 100 eV433

and 300eV. This roughly corresponds to the time interval during which DMSP orbits above434

the region of enhanced ESR Te, supporting that it is due to low-energy ”soft” particle435

precipitation (Weber et al., 1989; Valladares & Carlson Jr., 1991; Vontrat-Reberac et al.,436

2001; Doe et al., 2001). In this interval, electron precipitation is finely structured into437

short bursts with typical lengths of 1 to 2 seconds (corresponding to ∼ 8−16 km). This438

is especially pronounced between 09:49:45 UT and 09:51:00 UT. This interval matches439

the poleward region of enhanced Te observed above 180-200 km altitude in the ESR scans.440

Noteworthy is also the coincidence between the two largest electron fluxes in the inter-441

val of interest and the density enhancements previously mentioned at 09:49:45 UT and442

09:51:00 UT (compare with Figure 4 a)).443
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Figure 4. a) Ion density measured on-board DMSP F17. b) Horizontal cross-track velocity

(vy, dark blue), and upward cross-track velocity (vz, cyan) obtained from DMSP F17. c) Electron

particle precipitation spectrum (color coded) and average energy Eav (black line) measured by

DMSP F17. The magenta box illustrate the time interval during which DMSP F17 flew over

the Svalbard region. In the bottom part of the figure, the ESR scan at the time of conjunction

between the radar and DMSP is shown. This corresponds to scan S3 Figure 3. The magenta part

of the orbit corresponds to the time range of the magenta box.

As presented in Figure 2, the conditions remained perturbed after the onset of en-444

hanced phase scintillations around 09:49 UT. According to the three next ESR scans (shown445

in the supporting material in Figure S2), enhanced phase scintillation indices persist dur-446

ing the next ten minutes in the vicinity of fast (|vi| > 1000 m/s) inhomogeneous flows,447

enhanced Te and Ti, and where the observed density has significantly decreased, i.e., con-448

sistent with the poleward flow motion observed by SuperDARN and the TEC maps shown449

in Figure 2 a3 and a4. It is worth mentioning that no scintillation are observed on the450

equatorward part of the trough (on the boundary with the low latitude solar EUV).451

To further highlight the presence of small-scale plasma density structures, Figure452

5 shows the spectral widths obtained from SuperDARN, which provide backscatter from453

decameter-scale irregularities (Chisham et al., 2007). The times and the layout are sim-454
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ilar to ones shown in Figure 1, i.e. geomagnetic North (Nm) is on top, the red box il-455

lustrates the region with strongest phase scintillation, and the black line the ESR field-456

of-view. In the beginning of the event, i.e. before the flow channel, the spectral width457

is low in the ESR field-of-view, as can be seen in Figure 5 a). In panel b), which corre-458

sponds to the time interval during which the convection reversed and the narrow chan-459

nel appeared, an increase in the spectral width can be observed in the middle and north-460

ern part of the of the ESR field of view. Figure 5 c), shows the spectral width for the461

time interval including the onset and largest phase scintillation levels. Large values of462

spectral width (225 m/s) are seen to coincide with the region of strongest scintillation,463

as highlighted by the red box. In panel d), the spectral width decreases in the ESR field-464

of-view, but is still enhanced compared to the beginning of the event (panel a)).465

Figure 5. SuperDARN spectral width derived by combining data from the Hankasalmi and

Pykkvibaer radars on a grid and integrated over 6 minutes. Coordinates are AACGM with MLTs

shown on the top of each panel. The fan shape illustrates the ESR field of view and the red box

the region with largest phase scintillation indices.

