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Abstract 

Electrodynamic coupling between the ionospheric E and F regions is widely recognized as the underlying mechanism 
for generating medium-scale traveling ionospheric disturbances (MSTIDs) during nighttime at midlatitudes. Recently, 
the double-thin-shell approach has proven to be a useful tool for studying the E–F coupling. By using total electron 
content (TEC) measurements, this approach enables the simultaneous reconstruction of electron density perturba-
tions in both the E and F regions with broad and continuous coverage. However, the current reconstruction perfor-
mance is limited when using only GPS-TEC measurements from GEONET, a dense network of ground-based Global 
Navigation Satellite System (GNSS) receivers over Japan. The expansion of available data sources and the integration 
of multi-GNSS observation data are considered important to enhance the double-thin-shell model. Fortunately, Soft-
Bank Corp., a Japanese telecommunications provider, has recently developed a dense independent GNSS observation 
network to improve positioning services. In this paper, we analyze the potential of the improved double-thin-shell 
approach and emphasize the importance of incorporating multi-GNSS observation data from both GEONET and Soft-
Bank networks. The solvability analysis, simulation, and observation results collectively indicate a substantial improve-
ment in the spatiotemporal resolution. Specifically, the longitudinal and latitudinal resolution is improved from 0.15° 
to 0.1° in the E region, and from 0.5° to 0.3° in the F region. The temporal resolution is also improved from 2 to 1 min. 
In addition, significant improvements have been achieved in the reconstruction performance, particularly for the E 
region under complex background conditions. Based on these assessments, we conclude that the incorporation 
of GEONET and SoftBank GNSS observation data holds significant potential for improving the double-thin-shell model 
and advancing our understanding of MSTIDs.
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Graphical abstract

Introduction
Medium-scale traveling ionospheric disturbances 
(MSTIDs) are a common type of mid-latitude iono-
spheric disturbances that manifests as wave-like plasma 
density perturbations in the F region with horizontal 
wavelengths of a few hundred kilometers (Hunsucker 
1982; Bowman 1985). Observations have shown that 
MSTIDs exhibit different characteristics during daytime 
and nighttime (e.g., Kotake et al. 2007). The generation of 
daytime MSTIDs can be well explained by atmospheric 
gravity waves (AGWs) propagating upward from the 
neutral atmosphere (Oliver et  al. 1997), but the mecha-
nisms underlying nighttime MSTIDs are more intricate. 
Previous studies have suggested that the electrodynamic 
force–Perkins instability in the F region plays a cru-
cial role in the formation of nighttime MSTIDs (Perkins 
1973; Kelley and Miller 1997), due to their preferred 
northwest–southeast (NW–SE) (or northeast–southwest 
(NE–SW)) alignment in the Northern (Southern) Hemi-
sphere (Shiokawa et al. 2003; Otsuka et al. 2004). How-
ever, subsequent theoretical investigations have shown 
that the growth rates of typical nighttime MSTIDs can-
not be explained by a Perkins instability alone (Kelley 
and Makela 2001; Yokoyama et al. 2008). It has been sug-
gested that a coupled effect of polarized Es structures in 
the E region (known as the Es-layer instability) interacts 
with the Perkins instability (Tsunoda 2006; Yokoyama 
et al. 2009). Es (sporadic E) refers to thin layers of metal-
lic ion plasma that typically occur in the ionospheric 
E region at altitudes between 95 and 125  km (White-
head 1989). The interconnection between irregularities 

occurring simultaneously at different altitudes indicates 
the existence of a strong electrodynamic coupling pro-
cess along the geomagnetic field lines during the devel-
opment of nighttime MSTIDs, commonly referred to as 
E–F coupling (Cosgrove 2013; Otsuka 2021).

Recently, the existence of E–F coupling has been 
inferred by many observation results, such as ionosondes 
(Haldoupis et  al. 2003), radars (Otsuka et al. 2007), and 
satellites (Liu et  al. 2020). However, due to the limited 
observation coverage or spatiotemporal resolution of 
these techniques, it is difficult to identify the causal rela-
tionship during the E–F coupling process. The rapid 
development of the Global Navigation Satellite System 
(GNSS) has made it a promising tool to address this issue. 
In Japan, a continuous nationwide GNSS observation 
network operated by the Geospatial Information Author-
ity of Japan (GSI), GNSS Earth Observation Network 
System (GEONET), is particularly noteworthy. This net-
work consists of more than 1300 stations with an average 
spacing of about 20–25 km, which is ideal for monitoring 
and analyzing ionospheric disturbances in detail.

