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Key Points:

+ First demonstration of TIDs partially modulating Farley Buneman (FB) and Gra-
dient Drift (GD) waves

« Farley Buneman and Gradient Drift Instabilities generate NREs

+ Spearman rank correlation analysis shows that statistically ~9% of NRE ampli-
tude modulation could be due to MSTIDs.

Corresponding author: Alicreance HITYADUTUJE, hiyadutujea@yahoo.fr



21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

P51

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

Abstract

We show that Traveling Tonospheric Disturbances (TIDs) may affect the Farley Bune-
man Instability (FBI) and Gradient Drift Instability (GDI) echoes referred to as the Near
Range Echoes (NREs) in the SuperDARN radar backscatter from the lower part of the
E-region. TIDs and NREs are observed concomitantly by the Zhongshan SuperDARN
radar (69.38° S, 76.38° E) in the far and near ranges, respectively. At the moment, there
is no study about the effects of TIDs on the NREs caused by the FBI using the Super-
DARN radars. The GDI are more likely to occur at a lower altitude while FBI occurs

at a slightly higher altitude in the lower part of the ionospheric E-region. We use the
Spearman Correlation Coefficient (SCC) to show that a part of the NREs backscatter
power could be statistically explained by the MSTIDs backscatter power received by the
same radar.

We also investigate the simultaneous occurrence rate of the NREs and MSTIDs dur-
ing the 24'" solar cycle. Seasonal variability shows that MSTIDs-NREs events over Zhong-
shan mostly occur in summer and equinoxes during local night and morning. The ma-
jority of these events lasted between ~4 and ~8 hours. Most events disappeared early
in the morning. Statistics of the Spearman correlation coefficient values show that ~9%
of NRE amplitude modulation could be due to the MSTIDs. There are almost equal num-
bers of negative and positive Spearman correlation coefficient values. The relative ve-
locity between the E-region NREs and the F-region MSTIDs switching the electric field
polarities between the crests and troughs could be the cause of those equal number of
the Spearman correlation coefficient values. The orientation of the ionospheric current
relative to the MSTID polarization electric field may also play a significant role in the
reported Spearman correlation coefficient values. We argue that in some cases, the TIDs
might have been close enough to the NREs altitude to modulate them directly by trans-
porting the plasma up and down through shear or compression.

Plain Language Summary

SuperDARN radar Near Range Echoes (NREs) were observed at an altitude range
of 95 - 125 km and are caused by the Gradient Drift Instability (GDI) and Farley Bune-
man Instability (FBI). Medium Scale Traveling Ionospheric Disturbances (MSTIDs) are
wave-like perturbations of plasma density that propagate in the ionosphere. They are
caused by any major ionospheric energy input such as the Atmospheric Gravity Waves
(AGWs), Joule heating, Perkins instability, etc. It was argued that the MSTIDs partially
modulate the NREs backscatter power associated with the GDI through the polariza-
tion electric field. We use the Zhongshan SuperDARN radar to show that apart from
GDI, FBI related echoes are also partially modulated by the MSTIDs. We also record
the number of MSTID-NRE events during 2010 - 2019 and found that the majority of
them occurs in summer and equinoxes during local night and morning while the minor-
ity occurred in the winter of the southern hemisphere. We also perform a statistical study
of the Spearman correlation coefficient values of all events recorded for this study.

1 Introduction

The Super Dual Auroral Radar Network (SuperDARN) High Frequency (HF) Near
Range Echoes (NREs) are the backscatter received by the near range gates of each radar,
i.e., in the range less than 350 km (Hall et al., 1997; Jenkins & Jarvis, 1999; Hussey et
al., 2000). Examples of these echoes are: High-Aspect Angle Irregularity Region (HAIR)
(Milan & Lester, 2001; Milan et al., 2004; Drexler & St-Maurice, 2005) and Far-Aspect
Angle Irregularities Region (FAIR) echoes (St.-Maurice & Nishitani, 2020). In FAIR and
HAIR echoes the aspect angle should be large, i.e, the modes must be decaying (Drexler
& St-Maurice, 2005). In this case, the spectral width would be narrow indicating that
there is no turbulence. The decaying modes are due to an altitude-dependent frequency
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implying that the aspect angle should increase monotonically with time and decrease the
amplitude of the unstable modes. During the unstable stage, the growth rate must be
large enough to compensate the decay of the observed modes so that the large ampli-
tude could be observed (St.-Maurice & Nishitani, 2020).

HAIR echoes are associated with the Farley Buneman Instability (FBI) (Farley Jr,
1963; Buneman, 1963). They are linked to the relative velocity between the E-region ion
drift and electron drift exceeding the ion acoustic speed (Cs) (Drexler & St-Maurice, 2005).
FAIR echoes are caused by gradient drift instabilities (GDI) and are associated with the
zonal neutral wind, meridional electric field and plasma density gradients (St.-Maurice
& Nishitani, 2020; Hiyadutuje et al., 2022). For frequencies of the order of k-V; which
is too small for the modes to be of FBI, St.-Maurice and Nishitani (2020) introduced the
GDI mechanism at the bottom-side of the E-region due to its steep gradients. A two-
step process was involved: first, a 1 to 10 km scale GDI must be triggered by the den-
sity gradient, meridional electric field and zonal neutral wind. The instability would then
push the upper part of the bottom-side high electron density to a region where there is
a lower density. At the horizontal edges of these 1 - 10 km structures of 100 m scale gra-
dients are formed and cascade to a ~10 m finger-like irregularities that are observed by
the SuperDARN radar. Apart from HAIR and FAIR echoes, there are five other types
of NREs.

Other spectral types observed by the SuperDARN HF radars include: type Ia, type
Ib, type II, type III, and type IV waves.

1. Type I waves are produced for wave vector directions for which the plasma is ex-
pected to be linearly unstable. There can be two types of type I, particularly if
we pay attention to decameter structures, namely: Type la caused by the FBI and
Type Ib caused by the GDI. At high latitudes, initially unstable waves, once they
reach a large amplitude, are observed by radars to move at the instability thresh-
old speed. This means that as the amplitude grows, the electric field inside the
structures goes down (e.g., St.-Maurice & Hamza, 2001). If we have FBI, the waves
will move at Cs. However, if we have GDI, the waves could have a Doppler shift
that would be either larger than Cs or smaller than Cs. Such features have in fact
been observed by SuperDARN and have been associated with 20 to 30 km plasma
density gradients in the direction perpendicular to the geomagnetic field (St.-Maurice
et al., 1994).

2. Type II waves are produced by mode-coupling. They are triggered in directions
for which the plasma is stable, according to linear theory. The most important form
of mode-coupling in the FBI and GDI involves coupling between wave vectors in
the unstable direction and wave-vectors perpendicular to it (e.g., Sato, 1973; Sahr
& Fejer, 1996; Otani & Oppenheim, 2006). Being the bi-product of turbulence they
decay quickly, their spectrum is wide and their power less than for type I spec-
tra. Being the bi-product of coupling involving modes perpendicular to the un-
stable directions, they will also only be observed in linearly stable directions.

3. Radars also observe very narrow spectra. Slow narrow spectra have inherited the
un-original label “type III”. Consistent with this simple nomenclature, fast nar-
row spectra have been called “type IV”. The term “narrow” is important: the spec-
tra are associated with weak turbulence and offer the best chance to study eigen-
modes excited in threshold directions (or under extremely weak instability con-
ditions). St.-Maurice and Chau (2016) showed how modes excited on the edge of
the instability “cone” could go much faster than the ion-acoustic speed if the elec-
tric field was strong. Doppler shift of narrow spectra observed by Very High Fre-
quency (VHF) instruments can be explained by the model involving the electron
temperature and ion frictional heating when electric field is strong (St-Maurice
et al., 2023).
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There is a role played by ions, electrons, magnetic and electric fields to generate the E-
region FBI and GDI. In the lower part of the ionospheric E-region, ions are unmagne-
tized, i.e., v, /€ > 1, where vy, is the ion-neutral collision frequency and €; is the ion
gyro-frequency (Kovalev et al., 2008; Rojas & Hysell, 2021). They move with the neu-
tral atmosphere which sometimes is assumed to be stationary (Milan & Lester, 2001, and
references therein), but the electrons are magnetized, i.e., v, /Qe << 1, where v, is the
electron-neutral collision frequency and €. is the electron gyro-frequency, and their mo-
tions are mainly governed by the electric and magnetic fields (Kovalev et al., 2008; Ro-
jas & Hysell, 2021). There is a relative drift between the two species. This relative mo-
tion between the ions and electrons creates a drift current perpendicular to the magnetic
field which is directly proportional to the electron density (St.-Maurice et al., 1986; Mi-
lan & Lester, 2001). This current is involved in the development of the FBI which gen-
erates the HAIR echoes observed by SuperDARN (Milan & Lester, 2001). For FBI to
be observed by HF radars, an electric field of >40 mV/m is required (Hamza & St-Maurice,
1993; St.-Maurice et al., 1994; St.-Maurice, 1985; Kovalev et al., 2008; St.-Maurice & Nishi-
tani, 2020). GDI responsible for the FAIR echoes can take place even when the electric
field magnitude is small as long as its vector and an electron density gradient are in di-
rections favourable to trigger the instability in a magnetic field (St.-Maurice & Nishi-
tani, 2020).

