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29

At Zhongshan (69◦ S, 76◦ E) Antarctica we investigate the sporadic E (Es)-30

layer virtual height modulation, observed by an ionosonde, during the passage31

of the Medium-Scale Traveling Ionospheric Disturbances (MSTIDs), observed by a32

SuperDARN radar. Two events were identi�ed, on 04 October 2011 at 07:00 - 12:0033

UT and 29 February 2012 at 00:00 - 04:00 UT with periods of ∼15.0 and ∼12.034

min, respectively. The magnitude of average height modulation of the Es-layer35

was ∼10.4 ± 6.7 and ∼3.9 ± 3.4 km, respectively, with the same periods as the36

MSTIDs. Ray tracing during the events shows that the likely MSTID propagation37

was up to ∼300 km in the ionospheric F -region. The computed ion vertical drift38

velocity using SuperDARN radar and magnetometer data, and Es-layer altitude39

modulation observed by the ionosonde have moderate to strong positive correlation40

of 7.1 ± 0.22 and 0.51 ± 0.16, respectively. We show that the MSTIDs polarization41

electric �eld, which is mapped down from the F -region along the near-vertical42

magnetic �eld, moderately contributes to the modulation of the Es layer altitude43

via the E×B drift mechanism.44

45

1. Introduction46

Sporadic E (Es) layers are thin layers of enhanced plasma in the ionospheric E-region (∼90 - ∼150 km47

altitude) that have higher densities compared to the normal E-region density (Gubenko and Kirillovich,48

2019). The real source of Sporadic E (Es)-layers is still unknown, but there is literature suggesting di�erent49

mechanisms that are behind the formation of these thin layers (Mathews, 1998; Kirkwood and Nilsson,50

2000). Some of the suggested mechanisms to create Es layers include Planetary Waves (PW) (Pancheva51

et al., 2003) and during Sudden Stratospheric Warming (SSW) events by reversing the zonal wind that52

a�ects the propagation of lunar tides (Liu et al., 2021). Es layers may be formed by the metal ions through53

the neutral wind shear instabilities (Kirkwood and Collis, 1989; Kirkwood and Nilsson, 2000; Gubenko and54

Kirillovich, 2019) caused by the divergence in the �eld-aligned ion velocity (downward and upward due to55

the atmospheric tidal motion), meteor ablation (Clemesha et al., 1988), particle precipitation, and internal56

?
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gravity waves (Kirkwood and Collis, 1989; MacDougall et al., 2000; Gubenko and Kirillovich, 2019). Local57

electric �eld �uctuations were also found to be the source of these thin ionization layers (Kirkwood and58

Collis, 1989; Wahlund and Opgenoorth, 1989; Wahlund et al., 1989). Strong electric �eld associated with59

thunderstorms/lightning may give rise to the Es layers (Davis and Johnson, 2005). Smoke particles are60

involved in the development of metallic-ion Es-layers and Sudden Sodium Layers (SSL) (Kirkwood and61

Von Zahn, 1991). The Es layers were found to be more common in summer than in winter (Kirkwood and62

Nilsson, 2000).63

64

High-latitude Es-layers could be thick (several 10s of km) or thin (their thickness is much less than the65

atmospheric scale height) (Kirkwood and Nilsson, 2000; MacDougall et al., 2000). These layers could be66

slowly descending in altitude due to tidal wind shear and sometimes are seen at constant altitudes (∼10067

km) (Von Zahn and Hansen, 1988; Kirkwood and Nilsson, 2000). A recent study shows that an Es-layer was68

observed descending in the ionospheric E-region by the digisonde and SuperDARN radar at Zhongshan in69

Antarctica (Chen et al., 2022).70

71

Gubenko and Kirillovich (2019) showed that in the Earth's high-latitude ionosphere, Es-layers were72

modulated by small-scale atmospheric waves. From the inclinations of horizontal Es layers at h′ = 95 - 13373

km, they estimated some characteristics of the internal atmospheric waves. They found that their horizontal74

wavelengths were between 17.9 and 40.0 km. Mathews (1998) reviewed the Es-layers' latitude and found75

that they have horizontal quasi-periodic structures with 10 - 100 km scale. Other studies show that AGWs76

may modulate Es-layer within 95 - 140 km altitude (Woodman et al., 1991; Tsunoda et al., 1994; Huang77

and Kelley, 1996; Ogawa et al., 1998; Bernhardt, 2002; Yokoyama et al., 2004; Gubenko and Kirillovich,78

2019). Es-layers altitude were modulated by AGWs within an amplitude of < ∼± 15 km in the E-region79

(Woodman et al., 1991; Huang and Kelley, 1996; Ogawa et al., 1998; Bernhardt, 2002; Yokoyama et al.,80

2004; Gubenko and Kirillovich, 2019). Tsunoda et al. (1994) used the middle and upper atmosphere (MU)81

radar to show that Es-layers could have been modulated in altitude by the polarization electric �eld due82

to AGWs at ±7 and ±14 km in the mid-latitude region. Huang and Kelley (1996) and Ogawa et al. (1998)83

found that the AGWs may modulate the Es-layers with ∼10 km in altitude. Bernhardt (2002) found small84

amplitude modulation of ±200 m by the Kelvin-Helmholtz instability.85

86

In the ionosphere, the TIDs are oscillating perturbations or waves propagating through its plasma. In87

most cases, they are generated by atmospheric gravity waves (AGWs) or the Perkins instability (Hunsucker,88

1982; Miyoshi et al., 2018). Other mechanisms that can lead to the generation of TIDs are Joule heating,89

Lorentz force, earthquake, tsunami, tornado, volcanic eruption, thunderstorms, etc (Hunsucker, 1982; Hocke90

et al., 1996; Galushko et al., 1998; Liu et al., 2000; Snively and Pasko, 2003; Artru et al., 2005; Mikumo91

et al.; Ripepe et al., 2010; Heale et al., 2020; Shinbori et al., 2022; Kundu et al., 2022; Thaganyana et al.,92

2022; Van Eaton et al., 2023).93

94

TIDs are observed by the SuperDARN radars in the slant far ranges. TIDs are grouped into small scale95