One challenge in using GNSS observations for E–F 
coupling is that GNSS-derived ionospheric parameters, 
such as total electron content (TEC), provide only two-
dimensional (2-D) horizontal information on ionospheric 
dynamics, thus allowing perturbations caused by irregu-
larities at different altitudes intermingle. To tackle this 
difficulty, Fu et  al. (2022) proposed a double-thin-shell 
model to study E–F coupling with dense GNSS obser-
vations. This model parameterizes the perturbed iono-
sphere using two different shells representing the E and 
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F regions, and successfully provided a first continuous 
and broad spatial distribution of electron density pertur-
bations in both regions. However, due to the small scale 
(~ 100 km in length and ~ 10 km in width) and amplitude 
(generally ≤ 1 TEC unit; 1 TECU = 1016el/m2 ) of Es lay-
ers, achieving accurate E-region reconstruction with high 
resolution is challenging. It not only necessitates dense 
ray paths, but these rays also need to be well-distributed 
in space to provide more information on ionospheric dis-
turbances. At the original resolution ( 0.15◦ and 0.5◦ in 
longitude and latitude for E and F regions, respectively, 
2 min in time) used by Fu et al. (2022, 2023), the E-region 
reconstruction performance is limited and susceptible 
to the F-region disturbances when relying solely on GPS 
observations from GEONET. In response, increasing the 
density of GNSS stations and incorporating multi-GNSS 
observation data are expected to improve the reconstruc-
tion results by providing higher resolution and fidelity. 
Fortunately, in late 2019, SoftBank Corp. (referred to as 
“SoftBank” hereafter), a Japanese telecommunications 
provider, constructed a dense GNSS observation net-
work with the primary goal of providing high-precision 
positioning services to the public for applications such as 
automated driving. The SoftBank network includes more 
than 3300 stations, which is about 2.5 times the number 
of sites in the GEONET. This network has already dem-
onstrated its capability in scientific research areas such 
as crustal deformation monitoring (Ohta and Ohzono 
2022), and thus could potentially address the need for 
denser observations in ionospheric studies.

This research seeks to evaluate the applicability of 
the double-thin-shell model in analyzing nighttime 
MSTIDs by using the multi-GNSS observations from 
both GEONET and SoftBank networks. The primary 
objective is to assess the performance of the model with 
improved resolution. In this paper, Section  "Algorithm 
and data" provides a concise mathematical description 
of the double-thin-shell approach, as well as an introduc-
tion to the data used in this analysis. Section "Solvability 
analysis" presents the solvability results obtained with 
different datasets and resolutions. Section  "Simulation" 
demonstrates the validity and evaluates the performance 
of the improved model through simulation. Section "Case 
studies on July 3, 2022" details the reconstruction results 
for an MSTID event using real observations. Finally, Sec-
tion "Conclusions" concludes the paper.

Algorithm and data
The typical geometric relation of double-thin-shell model 
is plotted in Fig.  1, wherein two pre-fixed shells are used 
to parameterize the three-dimensional (3-D) perturbed 

ionosphere during the E–F coupling process. The hyperpa-
rameters and double-thin-shell approach used in this paper 
remain the same as those detailed in Fu et al. (2022), with 
shell heights set to 100 km and 300 km for E and F regions, 
respectively. The slant TEC (STEC) along the line of sight 
(LOS) from the receiver to the satellite was derived from 
dual-frequency phase and pseudorange measurements. In 
this paper, TEC perturbation (TECP) components are also 
utilized to better determine the ionospheric disturbances 
(Fu et al. 2022). The TECPs were obtained by subtracting 
a 30-min running average (centered on the LOS epoch) 
from each STEC value. Additionally, STEC with elevation 
angles smaller than 30◦ were excluded to mitigate mul-
tipath effects and prevent large errors in the placement of 
ionospheric piercing points (IPPs) when elevation angles 
are low; arc segments that were less than 30 min were not 
used to avoid any spurious perturbations. In such cases, the 
observed slant TECP ( TECPS ) can be expressed as the sum 
of the contributions in two fixed shells:

with (�,ϕ)E and (�,ϕ)F denoting IPPs at E- and F-region 
shell heights, respectively. We assumed that the iono-
sphere could be divided into different cells within the 
double-thin-shell approximation, and that the vertical 
TECPs within each cell in each shell were uniform. Defin-
ing χ as the local satellite zenith angle, a mixed deter-
mined system of linear equations can be constructed 
using M slant TECPs from GNSS observations:

