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Observed by the Same SuperDARN HF Radar
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Abstract We present the first observations from SuperDARN HF radar data of E-region Near Range
Echoes (NREs) whose amplitudes are partially modulated by Medium-Scale Traveling Ionospheric
Disturbances (MSTIDs) propagating in the F-region overhead that have been observed by the same radar in
the far ranges. SuperDARN NREs occur normally ~180-315 km downrange from the radar at ~95-125 km
altitude. Selected observations of TID-modulated NREs are presented from SANAE and Zhongshan Antarctic
SuperDARN radars for both summer and winter seasons as well as geomagnetic active and quiet times. We
show that the most likely mechanism is partial modulation of the Gradient Drift Instability (GDI), which is
responsible for producing the NREs. GDI is driven by the velocity difference between neutrals and ions and
may appear in the E-region ionosphere wherever suitable plasma density gradients exist. GDI already present
in the E-region can be partially modulated by an MSTID passing overhead in the F-region via the additional
MSTID polarization electric field mapped down in altitude along the equipotential magnetic field lines, thereby
partially modulating the NRE amplitudes as observed.

1. Introduction

Atmospheric Gravity Waves (AGWs) carry significant momentum and energy throughout the Earth's atmosphere
(Francis, 1975; Fritts, 1984; Hunsucker, 1982) and may be observed in the upper atmosphere by the SuperD-
ARN global network of radars (Chisham et al., 2007; Oinats et al., 2015) as Traveling lonospheric Disturbances
(TIDs) through the interaction between the neutral and ionized components of the atmosphere. However, TIDs
may also be driven by ionospheric electric fields via the Perkins instability at nighttime (Y. Liu et al., 2019, and
reference therein). TIDs may be observed in the ionospheric F-region 30%-50% of the time (Francis, 1974).
TIDs are divided into two main classes: Large-Scale Traveling Ionospheric Disturbances (LSTIDs) with hori-
zontal wavelengths of >1,000 km, velocities of ~400-1,000 m/s, and periods of ~0.5-3 hr and Medium-Scale
Traveling Ionospheric Disturbances (MSTIDs) with horizontal wavelengths of hundreds of km, velocities of
~100-500 m/s, and periods of ~15-60 min (Grocott et al., 2013; Hayashi et al., 2010; He et al., 2004; Hocke &
Schlegel, 1996; Oinats et al., 2015). The many possible AGW/TID sources and their propagation modes have
been investigated (e.g., Hocke & Schlegel, 1996; He et al., 2004; Grocott et al., 2013). LSTIDs are generated in
the auroral or sub-auroral region as a result of Lorentz forces and Joule heating caused by the enhancement of the
auroral electrojets and/or intense precipitation of charged particles during geomagnetic storms (Ding et al., 2008;
Palmroth et al., 2005; Waldock & Jones, 1986). Storm-induced TIDs usually propagate equatorward from high
latitudes and sometimes cross the equator (Ding et al., 2008; Habarulema et al., 2015; Tsugawa et al., 2004).
MSTIDs are the most common at high latitudes, often caused by the auroral electrojets, and may propagate
horizontally, obliquely, or vertically in the ionosphere (Hocke & Schlegel, 1996). They may propagate from the
source either obliquely up to the F-region or initially downward and reach the F-region after the reflection from
the ground (Francis, 1974; Hernandez-Pajares et al., 2006). High-latitude MSTIDs have been observed propa-
gating equatorward (Grocott et al., 2013; Samson et al., 1990), westward (Samson et al., 1990), and poleward
(Habarulema et al., 2015). At southern high latitudes, the probability of medium-scale AGW observations was
highest in winter and lowest in summer months (Ogawa et al., 1987) but they may occur at any time.

SuperDARN is a global network of HF radars (Chisham et al., 2007; Greenwald et al., 1995) that normally
observe Bragg backscatter from magnetic field-aligned plasma irregularities (FAIs), which are common in the
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F-region ionosphere, for ray paths that satisfy the necessary aspect condition
(Ruohoniemi et al., 1989). SuperDARN radars also observe backscatter from

a) Y ’rvne °
B

the ground or sea surfaces due to HF refraction in the ionosphere. The Super-
DARN radars readily detect MSTIDs as wave-like perturbations in the backs-
catter (Chisham et al., 2007; Hunsucker, 1982; Miyoshi et al., 2018; Nishitani

et al., 2019), typically in the range of ~600-1,200 km. MSTIDs are either

observed in the ground/sea scatter echoes, which have Doppler velocities less
than +50 m/s with narrow spectral widths of <20 m/s (Grocott et al., 2013;
Nishitani et al., 2011), or in the ionospheric scatter echoes, typically with
Doppler velocities greater than +50 m/s and wide spectral widths of >50 m/s
(Grocott et al., 2013; Ponomarenko et al., 2009).

SuperDARN may observe E-region coherent echoes at ~95-125 km altitude
in the first few near range gates (0-3), typically 180-315 km downrange due
to its oblique sounding, called Near Range Echoes (NREs) (Hall et al., 1997;
Hussey et al., 2000; Jenkins & Jarvis, 1999; Ogawa et al., 2009). These may

have several sources. Intermittent meteor trails at ~80—120 km altitude cause

Figure 1. A cartoon showing how a plasma density disturbance in the NREs (Hall et al., 1997; Hussey et al., 2000; Jenkins & Jarvis, 1999). NREs
southern hemisphere may result in radar coherent backscatter via the Gradient ~ have been associated with Polar Mesospheric Summer Echoes (PMSEs) at
Drift Instability mechanism (adapted from Gillies (2012)). The magnetic field ~80-85 km altitude (e.g., Hosokawa et al., 2005; Ogunjobi et al., 2015, 2017).

(B) is out of the page. Panel (a) shows two stable layers with plasma densities
n, > n,. In the E-region, the ionospheric electric field will be approximately
parallel to the ion velocity (V,). In the F-region, due to convection, the

However, there is some doubt about this mechanism based on altitude obser-
vations (Ponomarenko et al., 2016) and because NREs are also observed in

ionospheric electric field will be approximately parallel to the plasma density the winter. The Polar Mesospheric Winter Echoes (PMWEs) phenomenon
gradient (Vn,). Panel (b) shows any wave-like perturbation on the plasma only occurs sporadically at ~50-85 km altitude (Kavanagh et al., 2006),
boundary, will result in a charge separation, and an oscillating polarization which corresponds to SuperDARN ranges less than the typical minimum
electric field (Ep). Ep drives a plasma drift (V) that grows the plasma (180 km). Another type of NRE is the High-Aspect Angle Irregularity

perturbation. Panel (c) shows the time development of the plasma perturbation,
cascading to shorter wavelengths. Panel (d) shows the coherent scatter by these

Regions (HAIR), which is related to the Farley-Buneman Instability (FBI)

plasma structures once the Bragg scatter condition is met. at an altitude of ~120 km for higher ionospheric electric fields (>40 mV/m)

(Drexler & St-Maurice, 2005; St.-Maurice & Nishitani, 2020) and so-named
because ray path orthogonality is not strictly required.