The solution of the FBI and GDI dispersion relation is a complex frequency (w(k))
given by the equation (1)

w(k) = w(k), + 7. (1)

The real part of equation (1), w(k), is used to predict the frequency of narrow spectra
and is given by equation (2) (e.g., Fejer & Kelley, 1980; St.-Maurice, 1985; M. C. Kel-
ley, 2009; Kelly, 2012; Rojas & Hysell, 2021):

k-Vy,
=TT

w(k), (2)
where k is the wavenumber vector and the term with the drift velocity (V) is defined
by equation (3) (St.-Maurice, 1985),

E
k- Va=ky . (3)

If the altitude is higher or the electric field is very strong, w(k), will have an additional
k- V; term. Equation (2) can only be used to check if there is a strong unstable situ-
ation, i.e., a frequency from linear theory that exceeds kC by a large factor. The non-
linearity then changes the frequency spectrum in such a way that for large amplitude
modes, the average frequency of the widened spectrum is given by the v, = 0 (Hamza
& St-Maurice, 1993). ¢ = %, where Ve, i, are the collision frequencies of neutrals-
electrons and neutrals-ions. The imaginary part of the equation (1) defines their growth
rate (vx), which is given by equation (4) (M. C. Kelley, 2009; Rojas & Hysell, 2021):

. P 2 22 Vin W(k)rkE
/Yk_(l—Fw)l/m(w (k)r—k CS>+ in—zane (4)

where k, kg, Vg, Cs = \/('yiTi +7veTe)/m;, L, a, and n, are the wavenumber, wave vec-
tor component in the direction of the background electric field, electron advection speed,
ion acoustic speed, the scale length of density gradient, dissociative recombination rate,
and electron density, respectively. The terms ; ¢, T, and m; are the ratio of a specific
heat at constant pressure and specific heat at constant volume of species (i, e), temper-
ature of species and the mass of ion (Hamza & St-Maurice, 1993). Note that at the al-
titude below 100 km, non-isothermal effects in electrons can increase the threshold mag-
nitude of the speed in the ExB direction, but decrease or increase it further in other
directions (Dimant & Sudan, 1995; Kissack et al., 1997; Dimant & Oppenheim, 2004;



166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

Kissack et al., 2008). As a result, heat flow, inelastic collisions with neutrals, and heat-

ing modulation would affect the waves. We can neglect the term (—2an.) in the equa-
tion (4), because its contribution to the growth rate is very small at decameter and smaller
sizes (Rojas & Hysell, 2021). The unitless constant 1 is defined by:

VenVin Qz 2
vo) =g (14 250 )
where Q. ; and 0 are the gyro-frequencies and the complement of the angle between k

and the magnetic field B, respectively. When 6 = 0, it means that ¥ 1 B and in this

case, ¥(0) & (VenVin)/(2:8;). The first term on the right-hand side of the equation (4)
describes the growth rate of the Farley Buneman waves (Fejer & Kelley, 1980; M. C. Kel-
ley, 2009) while the second term defines the growth rate of the gradient drift waves. In

the case of FBI, i.e., where the density gradient is negligible, the threshold electron ve-
locity is Vo = Cs(1 +(0)) (John & Saxena, 1975), which gives V,, =~ Cs ~ 400 m/s

when ¥(0) << 1. There are many theoretical and numerical studies of the processes
affecting the evolution of the FBI and GDI (e.g., Oppenheim & Dimant, 2013; Makare-
vich, 2016; Young et al., 2017, 2019; Makarevich, 2021).

On the other hand, occasionally TIDs may occur in the ionosphere and they have
different scales based on their characteristics. TIDs are wave-like perturbations of the
plasma, mainly generated by the Atmospheric Gravity Waves (AGWs) and the Perkins
instability (Hunsucker, 1982; Miyoshi et al., 2018; Otsuka et al., 2021). TIDs/AGWs are
observed by the SuperDARN radars in slant range of the backscattered power and, on
occasion, Doppler velocity and spectral width parameters, typically between 600 and 1200
km downrange. TIDs can propagate horizontally, obliquely, and vertically in the iono-
sphere (Hocke et al., 1996; Tsugawa et al., 2004). Their characteristics such as phase ve-
locity (v), wavelength (X), period (T'), and propagation direction may be estimated (He
et al., 2004; Crowley & Rodrigues, 2012; Valladares & Hei, 2012; Grocott et al., 2013).
TIDs are mainly grouped as: medium scale TIDs (MSTIDs) (Francis, 1974; Herndndez-
Pajares et al., 2006; Chou et al., 2017) or large scale TIDs (LSTIDs), based on their char-
acteristics (Tsugawa et al., 2004). MSTIDs have v between 100 and 300 m/s, A of sev-
eral 100s km, and T between 15 min and 1 hr (Hocke et al., 1996). LSTIDs have v be-
tween 400 and 1000 m/s, A > 1000 km, and T between 30 min and 3 hrs (Hocke et al.,
1996; Tsugawa et al., 2004).

MSTIDs may occur during the local day, night and in the morning depending on
the generating mechanism. Daytime, nighttime, and dusk MSTIDs are associated with
the AGWs, Perkins instability and gravity waves generated by the solar terminator (Kotake
et al., 2007), respectively. Auroral precipitation and/or periodic polar cap flow may con-
tribute to the generation of MSTIDs. Daytime MSTIDs generated in the auroral region
are due to Joule heating and/or Lorentz force (Ishida et al., 2008). F-region MSTIDs
were found to have effects on SuperDARN E-region NREs (Hiyadutuje et al., 2022).

A recent study by Hiyadutuje et al. (2022) presented three events where F-region
TIDs partially modulated the E-region NREs caused by the GDI. They showed that the
TIDs may affect NREs (caused by GDI) via the polarization electric field mapped along
the magnetic field lines from F- to E-region at high latitudes. Ivarsen et al. (2023) ob-
served small-scale high-latitude density irregularities between the F- and F-regions, where
certain turbulent properties appear to be identical in the two altitude regions. The GDI
mechanism responsible for the NREs occurs when there is a density gradient and the elec-
tric field in a direction favorable to trigger the GDI (St.-Maurice & Nishitani, 2020; Hiyadu-
tuje et al., 2022). In this study, we present five case studies that show a correlation be-
tween the passing of TIDs/AGWs and NREs caused by both FBI and GDI. Based on
the understanding of the three cases discussed in Hiyadutuje et al. (2022) and five events
presented in this study, we extended the investigation to perform a long term (2010 - 2019)
survey of simultaneous occurrence of TIDs and NREs as observed by the Zhongshan HF
radar. In the absence of studies linking the effects of MSTIDs on the NREs caused by
the FBI, and the non-existence of a long-term study linking these phenomena, the sta-
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tistical study seeks to establish the quantitative relationship between TIDs and NREs
when any of the two instabilities is present.

2 Instrument and data
2.1 Zhongshan SuperDARN HF Radar

The SuperDARN HF radars form a network of 35 coherent scatter radars (Greenwald
et al., 1995; Chisham et al., 2007). For most of the radars, each radar’s Field Of View
(FOV) has 16 narrow beams, where each beam covers an azimuth angle of ~ 3.24° and
which makes up roughly 53° azimuth extent. They operate between 8 and 20 MHz and
all 16 beams are sounded within a dwell time of 3 or 7 s, every 1 or 2 minutes. Typically
each beam has 75 range gates/cells with a pulse length of 300 us so that one gate has
a length of 45 km with the lag to the first range gate of 1200 us corresponding to a dis-
tance of 180 km. Most radars have 1200 cells with a maximum range of about 3555 km
(Greenwald et al., 1995; Ogawa et al., 2002), but some radars have more beams and gates.

TIDs and NREs were observed using the Chinese SuperDARN HF radar Zhong-
shan (69.38°S, 76.38°E geographic coordinates) and (74.9°S, 97.2°E geomagnetic coor-
dinates) in Antarctica. The Zhongshan radar’s operating frequency was 10.25 MHz, which
means that irregularities of wavelength A =~ 14.6 m were observed. Figure 1 shows the
FOV of all radars in the southern hemisphere with the Zhongshan HF radar highlighted
in red. A set of cells/gates c1, c2 and ¢3 shows one example amongst many other sets
that have been used to estimate the MSTID parameters (He et al., 2004; Hiyadutuje et
al., 2022). Its beams are numbered clockwise from beam 0 to 15 as shown on the figure.