(1)TECPS = TECPS
E(�,ϕ)E + TECPS

F (�,ϕ)F,

Fig. 1 Image obtained from the works of Fu et al. (2022): a typical 
geometric relation of the double-thin-shell model. S represents 
a GNSS satellite and R indicates a receiver. η and γ are the elevation 
and azimuth of the satellite, respectively, χ is the local satellite 
zenith angle, ψ is the geocentric angle, Re represents the mean 
radius of the Earth, hE and hF represent the heights of E and F layers, 
respectively. Red points of intersection ( � , ϕ ) are referred to as the 
ionosphere pierce points (IPPs)
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where the indices j and k refer to the satellite and receiver 
number, respectively. The unknown vertical TEC per-
turbation in the n th grid is denoted by xn , and N  cells of 
E- and F-region unknown densities are compressed into 
a column vector. The total number of cells within the 
analyzed region, denoted as N  , is determined by divid-
ing this area into cells of specific resolutions, which is the 
sum of the number of cells in the E shell and the F shell. 
The singular value decomposition (SVD) method is used 
to solve this matrix equation with high fidelity, ensuring 
that 95% of the total variance is represented. Details can 
be found in Fu et al. (2022).

This study utilized all the GNSS stations from GEONET 
and a subset of SoftBank network (due to limited data 
availability). These GNSS stations receive signals from 
a variety of satellite navigation constellations, including 
GPS, GLONASS, Galileo, and BeiDou. Previously, the 
double-thin-shell approach relied only on GPS observa-
tions for modeling and analysis (Fu et al. 2022, 2023). In 
this research, we explore the possibility and evaluate the 
performance of incorporating multi-GNSS observation 
data into the approach. The spatial distribution of these 
GNSS stations used in this research is shown in Fig. 2a, 
b. The GEONET comprises over 1300 stations distrib-
uted throughout Japan, while the stations provided by 
SoftBank are approximately 1000, mainly concentrated in 
the northeast region of Honshu Island. Using only GPS 
observations with a 30-s data rate, each record consists of 
about 5000 available satellite-receiver paths for GEONET 
and 4000 for SoftBank network. When multi-GNSS 
observation data are added, these numbers increase to 
approximately 20,000. In Fu et al. (2022, 2023), the origi-
nal resolution of the double-thin-shell model was set to 
2  min in time, 0.15◦ and 0.5◦ in longitude and latitude 
for E and F regions, respectively. To identify the solv-
able regions, the counts of IPPs in each cell of the E- and 
F-region shell heights are plotted in Fig. 2c–h at the origi-
nal resolution using the TEC observations at 09:00 UT 
(JST = UT + 9  h; Japan Standard Time), on day of year 
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(DOY) 184, 2022. Following Fu et  al. (2022), the mini-
mum number of IPPs within a cell was set to 3 in order 
to ensure the statistical significance of the results. Con-
sequently, in this analysis, the solvability performance 
within the analyzed region can be quantified by calcu-
lating the percentage of cells that are classified as solv-
able. This is expressed as N1/N0 , where N0 represents 
the total number of cells in the analyzed region, and N1 
is the number of cells containing three or more IPPs. The 
figure presents different cases of only GPS observation 
data from GEONET (c, d), GPS observation data from 
GEONET and SoftBank (e, f ), and multi-GNSS observa-
tion data from GEONET and SoftBank (g, h) to indicate 
the variation of IPP counts after the inclusion of different 
datasets.

A higher density of IPPs in the region associates with 
an increased number of solvable cells, thereby ensuring 
higher solvability performance. Based on the results in 
subplots (c, d) of Fig. 2, as discussed in Fu et al. (2022), 
the region with the best solvability performance is mainly 
concentrated in central Japan at around ( 36◦ N, 138◦ E) 
when only GPS observation data from GEONET are 
used. Subplots (e, f ) show a significant increase in IPP 
density in areas where SoftBank stations are densely 
located, after adding GPS observation data from the Soft-
Bank network. This increase in density has the potential 
to improve the spatial and temporal resolution of the 
double-thin-shell model. Furthermore, subplots (g, h) 
demonstrate that the inclusion of multi-GNSS observa-
tion data has not only increased the density of IPPs but 
also their spatial distribution (more evident at 300  km, 
where the solvable region is expanded on the northwest 
side). This inference is supported by the spatial distribu-
tion of signal ray path azimuths at the same epoch shown 
in Fig.  3. The inclusion of multi-GNSS observations 
(GLONASS, Galileo, and BeiDou) improves the spatial 
distribution of ray paths, notably in the west-northwest 
(~ 270°–330°) direction, followed by the northeast (~ 45°) 
and south-southwest (~ 170°–225°). This improvement 
in ray path distribution may help enhance the resolu-
tion and ability of distinguishing perturbations in E and 
F regions.