In addition, St.-Maurice and Nishitani (2020) found that SuperDARN NREs are associated with the Gradient
Drift Instability (GDI) at an altitude of ~100 + 3 km. These radar echoes were named Far-Aspect Angle Irreg-
ularity Regions (FAIR). GDI results from the presence of a plasma density gradient in a favorable direction
to allow GDI growth, which is driven by the neutral wind (U,) and ion drift (V,) (Makarevich, 2014; Sojka
etal., 1998; Y. Liu et al., 2019). In the ionosphere, GDI and NREs are closely linked with zonal neutral wind and
ion drift (equivalently meridional ionospheric convection electric field (E )) and plasma density gradients (Vn,)
(St.-Maurice & Nishitani, 2020), all of which occur routinely. If plasma convecting in the ionosphere encounters
a change in plasma density (equivalently conductivity), then the ions flow faster/slower in the region of higher/
lower conductivity. At the boundaries of the plasma irregularities, charges will build up because ions arrive faster
than they can depart or vice versa. The electrons are relatively unaffected because of their much lower collision
(v) to gyration (£2) frequency ratio. The charge imbalance at a plasma density boundary sets up a counter polari-
zation electric field, which then exerts its own E X B force on the plasma. With the correct geometry, the bound-
aries of the plasma irregularities become reinforced (i.e., steeper plasma density gradients), thereby enhancing
polarization electric field, thereby resulting in positive feedback and hence the GDI grows.

The SuperDARN backscatters associated with NREs are generated through a secondary process where the large-
scale gradient drift waves, of the order of 100 m, trigger secondary Farley-Buneman waves of the order of 10 m
(St.-Maurice & Nishitani, 2020; Tsunoda et al., 1994). This process occurs most efficiently at ~98 km altitude
(Tsunoda et al., 1994) and is the most efficient way in which the 1015 m plasma structures observed by Super-
DARN HF radars can be developed (St.-Maurice & Nishitani, 2020). Figure 1 demonstrates the GDI process that
leads to the observed NREs for southern hemisphere geometry. At high latitudes in the lower E-region (~100 km
altitude), the ions are unmagnetized due to collisions with the neutrals (i.e., v,, > Q,), so they tend to drift (V,)
in the electric field (E) direction, whereas the electrons are magnetized (i.e., v, < L), so they drift (V,) in the E
X B direction. Panel (a) shows two regions with different plasma densities (n) such that n; > n,. In the E-region,
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V, is approximately in the direction of E but the amplitude of V; depends on the plasma density. Panel (b) shows
that any random wave-like perturbation at the boundary will result in positive charges accumulating at a boundary
due to more ions arriving than departing and vice versa. Alternating polarization electric fields (E,) are set up,
creating Ep x B drifts (V,) as shown, which further enhance the boundary perturbation. Panel (c) shows the two
different plasma regions that penetrate one another as the instability grows, which break down into narrow finger-
like structures of shorter wavelength. Panel (d) shows that the finger-like structures of plasma density separate
and substructures of plasma irregularities will be created in all directions perpendicular to the magnetic field
(Gondarenko & Guzdar, 2001), which form a source of radar echoes when the Bragg scatter condition is met, that
is, 10—15 m for SuperDARN radars (Greenwald et al., 1995; Ponomarenko & Waters, 2006). These substructures
are effectively visible to radars from almost all directions (St.-Maurice & Nishitani, 2020) and therefore do not
have to be magnetic field-aligned. We note that in the F-region, where both electrons and ions are fully magnet-
ized, we require E quasi-parallel to Vn, (Y. Liu et al., 2019) so that V, remains quasi-perpendicular to Vn,. This
change in horizontal E-field direction gives the same geometry for GDI in the collision-less F-region as it does
for the collisional E-region.

SuperDARN HF radars observe the FAIR echoes caused by the GDI cascading to shorter wavelengths (St.-Mau-
rice & Nishitani, 2020). The GDIs are triggered when there is a strong enough plasma density gradient through
which the ions must drift, which may happen during auroral precipitation or in the presence of sporadic E-layers
(Es layers) (Kagan & Kelley, 1998; Kirkwood & Von Zahn, 1991). Sometimes, during geomagnetic storms and
auroral precipitation, both the GDI at ~100 km altitude (for FAIR echoes) and the FBI at ~125 km altitude (for
HAIR echoes) may occur simultaneously (St.-Maurice & Nishitani, 2020), potentially making clear identification
of each echo type difficult.

There is a strong electric field coupling between the ionospheric F and E regions because the magnetic field
is essentially equipotential and the distance is only a few 100 km (Farley Jr, 1960). Also, at high latitudes, the
magnetic field is near-vertical allowing for near-coincidence of E and F region phenomena in the horizontal direc-
tion. Numerous studies, mainly at midlatitudes, have shown electric field coupling between the E and F regions of
the ionosphere involving TIDs (e.g., Haldoupis et al., 2003; Kotake et al., 2007; Otsuka et al., 2004, 2007, 2009;
Tsunoda & Cosgrove, 2001; Y. Liu et al., 2019; Zhou et al., 2018). In addition, multiple midlatitude studies
have shown that TIDs occur simultaneously with sporadic E-layers in the majority of cases (e.g., Tsunoda &
Cosgrove, 2001 and references therein).

In this paper, we show for the first time the effects of MSTIDs, observed by southern hemisphere SuperDARN
HF radars in the F-region ionosphere far ranges, on NREs observed by the same radars in the E-region near
ranges with a suitable time delay determined by the MSTID velocity vector and assuming a constant propagation
altitude. Furthermore, we show that the phenomenon is consistent with the MSTID, partially modulating the GDI
mechanism.

2. Theory of E-Region Instabilities

Two kinds of ionospheric plasma instabilities that may lead to SuperDARN backscatter are possible: the first one
is FBI or the related Two-Stream Instability (TSI) (Kelley, 2009; Keskinen & Ossakow, 1983). The second one is
the GDI (St.-Maurice, 1985; St.-Maurice & Nishitani, 2020). The plasma oscillation frequency (w,) and growth
rate (y) from the local linear theory of GDI and FBI/TSI in the reference frame of the neutral wind are given by
Kagan and Kelley (1998), Kelley (2009), and Kelly (2012):

_kVi+yVy)
T 14y
and
-1 v kY — 2 4+ (Y (o —k Vo + (2 _
= Toy <v‘_>[(w, V)’ -0 + (15 ) @ k.V.)+(Qi>ky] 2an )
where
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Figure 2. Southern hemisphere SuperDARN HF radars' fields of view.