Figure 1. The Zhongshan SuperDARN radar’s FOV in red. A set of cells/gates c1, c2 and c3
indicated by three black stars shows an example amongst many other sets that have been used to
estimate the MSTID parameters (Hiyadutuje et al., 2022). Beams are numbered clockwise from 0
to 15 and beam 7 is in the middle.



239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

For SuperDARN radars to receive backscatter, the Bragg scatter condition of the
effective scatter volume containing the irregularities must be fulfilled. The radar’s ob-
servations are derived by considering the Doppler frequency shift of the HF signals re-
flected by the ionospheric irregularities. Their primary parameters are derived from a
number of lag Auto Correlation Functions (ACF) between sets of multiple pulses (Milan
& Lester, 2001). The backscatter power and spectral width are estimated from a Lorentzian
or Gaussian fit to the decorrelation of the ACF, and the line-of-sight Doppler velocity
is estimated from a least squares fit to the phase of the complex value of the ACF as a
function of lag. In this study, a Lorentzian fit is chosen. The Doppler velocity gives the
line-of-sight component of the ionospheric plasma convection where the irregularities are
embedded. Doppler velocity is determined from Doppler shifts obtained above 130 km
altitude, i.e., in the F-region where ions and electrons both move at nearly the ExB
drift. In the F-region, nonlinear effects make the large amplitude waves move at the thresh-
old speed. Only very narrow spectra can have Doppler shifts that correspond to equa-
tion (2). At 100 km or thereabout, ¥ starts to exceed 0.1 so that even though V; ~ (E
x B)/B? one should be aware of a Doppler shift slower than the plasma drift even for
very narrow spectra. For wider spectra, the Doppler shift is still slow.

The magnetic field conducts the electric field generated from different mechanisms
such as the magnetic reconnection and others at the Earth’s magnetopause and in mag-
netotail (Shepherd & Ruohoniemi, 2000) to the ionosphere. The ionospheric plasma drifts
in this electric field so that v = ExB/B? (Chisham et al., 2008; Haldoupis et al., 2000).
The electric field E is given by E = —V®, where ® is the polar cap electrostatic po-
tential (Shepherd & Ruohoniemi, 2000). Above 130 km altitude, the plasma (ions and
electrons) move at the E x B drift. Between 80 and 120 km, the electrons still follow
E x B drift, but not the ions.

For this study, the backscatter power, Doppler velocity, and spectral width data
are estimated by fitting the ACF (Ponomarenko et al., 2009), i.e., FITACF Version 2.5
routine through the radar software toolkit (RST) 4.3. Figure 2 shows the Range-Time-
Intensity (RTI) plots of backscatter power, Doppler velocity and spectral width of beam
15 of the Zhongshan HF radar for the events considered in this study. The horizontal
thick lines in Figure 2 in the far range gates indicate the middle range gate of three gates
that are averaged to show the MSTIDs. These three gates were chosen based on the range
gates that have few data gaps (by manually inspecting the RTI plots) for each event. We
average the data from these three gates to reduce any effect related to data gaps. These
TIDs were moving at an altitude of ~200 - ~300 km based on the ray tracing at the time
when they were visible in the radar’s FOV. The generation altitude could be different
from ~200 - ~300 km. We show in the next section that these TIDs were medium scale.
Note that the average of the data from different gates of the same beam does not affect
the estimated periods of MSTIDs (He et al., 2004). Horizontal rectangles in the near ranges
of the plots indicate the NREs below ~ 315 km range. Along a particular beam direc-
tion, the averaged data of three consecutive range gates representing the MSTIDs are
used to compute the Spearman correlation coefficients between MSTIDs and NREs rep-
resented by one of four near range gates. Examples of the Spearman correlation coef-
ficient estimation are provided in section 3.

2.2 Data

Figure 2 (A) shows ionospheric backscatter of beam 15 of the first event illustrat-
ing the MSTIDs with forward slopes on 04 October 2011 between 07:00 and 12:00 UT.
The forward slopes indicate that MSTIDs were moving away from the radar. The top
sub-panel of Figure 2 (A) shows the backscatter power in the range 0 - ~70 dB, where
very strong echoes of around ~70 dB are observed in the near range gates between 07:00
and 09:00 UT. The middle sub-panel of Figure 2 (A) shows the Doppler velocity. For most
of the time it was negative to indicate that the ionospheric plasma was moving away from
the radar. In the near range gates, within the second, third and fourth gates, from 07:00
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and 10:45 UT there are echoes moving away from the radar with Doppler velocity > ~400
m/s. The first gate shows that the magnitude of the ionospheric plasma velocity pro-
jected along beam 15 was sometimes < ~200 m/s in the direction away from the radar.
The bottom sub-panel shows the spectral width in the range between 0 and ~180 m/s.

Figure 2 (B) shows the second event where the MSTIDs were again moving away
from the radar in the far range gates and NREs in the near range gates on 03 January
2012 between 10:00 and 14:30 UT. All backscatter received by gates 0 - 45 are ionospheric,
but some of the backscatter received by gates above 45 are ground/sea scatter (GS). The
GS is clearly seen in the middle and bottom sub-panels where the Doppler velocity in
grey is ~0 m/s and the spectral width in blue is < ~20 m/s. The top panel shows the
backscatter power between 0 and 40 dB. The second sub-panel shows the Doppler ve-
locity also with the ionospheric plasma moving away from the radar with magnitude in
the range between ~100 and ~1000 m/s. Most of the NREs were moving at 400 - 500
m/s. The spectral width was between 0 and ~ 150 m/s.

Figure 2 (C) shows the MSTIDs with backward slopes indicating that MSTIDs were
moving toward the radar. It also shows the NREs of the same beam 15 on 29 February
2012 between 00:00 and 05:00 UT. The top sub-plot shows the ionospheric backscatter
(below gates 30) and ground backscatter (between gate 30 and 40 from 00:00 to 02:00
UT) power between 0 and ~40 dB. The second sub-panel shows that the Doppler ve-
locity of the ionospheric plasma projected along beam 15 was between 0 and 800 m/s
toward the radar. We focus on the NREs in the rectangle block, and we see that there
was a time where the velocity was below ~200 m/s and > ~400 m/s. The bottom sub-
panel shows that the spectral width was between ~90 and ~250 m/s for most of the time,
but there are also some cases where the width was below ~ 90 m/s during this time.

Figure 2 (D) shows the MSTIDs also moving toward the radar and NREs of the
beam 15. The top sub-panel indicates that the ionospheric backscatter (below gate 40)
and ground backscatter (between gate 40 and 60) power is between 0 and ~30 dB. Very
strong echoes of around 30 dB appear mostly in the near range gates. The Doppler ve-
locity shown by its middle sub-panel was moving away and toward the radar when look-
ing into different gates in the near range. The magnitude of the velocity was between
0 and ~ 1300 m/s. The highest velocity is observed in the far range gates. The near range
gates show that most line-of-sight velocities were below ~300 m/s, but sometimes they
were between ~ 300 and ~500 m/s.

The last event shown in Figure 2 (E) shows the MSTIDs moving away from the
radar and NREs both received by beam 15. The top sub-panel shows the ionospheric backscat-
ter power with the magnitude between 0 and ~40 dB. Most of the strongest echoes are
observed in MSTIDs signatures. The middle sub-panel shows the Doppler velocity of the
ionospheric plasma moving away from the radar with a magnitude between 0 and ~1000
m/s. The echoes with high velocity were observed in the MSTIDs signature. The NREs
had a velocity between ~375 and ~500 m/s. The bottom sub-panel shows that the spec-
tral width was between 0 and ~60 m/s, but for very few cases, the magnitude of the spec-
tral width was > ~100 m/s.

We rename the events on 04 October 2011, 03 January 2012, 29 February 2012, 28
March 2012, and 16 December 2012 as ZA, ZB, ZC, ZD, and ZE, respectively. The dis-
turbance storm time (Dst), auroral electrojet (AE) and Kp indices are used to investi-
gate the magnetic conditions during the occurrence of the MSTIDs-NREs events. For
ZA, 7B, 7ZC, ZD, and ZE minimum Dst, maximum AE and Kp were -22, -35, -35, -56,
and -16 n'T, 479, 514, 414, 709, and 445 nT, and 1~ -1, 17 - 17,37 - 3%, 47 - 57, and
27 - 2% respectively. The AE, Dst, SYM, ASY and Kp indices show that substorms took
place during all events, and there were minor/weak storms during the ZB - ZD events
(Loewe & Prolss, 1997). A substorm onset is identified when the ASY-D or ASY-H in-
dex is > 20 nT within 30 min and AE index is > 300 nT within 10 min (Iyemori & Rao,
1996). See some plots showing the evidence of storms and substorms in the supporting
document, section II.
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Figure 2. Range-Time-Intensity plots of TIDs and NREs backscatter power, Doppler veloc-
ity and spectral width of beam 15 of the Zhongshan HF radar for (A) 07:00 - 12:00 UT on 04

October 2011, (B) 10:00 - 14:30 UT on 03 January 2012, (C) 00:00 - 05:00 UT on 29 February
2012, (D) 00:00 - 03:00 UT on 28 March 2012, and (E) 11:15 - 14:30 UT on 16 December 2012.
The selected gates for TIDs to estimate the Spearman correlation coefficients are shown by the

horizontal black lines while the NREs are in the rectangles of each figure.