Before discussing the observations, we briefly summarize the observations leading466

to enhanced phase scintillations. The event started with a preexisting southward-moving467

broad region of enhanced density poleward of a density trough, with representative val-468

ues of about 4 · 1011 m−3 and 1-2 · 1011 m−3, respectively (Figure 3 scans S0-S3).The469

large-scale flow reversed and a meso-scale channel of enhanced convection near the bound-470

ary between the high and low density plasmas appeared with median velocities reach-471

ing 700-900 m/s inside and about −100 m/s to −500 m/s outside of the channel (Fig-472

ure 1 and 3 scans S1-S3). This implies maximum total velocity differences between the473

flow channel and its surrounding reaching about ∆V ≈ 1400 m/s (over several radar474

beams). It is worth mentioning that DMSP observed even higher velocities in the flow475
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channel. Furthermore, enhanced Te likely due to fine-structured low-energy particle pre-476

cipitation and a broader poleward motion of about 500 m/s are then visible in Scan S2.477

4 Discussion of the observations478

At high latitudes, enhanced density irregularities and large phase scintillations gen-479

erally peak in the cusp and in the auroral oval, regions known to be ionospheric foot-480

prints of the coupling between the solar wind and magnetosphere (Prikryl et al., 2015;481

Jin et al., 2015, 2019). Inhomogeneous flows being common features due to this coupling482

(e.g. Southwood, 1987; Pinnock et al., 1993; Basu et al., 1994; Clauer, 2003; Oksavik et483

al., 2004b; Heppner et al., 1993; Rinne et al., 2007), we investigated the concurrence of484

enhanced scintillation indices and a narrow channel of intensified convection with flow485

shears on its flanks including an RFE. Previous studies noted the presence of small-scales486

plasma irregularities (e.g. Oksavik et al., 2011; Spicher et al., 2016), moderate phase scin-487

tillation (σφ < 0.3 rad) and low amplitude scintillation (Jin et al., 2017, 2019b) in re-488

lation to RFEs. Here, we present an evidence that strong phase scintillation indices (σφ >489

0.5 rad) can arise from such events.490

The event started with a preexisting broad region of enhanced density at high lat-491

itudes poleward of a density trough, a scenario different to the more typical case related492

to polar cap patch formation from the low latitude solar EUV plasma (e.g. Jin et al.,493

2017; Carlson, 2012, end references therein) or directly from auroral precipitation (Oksavik494

et al., 2006).The strongest phase scintillation and enhanced spectral width observed within495

the field of view of ESR arose thus shortly after a reconfiguration of the ionospheric con-496

vection on the poleward side of a narrow cusp flow channel, supporting that magnetosphere-497

ionosphere coupling is an important element in the generation of small-scale plasma ir-498

regularities and scintillation in the cusp (e.g. Prikryl et al., 2015; Jin et al., 2017). The499

onset of enhanced scintillations coincided with the presence of sheared (reversed) plasma500

flows and fine-structured low-energy particle precipitation at the boundary between the501

high density reservoir and the low density trough. No enhanced scintillation indices were502

detected on the equatorward side of the flow channel in the trough, even though fast sheared503

flows (with values as high as on the poleward side) and large Te were apparent in that504

low-density region. Having preexisting high density such as the high-latitude plasma reser-505

voir in our case appears thus to be a crucial component for the onset of enhanced scin-506

tillation. One plausible explanation for the higher scintillation level we observe compared507

to one associated with the RFE in Jin et al. (2019b) could indeed be related to the pres-508

ence of the high-density region in our case. The latter RFE was characterized by con-509

ditions (flow shears, temperatures, densities and vTEC) fairly similar to the ones we mea-510

sure in our trough. Our observations reinforce the suggestions from Jin et al. (2015, 2017)511

that the combination of high density regions (polar cap patches in their case) and au-512

roral dynamics create stronger scintillations than only auroral dynamics.513

Recent modelling work was performed to study the effect of GDI on navigation sig-514

nals (K. B. Deshpande & Zettergren, 2019) and here, as we observe inhomogeneous flows515

near the boundary between a density reservoir and a trough, we focus essentially on the516