(200

and k is the wavenumber of plasma wave, C, is the ion-acoustic velocity, V;
= (E x B)/B? is the ion drift velocity, L is the plasma density (n,) gradient
scale length (L, = 1/(din(n,)/0z)) (St.-Maurice & Nishitani, 2020), v is the
collision frequency, and Q is the gyrofrequency. The first term with the diffu-
sive damping (k2CS2) describes the FBI or TSI, while the second term with
L describes the GDI. The third term (v/Q))k, describes the recombination
damping. We neglect FBI/TSI because it is orily valid for short wavelengths
(i.e., L = «) (Kelley, 2009; Keskinen & Ossakow, 1983), and also it requires
a strong electric field of at least ~40 mV/m to occur (St.-Maurice, 1985).
The linearized growth rate for GDI (y) can then be written as (Woodman
etal., 1991):

1
—k.Vi(k.Vn. xB
T Ty (k.Vn, xB) @

For GDI to grow in the E-region, a significant component of V,, Vn,, and
B must be mutually perpendicular (Fejer et al., 1984; Y. Liu et al., 2019) as
indicated in Figure 1. The gradient scale length in the vertical direction (L)
is estimated by rearranging Equation 7 of St.-Maurice and Nishitani (2020).
The lowest threshold condition to trigger the GDI that is responsible for the
FAIR echoes, which are observed as NREs by SuperDARN, is given by:

_ (Unx + Ey/B)Q.cosD
= : 5
(1 + w,) (ks.Cs ) (_) 3)

Vin

L.

nx

where y, = % and k, = kcos #sin@ and where U, is the geographic zonal
neutral wind, 7)’ is the aspect angle between E and k, and 4 is the flow angle

SANAE (top) and Zhongshan (bottom) radars' fields of view are shown in red. between V; and k. The smaller the value of L, the greater the growth rate (y)

of the GDI. Control of L_is by the term (U, + E /B), that is, the relative wind

and ion drift velocities, and minimizes when the wind opposes the ion drift

with similar velocity. Normally, the ion drift speed (E/B) is greater than the
neutral wind (U,,), so the ionospheric electric field is the primary controlling term for the GDI growth rate. L,
has been measured in the high-latitude E-region (Haldoupis et al., 2000). They found that L, & 4-7 km around
~100 km altitude, the minimum value being limited by the 3 km radar range resolution. Such small structures
should trigger the GDI for a modest ionospheric electric field (St.-Maurice & Nishitani, 2020). Unsurprisingly,
Haldoupis et al. (2000) found that L, takes on larger values at higher altitudes in the topside ionosphere, that is,
from 10 km to greater than 25 km.

Normally, GDI growth relates to the plasma density gradient component perpendicular to the magnetic field (L,)
as shown in Figure 1. At high latitudes, the magnetic field is near-vertical. In order to get the appropriate value of
L., the magnetic dip angle (/) must be taken into account (Haldoupis et al., 2000):

— LZ
T cos(l)

@

3. Instruments and Models

The SuperDARN HF radar network (Chisham et al., 2007; Greenwald et al., 1995) is used collectively to estimate
the ionospheric electric field E and polar cap electrostatic potential using the ionospheric plasma drift V, = E
x B Doppler observations in the plane perpendicular to the magnetic field B and fitting to a spherical harmonic
model (Chisham et al., 2007; Fiori et al., 2013; Shepherd & Ruohoniemi, 2000). Figure 2 shows the 13 southern
hemisphere SuperDARN radars' fields of view (FOV) with the South African SANAE and Chinese Zhongshan
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radars shown in red. SANAE is located at 71.67°S, 2.84°W (66.64°S, 48.51°E geomagnetic coordinates) and
Zhongshan is located at 69.38°S, 76.38°E (74.5°S, 96.0°E geomagnetic coordinates). For SANAE, LT = UT + 2
hr and MLT = UT — 2 hr. For Zhongshan, LT = UT + 5 hr and MLT =~ UT + 2 hr. The SANAE and Zhongshan
radars' geographic boresight directions are 173.2° and 72.5°, that is, approximately southward and eastward,
respectively. Both radars have 16 beams covering ~53° azimuth with a range resolution of 45 km and the first gate
at 180 km downrange. The SANAE beams are numbered from zero anticlockwise, while Zhongshan is clockwise
in azimuth angle. SANAE and Zhongshan operated continuously on 12.57 and 10.25 MHz, respectively, with a
2-min temporal resolution during this study. All SuperDARN HF radars provide backscatter power, line of sight
Doppler velocity, and spectral width data products (Chisham et al., 2007). For this study, these data are estimated
by fitting the autocorrelation function (Baker et al., 1995; Ponomarenko et al., 2009) using FITACF Version 2.5,
obtained through the radar software toolkit Version 4.3.

To obtain the magnetic field, we use 1-min magnetometer data from SANAE (Kotzé, 2018) and Zhongshan (Y.
Liu et al., 2016). Magnetic field data were used to calculate the electron and ion gyrofrequencies. To check for
the existence of Es layers, we use the Digisonde Portable Sounder 4D located at Zhongshan with an hourly time
resolution (Li et al., 2007). No ionosonde was available close to SANAE.

The International Reference Ionosphere (IRI) 2016 model (Bilitza et al., 2017) was used to obtain electron density
and temperature. The Mass Spectrometer, Incoherent Scatter (MSIS)-E-90 atmospheric model (Hedin, 1988),
was used to obtain neutral particle number densities and temperature profile in the thermosphere. Both models
are used to determine the ionospheric Pedersen conductance and particle collision frequencies. The 2014 Hori-
zontal Wind Model (HWM14; Drob et al., 2015) was used in this study because observations of upper atmos-
pheric neutral winds were not available.

4. Observations

We present 3 representative data sets, out of more than 175 found in the southern hemisphere SuperDARN data
from 2010 to 2013, that showed MSTIDs partially modulating NREs in the same radar data set. The original
cause of the MSTIDs is beyond the scope of this paper. Our focus is on the interaction of the observed MSTIDs on
existing NREs. A statistical survey of the 175 cases found so far will form a future study. Obviously, since TIDs
are typically observed in the F-region far ranges and NREs are only observed in the E-region near ranges, their
coincidence is only near-simultaneous, the timing offset depending on the speed and direction of the MSTID. One
event occurred during winter on 15 July 2012 over noon at SANAE, and the other two occurred in summer on 22
November and 17 December 2013 post-midnight and pre-midnight, respectively, at Zhongshan. The high latitude,
season, and time of the observations mean that the sun was at low elevation for Zhongshan and well below the
horizon for SANAE, that is, solar illumination would have been weak. We choose these data sets because they
provide a variety of seasons and local times. The SANAE radar FOV is essentially poleward and covers both
the auroral oval as well as the polar cap (see Figure 2). The Zhongshan radar FOV is essentially eastward with
the facility under the magnetospheric cusp region at noon and under the polar cap region during the night (Li
et al., 2007).