Power, velocity and spectral width of NREs on 04 October 2011 (Zhongshan radar)
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Power, velocity and spectral width of NREs on 16 December 2012 (Zhongshan radar)
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Power, velocity and spectral width of NREs on 28 March 2012 (Zhongshan radar)
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NREs backscatter power, Doppler velocity and spectral width of odd beam num-
bers of the Zhongshan HF radar from: (A) 07:00 - 12:00 UT on 04 October 2011, (B) 10:00 -
14:30 UT on 03 January 2012, (C) 00:00 - 04:00 UT on 29 February 2012, (D) 00:00 - 03:00 UT
on 28 March 2012, and (E) 11:15 - 14:30 UT on 16 December 2012. Gate 0, 1, 2, and 3 is located
at 180, 225, 270, and 315 km slant range, respectively.
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346 Figure 3 illustrates the NREs of the odd beam numbers for ZA, ZB, ZC, ZD, and

347 ZE in five panels. We show the plots of the odd beam numbers only. The results are not
38 different from those of even beam numbers. Beam 1 starts at the top while beam 15 is

349 at the bottom of each panel. There are sub-panels showing the backscatter power (left),
350 Doppler velocity (middle), and spectral width (right) in each panel of the figure. Start-
351 ing from the ZA event in Figure 3 (A), there is an increase of the backscatter power mov-
352 ing across the radar’s FOV. This increase is clearly seen from beam 1 where it lasted for
353 a few minutes to beam 15 where the increase in backscatter lasted for almost four hours.
354 We note that in these beams, some gates received backscatter power of order ~60 dB.

355 The middle sub-panel shows the Doppler velocity in the range between -800 m/s and 500
356 m/s. This velocity is found in all beams, but the bottom beams (15, 13, 11, and 9) show
357 that these high Doppler velocities lasted for longer (from 03:30 to 04:00 UT) compared
358 to the beams at the top (7, 5, 3, and 1), where the high velocity lasted between 03:30

359 and 04:40 UT. By visual inspection, we can say that the echoes with high velocity cor-
360 respond to the strong backscatter power on the left-hand side sub-panel. The right-hand

361 side sub-panel shows the spectral width, whereby in most of the beams it was less than
362 200 m/s.

363 Figure 3 (B) shows the next event, ZB. This event has a lot of data gaps, especially
364 in beams 1 - 5. The enhancement of the backscatter power (left-hand side) is mostly seen
365 for a long time in the second and third gates, i.e., at 225 and 270 km ranges of beams

366 9 - 15. However, the enhancement is also seen in the other beams for a short time de-

367 pending on the considered range gate. The middle side sub-panel shows the Doppler ve-
368 locity in the range between ~-600 to ~100 m/s. Most of the velocities were between ~-

369 600 and ~-400 m/s (indicated by the blue colour). Again, the spectral width was less
370 than ~200 m/s.

s The first sub-panel of Figure 3 (C) (the left-hand side) shows the backscatter power
372 during the event ZC. From 00:00 to 03:00 UT there is enhancement of power in gates

373 2 and 3 of beams 1 - 7. Beams 9 - 13 show the enhancement of backscatter power in three
374 gates, i.e., 1 - 3. For beam 15, the power enhancement is seen in its gates 1 - 2. From

375 around 00:00 to 04:00 UT, there is a sharp backscatter enhancement in all beams reach-
376 ing ~60 dB. This sharp enhancement is also seen in the Doppler velocity (middle sub-

377 panel), where the maximum velocity reached ~750 m/s. There is an increase of the Doppler
378 velocity that moves across the beams of Zhongshan HF radar before 03:00 UT. For most
379 of the cases, the spectral width was < ~200 m/s, but there were some occasional cases

380 where the width was > ~300 m/s.

381 Figure 3 (D) shows the fourth event (ZD) between 00:00 and 03:00 UT. The left-

382 hand sub-panel shows that the backscatter power enhancement was moving across the

383 near range FOV of the radar from beam 15 toward beam 1. The power increase > ~20

384 dB is seen in the second (225 km), third (270 km) and fourth (315 km) gates of beams
385 15, 13, and 11. The same power of > ~20 dB were also observed by the third and fourth

386 gates of beams 9, 7, and 5. Also the fourth gate of beam 3 received the backscatter power
387 > ~20 dB between 02:00 and 03:00 UT. The Doppler velocity was between -300 and 800
388 m/s. The positive velocity (green, yellow and red colour pattern) is observed in the gates
389 and beams where the backscatter enhancement is observed at exactly the same time. The
390 Doppler velocity is negative (blue) at the time and gates where the backscatter power

301 is less than ~20 dB. The left-hand side sub-panel shows the spectral width that is wider
302 (> ~200 m/s) where the backscatter is enhanced and it is narrow (< ~100 m/s) where
303 the backscatter is strong.

304 Event ZE is shown in Figure 3 (E). From the figure’s bottom left-hand side sub-

305 panel, beams 15, 13, 11, and 9 had enhanced backscatter power > ~20 dB within their

306 gates 1 (225 km range), 2 (270 km range), and 3 (315 km range). Beam 7 shows that

307 most of the backscatter power was less than ~20 dB. Beams 5, 3, and 1 have some data
308 points showing the backscatter of less than ~20 dB for most of the time between around
399 11:15 and 12:00 UT. The Doppler velocity varying between ~-500 and ~300 m/s is shown
400 in the middle sub-panel. The velocity is high (between ~-500 and ~-400 m/s) and low
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(~-300 and ~300 m/s) where the backscatter is strong (> ~15 dB) and weak (< ~15
dB), respectively. As we have seen from the other events, the spectral width presented
in the right-hand side was narrow (< ~100 m/s)/wide (> ~100 m/s) where the mag-
nitude of the Doppler velocity is high/low, respectively. Narrow spectra indicate that
weak turbulence might have taken place and if the aspect angle was large in those cases,
it could just be that the modes were observed in their decaying stage.

For all beams in all events, for most of the time for gate 0 (180 km range), the backscat-
ter power, Doppler velocity and spectral width is always < ~20 dB, < ~300 m/s, and
< ~200 m/s, respectively. Other near range gates (1 - 3) show that the backscatter power,
Doppler velocity and spectral width was > ~20 dB, > ~300 m/s and < ~100 m/s, re-
spectively. The SuperDARN data initially have a time resolution of 2 min, sometimes
with data gaps. For further analysis a third-degree polynomial fitting is used to popu-
late the data gaps (Van Camp & Vauterin, 2005; Kaminskyi et al., 2018).

The magnitude of the Doppler velocity ~400 m/s is an indication that FBI was also
involved in the generation of the NREs. Previously, St.-Maurice and Nishitani (2020)
suggested that in order to get the FBI-NRESs, the electric field has to be of the order >
~40 mV/m. To verify this condition, we plotted the electric field derived from the Su-
perDARN HF radar network (Ruohoniemi & Baker, 1998; Shepherd & Ruohoniemi, 2000)
and found that sometimes the electric field was indeed greater than 40 mV /m.

