
1. Introduction
Electrified ionosphere irregularities have extensively been an intriguing subject of research. In the summer hemi-
sphere, at mid-latitudes during nighttime, electrified irregularities are ubiquitous in the F-region, manifested as 
wave-like electron density perturbations with horizontal wavelengths of several hundred kilometres and periods 
of 15–60 min (Bowman, 1985, 1990; Hunsucker, 1982): typically known as medium-scale traveling ionospheric 
disturbances (MSTIDs). Recent studies have identified the characteristics of MSTIDs by using two-dimensional 
(2D) GPS-TEC (total electron content) maps (A. Saito, Fukao, & Miyazaki,  1998), three-dimensional (3-D) 
computerized ionospheric tomography technique (Ssessanga et al., 2015), and airglow imagers (Shiokawa, Ihara, 
et al., 2003). One of the intriguing aspects of nighttime midlatitude MSTIDs is the northwest-southeast (NW-SE) 
(northeast-southwest; NE-SW) aligned frontal structures propagating toward equator-westward direction in the 
Northern (Southern) Hemisphere (Yokoyama, 2014). The Perkins instability could be the most likely mechanism 
to account for the directional preference of alignment and propagation of MSTID structures (Perkins, 1973). 
However, theoretical analysis have found that the growth rates of typical MSTIDs cannot be satisfied by a stan-
dalone Perkins instability, and have underscored a coupled effect from polarized Es structures (Es-layer insta-
bility) coupled to the Perkins instability (Cosgrove & Tsunoda, 2002, 2004; Cosgrove et al., 2004; Tsunoda & 
Cosgrove, 2001; Yokoyama et al., 2009).

Es (sporadic E) are thin layers of metallic ion plasma that predominantly form at altitudes of 95–125 km in the 
ionospheric E region (Whitehead, 1989). Occasionally, the Es layer anomalously exhibits greater plasma densi-
ties than the F region; an occurrence that highly correlates with intense trans-ionospheric signal scintillation 
(Fu, Ssessanga, et al., 2021). For Es layers at midlatitudes, neutral wind shear theory has been widely accepted 
for the generation mechanism (Haldoupis,  2012; Mathews,  1998), and the pronounced seasonal dependence 
is attributed to the tidal wind, the Earth's geomagnetic field, and the level of meteoric depositions (Haldoupis 
et al., 2007; Whitehead, 1989). Albeit the Es horizontal structures (∼100 km in length and 10 km in width (Maeda 
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& Heki, 2015; Sinno et al., 1964)) is smaller when compared to MSTIDs, simulation studies have found the 
former to play an important role in the generation of nighttime midlatitude MSTIDs via electromagnetic coupling 
along the geomagnetic field lines (Yokoyama & Hysell, 2010; Yokoyama et al., 2009). Indeed, in the Northern 
Hemisphere summer nights, observation results show that during the coupling process, Es layers and MSTIDs 
share common alignment (NW-SE), propagation phase velocity (about 100 m/s), direction (southwestward; SW), 
and density perturbations traced along a common geomagnetic field line (Fu et al., 2022; Liu et al., 2019; S. Saito 
et al., 2007). Still under simulation analysis, a weak electric field polarization from MSTIDs could map down 
to the E region, thus seeding the Es-layer instability and producing additive polarization fields that amplify the 
Perkins instability in the F region (Cosgrove, 2007).

Actually, the E-F coupling process is more intricate, to the extent that MSTIDs are simultaneously observed in the 
geomagnetic conjugate regions (different hemispheres) with matching crests and troughs (Narayanan et al., 2018; 
Otsuka et al., 2004; Shiokawa et al., 2005; Valladares & Sheehan, 2016). Simulation works have verified that 
these geomagnetic conjugate structures are the results of interhemispheric coupling (Yokoyama, 2014). In this 
process, the polarization electric fields generated by E- and F-region irregularities can be mapped to opposite 
hemisphere along the geomagnetic field lines with a certain attenuation, which can well explain the maximum 
and secondary occurrence peak of MSTIDs in summer and winter in the statistic study of Shiokawa, Ihara, 
et al. (2003). Otsuka et al. (2008) suggested that Es layers in the summer hemisphere could be important for the 
generation of MSTIDs in both hemispheres. Narayanan et al. (2018) analyzed the simultaneous MSTID structures 
in geomagnetic conjugate regions by using all-sky airglow imagers and ionosondes. They found that the Es layers 
and thermospheric meridional winds play a major role in the interhemispheric MSTIDs. By using the long-term 
radio occultation observations, Liu et al. (2020) inferred that the MSTIDs are closely related to the effect of E-F 
coupling and interhemispheric coupling; Lee et al. (2021) found that the MSTID generation is also affected by 
some factors other than Es, for example, the growth rate of the Perkins instability, atmospheric gravity waves 
(AGWs), and the F-region conductance. Due to the limited observation area, resolution, and methods, comparing 
the temporal relationship between the occurrence of Es and MSTIDs is difficult, and thus the causal relationship 
in the E-F and interhemispheric coupling is not yet fully understood. Therefore, a comprehensive analysis of the 
interhemispheric coupled ionosphere is required to deepen our understanding of MSTIDs.

In response to the above problems, we attempt at simultaneously analyzing the geomagnetic conjugate structures 
at a broader horizontal scale and higher temporal resolution. Global navigation satellite systems (GNSSs) have 
been widely utilized for ionospheric studies because of its cost-effectiveness and rapid development. A densely 
distributed network of ground-based receivers, from regional to global, enables us to monitor the ionosphere and 
probe the ionospheric disturbances with a higher spatiotemporal resolution (Ding et al., 2011; Otsuka et al., 2013). 
This paper mainly focuses on the conjugate regions in Japan and Australia since both Es and MSTIDs have been 
frequently observed in the East Asian sector (Kil & Paxton, 2017; Wu et al., 2005). We observe the ionospheric 
disturbances in geomagnetic conjugate regions with ground-based GNSS TEC. A double-thin-shell approach is 
introduced to analyze the ionospheric E- and F-region responses during the coupling process. Additionally, to 
help clarify and verify the causes and effects of E-F coupling process in the interhemispheric coupled ionosphere, 
the conjugate E and F regions of both the hemispheres are studied with multi-source observations, including 
GNSS TEC, ionosondes, radio occultation, Swarm satellite constellation, and Ionospheric Connection Explorer 
(ICON) spacecraft. The data and methods used in this analysis are presented in Section 2. Observation results and 
discussion are shown in Section 3 and Section 4, respectively. Section 5 gives the final conclusions.

2. Data and Methods
This study focuses on mid-latitude geomagnetic conjugate regions found in Japan and Australia. Figure 1a shows 
the distribution of ground-based GNSS receivers and ionosondes in these areas. Gray dashed lines represent the 
magnetic dip (0°, ±20°, and ±50°) calculated from International Geomagnetic Reference Field (IGRF) model 
(Alken et al., 2021). Compared to the dense GNSS Earth Observation Network (GEONET) over Japan, with more 
than 1,000 receivers, the network over Australia consists of approximately 450 sparsely distributed stations with 
a bias toward the southeast. For a 30 s data cadence, more than 5,000 (1,800) ray paths are recorded over Japan 
(Australia) with a cutoff elevation angle of 35° (A. Saito, Fukao, & Miyazaki, 1998). Figures 1b and 1c show an 
example of ionospheric pierce points (IPPs) from GNSS rays. The epoch is arbitrarily selected, and the altitude is 
300 km. The disparity in the distribution of the IPP points follows that of the two networks. Because the Japanese 
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archipelago is narrow and vividly stretches northeast to southwest, the red dashed line in Figure 1b indicates the 
region with the most data points where reconstructions are of better accuracy.

Slant TEC (STEC) is the integrated electron density along the line of sight (LOS) between the receiver and 
satellite. Usually, the TEC in ionospheric studies refer to the vertical TEC, which can be obtained from a STEC 
and a mapping function under the single-thin-shell model. This model assumes an infinitesimally thin layer at a 
constant height represents the whole ionosphere. Although the single-thin-shell model has been widely applied in 
ionospheric studies, its exploitation in E-F coupling is difficult because of the impossibility of observing pertur-
bations in both E and F regions. Fu et al. (2022) simultaneously reconstructed the E- and F-region disturbances 
over Japan by using the dense ground-based GNSS TEC and a double-thin-shell approach, which has proven to 
be an effective tool to analyze the E-F coupling. However, currently this technique is applicable only over Japan 
area due to the high spatial density (15–25 km of typical horizontal separations) of GEONET. Therefore, we 
applied the single- and double-thin-shell approaches to reconstruct the E- and F-region disturbances over Japan, 
while in the Australian region we only used the single-thin-shell approach to monitor and analyze the irregu-
larity struc tures in the F region. Additionally, although many receivers started tracking other GNSS satellite 
constellations, we only focus on GPS in this research because data points are dense enough and the results would 
not be significantly different if signals from other constellations are included. The STEC were derived from 
pseudo-range and phase measurements, and the unknown ambiguities in the phase measurements were corrected 
by the corresponding pseudo-range measurements (Ma et al., 2014; A. Saito, Fukao, & Miyazaki, 1998). We 
assumed the instrumental biases inherent in satellites and receivers remain stable within one UT (universal 
time) day (Ma & Maruyama, 2003). STEC with elevation angles smaller than 35° were negated to mitigate the 
multipath effects. Following the work of Fu et al. (2022), we ingested the TEC perturbation (TECP) component, 
since typical TECPs caused by Es and MSTIDs are small and the accuracy of absolute GNSS TEC estimation is 
a few TEC units (TECU; 1 TECU = 10 16 el/m 2). Similarly, in this paper, TECPs were obtained after deducting a 
30-min data running average (centered on the epoch of the LOS) from each LOS TEC, and data corresponding to 
arc segments less than 30 min were excluded to avoid spurious perturbations.