Figure 3 shows the range-time-intensity plots for the three selected data sets. Backscatter power (dB) is shown in
pseudo-color for beam 15 in all cases. The TIDs are highlighted by slanted solid lines for visual reference only
and the NREs are shown in a solid rectangle. We assume the TIDs propagated at a constant altitude and velocity
(cf., He et al., 2004; Grocott et al., 2013); hence, the straight lines overlaid. Panel (a) shows SANAE data for
11:00 to 17:00 UT on 15 July 2012, corresponding to ~09:00-15:00 MLT with Kp = 5* — 6 indicating high
geomagnetic activity. Between 12:00 and 17:00 UT, periodic backscatters are clearly observed for slant ranges
~1,100-2,600 km, indicating TIDs propagating away from the radar. Line-of-sight Doppler velocities and spec-
tral widths (shown in Appendix A by Figure A1) were up to 1,000 m/s away from the radar and up to 125 m/s,
respectively. Panel (b) is similar to panel (a) but for 00:00 and 04:00 UT on 22 November 2013 for the Zhongshan
HF radar, corresponding to ~02:00-06:00 MLT, with Kp = 1~ — 0, indicating quiet geomagnetic conditions.
The TIDs propagated toward the radar between 00:00 and 04:00 UT at a slant range of ~350-1,700 km. Line-
of-sight Doppler velocities and spectral widths (shown in Appendix A by Figure A1) were up to 400 m/s toward
the radar and mostly less than 12 m/s, respectively. Panel (c) is similar to panel (b) but for 17:00-22:00 UT on 17
December 2013 for the Zhongshan radar, corresponding to ~19:00-24:00 MLT, with Kp = 1~ — 2%, indicating
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Figure 3. Range-Time-Intensity plot of backscatter power of (a) beam 15 of
the SANAE HF radar from 11:00 to 17:00 UT on 15 July 2012, (b) beam 15
of the Zhongshan HF radar from 00:00 to 04:00 UT on 22 November 2013,
and (c) beam 15 of the Zhongshan HF radar from 19:00 to 21:00 UT on 17
December 2013. The slant black lines approximately indicate wavefronts of

Traveling Ionospheric Disturbances. The horizontal black rectangles show the

Near Range Echoes.

low geomagnetic activity. Between 19:00 and 21:00 UT, the TIDs propagated
toward the radar at a slant range of ~350-1,250 km. Line-of-sight Doppler
velocities and spectral widths (shown in Appendix A by Figure A1) were up
to 400 m/s toward the radar and mostly less than 12 m/s, respectively. The
true vector velocity of the TIDs was obtained using the multi-beam method
described by He et al. (2004) as discussed below. For the sake of brevity,
we name the events observed on 15 July 2012, 22 November 2013, and 17
December 2013 as S1, Z1, and Z2, respectively.

In all cases, the SuperDARN ray tracing (shown in Appendix A by Figure A2)
showed that the backscatter was ionospheric. Based on possible magnetic
field orthogonal backscatter from the ray tracing, the TIDs propagated at
~400, ~300, and ~240 km altitude for cases S1, Z1, and Z2, respectively.
F-region ionospheric propagation is consistent with the high TID Doppler
velocities and high spectral width for case S1. Cases Z1 and Z2 are mostly
at ranges too short to allow for ground scatter. Simultaneously, for all cases,
NREs are observed between a slant range of 180 and 315 km. However, a
clear one-to-one correspondence between the TID and NRE backscatter
power is not immediately obvious by visual inspection. A visual comparison
is also made difficult because of naturally occurring data gaps in the NREs
and the lack of far range backscatter does not necessarily imply that MSTIDs
were not present.

Figure 4 shows the SuperDARN map potential plots for cases S1, Z1, and
Z2 with the vectors of plasma convection flow observed by the southern
hemisphere radars. Overlaid are particle precipitation data showing the loga-
rithm of electron energy flux between 0 and 30 kev cm™2 s~! sr~! from the
TED instrument of the POES satellites (cf., Atilaw et al., 2021) and the esti-
mated equatorward boundary of the auroral oval (red dotted-dashed circle).
The approximate FOV of the relevant radar is shown overlaid. Panels (a—c)
correspond to cases S1, Z1, and Z2, respectively. Figure 4 illustrates that the
TID-modulated NREs occur at times when the radars' FOVs were within
the auroral oval, and the associated particle precipitation (highlighted by the
POES TED data) would have created E-region plasma density perturbations
in the radar near ranges, thereby creating conditions favorable to the forma-
tion of GDI. We note that the NREs for case S1 were initially in the dawn
convection cell and later in the dusk cell. For case Z1, the NREs appear only
in the dawn convection cell. For case Z2, the NREs appear initially in the
dusk convection cell and then later the dawn cell.

For case Z2, we were able to reinforce the expectation that plasma density
gradients existed by local ionosonde observations. Figure 5 shows two
example ionograms observed from Zhongshan at 19:00 and 21:00 UT on 17
December 2013. Spread-F is visible above 250 km, consistent with particle
precipitation, and an Es layer appeared from 18:00 to 22:00 UT at ~100 km
altitude, varying between 95 and 118 km. The appearance of an Es layer
is consistent with Tsunoda and Cosgrove (2001) who noted that TIDs and
Es layers occur simultaneous in the majority of cases. A sporadic E-layer
provides a suitable plasma density gradient required for the GDI to exist
(Kagan & Kelley, 1998; Kirkwood & Von Zahn, 1991). Unfortunately,
no ionosonde data are available for cases S1 and Z1. Of the 175 similar
TID-NRE events identified over Zhongshan, 153 had ionosonde data and
of those 84% had a simultaneous Es layer present. Of these, 47% occurred

in winter and 53% occurred in summer. This coincidence between TIDs and Es layers is similar to that found by
Goodwin (1966) (75%) and Bowman (1960, 1968) (85%).

HIYADUTUJE ET AL.

6 of 24



I ¥ell . .
NI Journal of Geophysical Research: Space Physics 10.1029/2021JA030157

ADVANCING EARTH
AND SPACE SCIENCE

15/Jul/2012 16:28-16:30 UT Thru—Eorth View

OMNI IMF

Log Elec. Energy Flux [kev/cr s 5]

1000 m/s

@, = 80 kV
Aw = -52°
N, = 342 pts
Neggs = 6

21 22 23 0 1 2 3 Hour (MLT)

42 (5n1)

e

OMNI IMF

MLT(MCGM.V2) coordinates

Stot Mod: _TS18

Bong 85 deg.
lit 20.0 deg.
30 0

REVIEW PURPOSES ONLY. PLEASE CONTACT VT-SD STAFF FOR VERIFICATION.

8, mop2 format

@, = 24 kV
A = —54°
N = 173 pts
Neww = 7

Hour (MLT)
17/Dec/2013 19:00-19:02 UT Thru—Earth View
Y

1000 m/s

| @, =55k
A = —60°
N, = 319 pts
N = 8

21 22 23 o 1 2 3 Hour (MLT)

Figure 4. SuperDARN map potential plot (using FITACF V2.5) showing
the vectors of convection plasma flow derived from the southern hemisphere
radars overlaid on a MLT-MLAT grid along with particle precipitation data
from the TED instrument of the POES satellites. Panels (a—c) are for cases
S1 (15 July 2012, winter), Z1 (22 November 2013, summer), and Z2 (17
December 2013, summer), respectively. The estimated equatorward edge

of the auroral oval boundary is shown by the red dotted-dashed circle. The
approximate fields of view of the relevant radar is shown overlaid.