KHI as a primary mechanism. We perform numerical simulations of the KHI and inves-517

tigate in more detail the plausibility for it to generate density irregularities and associ-518

ated phase scintillations in the cusp ionosphere.519

5 Numerical simulations520

In the following, we present a quantitative, nonlinear analysis of KHI using numer-521

ical simulations from GEMINI-SIGMA. We use typical winter conditions and an initial522

configuration similar to the one leading to the strongest phase variations observed, i.e.,523

high and low density plasma regions separated by a flow shear, as shown in Figure 3 scans524

S2-S3. These simulations are computationally expensive (taking several days with hun-525
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dreds of processors) so we take the approach of running the simulation with represen-526

tative values for our event rather than running through all reasonable combinations of527

input parameters. This modeling effort is, thus, not a parametric study but more of a528

demonstration of the feasibility of KHI as an agent to produce scintillation under sim-529

ilar situations.530

The initial conditions needed to set up the KHI scenario, starting from an equi-531

librium ionosphere are discussed in detail in Keskinen et al. (1988). This equilibrium pre-532

scribes definite relations between the velocity and density fields, such that initial Ped-533

ersen current divergences are zero. Here, we use initial conditions emphasizing the anti-534

correlation between high density and high flow regions seen in the ESR scan which take535

the form:536

ne(x, y, z, t0) = ne0(z) + ne1(z)

[
1

2
+

1

2
tanh

(y
`

)]
(1)

vx(x, y, z, t0) = v0 + v1

[
1

2
− 1

2
tanh

(y
`

)]
, (2)

where v0 and v1 are the flow values perpendicular to the magnetic field on each side of537

the shear, ne0 is the background density, ne1 is the maximum density, and ` corresponds538

to the scale size of the initial shear. It is not completely possible to constrain the scale539

size ` in the model as none of the measurements resolve the scales necessary to capture540

the fastest growing modes (e.g. DMSP samples are at 1 s, implying about 8 km reso-541

lution, ESR resolution is considerably larger). Thus, for this modeling study we choose542

a somewhat arbitrary scale length ` = 1 km on the initial density and shear to empha-543

size the plausible situation where irregularities develop in a time frame similar to what544

is observed, while we use values consistent with the ESR observations to constrain the545

flow and density values. The drift velocities are taken to be v0 ≈ 0.1 km/s and v1 ≈546

1.2 km/s, and the density parameters ne0 = 1 · 1011 m−3 and ne1 = 4.5 · 1011 m−3. A547

small amount of additive noise is included in the initial conditions in order to seed the548

instability.549

The development of KHI in the ionosphere depends on a number of parameters in-550

cluding: (1) inertial capacitance to conductance ratio, (2) Hall conductance (3), back-551

ground velocity and shear, (4) background density and density jump, and (5) shear tran-552

sition scale length. As discussed in detail in Keskinen et al. (1988), the inertial capac-553

itance to conductance ratio determines, to a degree, the growth rates of KHI and the gen-554

eral behavior of the instability in the nonlinear regime. KHI is triggered by polarization555

currents in the ionosphere-magnetosphere system, and can be damped by a nonzero Ped-556

ersen conductance, which shorting of the instability through conduction currents flow-557

ing in the F-region. Pedersen effects also cause the nonlinear stages of the instability to558

progress differently, generally leading to more wave breaking and somewhat different spec-559

trum of irregularities (Keskinen et al., 1988). It is not possible to completely cover this560

parameter space for the present study due to the time cost of running our models; hence,561

we fix the transition scale length at 1 km and perform two simulations having different562

values for inertial capacitance. The maximum Pedersen conductance over the grid for563

each run is ∼ 1.2 S, and the maximum inertial capacitances used in the simulations are564

∼ 10 F (case B), and ∼ 30 F (case C). These values are within typical ranges cited in565

limited available KHI modeling literature (Keskinen et al., 1988; Huba et al., 1988).566