Figure 1. (a) Distribution of global navigation satellite systems (GNSS) stations (black dots) and ionosondes (yellow 
squares). Gray dashed lines represent the magnetic dip (0°, ±20°, ±50°). (b and c) Blue dots represent the distribution of 
ionospheric pierce point (IPP) at 10:00 UT (universal time) on 29 July 2019, at 300 km altitude. Red dashed line indicates the 
region with most data points over Japan.
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Ionosondes are one of the most accurate tools for probing the ionosphere. Yellow squares in Figure 1a show 
the distribution of ionosondes used in this study, located at Wakkanai (45.16°N, 141.75°E geographic; 59.89° 
magnetic dip, calculated from IGRF model), Kokubunji (35.71°N, 139.49°E geographic; 49.67° magnetic dip), 
Yamagawa (31.20°N, 130.62°E geographic; 45.38° magnetic dip), Canberra (35.32°S, 149.00°E geographic; 
−65.96° magnetic dip), Townsville (19.63°S, 146.85°E geographic; −48.87° magnetic dip), and Darwin 
(12.45°S, 130.95°E geographic; −39.48° magnetic dip). We adapted ionogram observations to indicate the vari-
ation of Es-layer intensity at those ionosonde locations. The Es information (critical (foEs) and blanketing (fbEs) 
frequencies) over Japan and Australia are provided by the manual-scaled (at 1-hr interval) and auto-scaled (at 
5-min interval) ionogram parameters, respectively, since the ionogram automatic processing algorithm in Japan 
cannot detect small fbEs values. On an ionogram, foEs indicates the maximum frequency of the Es echo trace, 
while fbEs denotes the minimum frequency of the F-layer trace (Narayanan et al., 2018). foEs and fbEs determine 
the frequency bands in which radio waves can be partially reflected or pass through the Es layer (Maruyama 
et al., 2006), where fbEs is the peak density of the quasi-uniform layer (i.e., signals lower than this frequency 
cannot pass through this layer), and foEs is the peak density of clumps within this layer. Thus, the difference 
between foEs and fbEs (foEs-fbEs) is often used to represent the degree of density structuring in the Es layer 
(Otsuka et al., 2008).

Spaceborne GNSS radio occultation of Constellation Observing System for Meteorology, Ionosphere, and 
Climate (COSMIC) have advantages of high accuracy and vertical resolution, which can complement the 
ground-based GNSS observations with its global coverage (Fu, Ma, et al., 2021). Six satellites in COSMIC-2 
mission were operational after 25 June 2019, providing uniform global data coverage with several thousand 
electron density profiles daily, especially near the equatorial region (Cherniak et al., 2021). The electron density 
profiles are generated from TEC measurements along the spaceborne receiver and GNSS satellite link by using 
the Abel inversion technique and local spherical symmetry assumption (Lin et al., 2020). We use these profiles 
to complement the sparse ground-based observations over Australia: the data used are a level-2 product (ionPrf) 
from COSMIC-2 with an acceptable degree of uncertainty.

The Swarm mission comprises a constellation of three satellites, in polar orbits at two different altitudes of 
≤460 km for Alpha (A) and Charlie (C), and ≤530 km for Bravo (B). Each satellite has an Absolute Scalar 
Magnetometer and a Vector Fluxgate Magnetometer for measuring Earth's magnetic field at 1 Hz resolution, and 
a Langmuir Probe for measuring situ electron densities at a 2 Hz resolution (Olsen et al., 2015). In this work, we 
used the level-1b products of electron density and magnetic field from satellites A and C because they are at the 
same orbital altitude.

The Michelson Interferometer for Global High-resolution Thermospheric Imaging (MIGHTI) on the ICON space-
craft provides neutral wind data from 90 to 300 km altitude by using 557.7 nm (green channel) and 630.0 nm (red 
channel) airglow emission observations. More details on instruments and data validation can be found at Makela 
et al. (2021) and Harding et al. (2021). Following the work of Harding et al. (2022), above and below 180 km, we 
used the neutral wind data from red channel and green channel, respectively.

3. Observation Results
Earlier statistical studies on nighttime midlatitude MSTIDs in Japanese and Australian longitudinal sector found 
the occurrence rate to peak in summer, followed by winter (Shiokawa, Ihara, et al., 2003). In this study, due 
to the limitations of date coverage of multi-source data, a quick look into the summer period, two nighttime 
MSTID events of similar amplitudes in July (summer in the Northern Hemisphere) and December (summer in 
the Southern Hemisphere), 2019, were selected for analysis. To mitigate anomalies due to external forcings such 
as geomagnetic storms, the selected events are from quiet days with K < 4 and |Dst| < 30 (Ma et al., 2014). The 
K index is provided by Kakioka magnetic observatory at 36.2°N, 140.2°E.

3.1. Event on 29 July 2019

Figure 2 shows the snapshots of TECP maps at various time epochs from 10:00 to 14:00 UT on 29 July 2019 
(DOY (day of year) 210), which are obtained by using the single-thin-shell approach at 300 km altitude, following 
the method in Tsugawa et al. (2018). Following the difference in the distribution of the ground GNSS receivers, 
the horizontal spatial resolution of the images in the Northern (Japan) and Southern (Australia) hemispheres 
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is 0.15° and 0.5°, respectively. In each image, reconstructions are from perturbations collected over a 2-min 
window: that is, the ionosphere is assumed stationary within this window. Gray dashed lines represent the 
magnetic dip at ±50° obtained from IGRF model, orange and blue circles indicate the geomagnetic conjugate 
regions over Japan (summer) and Australia (winter), the black dashed lines drawn along the disturbances indicate 
the alignment azimuths of the apparent frontal structures, which are NW-SE (NE-SW) in the Northern (Southern) 
Hemisphere, and gray arrows denote the southwestward (northwestward) drift direction in the Northern (South-
ern) Hemisphere.

In Figure 2a, in the region circled by the orange line, irregular ionospheric density perturbations (maximum 
value: 0.34 TECU) are observed over the Japan Archipelago after sunset at 10:00 UT (19:00 JST (Japan standard 
time)) at higher latitudes (>43°N). Meanwhile (10:00 UT; 20:00 AEST (Australia Eastern Standard Time)), as 
shown in subplot (e), east-west (E-W) aligned density depletions and irregular perturbations with small ampli-
tudes (<0.17 TECU) are observed in the eastern part of the blue circle, about less than half of those in the summer 
hemisphere (Japan). Soon, these E-W aligned disturbances disappear and obvious NE-SW frontal structures form 
at higher latitudes in both hemispheres. This is eminent in the 10:30 UT images (b (Japan) and f (Australia)) with 
wavelike tilted disturbance structures. Still, the maximum amplitude of the frontal structure is significantly larger 
in the summer hemisphere (Japan; ∼0.47 TECU) than in the winter hemisphere (Australia; ∼0.22 TECU). Later, 
after around 11:30 UT, the wavebands over Japan propagate to lower latitudes (∼35°N; 50° magnetic dip) and 
develop rapidly over this region. The conjugate MSTIDs at lower latitudes over Australia (−50° magnetic dip) are 
not very clear, due to the low-amplitude perturbations and the sparse GNSS data points. At 14:00 UT, significant 
conjugate MSTIDs are observed within the encircled regions. From 10:00 to 14:00 UT, MSTIDs in the summer 
hemisphere (Japan) develop and reach the maximum intensity of 0.80 TECU, while the conjugate MSTIDs in 
the winter hemisphere (Australia) nearly maintain a constant amplitude (∼0.15–0.24 TECU). Ignoring the sparse 
distribution of GNSS data over the Australian region, the amplitude of TECPs caused by the MSTIDs in the 
winter hemisphere (geomagnetic conjugate region) is small.