5. Characteristics of MSTIDs

We have estimated the TID parameters in the F-region ionosphere from the
HF radar data using the fast Fourier transform (FFT) cross-spectral analysis
algorithm described by He et al. (2004). For each radars' FOV, multiple sets
of three range gates were used to estimate the wavenumber (k, & k), phase
velocity (v), wavelength (1), propagation azimuth angle (Az) (e.g:, Atilaw
et al., 2021; Grocott et al., 2013), and amplitude (A) of the TIDs (cf., Fran-
cis, 1974; Hayashi et al., 2010). The near range gates, which contain the
NRE:s studied here, were not used in this process. The TIDs periods were esti-
mated using the FFT (He et al., 2004). From the peaks of the FFT spectrum,
Table 1 shows the results of this analysis for each case. For case S1, the TIDs
propagated with an average velocity of ~308 m/s and a period of ~28 min at
a geographic azimuth angle of ~197° with an amplitude of ~82 km. For case
Z1, the TIDs propagated with an average velocity of ~431 m/s and a period
of ~15 min at a geographic azimuth angle of ~222° with an amplitude of
~60 km. For case Z2, TIDs propagated with an average velocity of ~328 m/s
and a period of ~20 min at a geographic azimuth angle of ~298° with an
amplitude of 63 km (see Supporting Information S1). The observations
clearly fit the definition of MSTIDs (Grocott et al., 2013; He et al., 2004).
In addition, MSTID amplitudes are consistent with high-latitude incoherent
scatter radar observations (Senior et al., 2006).

To demonstrate a definite link between the observed MSTIDs and NREs,
we have performed an FFT analysis (shown in Appendix A by Figures A3,
A4 and A5 for cases S1, Z1, and Z2, respectively) on the two different echo
types at both near and far ranges. For this analysis, the SuperDARN data
were resampled at 1-min resolution, corresponding to a Nyquist frequency
resolution of 8.3 mHz. For both the NREs and MSTIDs, coinciding FFT
peaks were found at ~28, ~15, and ~20 min for case S1 (see Figure 3a
and Figure A3), case Z1 (see Figure 3b and Figure A4), and case Z2 (see
Figure 3c and Figure A5), respectively (see Table 1), corresponding to the
backscatter periods visible in Figure 3.

6. Cross Correlation Between MSTIDs and NREs

To further establish the link between MSTIDs and NREs, we have performed
a cross-correlation analysis on the two different echo types (shown in Appen-
dix A by Figure A6). For case S1 with beam 15 and range gate 2 (270 km,
NREjs) against range gates 40—45 (1,980-2,205 km, TIDs), the cross-correla-
tion coefficient (CC) peaks at ~0.5 with a time lag of ~45 min. For case Z1
with beam 15 and range gate 1 (225 km, NREs) against range gates 19-24
(1,035-1,260 km, TIDs), the correlation coefficient peaks at ~0.53 with a
time lag of ~25 min. For case Z2 for beam 15 and range gate 1 (225 km,
NREs) against range gates 10—15 (630-855 km, TIDs), the correlation coef-
ficient peaks at ~0.55 with a time lag of ~9 min. In all cases, the cross-cor-

relation time lag is consistent with the expected propagation delay of the MSTIDs observed (see Figure 3 and
Table 1). We note that the cross correlation is moderate in all cases but this is consistent the observed NREs,
which show little obvious sign of modulation by the MSTIDs (see Figure 3). As noted above, visual detection of
TID modulation in the NREs is made difficult partly because of naturally occurring backscatter variability and
data gaps in the NREs. In addition, data gaps in the far range backscatter do not necessarily imply that MSTIDs
were not present. We have performed an FFT analysis in the NREs before and after the times of the observed

MSTIDs for the events presented here and found no evidence of MSTID periods in the NRE backscatter (see

Supporting Information S1).
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Figure 5. Hourly ionograms from Zhongshan at 19:00 and 21:00 UT on 17 December 2013 (case Z2).

Clearly, the amplitude modulation of the NREs shown in Figure 3 is not immediately obvious as it is for the
MSTIDs. This is reflected in the moderate cross-correlation values described above. Here, we focus the analysis
on gates 1 and 2 for all beams, neglecting gates 0 and 3 although they do show evidence of NREs. First, gates
1 and 2 have fewer data gaps. Second, SuperDARN radars sound obliquely, so each range gate is at a different
altitude. We do not have angle-of-arrival data available. However, St.-Maurice and Nishitani (2020) showed
(see their Figure 2, bottom panel) that FAIR echoes at high latitude were observed at ~25-27° elevation angle,
whereas in their case, HAIR echoes were observed at longer ranges and lower elevation angles. Our gates 1 and 2
best fit the criteria for observing FAIR echoes at ~100 km altitude. Using the Spearman rank correlation on gates
1 and 2 of all beams, we estimate the NRE amplitude modulation to be 8.9 (1.3)%, 8.1 (1.3)%, and 12.9 (1.4)%
for cases S1, Z1, and Z2, respectively, where the values in brackets give the standard deviation. The impact of the
MSTID passing overhead is ~10% of the NRE amplitude, which is consistent with the moderate cross-correlation
values described above. This relatively modest amplitude modulation shows that the MSTIDs are having an effect
on the NREs but that the fundamental causative mechanism for the NREs is not the MSTIDs themselves. This is
obvious for cases Z1 and Z2 where the MSTIDs originated far away from the NREs and propagated toward the
radar.
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Table 1

7. Gradient Drift Instability in the E-Region

Medium-Scale Traveling lonospheric Disturbance (MSTID) Parameters

Estimated on 15 July 2012 From 12:30 to 16:30 UT (Case S1), 22 November

Next, we show that a link exists between the ionospheric electric field as deter-

2013 From 00:00 to 03:48 UT (Case Z1), and on 17 December 2013 From mined by the SuperDARN network of radars and the NREs backscatter power.