Solvability analysis
The enhanced data density and improved spatial distribu-
tion of signal rays shown in Figs.  2 and 3 have inferred 
the potential for improving resolution of the double-thin-
shell model, by incorporating multi-GNSS observations 
from both GEONET and SoftBank networks. This sec-
tion will further provide a detailed analysis of the solv-
ability with different datasets at the improved resolution. 
Same as Fig.  2c–h, Fig.  4 shows the IPP distribution of 
different datasets, but at improved longitudinal and 
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latitudinal resolutions of 0.1◦ and 0.3◦ for E and F regions 
(a–f) and 0.05◦ and 0.15◦ for E and F regions (g–l). The 
IPP density at 100 km deserves the most focus for evalu-
ation due to the higher resolution. Subplots (a–c) show a 
significant improvement in solvability after the addition 
of SoftBank data, even when the E-region longitudinal 
and latitudinal resolution is increased to 0.1◦ . However, 
from subplots (g–i), the inclusion of SoftBank data can-
not increase the E-region longitudinal and latitudinal res-
olution to 0.05◦ , as there are still many grid cells with no 
IPPs and thus remain unsolvable. To quantify this infer-
ence, we define the analysis region by selecting the area 
with most data points over Japan, spanning from 33◦ N 

to 42◦ N and from 135◦ E to 143◦ E, as shown by the red 
dashed line boxes in the rightmost subplots.

We quantify the solvability by calculating the percent-
age of solvable grids in the analysis region. It should be 
noted that the solvability in the E region is expected to 
be lower than that in the F region, as the coverage of IPPs 
is much smaller at 100 km altitude. Figure 5a, b depicts 
the solvability of different datasets at the original reso-
lution on DOY 184, 2022, while subplots (c–f) show 
the increased unsolvability resulting from the improved 
spatial resolution in comparison to the case at the origi-
nal resolution shown in subplots (a, b). From Fig. 5c, d, 
at the longitudinal and latitudinal resolution of 0.1◦ and 

Fig. 2 a, b Distribution of GNSS stations provided by GEONET (black dots) and SoftBank Corp. (red dots). The counts of ionospheric pierce points 
(IPPs) in each cell of E- (middle panel) and F-region (bottom panel) shell heights, at 09:00 UT, on July 3 (day of year (DOY) 184), 2022, are displayed 
at the original resolution of 0.15◦ (E) and 0.3◦ (F) in longitude and latitude and 2 min in time. The IPPs are shown for the cases of using only GPS 
observation data from GEONET (c, d); GPS observation data from both GEONET and SoftBank Corp. (e, f); and multi-GNSS observation data 
from both networks (g, h)
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0.3◦ for E and F regions and 2 min in time, the incorpo-
ration of denser data points can effectively mitigate the 
impact of increased resolution. At E region, the increase 
in unsolvability due to improved spatial resolution is only 
about 4% when using GEONET (G) and SoftBank (S) 
multi-GNSS observations. In such a case, the solvability 
is even slightly better than that achieved at the original 
resolution with only GPS observations from GEONET. 
However, when the longitudinal and latitudinal reso-
lution increases to 0.05◦ and 0.15◦ for E and F regions, 
the increased unsolvability reaches about 17% in the E 
region, even with the incorporation of multi-GNSS data 
from two observation networks. This would result in 
an incoherent reconstruction of the E region and make 
it difficult to distinguish perturbations of different shell 
heights.

The analysis above has demonstrated the feasibil-
ity of raising the spatial resolution of the double-thin-
shell model to 0.1◦ and 0.3◦ in longitude and latitude for 
E and F regions by using GNSS observation data from 
GEONET and SoftBank networks. In addition, it is 
important to consider increasing the temporal resolution 
as well. At the original resolution, it was assumed that 
the electron density perturbations remained stationary 
during a 2-min interval. Now we test the case of increas-
ing temporal resolution to 1 min. Figure 6 shows the IPP 
distribution and the increase in unsolvability (compared 
to the 2-min interval) at a temporal resolution of 1 min 
and a spatial resolution of 0.1◦ and 0.3◦ in longitude and 
latitude for the E and F regions, respectively. It can be 
observed that increasing the temporal resolution from 2 
to 1 min has little impact on the solvability: the increased 
unsolvability is only about 1% for the E region and less 

than 1% for the F region when using multi-GNSS obser-
vation data from GEONET and SoftBank. This improve-
ment in temporal resolution would help alleviate the 
issue of mixed temporal and spatial variations. As the 
time window decreases, the temporal and spatial mixture 
caused by the IPP movement within the computational 
epoch becomes less significant. Same as Fig.  4, the red 
dashed line boxes ( 33◦ N–42◦ N, 135◦ E–144◦ E) in Fig. 6c 
and f represent the region with the densest distribution 
of IPPs over Japan. To save computational costs and 
ensure accuracy, we focus on this region in the following 
analysis.