TIDs (SSTIDs), medium scale TIDs (MSTIDs) and large scale TIDs (LSTIDs) (Francis, 1974; Hunsucker,96

1982; Hocke et al., 1996; Thaganyana et al., 2022). Their horizontal phase velocity (v), wavelength (λ), period97

(T ), and propagation direction have been estimated (He et al., 2004; Grocott et al., 2013). SSTIDs have98

∼300 ≤ v ≤ ∼3000 m/s, 0.3 ≤ λ ≤ 15 km, ∼2 ≤ T ≤ ∼5 min (Hunsucker, 1982; Yin et al., 2019). The T , v,99

and λ are between ∼10 min and ∼1 hr, 100 and 300 m/s, of several hundred kilometers for MSTIDs, and 30100

min and 3 hrs, 400 and 1000 m/s, > 1000 km for LSTIDs (Hocke et al., 1996; Sieradzki and Paziewski, 2015).101

102

TIDs have an oscillating horizontal polarization electric �eld in the direction of propagation that is103

mapped down along the magnetic �eld lines (Otsuka et al., 2004; Kotake et al., 2007; Otsuka et al., 2007,104

2009). It was found that this polarization electric �eld could be mapped from the F -region at the TIDs105

altitude to partially modulate the E-region Gradient Drift (GDI) and Farley-Buneman Instabilities (FBI)106

(Hiyadutuje et al., 2022, 2024). There are many other studies that reported the E- and F -region coupling107

where Es-layer polarization electric �eld was mapped into the F -region to generate the MSTIDs though108

instabilities (Tsunoda and Cosgrove, 2001; Cosgrove and Tsunoda, 2004; Cosgrove et al., 2004; Cosgrove,109
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2007; Otsuka et al., 2008; Yokoyama et al., 2008; Swartz et al., 2009; Yokoyama et al., 2009; Shalimov and110

Kozlovsky, 2015; Narayanan et al., 2018; Ejiri et al., 2019; Andoh et al., 2020; Cheng et al., 2021; Sivakandan111

et al., 2022; Fu et al., 2023). The majority of them reported the low- and mid-latitude events, but also there112

are a few similar studies at high-latitude and conjugate regions. Note that not all TIDs are electri�ed in113

nature (Paulino et al., 2016; Rathi et al., 2022). Coupling between the Es-layer and the F -region TIDs takes114

place only when the observed TIDs are electri�ed in nature.115

116

In this study we have investigated the role that could be played by the MSTID polarization electric �eld117

in contributing to the Es-layer altitude modulation over the Zhongshan station (69◦ S, 76◦ E geographic118

coordinates) using SuperDARN HF radar, ionosonde and magnetometer data.119

2. Instruments and models120

2.1. Zhongshan SuperDARN High Frequency Radar121

The TIDs in this study were observed by the Chinese SuperDARN HF radar located at Zhongshan122

69.38◦S, 76.38◦E (74.9◦S, 97.2◦E magnetic coordinates). A SuperDARN radar's �eld of view (FOV) has 16123

narrow beams, each beam covers an azimuth angle of ∼ 3.24◦ and which make up roughly 53◦ azimuth124

extent. Their operation frequencies fall between 8 and 20 MHz and all 16 beams are sounded within a dwell125

time of 3 or 7 s, every 1 or 2 minutes (Greenwald et al., 1995; Chisham et al., 2007). There are 75 range126

gates with a pulse length of 300 µs (i.e., each gate has 45 km) with the lag to the �rst range gate of 1200 µs,127

i.e., 180 km. The Zhongshan radar's operating frequency was 10.25 MHz, which means that irregularity of128

wavelength λ ≈ 14.6 m were observed. The backscatter power and two (zonal and meridional) components129

of the background electric �eld are derived from the SuperDARN Doppler velocity which is the projection130

of the plasma convection velocity along a particular beam of the radar. The ionospheric plasma drift is131

Vd = (E × B)/|B|2 and is derived from the SuperDARN measurements known as Doppler velocity in the132

plane perpendicular to B (Shepherd and Ruohoniemi, 2000; Chisham et al., 2007; Greenwald et al., 2008).133

The electrostatic potential (φ) can be expressed in terms of spherical harmonic functions depending on the134

magnetic co-latitude and longitude and E = −∇φ (Ruohoniemi and Baker, 1998; Shepherd and Ruohoniemi,135

2000; Chisham et al., 2007; Greenwald et al., 2008). The global convectional pattern is computed from the136

expansion and �tting of the velocity vectors. Where there is no backscatter, then a statistical convection137

model is used to constrain the potential (Ruohoniemi and Greenwald, 1996; Ruohoniemi and Baker, 1998;138

Shepherd and Ruohoniemi, 2000; Greenwald et al., 2008). The statistical convection model involves the139

solar wind electric �eld magnitude, Kp index, Interplanetary Magnetic Field (IMF) clock angle and dipole140

tilt angle. The current default version of the model is TS18 convection model (Thomas and Shepherd,141

2018). Convection patterns and data are available on request (https://superdarn.thayer.dartmouth.edu/).142

The meridional and zonal components are the projections of the electric �eld vector into those two directions143

(Hiyadutuje et al., 2022). The electric �eld data is estimated in a 2 min cadence.144

2.2. Zhongshan ionosonde145

The Es-layers virtual heights are observed using the ionosonde data. The overhead ionosphere is146

monitored using the Digisonde Portable Sounder (DPS-4D) located at Zhongshan station (Li et al., 2007).147

It transmits and receives signals using a simple crossed delta antenna and four crossed magnetic dipole148

antennas, respectively. The DPS-4D at Zhongshan operates with an altitude resolution of 2.5 km (Chen et al.,149

2021). The time resolution of the instrument between two consecutive ionograms is 7.5 min (Chen et al.,150

2021). The DPS-4D operates with 0.05 MHz frequency step from 0.5 to 9.5 MHz. The virtual height h′ in151

km showing the position of Es-layers used in this study was extracted using the Standard Archiving Output152