19:00 to 20:48 UT (Case Z2)

This provides a clue that GDI, which relies on the velocity difference between

Periods, wavenumbers, velocities, azimuth, wavelengths, and amplitudes of

MSTIDs

the ions and the slowly varying neutral wind (see theory section above), is a
plausible mechanism for TID modulation of SuperDARN NREs. GDI requires

Parameters 15 July 2012

22 November 2013 17 December 2013

plasma gradients (see theory section above) and we assume that these exist
with the correct geometry (see Figure 1) because of the observed particle

T (min) 28 15 20 precipitation (see Figure 4) and for the one case where ionosonde data were
kx (/m) 11.2x107° 8.6 X 107° 11.3x107° available, a sporadic E-layer (see Figure 5). SuperDARN map potential data
ky (/m) 4.9 x 107° 14.4 x 106 11.3x 107° have a 2 min cadence with a 2° latitude and 1° longitude geomagnetic spatial
v (m/s) 308 431 308 resolution. The electric field was obtained by averaging the SuperDARN data
Az () 197 29 208 from a selection of grid points closest to the observed NREs in time and posi-

tion. Obviously, since all SuperDARN radars in both hemispheres contribute
4 (lem) S14 375 393 to the map potential data product, the contribution of an individual TID in any
A (km) 82 60 63 particular radar will be diluted. However, in our events (see Figure 3), there
Note. Az is defined in geographic coordinates (see Figure 1). is significant ionospheric backscatter at range gates close to the NREs, espe-

cially for cases Z1 and Z2, which increases our confidence in the electric field
estimate over the NREs.

We also estimate L_ from Equation 3 based on the ionospheric F-region electric field, taken from the SuperD-
ARN radar network observations of ionospheric backscatter, the magnetic field and its dip angle, taken from
local magnetometer data, and the E-region neutral wind, taken from the HWM14 wind model. We use IRI-2016
and MSIS-90 to estimate the ion-neutral and electron-neutral collision frequencies. We assume that the iono-
spheric electric field is unchanged in the E-region, given the relatively short quasi-vertical distance. The value
of k_(Equation 3) corresponds to the operating frequency of the SuperDARN radar, for example, for SANAE at
12.57 MHz, A = 2n/k, ~ 12 m. Equation 3 shows that when the relative ion-neutral velocity is large/small, then L,
becomes large/small resulting in a GDI growth rate (Equation 2), which is small/large, respectively. Therefore, a
large relative velocity favors the production of NREs from GDI (St.-Maurice & Nishitani, 2020).

Assuming an ion-acoustic velocity C; =~ 300 m/s (St.-Maurice & Nishitani, 2020), the inputs and outputs of
Equation 3 are shown in Figure 6 for case S1 (15 July 2012) at 100 km altitude between 12:30 and 16:30 UT.
We focus on 100 km altitude since FAIR echoes are believed to be triggered at near this altitude (St.-Maurice
& Nishitani, 2020). Panel (a) shows the HWM 14 model zonal neutral wind speed (U,,), which varied smoothly
between —5.4 and 14.8 m/s and reversed direction around 14:00 UT. Panel (b) shows the Z-component of the
magnetic field B at SANAE. Panel (c) shows the meridional component of the ionospheric electric field (E,)
averaged over the closest magnetic coordinate to all beams for range gate 2. The electric field varies between
3 mV/m and —22 mV/m, which corresponds to an ion drift velocity of up to ~—575 m/s. Hence, as expected, the
neutral wind speed plays a minor role in Equation 3 for this case. Panel (d) shows the plasma density scale length
(L,), which varies from 370 to —2,592 m. The negative value for L, indicates that the ion flow opposed the neutral
wind with a greater velocity caused by the southward (negative) electric field. Unsurprisingly, given the small
neutral wind, the variation in the meridional electric field is very similar to that in L_. Panel (e) shows the backs-
catter power of gate 2 (p2), averaged over all 16 beams, received by the SANAE SuperDARN HF radar as NREs.
The average backscatter power appears anticorrelated to E, (panel ¢) and L, (panel b). Panel (f) shows the cross
correlation between E| (panel c) and p2 (panel e) with a f)eak value of ~-0.84 at zero lag. Panel (g) shows the
cross correlation between L. (panel d) and p2 (panel e) with a peak value of ~—0.85 at zero lag. This clearly shows
that the NRE backscatter power is closely related to the ionospheric convection electric field and therefore to the
GDI mechanism. However, this does not (yet) take fully into account the additional effects of the MSTIDs on the
NREs, which is discussed below. Since the MSTIDs modulate only ~10% of the NRE backscatter power, it is
expected that GDI-generated NRE be controlled primarily by the ionospheric convection electric field as shown
here. Hence, the GDI-induced NREs would have existed without the presence of MSTIDs.

For case Z1 (shown in Appendix A by Figure A7), U, varied smoothly between 33.9 and 41.9 m/s, E, varied
between 1 and —24 mV/m, and L, varied between —56 and —662 m. For case Z2 (shown in Appendix A by
Figure A8), U,, varied smoothly between 27.5 and 29.3 m/s, E| varied between 3 mV/m and —6 mV/m, and
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Figure 6. For 15 July 2012 from 12:30 to 16:30 UT at 100 km altitude (case S1), (a) modeled eastward neutral wind, (b)
Z-component of the Earth's magnetic field at ground level, (c) observed northward electric field (E,), (d) calculated plasma
density scale height (L), (e) the average backscatter power of all beams for range gate 2 (p2), (f) the cross correlation between
E, (panel ¢) and p2 (panel e), and (g) cross correlation between L_ (panel d) and p2 (panel e).
L, varied between 33 and —180 m. As Figure 1 shows, we require the GDI
Table 2 mechanism to operate perpendicular to the magnetic field in the E-region.

Cross-Correlation Coefficient (CC) Between the Average Power (p) of All
Beams for Range Gates 1 and 2 and Either the Meridional Electric Field
(E)_) or the Density Gradient Scale Height (L)

We therefore need to map L, to L, using Equation 4 (Haldoupis et al., 2000).
The magnetic dip angle at SANAE and Zhongshan is 61.7° and 73.2°, respec-
tively. This means that L, = 2.1 X L, at SANAE and L, = 3.5 X L, at Zhong-

15 15 22 22 17 17 shan. Hence for cases S1,Z1,and Z2, L, ~ 777 to —5,443, 196 to —2,317, and
July  July November November December December 116 to —630 m, respectively. These plasma gradient scale lengths are easily

Wae 20z 2 2013 2013 2013 2013 suitable for generating the GDI (cf., Haldoupis et al., 2000).

pand pand

CC of E, L pandE, padl, pandE, pandL, Table 2 shows the CC between the backscat.ter power.of ran.ge? gates 1 an.d
= : : : : 2 averaged over all 16 beams, and colocated ionospheric meridional electric
Gatel -080 -081 —0.80 —0.80 —0.66 —0.66 field (Ey) as well as the plasma gradient scale height (L)) for all cases. As
Gate2 -084 -085  -0.73 -0.74 -0.72 -0.72 explained above, we neglect gates 0 and 3 in this analysis. In all cases, there
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is a moderate (CC = —0.66) to strong (CC = —0.85) anticorrelation between E| and L_ with the NRE backscatter
power. This provides clear evidence that the GDI mechanism is operating for all our cases at the range gates that
map most closely to ~100 km altitude where FAIR echoes are expected (St.-Maurice & Nishitani, 2020).