Simulation
Feasibility study
In this section, we conducted simulations following Fu 
et al. (2022) to verify the feasibility of increasing the tem-
poral resolution to 1  min and the longitudinal and lati-
tudinal resolution to 0.1◦ and 0.3◦ for E and F regions, 
respectively, when using multi-GNSS TEC observations 
from GEONET and SoftBank networks. The region of 
greatest interest for analysis is the one with the high-
est data density, which corresponds to the red dashed 
line boxes in Fig.  6c and f. The 2-D maps of simulated 
input disturbances are shown Fig.  7a, b. Since F-region 
MSTIDs typically exhibit larger amplitudes and horizon-
tal scales than E-region structures, to enhance the clar-
ity of the results, we set the horizontal scales of the input 
disturbances to about 120–180 km and 150–280 km for 
E and F regions, respectively; four cross structures were 
created in both E and F regions with amplitudes rang-
ing from − 0.5 to 0.5 TECU at E-shell height and − 1 to 
1 TECU at F-shell height. The chosen amplitudes and 
horizontal scales were representative of the typical wave-
length and amplitude of Es and MSTIDs. IE/IF represents 
the ratio of the maximum input amplitude in the E region 
to that in the F region. The real geometry of GNSS satel-
lites and receivers at 09:00 UT, July 3 (DOY 184), 2022, 
were used. With the simulated background shown in 
Fig. 7a, b, the integrals of perturbations along the real sig-
nal ray paths were then calculated to produce the simu-
lated slant TECPs. No measurement noise was added in 
this simulation case.

Subplots (c, d) and (e, f ) in Fig. 7 show the reconstruc-
tion results obtained by using GPS and multi-GNSS from 
GEONET (G) and SoftBank (S) networks, respectively. 
As the reconstruction in the F region exhibits good per-
formance, we mainly focus on the E-region results. In 
subplot (c), all disturbances except A are successfully 
reconstructed, despite the relatively high background 
noise in the E-region reconstruction. Notably, the dis-
turbance A is in the region with sparse SoftBank obser-
vations, which emphasizes the crucial role of SoftBank 

Fig. 3 Distribution of signal ray path azimuths at 09:00 UT, on July 3 
(DOY 184), 2022
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observation data in achieving the improved resolution. 
Comparing subplot (e) with (c), the reconstruction of 
disturbance A remains unsuccessful; however, there is a 
noticeable improvement in the background noise levels 
in the E-region reconstruction results. In subplot (c), the 

notable positive noises on the northeastern side near dis-
turbance B, likely originate from the large positive simu-
lated inputs at the corresponding location in the F region. 
The limited spatial distribution of signal rays in this 
region hinders accurate reconstruction of disturbances at 

Fig. 4 Same as Fig. 2c–h but with different longitudinal and latitudinal resolution: 0.1◦ and 0.3◦ for E and F regions (a–f), and 0.05◦ and 0.15◦ for E 
and F regions (g–l). The red dashed line boxes in the rightmost subplots indicate the region with most data points
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the appropriate shell. The inclusion of multi-GNSS data 
leads to an obvious enhancement in noise reduction in 
this region, as evident in subplot (e). This can be attribut-
able to the increased data density and improved spatial 
distribution of satellite-receiver rays, resulting in a more 
comprehensive sampling of the ionospheric disturbances 
and a more accurate representation of the electron den-
sity perturbations in the E region. Furthermore, although 
subplot (e) shows a reduction in background noise levels, 
the persistent noises observed to the left of disturbance A 
and at higher latitudes above disturbance B may be due to 
the limited spatial distribution of satellite-receiver rays at 
the edge of the SoftBank network. Its presence highlights 
the importance of considering the spatial characteristics 
and limitations of the GNSS network in the analysis due 
to the less effective sampling. To further verify the effec-
tiveness of incorporating multi-GNSS constellations, the 
residual distribution using GPS and multi-GNSS signal 
rays from GEONET and SoftBank is shown in subplots 
(g) and (h), respectively. Both have small means (close to 
zero) and standard deviations ( σ ). However, despite the 
increase in the number of simulated observations in sub-
plot (h), the residuals are more tightly clustered around 
zero, with about 95.88% of the data falling within µ± σ 
when using multi-GNSS observations, while in subplot 
(g), only about 87.37% of the data fall within this range 
when only using GPS observations. Based on these simu-
lation results above, it can be tentatively concluded that 

enhancing the spatiotemporal resolution of the double-
thin-shell model is feasible through the utilization of 
multi-GNSS data from GEONET and SoftBank networks.