Figure 4 shows the electric field (E) above two different locations with geomagnetic
coordinates (-77.0°, 104.0°, dashed blue lines) (referred to as the near range) and (-80.0°,
128.0°, dashed green lines) taken as the far ranges. It also shows the Doppler velocity
of NREs (red) received by range gate 0 of beam 15 (vel015) at (-76.2°, 101.1°) and (black)
received by range gate 2 of beam 15 (vel215) at (-76.9°, 104.2°) of the Zhongshan HF
radar for the events ZA (panel A), ZB (panel B), ZC (panel C), ZD (panel D), and ZE
(panel E). Panel (A) shows the electric field and Doppler velocity of the event ZA. Most
of the time the total E above the near range (blue) was between ~20 and ~38 mV/m,
and sometimes reaching ~40 mV/m between 11:00 and 12:00 UT. The Doppler veloc-
ity fluctuation varied between ~-600 and ~200 m/s for range gate 0 (red) and ~-750 and
~0 m/s for range gate 2 (black). Most of the time the velocity of range gate 0 was fluc-
tuating around ~-200 and ~200 m/s. Panel (B) shows the electric field and backscat-
ter power of the event ZB. Above the near range (blue), the electric field E was mostly
< ~30 mV/m, but at the location above the far range (green) E was > ~30 mV/m and
sometimes reaching 40 mV/m at around 12:15 UT. The Doppler velocity for range gate
0 (red) was fluctuating between ~-500 and ~0 m/s between 10:00 and 11:00 UT. There
were some data gaps for the rest of the time of this event. The black line shows that the
Doppler velocity derived from range gate 2 was fluctuating between ~-600 and ~-400
m/s, but sometimes reaching above ~-200 m/s. Panel (C) shows the electric field fluc-
tuation and Doppler velocity of the event ZC. Above the near range (blue) E was fluc-
tuating between ~10 and ~30 mV/m. The E above the far range (green) was between
~25 and ~50 mV/m. From 00:00 to around 03:30, the velocity of range gate 0 (red) in
most cases was between ~-100 and ~60 m/s but the velocity of range gate 2 (black) shows
an increasing trend from around ~60 to ~540 m/s. Panel (D) of the figure shows the
electric field and Doppler velocity for the event ZD. Above the near range (blue) E was
between 0 and ~30 mV/m. The E above the far range (green) had a decreasing fluctu-
ating trend from ~70 to ~40 mV/m between 00:00 and 01:40 UT. From 01:40 to 02:20
UT, the electric field reduced to ~10 mV/m and then increased again to ~50 mV/m at
around 03:00 UT. Similar to the velocities from the events above, v215 (black) is gen-
erally greater than v015 (red). Panel (E) shows the electric field and Doppler velocity
of the event ZE. The E above the near range (blue) was fluctuating between ~10 and
~30 mV/m. An increasing fluctuation from ~20 to ~ 40 mV/m was observed above the
far range (green). The Doppler velocity from gate 0 (red) was between ~-110 and ~120
m/s, but generally there was a very big data gap. Velocity of range gate 2 (black) as usual
is higher than the velocity of range gate 0 (red). It was fluctuating between ~-570 and
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455 ~-340 m/s. For all these five cases, the electric field was stronger above the far range
456 (green) than the electric field above the near range (blue) of beam 15 of the radar.
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Figure 4. Total electric field (E) and NREs Doppler velocity of range gates 0 (vel015 at -

76.2°, 101.1°) and 2 (vel215 at -76.9°, 104.2°) of beam 15 of the Zhongshan HF radar on 04
October 2011 (07:00 - 12:00 UT) (panel A), 03 January 2012 (10:00 - 14:30 UT) (panel B), 29
February 2012 (00:00 - 04:00 UT) (panel C), 28 March 2012 (00:00 - 03:00 UT) (panel D), and
16 December 2012 (11:15 - 14:30 UT) (panel E). Electric field at (-77.0°, 104.2°) in dashed blue
and (-80.0°, 128.0°) dashed green corresponds to the geomagnetic location of near range gate 2
(-76.9°, 104.2°) and far range gate 19 (-80.6°, 128.6°) of beam 15, respectively.
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A strong electric field in gate 2 does not necessarily mean a large Doppler shift in
the same gate. There can be more than one reason for this. one is a matter of direction:
the look direction might be well away from the E x B drift direction. Another reason
is the refraction: whenever range gate comes from the upper altitudes, the chances to
catch a large Doppler shift increase. We can see that the Doppler shift in gate 0 rarely
becomes large and the data is more uncertain. It confirms the fact that range gate 0 has
data from lower altitudes and larger aspect angles, both of which trigger smaller Doppler
shift, irrespective of the ambient electric field strength.

3 Method and results
3.1 Characteristics of MSTIDs

The Fast Fourier Transform (FFT) cross-spectral analysis algorithm developed by
He et al. (2004) was used to obtain the TID characteristics. We assume that MSTIDs
travel in the x-y plane with x axis passing through the middle beam (beam 7) (see Fig-
ure 1). Multiple sets of 3 cells/gates (see Figure 1) from different beams of the Zhong-
shan HF radar are used to estimate the wavenumber along x (k;) and y (k,) directions.
The process is repeated for all cells that recorded the MSTIDs and the dominant com-
ponent of wavenumbers (k) and (k,) are selected. The resultant wavenumber k is es-

timated (He et al., 2004):
k= /k2+ k2. (6)

From k, and k,, we estimated the azimuth angle using:

Az =ran (). 7)

The geographic azimuth angle is obtained by considering the boresight direction of the
Zhongshan HF radar, which is 72.5°. We estimate the MSTIDs periods (T") using FFT
package from the scipy module in python and the period for each event. The wavelength
A is estimated using:

27
A= 8
. (5)
We estimate the phase velocity v using:
A

Finally, we estimate the TID vertical oscillation S using (Francis, 1974; Hiyadutuje et
al., 2022):
5="1. (10)

w

Table 1 shows the MSTIDs characteristics for all five events. Periods, propagation az-
imuth angles, wavelengths, phase velocities, and S were 32 - 60 min, 105.2 - 285.1°, 385.1

- 629.2 km, and 107.2 - 200.6 m/s, 61.3 - 100.1 km respectively. Indeed, these charac-
teristics indicate that we observed MSTIDs. These characteristics are in line with other
studies. Their periods, wavelengths, and velocities were between ~20 and ~ 80 min, ~100
and ~800 km, ~40 and 400 m/s, respectively (Samson et al., 1990; Bristow & Green-
wald, 1997; Hall et al., 1999; He et al., 2004; Ishida et al., 2008; Ogawa et al., 2009; Suzuki
et al., 2009; Vlasov et al., 2011; Grocott et al., 2013; Frissell et al., 2014; Liu et al., 2019).

3.2 Correlation between MSTIDs and NREs

To find the relationship between MSTIDs and NREs in this study, we compute the
crosss correlation between their respective backscatter power. For MSTIDs dataset, we
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Table 1. The MSTIDs periods, wavenumber, geographic azimuth angle, wavelength and phase

velocity

| Parameters | 04/10/2011 | 03/01/2012 | 29/02/2012 | 28/03/2012 | 16/12/2012 |
| Period (min) | 50 \ 60 \ 40 \ 60 \ 32 |
| kx (/m) [ 10.0x107% | 54x 107% | 11.0x 1076 | 14.7x 107% | 13.8x 1076 |
ky (/m) | 6.5x 1076 | 84x107¢ | 6.9x 1075 | 7.0x 107¢ | 8.7x 1076 |
k (/m) | 11.9x 107% | 10.0x 1075 | 13.0x 107¢ | 16.3x 107¢ | 16.3x 1076 |

|
|
| Az(°) | 1060 | 1483 | 2851 | 2785 | 1052 |
| A(km) | 528 | 6292 | 4839 | 389 | 38.1 |
| v(m/s) | 1756 | 1748 | 2016 | 107.2 | 2006 |
| S(km) | 88 | 1001 | 770 | 6L4 | 613 |

Table 2. The Cross Correlation Coefficient, time lag, Spearman correlation coefficient, per-
centage of the Spearman correlation coefficient, and p-values between NREs (GDI-FBI) and
MSTIDs

Event ‘ NREs gate ‘ MSTIDs gates ‘ Correlation ‘ Time lag (min) ‘ SCC

percentage ‘ p-value

| | |
| ZA | 0 | 16-18 | -0570 | 25 0474 | ~225% | 0.000 |
| ZA | 1 | 16-18 | -0.590 | 25 | -0.413 | ~17.1% | 0.000 |
| ZB | 0 | 19-21 | -0225 | 20 -0.240 | ~5.8% | 0.008 |
| ZB | 3 | 19-21 | -038 | 20 | -0.335 | ~11.2% | 0.000 |
| zC | 0 | 19-21 | 0260 | 20 | 0334 | ~11.1% | 0.000 |
| zC | 3 | 19-21 | -0370 | 20 -0.353 | ~125% | 0.000 |
| ZD | 2 | 19-21 | -0350 | 20 | -0.307 | ~9.4% | 0.028 |
| ZE | 2 | 15-17 | 0480 | 15 | 0475 | ~22.6% | 0.000 |

use the average backscatter power in dB of three far range cells/gates, i.e., the power re-
ceived when MSTIDs pass over those 3 cells, to reduce the data gap effects in each gate.
For NREs dataset, we use a single near range cell/gate of the same beam of the Zhong-
shan radar.