(SAO) Explorer (http://umlcar.uml.edu/DIDBase/) version 3.5.3 (Li et al., 2021). The scaled pro�les were153

computed using the Automatic Real-Time Ionogram Scaler with true height (ARTIST-5) software (Galkin154

and Reinisch, 2008). The electron density Ne in cubic centimeter at the altitude of the Es-layer can be155

estimated using foEs in MHz (Qiu et al., 2021).156
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2.3. Zhongshan magnetometer157

A chain of �ve magnetometers was built in 2009 by the Chinese Compact Atomic Magnetometer (CAM).158

A regular �uxgate magnetometer was installed at 69.37◦ S, 76.38◦ E geographic location in 2013. The data159

is sampled at the frequency between 1.5 and 25 Hz, with an amplitude resolution of 0.01 nT. It is monitored160

by the Institute of Geology and Geophysics (IGG), Chinese Academy of Sciences (CAS) and it provides the161

H, D, Z and F components (Ables and Fraser, 2005; Liu et al., 2016). The data is one minute resolution,

Figure 1: Range-time-intensity plot of backscatter power recorded from 07:00 to 12:00 UT on 04 October 2011 (A) and
00:00 to 04:00 UT on 29 February 2012 (B) using the Zhongshan radar beam 12 and 14, respectively.

162

but for a further analysis we have selected the data at 2 min intervals to match with the electric �eld data163

resolution.164

2.4. Horizontal Wind and Mass Spectrometer Incoherent Scatter Models165

The Horizontal Wind Model (HWM14) is used to estimate the zonal (UX) and meridional (UY )166

components of the horizontal neutral wind (Drob et al., 2015). Since local thermospheric wind observations167

were not available, we use the Pyglow package (https://github.com/timduly4/pyglow) to get UX and UY at168
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Figure 2: Examples of Es-layers observed by the Zhongshan digisonde were located at 138.0 and 133.3 km virtual height
at around 10:37 (top panel) and 02:15 UT (bottom panel) on 04 October 2011 and 29 February 2012, respectively. The
start of a vertical magenta line is added manually in each plot to show the foEs (along x-axis) and h′Es (along y-axis).
The automatic scaled Es-layer's virtual height and frequency are shown by the small black vertical line.

di�erent altitudes of the E-region above the Zhongshan site.169

170

The Naval Research Laboratory Mass Spectrometer Incoherent Scatter (NRLMSIS 2.0) model (Emmert171

et al., 2021) (https://ccmc.gsfc.nasa.gov/models/NRLMSIS 2.0/) is also used. NRLMSIS 2.0 model provides172

a number of outputs, but we used only Oxygen (O and O2), Nitrogen (N2) densities and neutral temperature173

(Tn). NRLMSIS 2.0 model is used to estimate the collisional frequencies between particles and neutrals at174

the altitudes of interest. The electron-neutral collision frequency is given by νe = 1.7× 10−11[N2]Te + 3.8×175

10−10[O2]
√
Te + 1.4 × 10−10[O]

√
Te (Pashin et al., 1995) while the ion-neutral collision frequency is given176

by νi = 4.34 × 10−16[N2] + 4.28 × 10−16[O2] + 2.44 × 10−16[O] (Schunk and Nagy, 2009). At each altitude177

below ∼150 km in the E-region, we assume a quasi-neutrality and isothermal plasma, i.e., ni = ne = n and178
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Figure 3: Average backscatter power and its fast Fourier transform (FFT) of far range gates (MSTIDs) of beam 6 (panel
A), beam 7 (panel B), beam 8 (panel C) and beam 9 (panel D) of the Zhongshan HF radar on 04 October 2011 from
07:00 to 12:00 UT. All panels indicate that the dominant period of MSTIDs was ∼15.0 min as shown in their time series
FFT.

Ti = Te = Tn = T , respectively (Bernhardt, 2002). Both models are empirical and were developed based on179

data that heavily relied on the northern hemisphere (NH) instrumentation.180

3. Observation181

3.1. MSTIDs and Es-layer observations182

Figure 1 shows range-time-intensity (RTI) of backscatter power observed along beam 12 of the Zhongshan183

HF radar from 07:00 to 12:00 UT on 04 October 2011 (A) and beam 14 at 00:00 to 04:00 UT on 29 February184

2012 (B). TIDs are clearly seen in the sloping quasi-periodic power enhancements that moves away from the185

radar (A) and toward the radar (B) with time at ranges of > 500 km. Periodic perturbations of backscatter186

power (dB) derived from the Zhongshan HF radar show the passage of TIDs over its beams. The propagation187
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altitude of TIDs can be estimated based on the ray tracing tool. These TIDs were propagating in the F -region188

of the ionosphere at ∼200 - ∼300 km altitude (see appendix). Es-layers were observed simultaneously by189

the nearly vertical sounding ionosonde in the E-region between 95 and 140 km altitude. Figure 2 shows two190

manual scaled ionograms with the Es-layers at 138.0 and 133.0 km virtual heights with frequencies of 3.12191

and 2.92 MHz as shown by the starting of magenta vertical lines, observed at Zhongshan at around 10:37192

and 02:15 UT on 04 October 2011 (top panel) and 29 February 2012 (bottom panel), respectively. Other193

�gures showing the Es-layers are presented in the supporting material. We notice that most of Es-layers in194

this study are similar to the one presented in Figure 14 (a3) by Chen et al. (2018). In some cases, Es-layer195

are spread in altitude indicating that instability or turbulent related to the electric �eld or gravity waves196

was a�ecting the wind shear in the aurora region where particle precipitation takes place (Resende et al.,197

2023). Spread-F that is present in both panels indicates that there were some wave activities such as TIDs198

in the ionospheric F -region.

Figure 4: Average backscatter power and its FFT of far range gates (MSTIDs) of beam 8 (panel A), beam 9 (panel B),
beam 14 (panel C) and beam 15 (panel D) of the Zhongshan HF radar on 29 February 2012 from 00:00 to 04:00 UT. All
panels indicate that the dominant period of MSTIDs was ∼12.0 min as shown in their time series FFT.