Modeled evolution of KHI from GEMINI (Zettergren et al., 2015) is shown in Fig-567

ure 6 at five different times illustrating development of the irregularities for the case B568

simulation (10 F inertial capacitance). The panels of this figure show density at 300 km569

altitude vs. eastward and northward distance. A movie showing the entire simulated den-570

sity in all three dimensions is given in the supporting material for this article (Movie S1).571

Figure 6 (a) shows the model density following 220 s of evolution - the high density reser-572

voir and the low density region are shown in yellow and blue, respectively. Barely vis-573

ible waves seem growing in the boundary layer; otherwise the simulated conditions are574
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representative of the initially imposed state (from Figure 3). After about 270 s into the575

simulation, vortices characteristic of KHI have formed in the boundary layer; by 400 s576

these vortices have begun to merge, while Pedersen current effects, manifesting as the577

appearance of breaking waves, are clearly present (c.f. Keskinen et al., 1988). Later stage578

evolution of the instability that we have simulated shows a rich spectrum of irregular-579

ity features (panels d-e), including smaller-scale irregularities of the type that would be580

expected to impact ionospheric radio propagation. These turbulent features exhibit strong581

evidence of secondary instability. This includes apparently partially formed secondary582

vortices growing on the primary instability (these also tend to break, likely due to Ped-583

ersen effects) and also some suggestion of secondary GDI (e.g. distorted bubble-like re-584

gions of sharp discontinuity in density in panels e).585

Figure 7 shows the same initial condition but run with an inertial capacitance of586

30 F (case C). As compared to case B, this run exhibits more vortex merging (panel c),587

and larger vortices in the nonlinear stage (panel e), along with what appears to be bubble-588

like features (panel e) reminiscent of secondary GDI. The three dimensional movie is also589

given in the supporting material (Movie S2).590

The numerical simulations presented in Figures 6 and 7 show that density struc-591

tures can be created relatively fast (∼ minutes) through the KHI using a shear scale length592

of ` = 1 km. This time range is well contained within the time interval during which593

ESR observed the sheared flow (Figure 3 Scans S1 to S3), making KHI a plausible pri-594

mary candidate for the creation of the perturbations observed. It is also worth noting595

that the initial densities used for the simulations are smooth. Density structures may596

appear even faster for a realistic case where the density is not uniform to start with. On597

the other hand, increasing the scale length of the velocity gradient will generally increase598

the growth rate and increase the wavelength of the fastest growing mode.599
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Figure 6. Snapshots from simulations case B showing the electron density from GEMINI at

300 km altitude at different times during the development of the simulated Kelvin-Helmholtz

instability.
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Figure 7. Snapshots from simulation case C showing the electron density from GEMINI at

300 km altitude at different times during the development of the simulated Kelvin-Helmholtz

instability.

We then propagate GPS L1 signal through the ionospheric structures obtained from600

GEMINI using the SIGMA model (Deshpande et al., 2014; K. B. Deshpande & Zetter-601

gren, 2019). Estimating a precise KHI onset time is not straightforward, but our obser-602

vations suggest that enhanced phase scintillations appear within about 3-6 minutes af-603

ter the beginning of the flow channel event, maximize around 6-10 min, and last for about604

20 minutes. Thus, we performed the analysis on three intervals of about 60 s to 120 s605

long at different stages of the development of KHI. We did our simulations at 3 minutes,606

9 minutes and 16 minutes into the KHI development for GEMINI runs (cases B and C).607

As expected at high latitudes and consistent with our observations, our simulations yielded608

phase scintillations predominantly. Figure 8 shows 2D snapshots from the GEMINI (case609

B) KHI movie of electron number density as the KHI evolves and their respective 2D610

propagated phases on ground through SIGMA (case C is shown in the supplementary611

material Figures S5). Note that the high density plasma exists on the poleward (north-612

ern) side. Detrended phase time series at the bottom panel of the figure is derived from613

the phase values taken at the receiver’s location depicted by red crosses in figure 8.614