We calculate the Spearman correlation coefficient between MSTIDs and NREs (Zou
et al., 2003; Wilks, 2011; Rauf et al., 2019). The Spearman correlation coefficient is the
Pearson correlation calculated by considering the rank of the data, hence the Spearman
correlation coefficient is not affected by the outliers (Zou et al., 2003; Wilks, 2011; Rauf
et al., 2019). The Pearson correlation coefficient is given by (CovnrEes,r1ps))/(SNREsSTIDS),
where C'ov and S represent covariance and standard deviation, respectively. Apart from
the Spearman correlation coefficient, the Linear Regression Correlation Coefficient (LRCC)
was also computed. We compute the F-statistics (P-values) to test the statistical signif-
icance of the correlation coefficient. We reject the null hypothesis when P-value for the
correlation coefficient is less than 5% (o < 5% is the significance level). In this case, we
consider this correlation coefficient to be statistically significant with a 95% confidence
level (Rauf et al., 2019; Ware et al., 2019).
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511 Correlations in the range of [£0.00 £0.19], [+0.20 £0.39], [£0.40 £0.59],[+0.60 £0.79],[£0.80

512 +1.00] are very weak, weak, moderate, strong and very strong, respectively (Rauf et al.,
513 2019). To investigate the relationship between MSTIDs and NREs, we use the square

514 of the correlation coefficient. The square of the correlation coefficients in percentage, i.e.,
515 [0 3.61], [4 15.21], [16 34.81], [36 62.41], [64 100], respectively indicate the range of per-
516 centages by which the parameters of one variable could be statistically explained by the

517 parameters of the other (Rauf et al., 2019).

518 3.2.1 MSTIDs effects on the FAIR and HAIR (NREs) echoes

519 Assuming, the elevation angle of the returned signals to be ~30°, we estimated the
520 virtual height (Ponomarenko et al., 2015) of gates 0 - 3 to be ~93 - 163 km, respectively.
521 The time shift between the MSTIDs (horizontal black line in Figure 2) and NREs was

522 estimated to be ~25, ~20, ~20, ~20, and ~15 min for ZA, ZB, ZC, ZD and ZE, respec-
523 tively. Adjusting for the time shift first, we performed the Cross Correlation and Spear-

504 man correlation coefficient between the backscatter power of NREs and the average backscat-
525 ter power of three far range gates for MSTIDs. Figure 5 shows scatter plots estimated

526 based on the rank of TIDs backscatter power and NREs backscatter power. Inserted in

527 each figure are the Spearman correlation coefficient, LRCC, and p-values on 04 Octo-

528 ber 2011 between 07:00 and 12:00 UT (event ZA) for gate 0 (NREs) and gates 16 - 18

520 (MSTIDs) (A) and for gate 1 (NREs) and gates 16 - 18 (MSTIDs) (B) of beam 15 of the
530 Zhongshan radar. The p-values of 0.000 - 0.050 (see Figure 5 and Table 2) indicate that
531 the correlation coefficients were statistically significant with a 95% confidence level. The
532 Spearman correlation coefficient values of -0.474 and -0.413 in (A) and (B) indicate that
533 ~22.5% and ~17.1% of the NREs power can be statistically explained by the variation
534 of the TIDs backscatter power. In (A) and (B) NREs power was received by gates 0 and
535 1 (both from beam 15) while TIDs backscatter power came from gates 16 - 18, respec-

536 tively. Additional figures are found in the supporting document (section I). Table 2 shows
537 the cross correlation coefficient, time lag, Spearman correlation coefficients, percentage
538 derived from the Spearman correlation coefficients and p-values. It shows both negative
539 and positive Spearman correlation coefficients, but in most cases, the Spearman corre-
540 lation coefficient was negative.

Gate 0 (NREs) and gates 16-18 (TIDs) on 04 October 2011, 07:00-12:00 UT Gate 1 (NREs) and gates 16-18 (TIDs) on 04 October 2011, 07:00-12:00 UT

A) 50

m—SCC: -0.474, LRCC: -0.537 and p-value: 0.000 m—SCC: -0.413, LRCC: -0.394 and p-value: 0.000

40
40

w
=]

Power (dB) of TIDs
~
S

Power (dB) of TIDs

10

0 10 20 30 40 50 0 10 20 30 40 50
Power (dB) of NREs Power (dB) of NREs

Figure 5. The Spearman correlation coefficients, LRCC, and p-values of range gate 0 (A) and
gate (1) (B) backscatter power (NREs) and range gates 16 - 18 backscatter power (MSTIDs) at
07:00 - 12:00 UT on 04 October 2011 (event ZA).
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These values agree well with the recent study presented by Hiyadutuje et al. (2022),
where they found that there was a partial modulation of NREs backscatter power (caused
by GDI) by the MSTID polarization electric field of about ~10%. Sun et al. (2015) and
Otsuka et al. (2009) found the air glow intensity perturbation of 25% and 30% were due
to the MSTIDs polarization electric field. In addition to three events reported in Hiyadutuje
et al. (2022), we have analyzed another five cases where we have found a weak to mod-
erate correlation between MSTIDs and NREs characterized by both GDI and FBI.

The issue that arises from this analysis is the need to understand and establish the
occurrence rate of these events on a long term and whether they exhibit some seasonal
dependence. We also perform a statistical study of the Spearman correlation coefficients
and p-values for all 1074 events between 2010 and 2019. In the next section, we provide
more details on this. Figures 1 - 6 of the supporting document are similar to Figure 5
but for the different events.

3.3 Statistical analysis of MSTID-NRE events
3.3.1 Occurrence of MSTID-NRE events

NREs appear almost all the time (Ponomarenko et al., 2016), but MSTIDs occur
occasionally depending on the topographic conditions and other sources of energy in the
ionosphere (Hocke et al., 1996; Tsugawa et al., 2007). We investigated the simultane-
ous occurrence of MSTID-NRE events. All together we found 1074 events observed by
the Zhongshan HF radar from 2010 to 2019. Only events that lasted for at least an hour
were analyzed since the NREs in the current study have at least a duration of an hour
(Ponomarenko et al., 2016; St.-Maurice & Nishitani, 2020; Hiyadutuje et al., 2022). The
summary of the 1074 events recorded between 2010 - 2019 is presented in Figure 6. Fig-
ure 6 (A) shows the number of events grouped based on their duration in hourly bins.
About 61.4% of the events lasted between 4 and 8 hours. About 12.0% lasted for less
than 4 hours and ~26.6% lasted for more than 8 hours.

Figure 6 (B) presents the starting time of each event in UT along the abscissa axis
and LT (at the top of the plot). The duration in hourly bins is presented along y-axis.
Around 67.6% of events started in the time interval from the afternoon (15:00 LT) to
midnight (around 24:00 LT).

Figure 6 (C) shows the distribution of the 1074 events grouped by month from 2010
to 2019. The normalized number of events in each month is estimated by dividing the
total number of the events in each month with the total number of events observed be-
tween 15:00 and 24:00 UT (509 ~ 47.4% of all events). This normalization doesn’t change
the seasonal variability trend of the MSTIDs-NREs events compared to when presented
using the total number of events in each month. Each year can be divided into three sea-
sons (Kotake et al., 2007), i.e., summer (November - February), equinoxes (March - April
and September - October) and winter (May - August) in the southern hemisphere. Among
1074 events, there are 40.5% events in summer, ~38.1% during the equinox and ~21.4%
in winter. This figure shows that the majority occurred in summer or equinox with the
peak in November while the minority occurred in winter with the low in June.

Figure 6 (D) shows the yearly occurrence number for the joint MSTIDs-NRE events
and sunspot numbers. From 2010 to 2013 there were some days by which the radar didn’t
receive data. The reason of the missing data is not known. The majority of the events
(> 89.1%) occurred between 2014 and 2019. During this time the radar did not have many
data gaps. From 2014 to 2019 when the solar activity was declining, the MSTIDs-NREs
events were increasing. About 73.9% of all events took place during geomagnetic quiet
time and about 26.1% occurred during geomagnetic storms.
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Figure 6. Simultaneous occurrence of MSTIDs and NREs between 2010 and 2019. Panel (A)
groups the events based on their duration, panel (B) shows all 1074 events starting time in UT
and LT and the duration of each event on the y-axis. Panel (C) shows the normalized number of
events from January to December of the 9 years (2010 - 2019). Panel (D) shows the number of

events and the mean sunspot number (red) recorded every year.

3.3.2 Statistical analysis of the Spearman correlation coefficient values
between MSTIDs and NREs

The Spearman correlation coefficients and p-values are estimated for 1074 events.
MSTIDs were observed within the far range gates (average backscatter power of gates
16 - 18) while the NREs observed by the near range gates (backscatter power of each of
4 gates, i.e., 0 - 3). For each event, we obtain 4 values corresponding to the number of
near range gates. In total, we found 4296 Spearman correlation coefficients and p-values
of which 77.3% had p-value of < 0.005 (accepted) and 23.7% had p-value of > 0.005 (re-
jected). We then perform the statistics of the accepted 3322 Spearman correlation co-
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efficient values where p-values indicate that there is a correlation between MSTIDs and
NREs.

Figure 7 shows the binned the Spearman correlation coefficient values based on the
five classes of the correlation (section 3.2). About 71.4%, 17.6%, 4.6%, 3.3%, and 3.1%
of the values are in very weak (blue), weak (black), moderate (red), strong (green), and
very strong (yellow) correlation category, respectively. The red dashed curve shows a sym-
metric normal distribution fitting of data where the mean (u) and standard deviation
(o) were 0.0 and 0.3, respectively. The value of y = 0 indicates that there are almost
equal number of negative and positive Spearman correlation coefficient values.