8. FAIR Near Range Echoes

SuperDARN NREs in the E-region ionosphere may have multiple sources, such as short-lived meteor trails (e.g.,
Chisham & Freeman, 2013) and PMSE:s (e.g., E. Liu et al., 2013; Hosokawa et al., 2005; Ogunjobi et al., 2017).
We can exclude meteors because we observed NREs over many hours (see Figure 3). We can also exclude PMSE
because we found events in the winter (e.g., case S1 on 15 July 2012 and 61 other winter NRE cases from 2010 to
2013) and PMWE generally occurs at lower altitudes below 85 km and therefore would not be visible in our radar
data. Recent studies indicate that some of the NREs are from HAIR echoes (Ponomarenko et al., 2016; St.-Mau-
rice & Nishitani, 2020) associated with the FBI. They require an electric field of >40 mV/m to be triggered at
~120 km altitude, which corresponds to range gate numbers above 3 that are not observed in our events, and
SuperDARN observations show that the electric field amplitude was always below 24 mV/m for our three events.
FAIR echoes (St.-Maurice & Nishitani, 2020) are NREs believed to be associated with the GDI at ~100 km alti-
tude. These appear to be consistent with our observations for range gates 1 and 2.

We have established that particle precipitation existed in the vicinity of the SANAE and Zhongshan radar
near ranges (see Figure 4) for all our events and on one occasion, a coincident sporadic E-layer was directly
observed overhead (see Figure 5). Hence, suitable conditions existed in the E-region ionosphere for the GDI
mechanism to produce FAIR echoes that then translated into the NREs observed by SuperDARN. We have
observed MSTIDs propagating away/toward the radars and established that this backscatter occurred in the
F-region. The observed NREs were partially modulated with the same period as the MSTIDs and with a
time lag consistent with the MSTID propagation velocity in the F-region, assuming a constant altitude and
velocity. The CC between MSTID backscatter and the NREs ranged from ~0.50 to ~0.55 for our events. We
have performed an FFT analysis in the NREs before and after the times of the observed MSTIDs and found
no evidence of MSTID periods in these NRE backscatters. When MSTIDs were present, we have estimated
that the NRE amplitude modulation due to MSTIDs was in the range ~8%—13%. We have estimated the CC
between the ionospheric electric field and the NRE backscatter power, which was in the range of 0.66-0.84
for our events. We have estimated the CC between the ionospheric electric field and the plasma density scale
length parameter (L), which controls the growth rate of the GDI mechanism, which was in the range from 0.66
to 0.85 for our events. Below we describe how an MSTID may partially modulate the existing GDI as we have
observed in the NREs and estimate the amplitude of the GDI modulation from the MSTID parameters. This is
then compared to the NRE amplitude modulation observed.

9. MSTID Polarization Electric Field

With reference to Figure 4, we note that for cases S1 and Z1, the MSTIDs had a southward component of the
propagation direction, whereas the background ionospheric ion convection flow had a westward component of
the drift direction. For case Z2, the MSTID had a westward component of propagation direction, whereas the
background ionospheric convection flow had a northward component of drift direction. In all cases, the MSTID
propagation direction and the ionospheric electric field (E, = —V, X B) had parallel components. This geometry
is conductive for the GDI to occur, both for the generation of NREs due to the background ionospheric electric
field and for the additional modulation of these NREs by the MSTID polarization electric field described below.
The Pedersen current (J) in the F-region is given by (Kotake et al., 2007; Otsuka et al., 2007):

J=3,(E+UXxB). 3)

where Zp is the F-region Pedersen conductance. Hence, for our events, there will be a Pedersen current compo-
nent parallel to the MSTID propagation direction. The MSTID wave perturbs the ionospheric plasma in the
quasi-vertical field-aligned direction from which it follows that there will be an equivalent Pedersen conductance
perturbation. In order to maintain divergence-free current continuity for J, a periodic horizontal polarization
electric field (Epy) must be set up locally within the MSTID wave. Figure 7 shows a cartoon depicting the
geometry based on case S1 for the meridional projection. The MSTID propagates primarily southward in the
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Figure 7. Cartoon showing how the polarization electric field due to a Medium-Scale Traveling Ionospheric Disturbance
propagating in the F-region may partially modulate the existing Gradient Drift Instability in the E-region. The geometry is for
the meridional projection of case S1 propagating above AmF?2 in the southern hemisphere.

F-region, the ion drift is primarily westward and so the ionospheric electric field (Eo) and Pedersen current (J)
are primarily southward. For case S1, the MSTID propagates at ~400 km (see Figure A2) above the F-region
plasma density peak (~285 km), so the plasma density at higher altitude (#,) is less than at lower altitude (n,). In
this case, positive/negative charges accumulate at the leading/trailing edge of the MSTID wave, resulting in an
oscillating polarization electric field (Epy) as shown. If the MSTID propagates below the F-region peak, then the
plasma density gradient reverses, the position of the charges is reversed and the direction of Epy is also reversed.
However, except for a phase shift, this does not change the mechanism. As the MSTID passes overhead in the
F-region, it is the oscillating Epy, that is transmitted undiminished downward along the equipotential magnetic
field lines that partially modulate the background ionospheric electric field (Eo) in the E-region. Since the elec-
tric field (Eo + Epy) controls the growth rate of the GDI (see Equations 2 and 3), the NREs will be partially
modulated spatially and temporally in a manner which mirrors the MSTID passing overhead. The forward motion
of the MSTID ensures that steady-state saturation does not set in.

Finally, we show that the percentage amplitude modulation of Eo by Epy, is consistent with the observed percent-
age modulation of the NREs (~8-13%). The polarization electric field shown in Figure 7 may be estimated as
follows (Otsuka et al., 2007):

5%,

Ep = (E+U><B)L 6)

3, Ik|
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where 6Z, is the change in F-region Pedersen conductance due to the MSTID, X is the unperturbed F-region
Pedersen conductance, and k is the MSTID wavenumber vector. We used the MSIS and IRI models to compute the
Pedersen conductance. We used the SuperDARN ray tracing tool to estimate the altitude of the MSTID propaga-
tion (see Figure A2 in Appendix A). The amplitude (A) of the MSTID wave is shown in Table 1. 6% is calculated
by taking the difference between the height-integral of Pedersen conductivity above and below the MSTID prop-
agation altitude, the height limits being set by the MSTID amplitude (+A). For case S1 with hmF2 = ~285 km,
propagating at ~400 km altitude and A = 82 km, 6% /%, = 9.9%. For case Z1 with hmF2 = ~255 km, propa-
gating at ~300 km altitude and A = 60 km, 6% /%, = 11.8%. For case Z2 with hmF2 = ~315 km, propagating
at ~240 km altitude and A = 63 km, 6% /3 = 16.6%. This level of F-region Pedersen conductance modulation
is consistent with the ~10% airglow modulation by MSTIDs observed by Suzuki et al. (2009) at midlatitudes.
We had estimated above the NRE amplitude modulation to be 8.9%, 8.1%, and 12.9% for cases S1, Z1, and Z2,
respectively.