Figure 2. Snapshots of total electron content perturbation (TECP) maps at various time epochs from 10:00 to 14:00 UT 
(universal time) on 29 July 2019 (DOY (day of year) 210), obtained by the single-thin-shell approach at 300 km altitude. Gray 
dashed lines represent the magnetic dip at ±50°, orange and blue circles indicate the geomagnetic conjugate regions over 
Japan (summer) and Australia (winter), black dashed lines indicate the alignment azimuths of the apparent frontal structures, 
and gray arrows denote the drift direction.
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Following Fu et al. (2022), the double-thin-shell approach and ground-based GNSS TEC of GEONET were used 
to analyze the E-F coupling process in the region with most data points over Japan (30°N–42°N, 130°E−140°E 
for the E shell and 28°N–45°N, 128°E−145°E for the F shell). From the results in Figures 2a–2d, this region 
also coincides with the fast-growing region of the MSTID structures. The parameters used in setting up and 
fine-tunning the algorithm are similar to those in Fu et al. (2022): two shell heights are set to 100 and 300 km 
for the E and F shells, respectively; in the analyzed region, the resolution in E and F shells was set to 0.15° 
and 0.5°, respectively; the temporal resolution is 2 min. Subplots (a–b) in Figure 3 show the time variation of 
TECPs on 29 July 2019 (DOY 210) during 9:00–18:00 UT (18:00–3:00 JST) along the NE-SW red dashed line 
in Figure 1b. Heq represents the equatorial crossing height of the magnetic field line piercing each shell. The 
disturbances of different shells at the same Heq are considered to be connected by a same magnetic field line 
(Fu et  al.,  2022). Blue dashed lines are drawn along the obvious disturbances and indicate the alignment of 
evident downward-sloping stripes, and gray dashed lines represent the duration of F-region perturbations over 
this analyzed area. Obvious disturbances in both E and F regions occur over this area after ∼10:45 UT. We also 
performed a fast Fourier transform (FFT) analysis on the E-region reconstruction results of different time periods 
(from 9:00 UT to 10:45/11:00/11:30 UT) to further verify the existence of phase fronts in the E region. As shown 
in subplots (c–e), based on the FFT analysis, the E-region coherent sizable disturbances were detected at higher 
latitudes after ∼10:45 UT, which confirms the phase fronts within the E-shell keograms in subplot (b). In fact, the 
duration of strips (i) and (ii) in subplots (a–b) is the same; the disappearance of TECP at around 12:00 UT in strip 
(i) is due to satellite movement, such that the IPP points drift away from the red dashed line in Figure 1b. Evident 
downward-sloping stripes (i) and (ii) in subplots (a–b) have similar Heq and gradients, indicating the occurrence 

Figure 3. (a and b) Time variation of total electron content perturbations (TECPs) in E and F shells in Japan on 29 July 2019 (DOY (day of year) 210) along the 
northeast–southwest red dashed line in Figure 1b. Heq represents the equatorial crossing height of the magnetic field line piercing each shell. Blue dashed lines indicate 
the alignment of evident downward-sloping stripes, and gray dashed lines represent the duration of perturbations in the F region over the analyzed area. (c–e) E-region 
reconstruction results of fast Fourier transform (FFT) in different time periods. (f) Time variation of the standard deviation of TECPs (σP) in different hemispheres.
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of E-F coupling: the irregularities in different regions are connected by a magnetic field line, and share a simi-
lar NW-SE wavefront propagating to the southwest with a phase velocity of ∼100 m/s. More importantly, the 
small-amplitude disturbances in the E region indicated by stripe (iii) are about 30 min earlier than stripe (i) in 
the F region and stripe (ii) in the E region. As inferred from Figure 2, MSTIDs in Japan (summer) propagate to 
lower latitudes (∼35°N), and then the amplitudes develop rapidly in this region after around 11:30 UT. The earlier 
occurrence of Es further supports the theory that Es layer plays a major role in amplifying the Perkins instabil-
ity in the F region via electromagnetic coupling along the geomagnetic field lines (Cosgrove, 2013; Yokoyama 
et al., 2009).

To study the MSTID activity, A. Saito et al. (2001) used the standard deviations of TECP within 1 hr to represent 
amplitude of TECPs caused by MSTIDs, and results show a good correlation between the standard deviation 
of TECP with horizontal structures of TECPs on the 2D maps. We follow the same to avoid occasional sizable 
errors in TECPs; for each epoch, over the whole region (either Japan or Australia), a standard deviation of TECPs 
(σP) is computed. Considering the propagation of MSTIDs and the less data points over Australia, this parameter 
can only represent the relative intensity variation over the region with most data points. In Figure 3f, the σP in 
different hemispheres are plotted every 15 min to indicate the time variation of the disturbance intensity, wherein 
the σP over Japan and Australia are represented by asterisks mark and circle, respectively. From the results in 
Figure 2, the ionospheric disturbances over Japan (summer) develop at higher latitudes at about 10:00 UT and 
reach the maximum at around 14:00 UT; disturbances show weak development in Australia (winter) during the 
MSTID event. Consistent with these conclusions, in Figure 3f, σP(north) (in Japan) start to increase after 10:00 
UT and reach the maximum at around 14:00 UT; in Australia, the disturbance intensity (σP(south)) shows a small 
increase in the initial phase (at ∼10:00 UT) with the development of MSTIDs in the summer hemisphere (Japan), 
but then the activity of conjugate MSTIDs remains constant throughout the MSTID event.

To further validate the GNSS-TEC observation results in Japan and to supplement information on the Es layer 
over Australia, the ionosphere parameters provided by six ionosondes from 7:00 to 18:00 UT at DOY 210, 2019, 
are plotted in Figure 4 to show the variation of Es-layer intensity in conjugate regions, wherein foEs is repre-
sented by asterisks mark and fbEs by circle. Gray dashed lines represent the same as in Figure 3. Generally, the 
absence of values for foEs or fbEs indicates the nonexistence of sporadic or blanketing E in the ionogram at that 
particular time. From Figures 4a–4c, in the summer hemisphere (Japan), consistent with GNSS-TEC results in 
Figures 2 and 3, the variations of large foEs (>8 MHz) and foEs-fbEs (>5 MHz) values suggest that the Es layers 
form earlier at higher latitudes (Wakkanai), and propagate to lower latitudes (Kokubunji and Yamagawa). During 
this process, foEs and foEs-fbEs amplitude decreases equator-ward, indicating a gradual decrease in Es-layer 
activity. Similar cases can be found in Narayanan et  al.  (2018), where the E region structure becomes weak 
in the late hours of MSTID event, while the F region structure can sustain longer once formed. This is under-
standable because the growth time required for the MSTID formation is rather short in the E-F coupling process 
(Yokoyama et al., 2009). Observations at Kokubunji ionosonde, located within the region of most GNSS data 
points, show enhancement after 11:00 UT with maximum intensity at around 14:00 UT; this result is consistent 
with the E-region reconstruction results in Figure 3b. After the onset (at ∼10:45 UT) of the coupling process in 
the summer hemisphere (Japan), in the winter hemisphere (Australia), at Townsville and Darwin, preexisting Es 
layers show a reduced intensity with foEs < 3 MHz; foEs-fbEs ≈ 1 MHz; an indication of a less structured in the 
Es layer (Maruyama et al., 2006). Further, the Es layers over Townsville and Darwin show dissipation at around 
12:00 UT and later exhibit an intermittent occurrence. As shown in Figures 2 and 3, at ∼12:00 UT, the rapid 
development of MSTIDs and Es layers with large foEs values over Japan (summer) suggest the occurrence of 
strong E-F coupling in the Northern (summer) Hemisphere; conjugate MSTIDs in the Southern (winter) Hemi-
sphere also move over Townsville and Darwin from higher latitudes. We consider that the disruption of Es layers 
over Australia (winter) is most likely related to the electrodynamic factors in this particular period, since Es layer 
cannot easily be dissipated by simple diffusive motion once it is formed (Yokoyama et al., 2005). Additionally, 
after ∼17:30 UT over Townsville, the sporadic E layer reappears and shows enhancement in the late hour of the 
MSTID event, which may be due to the weakening of the controlling role from electrodynamic factors at this 
time.