Performance evaluation
To conduct a more comprehensive analysis of the algo-
rithm’s performance when using multi-GNSS observa-
tions from both GEONET and SoftBank, reconstructions 
were analyzed under various IE/IF ratios. Measurement 
noise is not considered in this case. The input distur-
bances were positioned identically as shown in Fig.  7a, 
b, and Fig.  8 presents 2-D maps of output disturbances 
at different IE/IF. The reconstruction of F region is con-
sistently good, while the performance of E region varies. 
Compared to Fig. 7c, it can be seen from Fig. 8a–d that 
the incorporation multi-GNSS measurements still proves 
effective in reducing background noise at various IE/IF 
ratios. Although some noise persists at the edge of Soft-
Bank network in subplots (a–c), it does not significantly 
impact the reconstructed disturbances in the central 
region. Subplots (a) and (b) show the E-region recon-
struction results when input amplitude in the E region 
is much smaller (zero or only 1/10) than that in the F 
region. The maximum value of the edge background 
noise is about 0.16 TECU, which exceeds the maximum 
amplitude of the E-region input. Howerver, in subplot 
(c),the edge background noise level slightly increases to 
about 0.2 TECU and remains constant for larger input 

Fig. 5 a, b Solvability of different datasets at the original resolution, using GPS and multi-GNSS signal rays from GEONET (G) and SoftBank (S) on July 
3 (DOY 184), 2022. c–f Increased unsolvability resulting from the improved spatial resolution when compared to the case at the original resolution 
shown in subplots (a, b)
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ampliutudes in the E region (IE/IF ≥ 0.3/1). Based on 
the equation foEs =

√
80.6 ∗NmEs , if we assume a 

2-km thickness of Es layer (as suggested by Maeda and 
Heki (2014)), Es patches/layers with foEs values smaller 
than ~ 9  MHz may be susceptible to being affected and 
possibly obscured by such artificial perturbations. To 
mitigate the influence of background noise at E-shell 
height, especially at the edge of SoftBank observation 
network, we carefully selected a specific region charac-
terized by higher reconstruction fidelity, as plotted by the 
black dashed line in subplot (a).

In contrast to subplots (a–c), the edge background 
noise in subplot (d) disappears when no F-region distur-
bance is input. That is to say, when using multi-GNSS 
observations from GEONET and SoftBank networks, the 

background noise in the E-region reconstruction could 
be mainly attributed to the combined effect of two fac-
tors: the large-amplitude F-region input disturbances 
and the limited spatial distribution of GNSS signal 
rays at the edge of the GNSS observation network. The 
region of interest selected in Fig. 8a can effectively miti-
gate the influence of background noise to a large extent. 
In fact, a similar underperformance was also observed 
in the simulations of Fu et  al. (2022). However, in their 
cases, the E-region reconstruction exhibited poorer per-
formance due to the exclusive use on GPS-TEC data. 
The background noise level is much higher and not lim-
ited to the boundary of the GNSS observation network. 
Specifically, the E-region disturbances cannot be well 
reconstructed even at an IE/IF ratio of 0.2/1. Therefore, 

Fig. 6 a–f Same as Fig. 2c–h but with different spatiotemporal resolution: 0.1◦ and 0.3◦ in longitude and latitude for E and F regions, and 1 min 
in time. The area in subplots (c) and (f) marked by the red dashed line boxes represents the region with the densest distribution of IPPs over Japan. 
g–h Increased unsolvability resulting from the improved temporal resolution (1 min) when compared to the case at the resolution of 0.1◦ (E) 
and 0.3◦ (F) in longitude and latitude and 2 min in time
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the incorporation multi-GNSS observations from both 
GEONET and SoftBank networks leads to a remark-
able improvement (more than doubling) in the E-region 
reconstruction performance, even at the improved spati-
otemporal resolution.

In the following simulation, we consider the measure-
ment noise in GNSS-TEC observations and evaluate 
the reconstruction performance under different noise 
conditions. Figure  9 presents 2-D maps of output dis-
turbances at IE/IF = 0.5/1 under different measurement 

Fig. 7 2-D maps of input (a, b) and output (c–f) disturbances at E- and F-shell heights with resolution of 0.1◦ (E) and 0.3◦ (F) in longitude 
and latitude and 1 min in time, by using GPS and multi-GNSS signal rays from GEONET (G) and SoftBank (S) at 09:00 UT, on July 3 (DOY 184), 2022. 
Distribution of residuals in the corresponding cases (g, h). IE/IF represents the ratio of the maximum input amplitude in the E region to that in the F 
region. σ is the standard deviation of the residuals
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noise levels, where sigma(N) represents the standard 
deviation of the Gaussian noise added to the calcula-
tion. The input disturbances were in the same position 
and amplitude as shown in Fig. 7a, b. From Fig. 9, the 
disturbances in E and F regions can still be effectively 
reconstructed and distinguished if the amplitude of 
measurement noise does not exceed the disturbance 
amplitude. These results are consistent with those 