199
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3.2. MSTIDs characteristics200

To �nd the characteristics of MSTIDs, we used the fast Fourier transform (FFT) cross-spectral analysis
algorithm proposed by He et al. (2004). A set of three gates is used to estimate the phase di�erences and
the dominant wavenumber within the set. The method used in this study was explained by Hiyadutuje et al.
(2022), and an example of how the method was applied was shown in its supplementary material (S2). We
present the summary of the important formulae used to �nd the MSTIDs characteristics (He et al., 2004). We
have assumed that the MSTIDs were traveling horizontally in the F -region (He et al., 2004). After �nding
the dominant wavenumber along x- (kx) and y-axis (ky), the resultant wavenumber (k) can be estimated:

k =
√
k2x + k2y. (1)

Propagation azimuth angle (Az) was estimated by using:

Az = tan−1
(
ky
kx

)
, (2)

taking into account the orientation of the radar's boreside angle (∼73◦). We estimate the horizontal phase
velocity (v) from the wavelength and the estimated period (T ) of the MSTIDs,

v =
λ

T
, (3)

where λ = 2π/k. Additionally, we produced movies of backscatter power over the radar's FOV to con�rm201

the propagation direction (see supplementary material). The vertical oscillation (Francis, 1974) A in km202

of MSTIDs were estimated after assuming a cos-sinusoidal wave (Hiyadutuje et al., 2022). From the FFT203

showing the power frequency domain, we choose the dominant peak. The periods are consistent with the204

TID signature shown by the black oblique lines in Figure 1. The background noise is given by the mean205

power of the estimated FFT indicated by a dashed-horizontal red line (He et al., 2004) in Figure 3. Note206

that before applying the FFT, we subtract the mean of the backscatter power to remove the zero frequency207

component of the FFT. Figure 3 shows the average backscatter power and its FFT for the far range gates208

(> 500 km) of beam 6 (panel A), 7 (panel B), 8 (panel C) and 9 (panel D) of the Zhongshan HF radar209

on 04 October 2011 between 07:00 and 12:00 UT. We select the dominant peak showing period of ∼15.0210

min on 04 October 2011 at 07:00 - 12:00 UT. MSTIDs parameters were the vertical oscillation of 83.8 km,211

azimuth direction of 106.0◦ (i.e., nearly eastward), phase velocity of 292.6 m/s and a period of 15 min. These212

parameters show that the disturbances were MSTIDs. Figure 4 is similar to Figure 3, but for the event on 29213

February 2012 between 00:00 and 04:00 UT. We found that the periodicity in the average backscatter power214

received by the far range gates of beams 8, 9, 14, and 15 was ∼12.0 min. Other MSTID parameters were 77.0215

km for the vertical oscillation, 278.5◦ azimuth angle (i.e., nearly westward) and phase velocities of 336.1 m/s.216

217

Simultaneously, we observe the Es-layers using the ionosonde located at Zhongshan during the time218

when the MSTIDs were observed by the radar. For both cases, the Es-layer was observed moving up and219

down in time. All ionograms are attached separately in the supplementary material (see Figures 1 - 14 for220

the 04 October 2011 and 15 - 25 for the 29 February 2012 event). Altitude pro�les manually scaled from the221

ionosonde data are presented to show the Es-layers modulation in Figure 5.222

223

Figure 5 demonstrates the Es-layer modulation and shows that the layers could be linked with the224

above observed MSTIDs through their correlation (see the middle panels). We use beam 9 (b9) to �nd the225

correlation between the Es-layer virtual altitudes and the MSTIDs backscatter power. We choose beam 9226

because TIDs can be observed by any single beam of the radar (He et al., 2004). Panels (a), (b) and (c) of227

Figure 5 show the Es-layer virtual altitude, normalized cross correlation (CC) between the Es-layer virtual228

heights and the respective backscatter power of beam 9, and FFT of h'Es, respectively on 04 October 2011229

at 09:37 - 12:00 UT. The data between 07:00 and 09:37 UT are not used because Es-layer was only seen230

four times, hence there are long duration data gaps that can a�ect the estimated CC. Panels (d), (e) and (f)231

of the same �gure are similar to panels (a), (b), and (c) for the event on 29 December 2012 at 00:00 - 04:00232
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Figure 5: Panels (a), (b) and (c) show the Es-layer virtual altitude, normalized cross correlation (CC) between the
interpreted Es-layer virtual heights and their FFT, respectively on 04 October 2011 at 09:37 - 12:00 UT. Panels (d), (e)
and (f) are similar to panels (a), (b), and (c) for the event on 29 December 2012 at 00:00 - 04:00 UT. Their FFT plots
in panels (c) and (f) show that their periods were 15.0 and 12.0 min, respectively.

UT. The middle panels show that the cross correlation coe�cient peaks at ∼-0.46 (b) and 0.82 (e) meaning233

that there was a moderate and strong correlation, respectively. Periods are also found in the time series of234

the Es-layer virtual heights/altitudes. Their FFT plots in panels (c) and (f) show that their periods were235

15.0 and 12.0 min, respectively, i.e., the same periods as the TIDs.236

4. Method237

At high latitudes, the motion of ions is governed by the neutral wind (U), e�ective electric �eld (E∗),238

particle interactions as well as the Earth's magnetic �eld (B). Ambipolar di�usion and the force of gravity239

also play an important role in the ion motion. Kirkwood and Nilsson (2000), assuming a steady-state ion drift,240

plasma pressure gradients in one dimension (vertical), considered only ions as species and singly charged to241

derive the ion drift velocity. The ion drift velocities (viz) that result in Es-layers in the vertical direction242

are (adapted from papers by Kirkwood and Von Zahn (1991) and Kirkwood and Nilsson (2000)):243

viz =
Ω2
i

Ω2
i + ν2i

[
E∗X
B

+ UY sin I

]
cos I (4a)

+
Ωiνi

Ω2
i + ν2i

[
E∗Y
B

+ UX

]
cos I (4b)

+

[
1− Ω2

i cos2 I

Ω2
i + ν2i

]
UZ (4c)