We also supplement the ground-based observations with space-based observations from COSMIC occultation 
and Swarm satellites. Although the E-region information from COSMIC occultation have been used for statistical 
analysis of E-F coupling (Liu et al., 2020), here for case study, we only qualitatively analyze the E-region electron 
density due to the relatively low accuracy below 200 km. Same as Figure 2, the background in Figures 5a and 5b 
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is the TECP maps obtained by using single-thin-shell approach at 10:45 UT, orange squares are the locations of 
ionosondes, and circles in different hemispheres indicate the geomagnetic conjugate regions. In Figure 5b (over 
the Austrian continent), the dark blue and gray solid lines are traces of COSMIC occultation tangent points; 
dark blue and gray represent points in ionosphere E- (below 150 km) and F-region (above 150 km) altitudes, 
respectively. Along each trace, gray dots show the location of the maximum electron density along the inverted 
density profile. The blue triangles indicate the location of the E-region peak electron densities: only included on 
traces when the density perturbation caused by Es is larger than the density at the E region top (∼150 km). Purple 
lines represent the traces of Swarm satellites at around 10:45 UT, when they cross the conjugate region. Subplots 
(c–h) in Figure 5 show the results of COSMIC constellation vertical electron density profiles at different epochs. 
From the GNSS-TEC results, significant MSTIDs (maximum: 0.67 TECU) are observed at ∼50°–60° magnetic 
dip in the summer hemisphere (in the region circled by the orange line), while the conjugate MSTIDs are weak 
(maximum: 0.23 TECU) in the winter hemisphere. From occultation observations over Australia (winter), no 
particularly strong Es layer is observed; electron density perturbations at ∼100 km are relatively large in RO1 
and RO2 profiles at around 8:50 and 10:30 UT; the observed Es-layer activity is low even within the conjugate 
MSTIDs (as inferred from RO6 trajectory and Figure 2h).

Figures 6a–6h show the observation results from Swarm satellites along the traces in Figure 5, at around 10:45 
UT on 29 July 2019 (DOY 210). The two Swarm observations have a time difference of ∼15 min, but this is 
considered minimal and the observations are analyzed as simultaneous. Following Yokoyama and Stolle (2017), 
magnetic field variations are obtained by subtracting CHAOS-7 model predictions for the core, lithosphere, and 
large-scale magnetospheric fields (Finlay et al., 2020). The first four rows in Figure 6 shows the in situ electron 
density, and radial (dBL; positive outward), zonal (dBϕ; positive horizontal eastward), and parallel components 

Figure 4. The ionosonde measurements from Wakkanai, Kokubunji, Yamagawa, Canberra, Townsville, and Darwin, 
comprising of foEs (asterisks) and fbEs (circle) from 7:00 to 18:00 UT on 29 July 2019 (DOY (day of year) 210). Gray 
dashed lines are the same as Figure 3, representing the duration of perturbations over the region with most data points in 
Japan (summer).
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(dB‖; along the mean magnetic field) of residual magnetic fields, respectively, plotted over magnetic dip. dB‖ 
arises from diamagnetic currents owing to plasma density gradients around and within the depletions, and the 
magnetic field variation perpendicular to the main field direction (dBL and dBϕ) is related to the field-aligned 
currents (Lühr et  al., 2003). The field-aligned sheet current density and diamagnetic current strength are not 
correlated (Park et al., 2009b). Since the coupled electrodynamics between the E and F regions and between 
different hemispheres are accompanied by significant field-aligned currents, mid-latitude electric field fluctua-
tions (MEFs) or mid-latitude magnetic field fluctuations (MMFs) are usually only observed in the perpendicular 
components with an amplitude of a few nT (Yokoyama & Stolle, 2017). Many research works have already veri-
fied the close relationship between MEFs/MMFs and nighttime mid-latitude MSTIDs (Burke et al., 2016; Park 
et al., 2015, 2009a; A. Saito, Iyemori, et al., 1998; Wan et al., 2020).

In Figures 6a–6h, magnitudes of MMFs in the perpendicular components (dBL and dBϕ) are comparable for differ-
ent hemispheres (summer hemisphere values are slightly larger), but the electron density fluctuations are much 
larger in the summer hemisphere (Japan), as observed by GNSS TEC in Figures 5a and 5b. Subplots (i–j) show 
a scatter of perpendicular components (left) and electron density with parallel magnetic field variation (right) 
during the nighttime MSTID event on 29 July 2019 (DOY210). The orange and blue dots correspond to the obser-
vations in summer (Japan) and winter (Australia) hemispheres, respectively. Similar to the example in Yokoyama 
and Stolle (2017), in subplots (c–f), perpendicular components (dBL and dBϕ) depict a weak negative correla-
tion (correlation coefficient; r = −0.35) in the summer hemisphere (Japan), and a near zero or no correlation 
(r = 0.08) in the winter hemisphere (Australia). The poor correlation between the perpendicular components of 
magnetic field variations in the winter hemisphere (Australia) could be attributed to the complicated small-scale 

Figure 5. (a and b) Gray (dark blue) solid are traces of Constellation Observing System for Meteorology, Ionosphere, 
and Climate (COSMIC) occultation tangent points at F (E) region altitude and gray dots (blue triangles) are locations of 
maximum electron density in the F (E) region along each trace. Purple solid lines represent the traces of Swarm satellites. 
Background is the ground-based global navigation satellite system (GNSS) total electron content perturbation (TECP) map at 
10:45 UT on 29 July 2019 (DOY (day of year) 210), orange squares are the locations of ionosondes, and circles in different 
hemispheres indicate the geomagnetic conjugate regions. (c–h) Results of COSMIC constellation vertical electron density 
profiles at different epochs.
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structures (Yokoyama et  al.,  2015; Yokoyama & Stolle,  2017). Since Swarm A and C orbit at an altitude of 
∼450 km, which is above the average F2 peak density location, and MMFs and MSTIDs share similar climatol-
ogy and morphology characteristics (Park et al., 2015, 2009a), then a simultaneous observation of perpendicular 
MMFs in conjugate regions indicates the detection of flowing inter-hemispheric field-aligned current associated 
with MSTIDs. As for the parallel components, the anticorrelation between density and dB‖ is more obvious in the 
summer hemisphere (Japan; r = −0.87) than in the winter hemisphere (Australia; r = −0.61). This result further 
provides the evidence that more significant plasma density variation occurs in the summer hemisphere. This 
disparity could be related to the linear growth rate of the Perkins instability which is expressed as (Perkins, 1973)

𝛾𝛾 =
|𝐄𝐄∗| cos 𝐼𝐼

𝐵𝐵𝐵𝐵
sin(𝜃𝜃 − 𝛼𝛼)sin 𝛼𝛼 (1)

Figure 6. (a–h) In situ electron density, and radial (dBL), zonal (dBϕ), and parallel components (dB‖) of residual magnetic fields observed by the Swarm A and C 
satellites along the traces in Figure 5, on 29 July 2019 (DOY (day of year) 210). (i and j) A scatter of perpendicular components (left) and the electron density with 
parallel magnetic field variation (right) during this nighttime medium-scale traveling ionospheric disturbance (MSTID) event. The orange and blue dots correspond to 
the observations in summer (Japan) and winter (Australia) hemispheres, respectively.
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where E* = E + U × B is the total effective electric field, U × B is the effective electric field, U is the F-region 
neutral wind, B is the geomagnetic field with a strength of B, respectively, I is the magnetic inclination angle, 
H is the atmospheric scale height, θ is the angle between E and the magnetic east direction, and α is the angle 
between the direction normal to the frontal structure and the magnetic east direction. According to this equa-
tion, γ is greatly affected by U × B, since the F-region preexisting background electric field E due to dynamo 
process is much weaker compared to the U × B electric field component (Otsuka, 2021). Thus, under the above 
argument, we suggest that the poor correlations in the winter hemisphere (density and dB‖, dBL and dBϕ), were 
a result of unfavorable ionospheric background conditions for MSTID growth leading to reduced amplitudes in 
that hemisphere.

3.2. Event on 26 December 2019

On 26 December 2019 (DOY 360), conjugate MSTIDs in the winter hemisphere show greater intensity than the 
event on 29 July (DOY 210), 2019. Figure 7 shows the 2D TECP maps for this day at various epochs from 7:00 to 
14:00 UT, which are obtained by using the single-thin-shell approach at 300 km height. Orange and blue circles 
indicate the geomagnetic conjugate regions over Australia (summer) and Japan (winter), and black solid line 
represents the solar terminator. Before sunset (9:00 UT; 19:00 AEST), distinct ionospheric disturbances (∼0.7 
TECU) form in the region bounded by the gray solid lines over Australia (summer) at lower latitudes (∼20°S); 
electron density depletions with small amplitudes (∼0.2 TECU) are observed at higher latitudes (∼35°S; circled 
by the orange line in subplot (f)). We consider that the disturbances during the day are seeded by AGWs, because 
the daytime E-region conductivity is much larger than that of the F region, thus causing larger currents to close 
mainly in the E region and limiting polarization electric fields that could facilitate the E-F coupling (Heelis 
et al., 2012; Kelley, 2009). Under such conditions, the propagation direction of this disturbance structure is most 
likely equatorward since equatorward propagating AGWs could cause a larger amplitude of TECPs than AGWs 
propagating in other directions (Hooke, 1968). The density depletions at higher latitudes propagate roughly to the 
northwest, while the exact direction of the disturbance structure at lower latitudes is difficult to determine due to 
the sparse GNSS data points over this region.