Notable phase variations can be observed in the middle and late stage of the sim-615

ulations for case B, and C, respectively, suggesting it to be slower than expected from616

the observations.617

We also noticed in our simulations that the scintillations are stronger when either618

the ray path goes through the ”steep” density gradients of the vortices (or simply the619

boundary between large density-low density in the beginning). We appear to have more620

small scale structures riding on the density gradients or both. For example, phase scin-621

tillations tend to strengthen when larger vortices appear to enter or exit through the ray622

path for the GNSS signal at 990 s and 1035 s. Scintillations weaken when the ray path623

is in the middle of the larger vortices or earlier in the development of the instability with-624

out much smaller scale structures developed. The phase variations obtained from SIGMA625

reach maxima of about ±0.4 rad in Case B and C, which is about 1/3 of the maxima626

obtained from the real GPS data (see additional material Figure S4 G28).We have seen627
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that high flow velocities contribute to faster, stronger and more frequent scintillations628

(initial results from a case with faster flows, not shown and left for future work).629

We envisage several possibilities to explain the difference between the model and630

observations. This includes (a) the contribution from other mechanisms (e.g., we don’t631

attempt to model the precipitation), (b) underestimates of the flow values used in the632

model (DMSP observes much faster velocities than the field-of-view ESR ones, and ini-633

tial simulations results with faster velocity of about 2 km/s increase the scintillation lev-634

els), (c) insufficient consideration of velocity filter effects (e.g. Wang et al., 2018), (d)635

difficulties to constrain the model to simulate the exact event (e.g. the use of smooth636

initial conditions, uncertainties related to the scale length of the shear and the magne-637

tospheric influence part, which is encapsulated in the inertial capacitance), and (5) lim-638

ited resources to perform an inverse analysis to find the best fit of the GEMINI-SIGMA639

model output to the observations. This is because combined runs of over a thousand times640

would be expected for such an analysis and just 1 such run takes few days if not a few641

weeks on a high end computer.642

One must indeed note that simulations included in this study are performed us-643

ing a specific set of parameters supported by the data; yet there are many adjustable pa-644

rameters that cannot be fully constrained (e.g. scale length, and inertial capacitance).645

Additionally, there is a quite large parameter space to explore for fully characterizing646

nonlinear-stage KHI behavior. Nevertheless, the simulations show that significant den-647

sity irregularities and phase variations (and thus, σφ) can arise from such a representa-648

tive case of sheared-flow, supporting that KHI is likely significantly contributing in sit-649

uations similar to the one presented, provided short gradient length-scales.650

Previous studies (Rinne et al., 2007; Oksavik et al., 2011) have identified that RFEs651

were regular features of the cusp, generally most frequent for IMF |By| > |Bz|, i.e. when652

IMF is dominated by By (as it is the case for the current study). KHI may thus also be653

a common feature of the cusp, and a question arising is whether there are any partic-654

ular conditions in the solar wind that may give preference to, for example, KHI over GDI.655

Indeed, it suggests that IMF By can potentially play an important role for when flow656

shears form in the cusp and, consequently, when the KHI mechanism is most likely to657

operate. However, it needs to be investigated further in future studies whether differ-658

ent mechanisms (e.g. KHI and GDI or a certain combination of both) actually dominate659

under different solar wind conditions.660
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Figure 8. Snapshots from a SIGMA simulation depicting (top row) the 2D number density

(·1011 electrons/m3) from GEMINI run case B at the height of maximum F2, (middle row) the

2D phase in radians projected on the ground through SIGMA, and (bottom row), the resulting

SIGMA phase time series showing scintillation at different stages as the KHI is operating. Inset

shows the X-Y directions for the 2D plots in the upper two rows.