− ΩiΩe
Ωiνe + νiΩe

[
1

n

d(nkT )

dz
+mg

]
2

eB

(
sin2 I +

νiνe cos2 I

νiνe + ΩiΩe

)
, (4d)

where Ωα and να are the gyro and collision frequencies of species (α = i, e), respectively (Kirkwood and244

Von Zahn, 1991; Kirkwood and Nilsson, 2000). The subscripts i and e indicate ions and electrons. Other245

symbols Eβ , B, Uµ, k, T , n, e,m, g and I are components of electric �eld (β = Y,X), the total magnetic �eld246

of the Earth, components of the neutral wind (µ = Y , X, Z), Boltzmann's constant, the plasma temperature,247

plasma density, electron charge, ion mass, acceleration due to gravity and magnetic inclination, respectively.248
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For the horizontal Es layer, the horizontal ion motion might a�ect its height variation due to the inclination249

of the magnetic �eld. Figure 6 shows a geographic coordinates cartoon of the vertical, eastward (zonal) and

Figure 6: Geomagnetic and electric �eld components in the southern hemisphere. The Z, HY, and HX component of B
is negative upward, positive northward, and positive eastward, respectively. The red arrow shows the total electric �eld due
to the background electric �eld and the wind dynamo (E∗o = Eo +U×B). The components of the e�ective electric �eld
(E∗ = E∗o + δEP), E

∗
X and E∗Y are along x- and y-axis, respectively. The horizontal and total intensity of the magnetic

�eld is H and B, respectively. Meridional (UY and EY) and zonal (UX and EX) components of neutral wind and electric
�eld, respectively are presented. The E × B drift would push the Es-layer upward and downward, respectively.

250

northward (meridional) components of B and E∗o = Eo + U × B in the southern hemisphere. Note that251

Eo is the background electric �eld generated by the F -region dynamo (Otsuka, 2021). The magnetic �eld252

components Z and H and their resultant B are presented, where H can be projected along x- and y-axis253

to give HX and HY, respectively. Two horizontal neutral wind UX and UY and electric �eld EX and EY254

components are also shown. The symbols I and D represent the magnetic inclination and declination angles,255

respectively.256

257

The �rst term of the equation 4, (4a) plays an important role above 120 km altitude where Ωi >>258

νi (Kirkwood and Nilsson, 2000). Ions �ow partially in a direction perpendicular to both the electric and259

magnetic �eld directions due to the E ×B drift caused by the zonal component of the electric �eld (Kirkwood260

and Von Zahn, 1991). Note that the ions �ow direction will take the direction of the meridional wind261

into consideration (Kirkwood and Von Zahn, 1991). The second term of the equation 4, (4b) signi�cantly262
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contributes to the ion motion at the altitude below 110 km where νi >> Ωi (Kirkwood and Nilsson, 2000).263

Vertical wind, zonal wind and the meridional electric �eld via U × B drift contribute to the vertical motion

Figure 7: Time series plots of: (a) northward component of the ionospheric background electric �eld (EY o), (b) eastward
component of the ionospheric background electric �eld (EXo) and the polarization electric �eld (δEXp), (c) the magnitude
of total magnetic �eld on 04 October 2011.

264

of the ions (Kirkwood and Nilsson, 2000). The third term of the equation 4, (4c) is important at any altitude265

as long as there is a vertical motion, such as an AGW/TID (Kirkwood and Nilsson, 2000). It shows the266

motion of ions carried by the vertical wind component. A constant UZ of an upward 50 m/s in magnitude267

is assumed (Rees et al., 1984) because we don't have the observations of the vertical thermospheric wind268

at Zhongshan for the duration of each of the two events in this study. The last term of the equation 4,269

(4d) represents the ion di�usion caused by the plasma pressure and the ion weight/gravity force (Kirkwood270

and Nilsson, 2000). This term plays an important role on a thick Es-layer such as those formed by aerosol271

particles.272

273
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Meridional and zonal components of the electric �eld, geomagnetic �eld, meridional and zonal neutral
wind are derived from the SuperDARN radar network (see section 2.1), local magnetometer, and HWM14
model, respectively. Collision and gyro-frequencies were estimated using the NRLMSIS 2.0 model. All
the parameters presented in equation (4) are substituted using observations where available to get the
vertical ion drift velocity (viz) estimate. Using the background electric �eld and the horizontal neutral wind,
the magnitude of MSTID polarization electric �eld can be estimated (Otsuka et al., 2007; Otsuka, 2021;
Hiyadutuje et al., 2022). The MSTIDs produce polarization electric �elds that are perpendicular to their
wavefronts in the direction of travel (Otsuka, 2021). The polarization electric �eld (δEpF) is given by:

δEpF =
δΣp
Σp

(
Eo + U×B

)
· k

|k|
=
δΣp
Σp

(
E∗o

)
· k

|k|
=
δΣp
Σp

[
E∗o cos(β − α)

]
(5)

where U is the neutral wind velocity, k is the wave vector of MSTID and δEpF is generated within a274

MSTID wave to maintain divergence-free Pedersen current continuity (J = Σp(Eo +U×B)) (Otsuka et al.,275

2004, 2007, 2009; Otsuka, 2021; Zhang and Paxton, 2021). β is the angle between E∗o and the geographic276

east while α is the angle between k and the east (Otsuka, 2021). Note that Σp is the �eld line-integrated277

Pedersen conductivity, δΣp is its perturbation due to the MSTID waves. Dividing δΣp with Σp (δΣp/Σp)278

leads to the perturbation percentage of the background electric �eld due to the MSTIDs (Otsuka et al.,279

2009; Hiyadutuje et al., 2022). δΣp and Σp are estimated using the ionospheric conductivity model (height280

pro�le) (https://wdc.kugi.kyoto-u.ac.jp/ionocond/exp/icexp.html) based on the TID vertical oscillations.281

For details on the Pedersen conductivity and its perturbation estimation during the MSTID, see sub-section282

5.1 below. This method was also used by Hiyadutuje et al. (2022).283

284

Equation (5) can be rearranged to estimate the δEpF in the eastward direction (δEXpF ) by considering
the background eastward electric �eld (EXo) and polarization electric �eld due to the meridional neutral
wind. First, we estimate the total electric �eld (E∗o) generated by the background electric �eld and the
neutral wind dynamo;