At around 9:00 UT (19:00 AEST) near sunset, the AGW-seeded disturbances at lower latitudes show a drop in 
amplitudes and disappear (or propagate to the region beyond GNSS detection); F-region density enhancements/
depletions form at higher latitudes (∼35°S; bounded by orange circle in subplot (g)). Subsequently, at ∼10:00 
UT (20 AEST) after sunset, significant NE-SW aligned MSTID structures (0.32 TECU) are observed at higher 
latitudes (∼35°S) of Australia (summer), propagating northwestward. In the winter hemisphere (Japan), conju-
gate disturbances aligned in NW-SE caused by the interhemispheric coupling appear at higher latitudes (∼45°N; 
circled by the blue line in subplot (i)) at around 11:15 UT (20:15 JST), and then propagate to lower latitudes 
(∼35°N; circled by the blue line in subplot (j)) at around 12:00 UT (21:00 JST). The MSTIDs in different hemi-
spheres are symmetric about the magnetic equator, sharing similar phase velocities of ∼100 m/s and propagating 
toward equator-westward direction. From 11:15–13:00 UT, the tilted disturbances over Japan (winter) develop to 
obvious wavelike structure. Still, the intensity of conjugate MSTIDs is larger in the summer hemisphere (0.42–
0.60 TECU) than the winter hemisphere (0.15–0.34 TECU). At around 14:00 UT, the conjugate MSTIDs over 
Japan (winter) develop to the maximum intensity close to (but less than) that in Australia (summer).

Same as Figure 3 but for 26 December 2019 (DOY 360), Figure 8 show the time variation of E- and F-region 
TECPs at E- and F-shell heights, the E-region reconstruction results of FFT, and the standard deviation of TECPs 
(σP) in different hemispheres. For this event, in the analyzed region with most data points over Japan (winter), 
evident downward-sloping stripes occur after ∼12:00 UT at the F-shell height, and reach the maximum intensity 
at around 14:00 UT. However, at the E-shell height, noise or the mixture of noise and low-amplitude disturbances 
dominate, especially when the disturbance intensity is high in the F region. Similar cases were reported in the 
simulation section of Fu et  al.  (2022), where the E-region reconstruction performance deteriorates if strong 
disturbance exists in the F region and weak or no disturbance exists in the E region. The low development of 
E-region disturbances during this time period has also been verified by the FFT analysis on the E-region recon-
struction in subplots (c–e), where no weak phase fronts are lurking within the noise. That is to say, in the winter 
hemisphere (Japan), the Es layer does not have a significant effect on the MSTIDs in the F region through local 
E-F coupling. This phenomenon coincides with the inference obtained from the hemisphere-coupled simulations 
in Yokoyama (2014); that MSTIDs in the winter hemisphere may be driven by the irregularities in the summer 
hemisphere through the hemisphere-coupled electrodynamics.
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The standard deviations of TECPs (σP) in different hemispheres on 26 December 2019 (DOY 360) are plot-
ted in subplot (f) to indicate the time variation of disturbance intensity. Results indicate that disturbances are 
continuously observed over Australia (summer) but with a reduction in amplitude after ∼14:00 UT; over Japan 
(winter), MSTID structures form after ∼11:15 UT, and develop to the maximum intensity at around 14:00 UT; 
the conjugate MSTIDs in the Japan (winter) decay more rapidly compared to MSTIDs in Australia (summer). It 

Figure 7. Same as Figure 2 but for 26 December 2019 (DOY (day of year) 360), snapshots of total electron content perturbation (TECP) maps at various time epochs 
from 6:00 to 14:00 UT. Gray dashed lines represent the magnetic dip at ±50°, solid orange and blue circles indicate the geomagnetic conjugate regions over Australia 
(summer) and Japan (winter), black solid line represents the solar terminator, rectangle bounded by gray solid line indicates the region where disturbances occur before 
sunset, black dashed lines indicate the alignment azimuths of the apparent frontal structures, and gray arrows denote the drift direction.
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is important to note that at around 14:00 UT when σP reaches its maximum in both hemispheres, but the MSTID 
intensity is still larger in Australia (summer) but the sparse data points limit the exact representation of the  inten-
sity. Compared to the variation of σP in Figure 3, the maximum amplitude of disturbance (σP) over Japan is 
reduced by half, while that over Australia region is doubled.

To obtain more information on E-region activity in both hemispheres, we have plotted ionosphere parameters 
provided by ionosondes in Figure 9 as in Figure 4, but for event 26 December 2019 (DOY 360). The labels 
mean the same as in Figure 4. The time is from 5:00 to 18:00 UT. Gray dashed lines represent the duration of 
the perturbations over the region with most data points in Japan (winter), as in Figure 8. Similar to the Es-layer 
variation in the winter hemisphere discussed in the previous section, frequently observed Es layers with small 
amplitudes (foEs < 5 MHz, foEs-fbEs < 2.5 MHz) over Wakkanai, Kokubunji, and Yamagawa show reduced 
foEs (<3 MHz) and foEs-fbEs (<1 MHz) values during the interhemispheric coupling process. The ionograms 
over Wakkanai, Kokubunji, and Yamagawa during 12:00–15:30 UT further validate the results obtained by using 
the double-thin-shell approach in Figures 8a and 8b, that is, the Es layer has a very low development during the 
conjugate MSTIDs in the winter hemisphere (Japan). In the Southern Hemisphere (summer), as observed by the 
ground-based GNSS TEC in Figure 7, ionospheric F-region disturbances occur over Australia before sunset. 
Before 9:00 UT (19:00 AEST), sporadic and blanketing E layers over Townsville and Darwin at lower latitudes 
are frequently observed in the ionograms, which may be associated with the daytime sporadic E activity or the 
irregularities observed before sunset. At 9:00 UT, both foEs and the difference between foEs and fbEs show 
enhancement over the Canberra ionosonde, followed by the formation of distinct NE-SW aligned frontal struc-
tures in this region as shown in Figures 7g and 7h, from which the occurrence of E-F coupling in the Southern 

Figure 8. Same as Figure 3 but for 26 December 2019 (DOY (day of year) 360). (a and b) Time variation of total electron content perturbations (TECPs) in E and F 
shells along the northeast–southwest red dashed line over Japan in Figure 1(b). (c–e) E-region reconstruction results of FFT in different time periods. (f) Time variation 
of the standard deviation of TECPs (σP) in different hemispheres.
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Hemisphere can be inferred. Subsequently, in Figures 9e and 9f, after the onset of local E-F coupling, the Es 
layers coupled with MSTIDs are observed at lower latitudes, at 13:30 UT, over Townsville and Darwin. It is 
worth noting that, at around 9:00 UT, the foEs (<6 MHz) and foEs-fbEs (<3 MHz) in the summer hemisphere 
(Australia) on DOY 360 in Figure 9 are significantly less than those on DOY 210 in Figure 4. One reasonable 
explanation is that the Es plasma density is higher in Japan (Northern Hemisphere) around the June solstice than 
in Australia (Southern Hemisphere) around the December solstice (Wu et al., 2005), and the E-region conduc-
tivity near the solar terminator is still large enough to short out the polarized electric field. Or, the presence of 
MSTIDs seeded by AGWs may have generated favorable conditions to the development of the Perkins instability, 
for example, enhanced background electric field (Yokoyama, 2014), which makes the effects of Es layer in the 
E-F coupling become less pronounced.

Same as Figure 5 but for 26 December 2019 (DOY 360), Figure 10a shows the 2D TECP map at 9:15 UT (19:15 
AEST) and traces of space-based observations including Swarm (purple lines), COSMIC (gray and dark blue 
lines), and ICON-MIGHTI (blue line). At around 9:15 UT, the NE-SW aligned frontal structures start to form and 
develop at higher latitudes in the summer hemisphere (Australia; in the vicinity of the orange circle region), while 
no disturbances are observed by GNSS-TEC in the winter hemisphere (Japan). Subplots (c–d) show the merid-
ional and zonal wind profiles (positive northward and eastward) measured by ICON-MIGHTI at the locations 
shown by the blue solid line in subplot (b). As observed in Figure 7, at 9:15 UT the solar terminator is crossing 
Australia. Due to the high activity of AGWs in the solar terminator (Forbes et al., 2008), the ICON-MIGHTI data 
along this trajectory have many blanks: Otsuka (2021) briefly discusses that the vertical wavelength of AGWs 