obtained in Fu et  al. (2022). The double-thin-shell 
approach offers theoretical advantages in reducing 
measurement noise compared to using absolute TEC, 
because instrumental biases and clock errors do not 
need to be considered. Additionally, by focusing on 
perturbations, the approach is less affected by biases 
arising from variations in the performance character-
istics of different GNSS constellations. This allows for 
a more consistent and accurate estimation of iono-
spheric perturbations across multiple GNSS systems. 
It is worth noting that the choice of a 30-min window 
for sliding average strikes a balance between capturing 
Es and MSTID perturbations effectively. Using a larger 
window would result in poor extraction of Es perturba-
tions, while using a smaller window would lead to the 
generation of spurious peaks in the MSTID data. That 
is to say, the measurement noise in TECPs is a crucial 
factor that influences the reconstruction performance 
of the double-thin-shell model. Efforts to improve the 
estimation of TEC perturbations caused by ionospheric 
irregularities are important for the future research.

Case studies on July 3, 2022
The simulations shown in the previous section were car-
ried out under ideal conditions. In practical scenarios, 
the measurement noise may not necessarily follow a 
Gaussian distribution, and the disturbance structures 
present in the ionosphere could be more complex than 
what has been simulated. Therefore, we selected two dif-
ferent cases of the ionospheric disturbances in the E and/

Fig. 8 2-D maps of output disturbances at different IE/IF when using multi-GNSS observations from GEONET (G) and SoftBank (S). The black dashed 
line in subplot (a) indicates the region with the higher reconstruction fidelity at E-shell height

Fig. 9 2-D maps of output disturbances at IE/IF = 0.5/1 for different 
measurement noise levels. Sigma(N) represents the standard 
deviation of the Gaussian noise added to the calculation
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or F regions on July 3 (DOY 184), 2022, to analyze the 
reconstruction performance when applying real observa-
tion data. In this day, the K index and absolute value of 
Dst are below 4 and 30, respectively, which typically indi-
cate the ionosphere is in geomagnetic quiet conditions. 
The K index is provided by Kakioka magnetic observa-
tory in Japan located at ( 36.2◦ N, 140.2◦ E).

Sporadic E during daytime
Figure 10 shows the snapshots of 2-D TECP maps at E- 
and F-shell heights using the double-thin-shell model at 
09:30 UT before sunset in Japan. The E-shell reconstruc-
tion results are only plotted in the region with higher 

reconstruction fidelity as depicted in Fig. 8a. The top two 
subplots (a, b) show the reconstruction results using only 
GPS measurements from GEONET, at the original reso-
lution of 2 min in time, 0.15◦ (E) and 0.5◦ (F) in longitude 
and latitude. The two subplots in the middle (c, d) are the 
reconstruction results obtained by using multi-GNSS 
measurements from both GEONET and SoftBank net-
works, at improved resolution of 1 min in time, 0.1◦ (E) 
and 0.3◦ (F) in longitude and latitude. Additionally, the 
rightmost subplots (e, h) present the corresponding 2-D 
TECP maps obtained using the single-layer model (SLM) 
at 300 and 100 km altitude, respectively. Subplots (f, g) in 

Fig. 10 The total electron content perturbation (TECP) maps at E- and F-shell heights at 09:30 UT on July 3 (DOY 184), 2022. The top (a, b) 
and middle two subplots (c, d) show the reconstruction results using only GPS data from GEONET and multi-GNSS data from both GEONET 
and SoftBank, respectively. The subplots (e, h) in the rightmost display the corresponding 2-D TECP maps obtained by using the single-layer model 
(SLM) at 300 and 100 km altitude, respectively. Subplots (f, g) in the bottom zoom in on the perturbed regions in subplots (a) and (c), respectively
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the bottom zoom in on the perturbed regions in subplots 
(a) and (c), respectively.

At 09:30 UT, in subplot (e), disturbances aligned from 
NE to SW are observed, in addition to a distinct narrow 
strip perturbation at ~ 38◦ N, when using the SLM at a 
height of 300 km. The NE–SW aligned perturbations are 
caused by the daytime MSTIDs associated with AGWs. 
However, the E–W aligned structure with narrow width 
is most likely formed by daytime sporadic E at around 
100  km, as the characteristics (such as positive anoma-
lies, E–W alignment, small width) are consistent with the 
results observed in Maeda and Heki (2014). To be noted, 
the single-layer height of 300  km employed in subplot 
(e) cannot truly represent the horizontal structure of Es 
at 100-km altitude. Therefore, we plotted this TECP map 
at the SLM height of 100  km, as shown in subplot (h). 
This adjustment results in perturbations caused by Es 
becoming more concentrated, indicating that the width 
and length of the Es layer are approximately 15 km and 
50  km, respectively. As expected, the double-thin-shell 
approach separates these two structures into the E and 
F regions. As obvious from the results in subplots (a–d), 
the NE–SW aligned perturbations are reconstructed at 
F-shell height, while the narrow E–W structure at ~ 38◦ 
N is reconstructed at E-shell height rather than F-shell 
height. The ability of the algorithm to accurately distin-
guish between E- and F-region disturbances serves as 
further evidence of its high fidelity and effectiveness. Fur-
thermore, comparing subplots (f ) and (g) in the bottom, 
subplot (g) displays a more pronounced structure of the 
Es layer when incorporating the multi-GNSS observa-
tions from GEONET and SoftBank networks. This sug-
gests that the improved double-thin-shell approach has 
superior performance in capturing and representing the 
Es layer.