E∗o =
√

(EXo + UBX)2 + (EY o + UBY )2 + (UBZ)2 =
√

(E∗Xo)
2 + (E∗Y o)

2 + (E∗Zo)
2 (6)

where the components of theU×B in three dimension are: UBX = UY ·Z−UZ ·HY , UBY = UZ ·HX−Z ·UX
and UBZ = UX ·HY − Z · UY . From the equations (5) and (6), the eastward polarization electric �eld due
to the MSTIDs can be estimated:

δEXpF =
δΣp
Σp

E∗o cos(θ) (7)

where θ = β − α is the angle between E∗o and k (Otsuka, 2021), the factor cos(θ) = E∗Xo/E
∗
o (see Figure285

6). For both events, the deviation of the MSTIDs azimuth angle from the east/west is small, we assume286

that α ≈ 0. UY and UX are the meridional and zonal neutral wind from the HWM14 at ∼300 km altitude287

(MSTIDs are considered to propagate at this altitude) based on the ray tracing model output (see Figure288

11 in section 7 (appendix)). A strong electric �eld coupling between the E- and F -region exists since the289

magnetic �eld is assumed to be equipotential. Between the Es-layers and MSTIDs altitudes, the distance290

is only a few hundreds of kilometers. The electric �eld would be mapped down to the E-region along the291

magnetic �eld lines (δEXpF = δEXpE) (Otsuka et al., 2004; Hiyadutuje et al., 2022) and contribute to292

the altitude modulation of the existing Es-layer. On the other hand, the Es-layer polarization electric �eld293

would be mapped from E- to F -region to generate the ionospheric irregularities, such as spread-F , TIDs,294

etc (Haldoupis et al., 2003; Kelley et al., 2003). We assume the Es-layer polarization electric �eld of 0.1EXo295

(Tsunoda et al., 1994) and add it to the background and MSTID polarisation electric �elds to estimate the296

modulation amplitude. Zonal and meridional components of the e�ective electric �eld E∗ used in equation297

(4) are E∗X = E∗Xo + δEXpE + 0.1EXo and E
∗
Y = E∗Y o.298
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Figure 8: Time series plots of: (a) northward component of the ionospheric background electric �eld (EY o), (b) eastward
component of the ionospheric background electric �eld (EXo) and the polarization electric �eld, (c) the magnitude of
total magnetic �eld on 29 February 2012.

5. Results and discussion299

5.1. MSTID polarization electric �eld during the events on 04 October 2011 and 29300

February 2012301

We have plotted the total magnetic �eld and both electric �eld components for the two events used to302

estimate viz in equation (4). Figures 7 and 8 show the time series plots of (a) the meridional component of303

the ionospheric electric �eld (EY o), (b) the zonal component of the ionospheric electric �eld (EXo) in a red304

line and δEXpF or simply δEXp in a black dashed line, and (c) B, at 07:00 - 11:52 UT on 04 October 2011305

and 00:00 - 04:00 UT on 29 February 2012, respectively.306

307

Figure 7 (a) shows EY o with a magnitude �uctuating between -20 and 20 mV/m. From 07:00 to 09:30308

UT, EY o was northward and at 09:30 - 11:52 UT EY o was �uctuating between northward and southward.309

Hiyadutuje et al.: Preprint submitted to Elsevier Page 13 of 24



MSTIDs and Es-layer altitude modulation

The ratio δΣp/Σp in equation (7) was estimated by taking the di�erence between the height-integral of310

Pedersen conductivity at (300 + A) km and at (300 - A) km altitudes over the total Pedersen conductivity311

(see the model in section 4). A is the vertical oscillation of the MSTIDs (Francis, 1974). For the event on312

04 October 2011, A = 83.8 km we estimate δΣp/Σp ≈ 14.4%. Figure 7 (b) shows the �uctuated westward313

ionospheric electric �eld with magnitude between -32 and ∼3 mV/m. It also shows the δEXp with the same314

trend as the EXo between ∼-8.0 and ∼1.0 mV/m. These values agree well with the previous studies, where315

the background electric �eld is perturbed by ∼10% (Zhang et al., 2001; Hiyadutuje et al., 2022). Otsuka et al.316

(2007) estimated the MSTID polarization electric �eld to be 1.1 mV/m using airglow imager. Figure 7 (c)317

presents the total Earth's magnetic �eld (B). Figure 8 (a) shows the EY o �uctuating mostly in southward318

between ∼-20 and ∼10 mV/m. δΣp/Σp in equation (7) was estimated to be 6.6% on 29 February 2012.319

The EXo in dashed black line was �uctuating mostly eastward between ∼-4 and ∼30 mV/m while δEXp in320

thin red line was between ∼-1.0 and ∼5.0 mV/m as shown in panel (b). Panel (c) shows the total Earth's321

magnetic �eld B during this event.322

323

The auroral electrojet (AE) index of ∼500 and ∼400 nT show that substorms may have taken place324

during the 2011 and 2012 events, respectively (Yenen et al., 2015). SYM-H reached ∼-22 and ∼-30 nT while325

Kp index reached +2 and +3, respectively indicating that a minor storm could have taken place during the326

29 February 2012 event.327

328

5.2. MSTID contribution to the Es-layer altitude modulation329

We have estimated the magnitude of δEXpE using equation (7) while B is measured by the magnetometer.
The E∗ × B drift, V′Es which involves the MSTIDs polarization electric �eld in the Es-layer altitude
modulation can be estimated using equation (8);

V′Es =
E∗ ×B

|B|2
=

E∗ × (Z + H)

|B|2
(8)

where E∗ = E∗o + δEp, contribution of the U × B dynamo, the MSTIDs δEXp and Es-layer 0.1EXo330

polarization electric �elds. The components of the magnetic �eld are given by Z = B sin(I), H = B cos(I),331