6 Conclusion661

We presented observations of a narrow cusp flow channel and RFE, i.e., exemplary662

multi-scale phenomena: They result from magnetosphere-ionosphere coupling, are em-663

bedded in a larger scale flow pattern and involve structures ranging from several kilo-664

meters to tens of meters. We provided evidence that strong phase scintillation (σφ >665

0.5 rad) could arise from such events, confirming that they are important in the context666

of impacts of space weather on technology. We compared in more detail different sources667

of free energy observed through 2D maps of density, velocity and temperatures, obtained668

from the scanning capabilities of ESR, with scintillation indices detected from a network669

of four GNSS receivers around Svalbard. We found that the strongest phase scintilla-670

tion coincided with enhanced SuperDARN spectral width and were localized on the pole-671

ward side of the flow channel, in a region of sheared flow with structured low-energy par-672

ticle precipitation. Furthermore, the presence of enhanced electron density appeared to673

be a prerequisite for the strongest scintillation to arise.674

Observations were placed in context of the KHI due to velocity shear observations675

and the prevalence of inhomogeneous flows near the cusp (e.g. Heppner et al., 1993; Ok-676

savik et al., 2004b, 2005; Carlson et al., 2008; Rinne et al., 2007; Moen et al., 2008), where677

phase scintillations peak (Prikryl et al., 2015; Jin et al., 2015, 2017).We do not rule out678

GDI or precipitation (or alternative possibilities) as playing a role in the scintillation for679

the specific event. Instead, we showed that, under reasonable assumptions consistent with680

the data, KHI can relatively easily explain the creation of density irregularities within681

minutes. KHI is thus likely under conditions similar to the ones observed, which are com-682

mon in the cusp (Rinne et al., 2007; Oksavik et al., 2011). This is the case even with con-683

siderations for Hall currents and recombination, which are included in our model but not684

the original KHI modeling study of Keskinen et al. (1988). Thus, we have performed the685
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first quantitative, nonlinear analysis suggesting KHI as a process involved in the irreg-686

ularity generation in the cusp.687

Finally, this study shows that wide field-of-view incoherent scatter radar experi-688

ments (e.g., our ESR fast azimuth sweeps, or future volumetric measurements with EIS-689

CAT3D (McCrea et al., 2015) have great potential for investigating space weather phe-690

nomena in the ionosphere. It also illustrates some of the capabilities of GEMINI-SIGMA691

modeling for future parametric studies to constrain KHI and to compare its relative im-692

portance with respect to concurrent mechanisms (e.g. GDI, precipitation etc.). This study693

has certainly demonstrated that compared to GDI, KHI displays a specific pattern in694

scintillation occurrence, that is, with respect to the density boundaries, vortices and small695

scale structures developing around those vortices.696

Future modeling work will need to focus more on how KHI develops in the non-697

linear stage in situations representative of different boundary layer widths (`) and dif-698

ferent levels of ion-neutral and ionospheric-magnetospheric coupling. An assessment of699

how these density irregularities manifest as different scintillation signatures will also be700

revealing. The type of seeding used to trigger the instability will also affect the charac-701

ter of the response, viz. we use white noise to seed the simulations, while Keskinen et702

al. (1988) use single modes (eigenfunctions) to seed their instability. In particular, we703

identify the need to examine realistic initial conditions (nonuniform density and veloc-704

ity) and structured particle precipitation as a seed process for KHI and related insta-705

bilities (e.g. Moen et al., 2012; Oksavik et al., 2012), and develop mixed-mode examples706

of simulations.707

Observationally, it is necessary, moving forward, to quantify the scale lengths present708

in RFEs and other ionospheric shear flow events with high-resolution instruments. These709

are of importance to understanding cusp scintillation and greatly impact our simulation710

results. Additionally, a better statistical characterization of conditions accompanying sheared711

flows (precipitation, typical velocities and shears) will also help inform and constrain pa-712

rameter modeling efforts to understand the relation of KHI to scintillation in the cusp.713
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