Those values could be caused by the relative velocity between the E-region NREs
and the F-region MSTIDs switching the electric field polarities between the crests and
the troughs (Kelley et al., 2023). Either positive or negative polarization electric field
is mapped down to the E-region to affect the NREs (Hiyadutuje et al., 2022). Another
reason of the negative and positive correlation may be associated with the electrons that
are magnetized and ions that are collisional in the F-region creating the ionospheric cur-
rent or electrojet that is in the opposite and same direction as that of MSTID polariza-
tion electric field, respectively. The westward zonal component of convection pattern at
lower altitudes of the high latitude southern hemisphere was found to be predominant
(Forsythe & Makarevich, 2017). The eastward/westward components of the MSTID po-
larization electric field would subtract/add to the background electric field to cause the
negative/positive correlation, respectively.

The standard deviation o of all values in all events is ~0.3. Its variance 02 = ~9%
represents the contribution of MSTIDs on NRESs because it is derived from the square
of the standard deviation of the Spearman correlation coefficient values. This MSTID’s
contribution to the NRE is in agreement with other previous studies which reported that
there could be a polarization electric field of ~10 - ~30% of the background electric field
due to the MSTID (Otsuka et al., 2007, 2009; Hiyadutuje et al., 2022).
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Figure 7. The Spearman correlation coefficient values between MSTIDs (average of backscat-
ter power received by gates 16 - 18) and NREs (gates 0 - 3) of 1074 events for 2010 - 2019.

However, the true cause of these negative and positive Spearman correlation co-
efficient is beyond the scope of this study and it needs more work.

4 Discussion

In this study, we show that the MSTIDs partially modulate the NREs caused by
FBI and GDI. We discuss the findings in this article by considering two ionospheric heights
where the MSTIDs can be observed based on the ray tracing plots.

Figures 13 - 17 in the supporting document show the ray tracing plots of beam 15
of the Zhongshan HF radar operating at 10 MHz of the events ZA - ZE. The ray trac-
ing plots show that backscatter is possible from the E-region at ~100 km altitude or from
the F-region at ~200 - ~300 km. Without angle of arrival data, we cannot determine
the altitude. It is possible that TIDs could travel lower in the E-region close to the NREs
altitude, in which case they would be considered as AGWs (Nygrén et al., 2015). Neu-
tral particles dominate in this region and the ion production and loss rates are too fast
to allow the propagation of the TID, i.e., compression and rarefaction of electron den-
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sity is not easily possible (Nygrén et al., 2015). When the ion-neutral collision frequency

is greater than kCy, FAIR echoes are likely to be detected in the near ranges of the radar.
St.-Maurice and Nishitani (2020) noted that AGWs may modulate the vertical scale height
L, of GDI which is the generation mechanism of the FAIR echoes. The AGWs would
move the plasma up and down through shear or compression (St.-Maurice & Nishitani,
2020). FBI responsible for the HAIR echoes will also be affected by the passing AGWs.

The effects of MSTIDs in the F-region on NREs caused by GDI in E-region were
discussed by Hiyadutuje et al. (2022). In this study, the meridional convection electric
field and zonal neutral wind were proposed to generate the GDI in the presence of the
plasma density gradient. To maintain divergence-free current continuity for the Peder-
sen current J in F-region, a periodic horizontal polarization electric field (Epr = [6%2,/Z,](E+
UxB)[k/|k|]) takes place within the MSTID wave. Figure 7 of Hiyadutuje et al. (2022)
shows the polarization electric field generated by a passing MSTID wave. The Peder-
sen current is given by J = X,(E + U x B), where X, is the F-region Pedersen con-
ductance, E is the electric field, U is the neutral wind and B is the magnetic field (Haldoupis
et al., 2003). For the current study, we estimated the ratios of the Pedersen conductiv-
ity perturbation to the background (6%,/%,) using an ionospheric conductivity model,
height profile (https://wdec.kugi.kyoto-u.ac.jp/ionocond/sigcal /index.html). We use MSTID’s
constant S of 84, 100, 77, 61, 61 km (see Table 1) for events ZA (10:00 UT), ZB (12:00
UT), ZC (02:00 UT), ZD (02:00 UT), and ZE (12:00 UT), respectively. Based on the ray
tracing, we assume that MSTIDs traveled at an altitude of 300 km (ZA, ZC, and ZD)
and 240 km (ZB and ZE). For all five events, we found that §%,/%, were 5 - 21%, which
are in the same range as the Spearman correlation coefficients of 6 - 23% estimated ear-
lier (see Table 2). The long-term statistical study shows that the mean and standard de-
viation of the Spearman correlation coefficient values is 0 and 0.3, respectively indicat-
ing that the positive and negative Spearman correlation coeflicient values where MSTIDs
partially affected NREs, i.e., by ~9%, are almost equal. These values agree well with the
previous studies (Otsuka et al., 2007, 2009; Hiyadutuje et al., 2022).

The FBI mechanism strongly depends on the relative drift between the ions and
electrons in the E-region of the high-latitudes. Equation (2) defining the plasma oscil-
lation frequency depends on equation (3) which shows that there is directly proportion-
ality between V4 and E. Equation (4) defining the growth rate of both instabilities show
that the FBI growth rate strongly depends on E. The partial modulation of the elec-
tric field will cause the FBI echoes, such as HAIR to be partially modulated by the MSTIDs
passing overhead in the F-region.

Electric field and Doppler velocity presented in Figure 4 illustrate that range gate
0 is most likely to receive FAIR echoes from around 100 km altitude while range gate
2 is populated by HAIR echoes from around 110 km altitude. For range gate 0, a 40 mV/m
E field would be required to observe decaying modes at 400 m/s. An E field of the or-
der of > 20 mV/m (~30 mV/m as shown in this study) is expected to observe HAIR
echoes in gate 2. Gate 1 would be populated by both FAIR and HAIR echoes between
100 and 110 km altitude while range gate 3 is most likely populated by HAIR echoes from
around 120 km altitude and above. Note that backscatter power, Doppler velocity and
spectral width of range gates 0 - 3 for the five events are presented in Figure 3.

A long term occurrence rate of the MSTIDs-NREs events (mainly depends on the
MSTIDs occurrence) is performed and compared with other previous studies. The re-
sults in this study agree with those presented by Galushko et al. (2016) using Total Elec-
tron Content (TEC) over the Antarctic Peninsula between April 2009 and June 2012.
They found that the winter peak of MSTID occurrence was observed at local noon time
in winter while the summer peak of the MSTID occurrence took place during nights and
mornings. Kotake et al. (2007) used month-hour bin of the MSTID occurrence over the
southern Califonia and found that during the equinoxes and winter the occurrence was
high in the morning (0600 - 1200 LT). The occurrence was also high during dusk (1700
- 2000 LT) and nighttime (2100 - 0300 LT) in summer.
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693 Nighttime MSTIDs may have been caused by the Perkins instability, which is in-

604 versely proportional to the solar activity (Otsuka et al., 2021). The statistics of MSTIDs-
695 NREs occurrence in this study mainly depends on the existence of the MSTIDs in Su-

696 perDARN data, i.e., when there were only NREs without MSTIDs, the events were not

697 counted. NREs occur almost all the time depending on different mechanisms such as the
698 meteor trails and turbulence associated with the auroral activity and particle precipi-

699 tation (Kirkwood & Nilsson, 2000; Ponomarenko et al., 2016). Figure 6 shows that the
700 majority of the events took place during summer and equinox at nighttime. The night-

701 time peak of the MSTIDs-NREs events during summer and equinox presented in Fig-
702 ure 6 (B) and (C) is explained by the linear growth rate of the Perkins instability (Perkins,
703 1973; Hamza, 1999) causing the nighttime MSTIDs (Otsuka et al., 2013; Tsuchiya et al.,

704 2019).

705 The MSTIDs polarization electric field is mapped along the magnetic field lines to
706 modulate NREs. Other studies suggested that the electric field from the Es layer insta-
707 bility in E-region would also be mapped to the F-region to modulate the Perkins insta-

708 bility during the night (Cosgrove, 2007; Atilaw et al., 2021). Our results also agree well
709 with the solar activity dependence of MSTIDs using Global Positioning Satellite (GPS)
710 receivers in Japan by Otsuka et al. (2021). For a period of 22 years observations, they

m found that the nighttime MSTID activity and occurrence rate increased with the decrease
2 of solar activity which may be explained by the Perkins instability theory. There exists

713 an inverse proportionality relationship between the Perkins instability linear growth rate
14 (vp) and the ion-neutral collision frequency (v;,) estimated along the magnetic field and
715 as a function of plasma density (Perkins, 1973). The v;, is directly proportional to the

716 neutral density (n), which increases with the solar activity increase, implying the anti-

7 correlation between yp and the solar activity.