HY = B cos(I) cos(D) and HX = B cos(I) sin(D) (see Figure 6). We use the equation (4) to estimate the332

viz during the duration of each of the two events in this study since the contribution of both components of333

electric �eld and magnetic �eld on the viz were considered (Kirkwood and Von Zahn, 1991).334

335

We remove the linear trend in the viz time series by subtracting the least-squares �t to the data from the336

original data (https://docs.scipy.org/doc/scipy/reference/generated/scipy.signal.detrend.html) and compute337

the altitude modulation (∆ hiz) by using 2 min corresponding to the data time step. The same method of338

removing the linear trend is used to �nd the ∆ h′Es estimated from the h′Es. We have used equation (4)339

by considering the MSTID's contribution, i.e., EXpE . Recall that the MSTID propagation directions were340

106.0◦ and 278.5◦, so essentially in the zonal direction only. The MSTID's polarization electric �eld in the341

northward/southward direction is very small, i.e., EY pE ≈ 0.342

343

Figure 9 shows the Es-layer altitude (h′Es) from the ionosonde measurements and the estimated vertical344

component of ion drift velocities (viz) between 90 and 150 km altitudes on 04 October 2011. The top panel345

(a) shows the Es-layers altitude (black dots) and its standard deviation unit (error bars of ± 9.6 km), a third346

order polynomial interpolation (black line), estimated ion vertical drift velocities (dashed blue), selected ion347

drift velocities (blue dots) at the time when the Es-layers data were available, and a third order polynomial348

interpolation of those drift velocities shown by the blue line. The digisonde h′Es uncertainty can be of the349

order of ∼2 - 3 km (Haldoupis et al., 2024). The Es-layer virtual height (black dots) is seen between 105 and350

140 km altitude. The ion drift velocities were estimated to be between ∼7.3 and ∼164.6 m/s with average of351

∼61.7 m/s. This value is close to the Es-layers vertical velocity of 100 m/s published by MacDougall et al.352

(2000). The third order polynomial interpolation is used to mimic other positions of Es-layer (black line)353

and velocities of ions (blue line) during the time interval when there was no Es-layer in the ionosonde data.354

355
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(b)

(a)

(c)

(d)

Figure 9: The Es-layer modulation on 04 October 2011. The top panel (a) shows the virtual height of the Es-layer
(h′Es) and its standard deviation unit (black dots and error bars), a third order polynomial interpolation (black solid line),
estimated vertical ion drift velocities (viz, blue dashed line), estimated ion drift velocities at the time when Es-layers
data were available (blue dots), and the third order polynomial interpolation of those velocities (blue line) after every 2
min. Panel (b) shows the linear detrend of the interpolated observed Es-layer position (∆ h′Es) (black solid line) and
estimated altitude modulation (∆ hiz) (black dashed line). Panel (c) shows the CC between the interpolated observed
Es-layer positions and estimated hiz. The CC's error bars in black are equivalent to its standard deviation unit. The bottom
panel (d) shows the FFT of viz with the dominant peak showing a period of ∼15 min.
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(b)

(a)

(c)

(d)

Figure 10: The Es-layer modulation on 29 February 2012. The top panel (a) shows the virtual height of the Es-layer
(h′Es) and its standard deviation unit (black dots and error bars), a third order polynomial interpolation (black solid line),
estimated vertical ion drift velocities (viz, blue dashed line), estimated ion drift velocities at the time when Es-layers
data were available (blue dots), and the third order polynomial interpolation of those velocities (blue line) after every 2
min. Panel (b) shows the linear detrend of the interpolated observed Es-layer position (∆ h′Es) (black solid line) and
estimated altitude modulation (∆ hiz) (black dashed line). Panel (c) shows the CC between the interpolated observed
Es-layer positions and estimated hiz. The CC's error bars in black are equivalent to its standard deviation unit. The bottom
panel (d) shows the FFT of viz with the dominant peak showing that the period was ∼12 min.
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Panel (b) shows the Es-layer altitude modulation (∆ h′Es) obtained from the ionosonde measurements356

and estimated altitude modulation (∆ hiz), respectively. The residual after removing the linear trend from357

the Es-layer altitudes and altitude modulation estimated from the ion drift velocities in panel (a) are plotted.358

The average of the observed Es-layers amplitude modulation (∆ h′Es) is ∼± (10.4 ± 6.7) km while the359

estimated average of the ∆ hiz amplitude is ∼± (5.0 ± 4.8) km. The CC between ∆ h′Es and ∆ hiz was also360

0.71 ± 0.22. The bottom panel (d) shows the FFT estimated from viz shown in blue dashed line in panel361

(a). Clearly, the dominant peak similar to that in FFT estimated using the MSTID SuperDARN backscatter362

power in Figure 3 are evident in the Es-layer altitude modulation (see similar FFT peak in Figure 5(c)).363

This is unsurprising because δEXpE must have the period of the TID by de�nition.364

365

Figure 10 is similar to Figure 9, but for the 29 February 2012 event at 00:00 - 04:00 UT. The uncertainty366

in the observed Es-layers altitude was ±5.4 km. The average of the observed Es-layers amplitude modulation367

is ∼± (3.9 ± 3.4) km while the estimated average of the ∆ hiz amplitude is ∼± (4.8 ± 3.5) km. The CC368

between ∆ h′Es and ∆ hiz was 0.51 ± 0.16. The dominant peak shows that the period of the estimated viz369

was ∼12 min similar to that in FFT estimated using the MSTID Zhongshan HF radar backscatter power370

and Es-layer altitude modulation shown in Figures 4 and 5(f), respectively. Similar �gures to Figures 9371

and 10 obtained using the automatic scaling are presented in the supplementary material (see Figures 28372

and 29). As seen in di�erent ionograms, Figures 28 and 29 include Es-layers that are embedded in the373

ordinary E-region layers and sometimes the system doesn't di�erentiate the Es-layers and E-region layers.374