Hence, for cases S1/Z1/Z2, an ~9.9%/11.8%/16.6% modulation of Eo resulted in an NRE modulation of
~8.9%/8.1%/12.9%, respectively. We claim that in addition to the qualitative agreement shown above, this result
provides quantitative agreement that the passing MSTIDs in the F-region, observed by the SuperDARN radars'
far ranges, partially modulated Eo, which partially modulated the GDI, which partially modulated in equal meas-
ure the NREs observed by the same SuperDARN radars in the E-region. The MSTIDs are linked to the NREs by
the quasi-vertical equipotential magnetic field lines.

10. Conclusions

In this work, we have shown the first near-simultaneous observations of MSTIDs partially modulating existing
NRE:s observed by the SANAE and Zhongshan HF radars. Based on qualitative and quantitative analyses, we
conclude that GDI is the most likely mechanism for MSTIDs propagating in the F-region to affect the NREs in
the E-region. We summarize our results as follows:

1. High-latitude MSTIDs and NREs were observed during the noon and afternoon sectors during a geomagnetic
storm in winter, and early morning and evening sectors during a geomagnetically quiet time in summer. The
observed MSTIDs characteristics and the propagation directions were consistent with the previous studies.
The GDI causes FAIR echoes in the lower E-region, which are observed as NREs in the SuperDARN data
(St.-Maurice & Nishitani, 2020). The GDI occurs in pre-existing plasma density gradients (e.g., sporadic £
(Es) layers), driven by the ionospheric meridional convection electric field and zonal thermospheric neutral
winds.

2. Horizontally propagating MSTIDs generate an additional horizontal polarization electric field to conserve
the divergence-free Pedersen current across the magnetic field. The meridional component of the net electric
field (quasi-static convection plus oscillating TID polarization), mapped down from the F-region along the
equipotential magnetic field lines (Sun et al., 2015; Y. Liu et al., 2019), partially modulates the existing GDI,
which is responsible for generating the NREs in the lower E-region (St.-Maurice & Nishitani, 2020), resulting
in the observed partial modulation of the NREs. For all radar gates analyzed in this study, the cross correlation
between the meridional electric field or the plasma density gradient scale height and the backscatter power is
between —0.66 and —0.85, indicating a good anticorrelation.

3. Most oblique sounding SuperDARN HF radars cannot estimate the altitude of the backscatter with high preci-
sion as vertical pointing VHF radars do and HF ray tracing contains uncertainties. There remains the problem
of knowing without doubt if PMSEs are part of SuperDARN NREs (Ponomarenko et al., 2016). In principle,
MSTIDs can modulate PMSEs in the same way AGWs modulate the Noctilucent Clouds (Dalin et al., 2004),
but we are not sure if the phenomenon can be observed by SuperDARN HF radars. Our winter case (S1) seems
to exclude PMWEs because they tend to occur at altitudes that correspond to ranges shorter than 180 km and
therefore are generally not observed by the SuperDARN HF radars.
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Appendix A: Additional Figures to Support Science of Three Cases Presented in the

Main Text

The appendix contains additional important information to support the science case presented in the main text.
Figure A1 shows the Doppler velocity and spectra width for Cases S1, Z1, and Z2. Figure A2 shows the ray tracing
for Cases S1, Z1, and Z2. Figures A3, A4, and A5 show the backscatter power and the Fast Fourier Transform
thereof for beam 15 of Case S1, beam 15 for Case Z1, and beam 12 for Case Z2, respectively. Figure A6 shows the
Cross correlation between Near Range Echoes and Medium-Scale Traveling Ionospheric Disturbances for the cases
presented in this article. Figures A7 and A8 are like Figure 6 in this article, but for Case Z1 and Z2, respectively.
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Figure A1l. Range-Time-Intensity plot of Doppler velocity and spectra width of (a) beam 15 of the SANAE HF radar from
11:00 to 17:00 UT on 15 July 2012, (b) beam 15 of the Zhongshan HF radar from 00:00 to 04:00 UT on 22 November 2013,
and (c) beam 15 of the Zhongshan HF radar from 19:00 to 21:00 UT on 17 December 2013. This figure complements Figure 3.
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Figure A2. Ray tracing using the International Reference Ionosphere model at 12.0 MHz for SANAE and 10.0 MHz for
Zhongshan. The locus of black points indicates where ionospheric and ground backscatter may be possible. Panel (a) is for
14:00 UT on 15 July 2012 (case S1), panel (b) is for 02:00 UT on 22 November 2013 (case Z1), and panel (c) is for 20:00 UT
on 17 December 2013 (case Z2).
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Figure A3. Backscatter power and the Fast Fourier Transform thereof for SANAE beam 15 on 15 July 2012 between 12:30
and 16:30 UT (case S1). Panel (a) is for gate 1 (Near Range Echoes). Panels (b and c) are for gates 45 and 48 (Medium-Scale
Traveling Ionospheric Disturbances (MSTIDs)), respectively. The period of the MSTID is indicated (vertical dashed line).
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Power of gate 1 beam 15 (with TIDs) on 22 November 2013 from 00:00 to 04:00 UT
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Figure A4. Backscatter power and the Fast Fourier Transform thereof for Zhongshan beam 15 on 22 November 2013
between 00:00 and 03:48 UT (case Z1). Panel (a) is for gate 1 (Near Range Echoes). Panels (b and c) are for gates 14 and 20
(Medium-Scale Traveling Ionospheric Disturbances (MSTIDs)). The period of the MSTID is indicated (vertical dashed line).
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Figure AS. Backscatter power and the Fast Fourier Transform thereof for Zhongshan beam 12 on 17 December 2013
between 19:00 and 20:48 UT (case Z2). Panel (a) is for gate 1 (Near Range Echoes). Panels (b and c) are for gates 7 and 8
(Medium-Scale Traveling Ionospheric Disturbances (MSTIDs)). The period of the MSTID is indicated (vertical dashed line).
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Figure A6. Cross correlation between Near Range Echoes and Medium-Scale Traveling Ionospheric Disturbances. Panel (a)
is for SANAE beam 15 and gate 2 versus gates 40-45 on 15 July 2012 between 12:30 and 16:30 UT (case S1). Panel (b) is for
Zhongshan beam 15 and gate 1 versus gates 19-24 on 22 November 2013 between 00:00 and 03:48 UT (case Z1). Panel (c) is
for Zhongshan beam 15 and gate 1 versus gates 10—15 on 17 December 2013 between 19:00 and 20:48 UT (case Z2).
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Figure A7. For 22 November 2013 from 00:00 to 02:48 UT at 100 km altitude (case Z1), (a) modeled eastward neutral
wind, (b) Z-component of the Earth's magnetic field at ground level, (c) observed northward electric field (E), (d) calculated
plasma density scale height (L), (e) the average backscatter power of all beams for range gate 2 (p2), (f) the cross correlation
between E (panel ¢) and p2 (panel e), and (g) cross correlation between L, (panel d) and p2 (panel e).
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