Figure 9. The ionosonde measurements from Wakkanai, Kokubunji, Yamagawa, Canberra, Townsville, and Darwin, comprising of foEs and fbEs from 5:00 to 18:00 
UT on 26 December 2019 (DOY (day of year) 360). Gray dashed lines are the same as Figure 8, representing the duration of perturbations over the region with most 
data points in Japan.
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is affected by the background neutral wind, with waves propagating against the background winds exhibiting 
longer intrinsic vertical wavelength and reaching higher altitudes. In due process, to conserve kinetic energy, the 
amplitude of the neutral wind oscillation increases (which in return affects the airglow profiles). Therefore, we 
think, it is this rapid variation in the profiles that leads to increased error in the retrieved wind data, thus rendering 
the data unusable. The data continuity is good on the dusk side (110°E−135°E), and the results indicate that at 
∼200-km altitude, the equatorward and westward neutral winds prevail over this area before sunset. On the night 
side (135°E−160°E), the thermospheric winds show great fluctuations. However, we found that on the night 
side, the neutral wind conditions in the E region can support the generation of the Es layer, since wind shear is 
observed in both meridional and zonal directions over this area (Haldoupis, 2012). In fact, this wind shear indeed 
amplified the Es layer: as shown in Figure 9, over Darwin in the vicinity of the observation area, (foEs-fbEs) show 
enhancement (from <1 to 1.7 MHz) at around 9:40 UT after sunset. In addition, no significant electron density 
perturbations caused by Es layer are observed by COSMIC occultation for this MSTID event. Since GNSS-TEC 
observations are sensitive only to ionospheric disturbances with high electron density (or large foEs) (Maeda 
& Heki, 2014), occultation events at ∼9:00–10:00 and 15:00 UT do not capture the weak Es layers (∼4 MHz) 
observed by Townsville and Darwin ionosondes, even in RO4 event close to Darwin.

Figures 11a–11h show the observation results of in situ electron density, dBL, dBϕ, and dB‖, from Swarm satellites 
along the traces in Figures 10a and 10b, at around 9:00 UT on 26 December 2019 (DOY 360). The derivation 
method of the residual magnetic field is the same as that used for Figure 6. At higher latitudes in the Northern 
Hemisphere (winter) beyond GNSS detection (>55° magnetic dip; within the blue circle region in Figure 10a), 
drops and perturbations in electron density are observed without accompanied MMFs. We think this structure 

Figure 10. (a and b) Gray (dark blue) solid lines are traces of Constellation Observing System for Meteorology, Ionosphere, 
and Climate (COSMIC) occultation tangent points in F (E) region, gray dots are locations of maximum electron density along 
each trace, and orange and blue circles indicate the conjugate regions in the summer and winter hemispheres. Purple and blue 
solid lines represent the traces of Swarm satellites and Ionospheric Connection Explorer (ICON)-Michelson Interferometer 
for Global High-resolution Thermospheric Imaging (MIGHTI) neutral winds, respectively. Background is the ground-based 
global navigation satellite system (GNSS) total electron content perturbation (TECP) map at 9:15 UT on 26 December 
2019 (DOY (day of year) 360). (c and d) Meridional and zonal wind profiles (positive northward and eastward) measured 
by ICON-MIGHTI at the same locations above. (e–h) Results of COSMIC constellation vertical electron density profiles at 
different epochs.
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may be the results of nighttime midlatitude ionospheric trough, which is mainly driven by neutral winds (He 
et al., 2011). In the Southern Hemisphere (summer), relatively moderate electron density variations are detected 
at −40° to −30° magnetic dip, which could be the same disturbances seeded by AGWs we observed before 
sunset as shown in Figure 7e. The speculation of AGWs is supported by the thermospheric wind observations in 
Figures 10c and 10d, wherein significant variations exist in the lower F region (∼200 km in both meridional and 
zonal directions). Near this region, the AGWs would presumably be the strongest since AGWs propagating against 
the background winds can propagate vertically to higher altitudes and then weaken due to viscosity  and thermal 
conductance (Pitteway & Hines, 1963). Due to the limited distribution of GNSS distribution, this disturbance 
structure is not observed by GNSS TEC in Figure 10a. The fluctuations caused by this disturbance are observed 
in both perpendicular (dBL, dBϕ) and parallel (dB‖) components of residual magnetic fields in the conjugate 
regions (∼±37° magnetic dip) of both hemispheres, as shown in Figures 11c–11h. However, different from the 
results in Figure 6, the intensity and magnitude of these magnetic field fluctuations in the summer hemisphere 

Figure 11. (a and b) In situ electron density, and radial (dBL), zonal (dBϕ), and parallel components (dB‖) of residual 
magnetic fields observed by the Swarm A and C satellites along the traces in Figure 10, on 26 December 2019 (DOY (day of 
year) 360). (i–j) A scatter of perpendicular components (left) and the electron density with parallel magnetic field variation 
(right) during this nighttime medium-scale traveling ionospheric disturbance (MSTID) event. The orange and blue dots 
correspond to the observations in summer (Australia) and winter (Japan) hemispheres, respectively.
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(Australia) are significantly greater, which could be caused by the differences in ionospheric conductivity and 
electric field between these two geomagnetic conjugate regions (Park et al., 2009a). That is, MMFs amplitudes 
are related to field-aligned currents which are dependent on the effective electric field (E* = E + U × B) and 
ionospheric conductivity, that are larger in the summer hemisphere since the F-region conductance is propor-
tional to the plasma density (Lee et al., 2021) and equatorward wind (U) which is larger in the summer hemi-
sphere (Tepley et al., 2011).

In the GNSS-TEC observations of Figure 10b, at −65° to −60° magnetic dip (within the orange circle region) 
in the Southern Hemisphere (summer) before sunset, MSTIDs form with a small amplitude. In the subplot (a) 
of Figure 11 at around 9:15 UT, small-scale undulations of in situ electron density are also observed by Swarm 
A satellite in the corresponding region. However, compared to the developed MSTID structures at lower lati-
tudes (−35° magnetic dip), fluctuations with large wavelengths but small intensities are observed only in dBϕ 
and dB‖ in geomagnetic conjugate regions. The fact that no corresponding perturbations in dBL indicates that 
the field-aligned currents are small in the initial phase of MSTID development, and the perturbations in dBϕ 
could be related to the apparent zonal propagation of AGWs caused by solar terminator (Forbes et al., 2008; 
Miyoshi et al., 2009; Somsikov, 2011). Subplots (i–j) in Figure 11 show a scatter of the variation in magnetic 
field perpendicular components (left), and electron density with parallel magnetic field variation (right), during 
the nighttime MSTID event on 26 December 2019 (DOY 360). The orange and blue dots correspond to the 
observations in summer (Australia) and winter (Japan) hemispheres, respectively. Negative correlations between 
electron density and parallel magnetic field variation are observed in both hemispheres (r = −0.86 and −0.79 for 
the summer (Australia) and winter (Japan) hemispheres, respectively); dBL and dBϕ show anticorrelation in the 
summer hemisphere (Australia; r = −0.75) and correlation in the winter hemisphere (Japan; r = 0.63). Although 
these correlations/anticorrelations are still weaker in the winter hemisphere compared to the summer hemisphere, 
the performance is improved compared to the results in Figure 6, especially in the perpendicular components (dBL 
and dBϕ). We suggest that such ionospheric background conditions (e.g., effective electric field U × B) favor the 
Perkins instability growth (as described in Equation 1) and persist for some time (until the maximum amplitude 
of MSTIDs at around 14:00 UT), which subsequently lead to the formation of geomagnetic conjugate MSTID 
structures in the winter hemisphere, with maximum amplitudes close to those in the summer hemisphere.

4. Discussion
4.1. Controlling Role of Es in the Summer Hemisphere

This study used two nocturnal mid-latitude MSTID events in July and December 2019 to analyze the E-F coupling 
in the geomagnetic conjugate regions. Although 2019 is the year of low solar activity, this does not affect our 
analysis on the mechanisms of local and interhemispheric coupling (Otsuka et al., 2021). For both events, from 
GNSS-TEC observations in Figures 2 and 7, MSTID structures with preferred direction were observed in the 
summer hemisphere. However, in the winter hemisphere, conjugate MSTIDs with different amplitudes were 
formed on 29 July 2019 (DOY 210) and 26 December 2019 (DOY 360). Yokoyama  (2014) suggested that 
MSTIDs observed in the winter hemisphere may be driven by the Es layer in the summer hemisphere. Narayanan 
et al. (2018) have found that the presence of Es layers in one hemisphere is sufficient enough to form conjugate 
MSTIDs. Lee et  al.  (2021) concluded that conjugate MSTIDs in the winter hemisphere are associated with 
MSTIDs in the summer hemisphere; the summer hemisphere MSTIDs are related with the occurrence of Es in the 
summer hemisphere. To further verify and specify this conclusion on a larger scale, we simultaneously analyzed 
the E- and F-region horizontal structuring and evolution over Japan by using GNSS TEC and a double-thin-shell 
approach, when electrodynamic influenced irregularities (Es and/or MSTIDs) are present. In Figures 3 and 8, 
over the analyzed region during MSTID event, Es layers were observed only in the summer hemisphere and 
appear ∼30 min earlier than the MSTIDs in the F region; in the summer hemisphere, the coupled E- and F-region 
disturbances share similar alignment, propagation direction, and phase velocity, and are related to each other 
through a magnetic field line; conjugate MSTIDs in the winter hemisphere appear later and disappear earlier 
than the MSTIDs in the summer hemisphere. These results further support the evidence that the F-region conju-
gate structures in both hemispheres are mainly driven by the Es layer in the summer hemisphere through local 
E-F coupling and interhemispheric coupling. Furthermore, it might be also reasonable to assume that the phase 
velocity of geomagnetic conjugate structures are controlled by the E-region neutral wind velocities in the summer 
hemisphere due to the comparable velocities and the important role of E-region meridional wind in MSTID 
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propagation (Larsen, 2002; Yokoyama et al., 2009). Earlier simulation works of Tsunoda (2006) and Yokoyama 
et al. (2009) emphasized the contribution of the neutral winds in the Es layer on the MSTID propagation: even 
without the background electric field, the rotational wind shear in the E region produces southwest phase propa-
gation in both E and F regions for the NW-SE structures; however, these structures are stationary if the E-region 
meridional wind is absent.