Nevertheless, the presented strong CC between ∆ h′Es and ∆ hiz also demonstrate that there are some375

e�ects of the F -region MSTIDs on the E-region layers. We have also found that electric �eld contributed376

more on the Es-layers than the neutral wind (see Figures 30 - 33) in the supplementary material. We377

noted that the modelled and observed Es-layer altitude variations show an amplitude discrepancy. However,378

agreement in the time domain is very good. There are a number of sources of uncertainty associated with the379

modelling undertaken. These include: the HWM14 neutral wind model is a statistical empirical model. We380

have assumed a constant upward vertical neutral wind. The HF ray tracing relies on the statistical empirical381

IRI model (Kunduri et al., 2022). This directly a�ects the altitude of the HF ray in the F -region ionosphere382

and the Pedersen conductivity estimate, which both directly a�ect the MSTID polarisation electric �eld383

estimate.384

385

This study showed that the vertical modulation of Es-layers were observed by a digisonde in the morning386

and afternoon local time over Zhongshan. At the same time, a co-located SuperDARN HF radar observed387

MSTIDs, of 83.8 km vertical oscillation propagating eastward (16◦ from east) on 04 October 2011 and of388

77.0 km vertical oscillation propagating westward (8.5◦ from west) on 29 February 2012. Their periods were389

∼15.0 and ∼12.0 min, respectively. The same periods are clearly seen in the FFT plots computed from390

the time series of the Es-layer virtual height (see Figures 5, 9 and 10). MSTIDs were observed in the far391

ranges propagating away/toward the radar, while the Es-layer was detected by the ionosonde just above the392

radar's location. There is a link between the Es-layer altitude modulation and the passage of MSTIDs as393

the two have equal periods (see periods estimated from FFT in Figures 3, 5 (A) and 9 or 4, 5 (B) and 10).394

Additionally, using the cross correlation between the Es-layer virtual altitude modulation and the MSTIDs395

backscatter power received by beam 9, we �nd a moderate and strong correlation of -0.46 and 0.82 implying396

that the MSTIDs contributed ∼21.2% and ∼67.2%, respectively on the Es-layer altitude modulations. Using397

co-located SuperDARN radar, ionosonde and a magnetometer data at Zhongshan, we have shown that the398

modulation of the observed Es-layers strongly correlate with the estimated ions velocity modulation due399

to di�erent mechanisms involving the MSTIDs polarization electric �eld. On the other hand, instabilities400

generated through the Es-layers could also generate a strong polarization electric �eld that could produce the401

MSTIDs via the coupling process between the E- and F -regions (Kelley et al., 2003). The coupling between402

the two phenomena was also discussed by many researchers. For example in most cases, the MSTIDs are403

linked with the polarization electric �eld generated by the E-region layers (Haldoupis et al., 2003; Kelley404

et al., 2003; Ejiri et al., 2019), that is, the electric �eld would be mapped from E-region to F -region.405

Additional to what have been reported in this coupling process, this manuscript includes the contribution406

of MSTID's polarization electric �eld as previously reported by Otsuka et al. (2004, 2007) and Hiyadutuje407

et al. (2022, 2024).408
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6. Conclusions409

To demonstrate the altitude modulation of the high-latitude Es-layers on 04 October 2011 and 29410

February 2012, we analyse the Es-layer virtual height derived from ionosonde data. The total Earth's411

magnetic �eld data derived from magnetometer and MSTIDs observed in the backscatter power and modelled412

electric �eld data derived from the SuperDARN HF radar over Antarctica at Zhongshan were investigated413

to understand the modulation mechanism.414

� A strong positive correlation between the observed Es-layer virtual altitude modulation and estimated415

E-region vertical ion drift modulation has been found when a Medium Scale Traveling Ionospheric416

Disturbance (MSTID) was propagating overhead in the F -region ionosphere. We show that the417

polarization electric �eld of MSTIDs propagating in the F -region, mapped down the near-vertical418

magnetic �eld, could contribute to the Es-layer altitude modulation via the E×B drift mechanism.419

� Cross correlation coe�cients between the Es-layer virtual heights/altitudes and MSTIDs backscatter420

power received by beam 9 of the Zhongshan radar show that there is a moderate and strong correlation421

of -0.46 and 0.82 (see Figure 5) between the two indicating that the MSTIDs contributed ∼21.2% and422

∼67.2%, respectively on the Es-layer altitude modulations. We show that there is a strong correlation423

between the Es-layer virtual height modulation observed using an ionosonde and the estimated ∆ hiz424

using the equation involving the contribution of the MSTID's polarization electric �eld. To estimate hiz425

we use the convection electric �eld estimated using the SuperDARN HF radars and other parameters426

shown in equation (4).427

� Observational measurements such as the electric �eld in the E-region, components of neutral wind428

in the E- and F -region at the altitude of TIDs and very high frequency (VHF) radar are needed to429

accurately estimate the altitude of MSTIDs over Zhongshan to improve our results.430
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7. Appendix469

To know, the possible altitudes of MSTIDs, we �rst identify which ranges the MSTIDs were observed in470

the �gure like Figure 1 and check in the ray tracing the backscatter altitudes corresponding to those ranges.471

Note that the black dots indicate the altitudes and ranges where the echoes would be coming from based on472

the IRI and other models used in the ray tracing (Kunduri et al., 2022).473

474

Figure 11 shows the ray tracing plots from a code initially developed by De Larquier (2013) and converted475

to python by Kunduri et al. (2022). Plots were generated to show the MSTIDs propagation altitude on 04476

October 2011 (panel A) and 29 February 2012 (panel B). We use 10 MHz for beams 12 and 14 on 04 October477

2011 and 29 February 2012, respectively of the Zhongshan HF radar. On 04 October 2011 (panel A), the478

backscatter power in the range ∼300 and ∼900 km came from around 200 - 300 km altitudes as shown479

by a 0.5 hop ionospheric scatter (see black dots of the ray tracing plot) (Kunduri et al., 2022). Echoes480

between 1000 and 1500 were ground scatter. On 29 February 2012 (panel B), the ray tracing plot shows481

that backscatter in the ranges ∼300 - ∼1200 km came from ∼100 to ∼300 km altitudes. Most of backscatter482

in the ranges above ∼1200 km were ground scatter. For the analysis in this study we have assumed that483

MSTIDs were traveling at 300 km altitude.484
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