718 The polarization electric field and the height-integrated Pedersen conductivity in

719 F-region (Otsuka et al., 2021) also could be playing a role in the anticorrelation between

720 MSTIDs-NREs and the solar activity. Martinis et al. (2010) pointed that vp is inversely
e proportional to the neutral density. Hazeyama et al. (2022) using the SuperDARN Hokkaido

e pair of radars found a negative correlation between the nighttime amplitude and the so-
3 lar EUV 10.7 cm radio flux known as F10.7 index, linking those MSTIDs with the lin-
724 ear growth rate of the Perkins instability. Although, we can’t conclude on the findings

725 between 2010 and 2013 due to the unavailability of enough data, we can conclude that

726 from 2014 to 2019 the occurrence rate of MSTIDs-NREs increased when the 24*" solar

77 cycle activity was decreasing (see Figure 6 D).

28 Different instruments were used to investigate the MSTIDs occurrence and found

720 the results that disagree with the current study. Ogawa et al. (1987) used Global Nav-

730 igation Satellite System (GNSS) satellites and differential-Doppler measurements of the
731 150 and 400 MHz beacon waves to study MSTIDs at Syowa station. They investigated

732 events between March 1985 and January 1986, where their results agree well with ours

733 for the geomagnetic condition dependence. However, they disagree on seasonal depen-

34 dence where the majority of MSTIDs occurred during winter (August) and minority in

735 summer (January). The reason for their results were associated with the detectability

736 of total electron content and the seasonal dependence of gravity wave activity in the high-
737 latitude middle atmosphere. There is a threshold value of the ambient electron density

738 (foF2) on which the acoustic gravity waves depend on (Ogawa et al., 1987).

739 Similarly, SuperDARN HF radar echoes depend on the aspect and/or Bragg scat-

740 ter conditions and the threshold of electron density. There is a threshold value of elec-

a1 tron density in F- and E-region required for backscatter echoes (Vickrey & Kelley, 1982;
2 Danskin et al., 2002). In a very dense E-region, conductivity enhancement may slow down

3 or prevent the F-region instabilities (Danskin et al., 2002). Note that Perkins instabil-
o ity (Perkins, 1973) takes place at night when the E-region conductivity is low. Some-

75 times, signals are absorbed in the D-region or over-refracted to higher altitude and never
746 return to the radar when F-region density is very low of < 10'! m~3 or very high of >
747 4 x 10" m=3, respectively (Danskin et al., 2002). Note that high-energy particle pre-
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cipitation at night can provide strong conductivity modulations in the E-region (Robinson
et al., 2021). HF radars such as SuperDARN, experience a loss of backscatter during ge-
omagnetic storms (Currie et al., 2016). This loss could explain the low number of events
between 2010 and 2014 when the sunspot number was increasing. This also means that
there is a good sensitivity for these HF radars during quiet time hence the increase num-
ber of events between 2014 and 2019.

5 Conclusions

In this paper, the effects of MSTIDs on NREs caused by the FBI and GDI during
their near simultaneous occurrence are presented. Five events showing both phenomena
are analyzed and discussed. We have also performed a climatology study of simultane-
ous MSTIDs-NREs occurrence and the statistics of the Spearman correlation coefficients
and p-values between 2010 and 2019. Statistically, we have computed:

e the Spearman correlation coefficient values to find a relationship between the MSTIDs
and NREs, the correlation coefficients are based on a relationship between the backscat-
ter power in MSTIDS and the backscatter power in NREs,

¢ the daily and seasonal occurrence of the joint MSTID-NRE events between 2010
and 2019, including their geomagnetic activity condition.

We have computed the Spearman correlation coefficient between the SuperDARN
HF radar’s backscatter power showing the MSTIDs and NREs driven by the FBI and/or
GDI. For the investigated gates of beam 15, we have found a negative and positive cor-
relation between MSTIDs backscatter power and NREs backscatter power based on a
long term statistical study of the Spearman correlation coefficient values from the more
robust Spearman rank correlation analysis, i.e., ~9% of the NREs backscatter power are
due to the MSTIDs. The correlation agrees well with previous studies that MSTIDs may
produce a polarization electric field of ~10 - 30% in the ionospheric F-region (Otsuka
et al., 2007; Kotake et al., 2007; Suzuki et al., 2009; Otsuka et al., 2009; Hiyadutuje et
al., 2022).

Daytime MSTIDs may have been generated by the AGWs, Joule heating and/or
Lorentz force while the nighttime MSTIDs can be generated by the electro-dynamical
forces such as the Perkins instability as previously discussed by other researchers (Perkins,
1973; Hamza, 1999; Cosgrove, 2007; Otsuka et al., 2021). MSTIDs during dusk were due
to the gravity waves caused by the solar terminator (Kotake et al., 2006, 2007). We have
chosen two ionospheric heights by which these waves could be traveling in the ionosphere
based on the SuperDARN ray tracing tool results. First, at ~100 km altitude, the dis-
turbances may be AGWs and would partially modulate NREs through shear or compres-
sion. Second, between ~180 and ~300 km these waves are MSTIDs and would partially
modulate NREs via the polarization electric field (Hiyadutuje et al., 2022).

This study also presents the occurrence rate analysis of concurrent MSTIDs and
NREs. From inspection of 9 years of data, we show that about 61.4% lasted for 4 - 8 hrs,
and 67.6% started in the local night. Most of the events (~40.5%) took place in sum-
mer, followed by ~38.1% in equinoxes while the minimum of ~21.4% took place in win-
ter. We also grouped 1074 events based on the geomagnetic conditions during their oc-
currence time as either quiet, i.e., Kp < 3 or disturbed, i.e., Kp > 4 (Galushko et al.,
1998). The majority of the events (~73.9%) took place during geomagnetic quiet con-
dition while ~26.1% took place during geomagnetic storms.

Since the majority of MSTIDs-NREs events took place during the nighttime, quiet
time condition, and in summer or equinoxes, the proposed mechanism associated with
MSTIDs in most of these events is the Perkins instability (Cosgrove, 2007). Other mech-
anisms such as gravity waves, solar terminator, auroral precipitation particles and/or pe-
riodic polar cap flow would have contributed to the MSTIDs occurrence, through Joule
heating and Lorentz forcing. NREs are attributed to the FBI and/or GDIL
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799 From the current study, one should consider the existence of the TID polarization

800 electric field when studying the E-region phenomena such as sporadic F-region and sodium
801 layers involving the electric field in their electrodynamics. There are still other points

802 from this study that need to be addressed in the future. Firstly, the physics behind the

803 negative and positive correlation between MSTIDs and NREs need to be clarified. Sec-

804 ondary, Doppler shift and other SuperDARN radar parameters of the two phenomena
805 could be investigated to understand better the link between MSTIDs and NREs. Lastly,
806 the long-term statistical study of MSTIDs-NREs can be extended to other SuperDARN
807 radars in both hemispheres.

408 Open Research

809 The processed SuperDARN data in yyyymmdd.txt format and list of events used

810 for the Zhongshan HF radar in the study are available at Mendeley Data via

811 https://doi.org/10.17632/9skd2fw4dyy.1 or https://data.mendeley.com/preview/9skd2fw4dyy
812 with the Creative Commons Attribution 4.0 International (CC BY 4.0) Licence that al-

813 lows you to share, copy, and modify this dataset (read the licence for more information),

814 note that you may be required to register in order to access the data (Hiyadutuje et al.,

815 2023). SuperDARN data should be acknowledged as indicated in the acknowledgements

816 section of this manuscript and the Principal Investigator(s) PI(s) of the used radar(s)

g7 should be concerted before using the data (https://www.unis.no/project/superdarn-radar/).

818 The Zhongshan SuperDARN raw data are available from the BAS SuperDARN data mir-
819 ror (https://ww w.bas.ac.uk/project/superdarn/#data). Alternatively, the data can be

820 found at https://data.meridianproject.ac.cn/. SuperDARN radar data at Zhongshan sta-
a1 tion belong to the Chinese Meridian Project (https://data.meridianproject.ac.cn/) and

822 Chinese National Polar Scientific Data Center (https://en.pric.org.cn/). The sunspot num-
823 bers data are downloaded from the National Oceanic and Atmospheric Administration

824 (Space Weather Prediction Center) via https://www.sidc.be/silso/datafiles. Magnetic

825 Indices Data were obtained through the Kyoto website: Kp index (https://wdc.kugi.kyoto-
826 u.ac.jp/kp/index.html) and Dst and AE indices (https://wdc.kugi.kyoto-u.ac.jp/dstae/index.html).
827 Pedersen conductivity used in this study was computed from the ionospheric conduc-

828 tivity model, height profile (https://wdc.kugi.kyoto-u.ac.jp/ionocond/exp/icexp.html).
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