4.2. Decrease in Es-Layer Intensity in the Winter Hemisphere

From ionosonde observations in Figures 4 and 9, continuous Es layers with small amplitudes (foEs < 3 MHz) in 
the winter hemisphere show further intensity reduction and dissipation after the interhemispheric coupling. In 
fact, in earlier works, for example, Narayanan et al. (2018), the amplitude reduction and dissipation of Es may 
have been observed. However, the limited observation area in comparison to the scale of MSTIDs limited their 
conclusions on the temporal relationship between the occurrence of Es and MSTIDs. Further investigations have 
shown that under quiet conditions, the vertical structure of electric field arising from sunset electrodynamic 
processes can result in the enhancement or disruption of Es layer (Abdu et al., 2014): at nighttime, when E-region 
conductivity is significantly reduced, and the closure path for the wind-driven currents in the F region is limited, 
the ions drift with the neutral gas to reduce the collisional force. Thus, the distribution of winds and conductivity 
will subsequently modify the distribution of ionization and thereby change the ionospheric conductivity and 
the ion drag on the neutral gas (Heelis et al., 2012). In the E-region polarization process (Es-layer instability), 
when the electron density in Es has an elongated structure from NW to SE, large polarization electric fields 
can be generated in the direction of NE and SW (Cosgrove & Tsunoda, 2002). Now, if the integrated Pedersen 
conductivity in the region above Es is comparable to that within the Es patch, the polarization electric field will 
be reduced accordingly (Haldoupis et al., 2003). In addition, the variation of the integrated Pedersen conductivity 
in the F region is large during the MSTID formation (Yokoyama et al., 2009). Therefore, the preexisting Es layer 
is easier to show intensity reduction or even dissipation in the winter hemisphere, with a reasonable inference that 
the polarization electric field within the small-amplitude Es layers (foEs < 3 MHz, foEs-fbEs < 1 MHz) is small, 
and the integrated Pedersen conductivity within Es is easily comparable to that above Es when interhemispheric 
coupling occurs.

For the MSTID event on 29 July 2019 (DOY 210), only small-amplitude conjugate structures formed in the F 
region of the winter hemisphere (Australia). Es layers in the winter hemisphere (Australia) start to show intensity 
reduction and dissipation when conjugate MSTIDs move over the region. During this period, poleward meridi-
onal wind could be dominant in the Southern Hemisphere (winter), as it can push the plasma to lower altitudes 
where enhanced recombination occurs, thus reducing the amplitude of conjugate structures and enhancing the 
Pedersen conductance (Shiokawa, Otsuka, et al., 2003). For another event on 26 December 2019 (DOY 360), 
conjugate MSTIDs in Japan (winter) develop to a maximum amplitude close to that in Australia (summer). In 
such cases, equatorward thermospheric winds in both hemispheres can be inferred during the formation of conju-
gate MSTIDs, which favor the MSTID generation (Yokoyama, 2014). However, in the solstice period, meridional 
thermospheric winds at midlatitudes are not perfectly symmetric and often have a trans-equatorial component 
from summer to winter hemisphere (Tepley et al., 2011). Of course, the smaller equatorward wind in the winter 
hemisphere results in a larger Pedersen conductance in that hemisphere, but certainly not with the same effect 
as the poleward wind. For this event, Es layers in the winter hemisphere (Japan) start to decrease in amplitude 
(∼12:00 UT) about 1 hr after the appearance of conjugate disturbances over Japan (∼11:15 UT), that is, when 
conjugate MSTIDs develop to a certain magnitude. Based on the above results, we suggest that the variation in 
integrated Pedersen conductivity leading to amplitude reduction or even dissipation of the low-amplitude Es layer 
in the winter hemisphere is influenced by conjugate MSTIDs and thermospheric winds (in that hemisphere), but 
the former is more pivotal. Due to the nature of our results and sensitivity of data used in analysis, we could not 
ascertain the impact of a dissipating weak Es-layer (in winter hemisphere) on the summer hemisphere dynamics. 
However, based on previous simulation results, for example, Yokoyama (2014), this impact would be limited on 
the Es in the winter hemisphere.

4.3. Thermospheric Wind

Thermospheric winds could play an important role in the MSTID generation and development, since the effective 
electric field (U × B) dominates the linear growth rate of Perkins instability, as we described in Equation 1. These 
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winds are not significantly affected by the MSTID formation because the time constant of the ion drag affecting 
the neutral wind is usually larger than the period of MSTIDs (Narayanan et al., 2018). At night when the E region 
conductivity is small, the thermospheric wind dynamo fluctuations can produce polarization electric fields in 
the F region; partially shorted out by the conductivity in the local E region or conjugate hemisphere (Buonsanto 
& Foster, 1993; Chen et al., 2020). Usually this phenomenon is accompanied by equatorward meridional winds 
(Buonsanto et  al.,  1990), which has been validated by the thermospheric wind measurements made with the 
Fabry-Perot interferometer (FPI) (Narayanan et  al.,  2018). Yokoyama  (2014) have found through simulations 
that NW-SE (NE-SW) oriented MSTIDs occur simultaneously in geomagnetic conjugate regions of the Northern 
(Southern) Hemisphere, if F-region neutral wind satisfies the unstable condition (equator-eastward) in both hemi-
spheres and a sporadic-E layer is given only in the summer hemisphere.

From the subplot (f) in Figures 3 and 8, the similarity of σP variation curves and the difference in amplitude 
between July and December in Japan may imply that local thermospheric winds play an important role in deter-
mining the level of MSTID activity. On 26 December 2019 (DOY 360), in Australia (summer), NE-SW aligned 
MSTIDs form at around 9:00–10:00 UT. From FPI observations over Darwin (https://stdb2.isee.nagoya-u.ac.jp/
omti/data/html/fp04/2019/FP042191226_wind.html), equator-eastward meridional winds were observed (maxi-
mum at ∼12:00 UT) and turned zero or weak poleward at about 14:00 UT. After the rapid reduction or redirection 
of meridional wind at 14:00 UT, MSTIDs in the summer hemisphere show a decrease in both amplitude and 
scale. In the Northern Hemisphere (winter), NW-SE aligned conjugate MSTIDs propagate to Japan at around 
11:15 UT; after 2–3 hr of development, conjugate MSTIDs develop to an intensity close to that of the summer 
hemisphere; subsequently, the intensity of conjugate MSTIDs decreases rapidly. We infer that the thermospheric 
winds in the Northern Hemisphere (winter) are most likely equator-eastward during 11:15–14:00 UT; after 14:00 
UT, the thermospheric winds in both hemispheres show a decrease in amplitude and a shift in direction; the inten-
sity of conjugate MSTIDs in Japan (winter) decreases with a much larger rate than that in Australia (summer), 
which could be related to the decoupling of the winter hemisphere from the summer hemisphere. As for the other 
event on 29 July 2019 (DOY 210), as we previously inferred, poleward meridional winds prevail in the winter 
hemisphere, which is unfavorable for Perkins instability. Under such condition, only conjugate MSTIDs with a 
small amplitude were observed in the winter hemisphere. The generation of this conjugate structure could be 
associated with the effective U × B background electric field in the hemisphere coupled ionosphere (Narayanan 
et al., 2018). Moreover, from Figures 6 and 11, we can also infer that ionospheric background conditions in the 
winter hemisphere can in turn affect the field-aligned current sheets associated with NW-SE or NE-SW aligned 
MSTID structures in the summer hemisphere. The correlation coefficient (r) for perpendicular components (dBL, 
dBϕ) in the summer hemisphere is −0.35 on 29 July 2019 (DOY 210) when ionospheric background conditions 
in the winter hemisphere are not favorable for Perkins instability (r = 0.08). However, it improved to −0.75 on 
26 December 2019 (DOY 360) when ionospheric background conditions in the winter hemisphere satisfy the 
conditions for Perkins instability (r = 0.63). Similar cases were also observed by simulation in Yokoyama (2014) 
that even if the instability conditions are satisfied in the summer hemisphere, unfavorable F-region thermospheric 
winds in the winter hemisphere will largely suppress the growth of MSTIDs in both hemispheres.

4.4. Amplitude Asymmetry of Conjugate MSTIDs

For both events, the MSTIDs were observed more intense in the summer hemisphere. Several factors could be 
associated with the amplitude asymmetry of conjugate MSTIDs in different hemispheres, for example, ther-
mospheric wind, non-equipotential magnetic field line, and background TEC. Narayanan et  al.  (2018) found 
that the amplitude of conjugate MSTIDs tend to differ in different hemispheres particularly in the later hours 
after their formation. Our GNSS observations on 29 July 2019 (DOY 210) further validated this conclusion, 
because  the conjugate MSTIDs in the winter hemisphere maintain a weak development, while the amplitude 
difference reaches its maximum when the MSTIDs in the summer hemisphere develop to the maximum intensity 
after a few hours. In addition, for the event on 26 December 2019 (DOY 360) when thermospheric winds satisfy 
the Perkins instability in both hemispheres, this amplitude difference is more pronounced in both early and late 
stages of MSTID development in the winter hemisphere, often greater than 50%.

As we inferred previously in Section 4.3, in the winter hemisphere, the meridional components of thermospheric 
winds are poleward on 29 July 2019 (DOY 210) and weak equatorward (compared to the summer hemisphere) on 
26 December 2019 (DOY 360), respectively. Compared to the condition in the summer hemisphere, the meridional 
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winds in the winter hemisphere will push plasma to the lower altitudes where recombination enhances, thus 
reducing the ambient plasma densities and the amplitude of conjugate MSTIDs (in return increasing the Pedersen 
conductivity). Moreover, magnetic field lines are not perfectly equipotential after MSTID formation due to the 
current closure in the ionosphere through field-aligned current (Yokoyama, 2014). As we discussed in Section 4.1, 
the Es layer in the summer hemisphere drives the conjugate MSTIDs in both hemispheres. That is to say, the 
mapping efficiency of polarization electric field should be higher from the E region in the summer hemisphere to 
the F region in the summer hemisphere than to the F region in the winter hemisphere (Yokoyama, 2014). In such 
cases, the finite mapping efficiency of an electric field from the summer hemisphere to the winter hemisphere 
should be considered, which is positively related to the spatial scales of irregularities and negatively related to the 
integrated Pedersen conductivity (Farley Jr, 1959; Yokoyama et al., 2004). Therefore, the combination effect of 
mapping efficiency and thermospheric wind may reduce the polarization electric field in the winter hemisphere, 
leading to a weakening of the amplitude of conjugate MSTIDs in the winter Hemisphere.

Further, the slower growth rate of conjugate MSTIDs in the winter hemisphere may also be caused by the weaker 
polarization electric field mapping from the summer hemisphere. From Figures 7 and 9, E-F coupling process 
in Australia (summer) started at ∼9:00 UT and distinct NE-SW aligned structures were observed at ∼10:00 UT 
(0.32 TECU). In the opposite hemisphere, conjugate disturbances were first observed over Japan at ∼11:15 UT 
and formed wavelike structures over this area at ∼13:00 UT (0.30 TECU). That is, in the winter hemisphere, the 
smaller F-region conductivity and effective electric field U × B may lead to a smaller growth rate of the coupled 
instability (Es-layer instability coupled to Perkins instability (Tsunoda, 2006)). Thus, the time required for the 
growth of conjugate MSTIDs in the winter hemisphere through interhemispheric coupling is longer (about 1 hr) 
than that in the summer hemisphere that is amplified through local E-F coupling.

In addition, the asymmetry of background TEC could also be an explanation for the asymmetry of conjugate 
MSTIDs in different hemispheres. The field-line-integrated electric current in the F region, JP, can be expressed 
as (Otsuka et al., 2007)

𝐉𝐉𝑃𝑃 = Σ𝑃𝑃𝐄𝐄
∗ (2)

where E* = E + U × B as in Equation 1, and ΣP is the field-line-integrated Pedersen conductivity. Due to the 
existence of the electrified MSTIDs, the perturbation of electric fields (δE) and Pedersen conductivity (δΣP) 
should satisfy JP = (ΣP + δΣP)(E* + δE*). Ignoring higher-order terms and asserting current continuity, then we 
can have

𝛿𝛿𝛿𝛿 ≈ −
𝛿𝛿Σ𝑃𝑃

Σ𝑃𝑃

𝐄𝐄
∗. (3)

Because the 𝐴𝐴
𝛿𝛿Σ𝑃𝑃

Σ𝑃𝑃
 suitably represents MSTID intensity, the latter is also proportional to δE: in this paper, we analyze 

integrated densities that also suitably represent MSTID intensity. Therefore, the TECP to background TEC ratio 
can be considered analogous to 𝐴𝐴

𝛿𝛿Σ𝑃𝑃

Σ𝑃𝑃
 and proportional to δE; with this argument, if the electric field is transmitted 

between different hemispheres along the magnetic field lines without attenuation, then in a given hemisphere, 
TECP changes should follow those of background TEC to maintain the δE (in Equation 3) constant; this could 
also be the reason why TECP is larger (smaller) in the summer (winter) hemisphere, where background TEC is 
larger (smaller).

5. Conclusions
In this paper, we used the ground-based GNSS observations to study the E-F coupling in geomagnetic conjugate 
regions over Japan and Australia, supplemented by data from ionosondes, COSMIC radio occultation, Swarm 
satellite constellation, and ICON spacecraft. Two different event days of nighttime midlatitude MSTIDs on 29 
July 2019 (DOY 210) and 26 December 2019 (DOY 360), were analyzed in detail. The research presented here 
provides observations and analysis for the causes and effects of the E-F coupling in the interhemispheric coupled 
ionosphere, thus deepening our understanding of the generation mechanism of nighttime midlatitude MSTIDs. 
The results and conclusions obtained from this work are listed below.

1.  By using GNSS TEC and taking a double-thin-shell approach, Es layer was observed only in the summer 
hemisphere when F-region conjugate structures simultaneously occur in both hemispheres; Es layers in the 
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summer hemisphere appear ∼30 min earlier than the MSTIDs in the F region, and followed by the coupled E- 
and F-region disturbances, as well as the geomagnetic conjugate MSTIDs. These results support the evidence 
that the F-region conjugate irregularities in both hemispheres are mainly driven by the Es layers in the summer 
hemisphere during the interhemispheric coupling process.

2.  The sporadic and blanketing E layers with small amplitudes in the winter hemisphere were observed to show 
intensity reduction or even dissipation after the interhemispheric coupling, which may be related to the varia-
tion in ionospheric conductivity caused by the thermospheric winds in the winter hemisphere and the conju-
gate MSTIDs (more importantly).

3.  Thermospheric winds play an important role in the MSTID generation and development. In addition, the 
MSTID intensity decreases more rapidly in the winter hemisphere, which may be related to the decoupling 
from the summer hemisphere.

4.  Thermospheric winds, non-equipotential magnetic field lines, and background TEC could be the factors that 
associate with the asymmetry in the amplitude of hemispheric conjugate MSTIDs and the slower growth rate 
of MSTID structures in the winter hemisphere.

Data Availability Statement
The GNSS data can be accessed at Geospatial Information Authority of Japan (GSI; https://www.gsi.go.jp/
ENGLISH/geonet_english.html) and the Geoscience Australia GNSS data archive (https://www.ga.gov.au/scien-
tific-topics/positioning-navigation/geodesy/gnss-networks/data-and-site-logs). The ionosonde data are provided 
by National Institute of Information and Communications Technology (NICT; https://wdc.nict.go.jp/IONO/) 
and the Space Weather Service Bureau of Meteorology Australia (https://www.sws.bom.gov.au/World_Data_
Centre/1/1). ICON data can be retrieved from the ICON website (https://icon.ssl.berkeley.edu/Data). Swarm data 
are publicly accessible at ftp://swarm-diss.eo.esa.int. COSMIC data can be obtained from COSMIC Data Analy-
sis and Archive Center (CDAAC) at https://www.cosmic.ucar.edu/. Fabry-Perot interferometer (FPI) data can be 
found at https://stdb2.isee.nagoya-u.ac.jp/omti/. K index data are provided by Kakioka magnetic observatory at 
http://www.kakioka-jma.go.jp/obsdata/obsdata.html.
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