Nighttime MSTIDs and sporadic E
Figure 11 shows the 2-D TECP maps during 10:00–11:45 
UT, which is the same as Fig. 10 but for different epochs 
after sunset. Subplots (p, q) and (r, s) in the bottom panel 
provide a closer view of the perturbations in the circled 
regions in subplots (a, c) and (k, m), respectively. At 10:00 
UT, frontal structures aligned in NE–SW and NW–SE 
directions are observed to the west and east of subplot 
(e), respectively. The existence of NW–SE aligned fron-
tal structures suggests the occurrence of electrodynamic 
forces in E and F regions (Yokoyama et al. 2009), and the 
disturbances with NE–SW alignment could be associ-
ated with AGWs. This inference is further supported by 
double-thin-shell model reconstruction results. From 
subplots (a–d), disturbances with NW–SE alignment are 
observed in both E- and F-shell heights, whereas NE–SW 
aligned structures are only reconstructed in the F region. 

This phenomenon is particularly evident when using the 
improved double-thin-shell approach, where the NW–
SE aligned frontal structures in subplot (q) exhibit more 
defined patterns compared to subplot (p), and the noise 
level in subplot (c) is significantly reduced. These recon-
struction results at this epoch demonstrate the capability 
of the double-thin-shell approach to accurately distin-
guish and separate the E region disturbances from the F 
region disturbances.

At 10:45 UT, nighttime MSTIDs with a noticeable 
NW–SE alignment become evident at ~ 141◦ E. This 
structure has been successfully reconstructed in the F 
region, as depicted in subplots (g) and (i). However, in 
the E-region reconstruction, the NW–SE aligned frontal 
structures are only captured by the improved double-
thin-shell model, as shown in subplot (h). The unsuccess-
ful reconstruction in subplot (f ) could be attributed to 
the relatively sparse distribution of GEONET stations in 
this region and the small-amplitude Es layer at this time. 
One hour later at 11:45 UT, wave-like MSTIDs manifest 
over Japan. The reconstruction performance is good at 
F region. In the circled region of subplot (m), a distinct 
NW–SE aligned frontal structure is clearly reconstructed 
in the E region by using the improved double-thin-shell 
approach, which in more evident in subplot (s). In sub-
plots (k) and (r), perturbations are also visible in this 
region, however, the structure is less pronounced and the 
location where the larger perturbations appear in subplot 
(s) is slightly different from subplot (r). This discrepancy 
might be due to the 2-min time window at the original 
resolution, during which the IPP movement may cause 
the mixture of spatiotemporal variations and the incon-
sistencies in location of reconstructed perturbations. 
In addition, the large-amplitude disturbances in the F 
region can weaken the reconstruction performance of the 
E region especially when using only GPS measurements 
from GEONET, as indicated by the simulation results 
presented in Fu et al. (2022).

Structured sporadic E: comparison with ionosonde data
Ionosondes are widely regarded as highly accurate instru-
ments for probing and measuring the plasma density 
within the ionosphere. Kokubunji ionosonde (at 35.71◦ 
N, 139.49◦ E) is situated within the region of most GNSS-
TEC data points in Japan (Fu et  al. 2022), and thus can 
be used as a useful validation tool. It is important to 
note that Kokubunji is located in close proximity to the 
boundary of the SoftBank network. The reconstruction 
performance in this region is optimal when using only 
GEONET observation data at the original resolution. 
However, incorporating the SoftBank network data at the 
improved resolution leads to a decline in performance in 
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this specific region due to the limited spatial distribution 
of signal rays, which may affect the validation results.

In the ionospheric study, foEs denotes the peak den-
sity of clumps within the Es layer, and fbEs represents 
minimum frequency of the F-layer trace. Radio waves 
within the frequency range of foEs and fbEs can be par-
tially reflected and partially transmitted by the Es layer. 
The difference between foEs and fbEs (foEs – fbEs) is 
widely used to represent the degree of density structur-
ing in the Es layer (Otsuka et  al. 2008). For validation, 

we used the manual-scaled ionogram parameters (at an 
interval of 1 h) from Kokubunji ionosonde to evaluate the 
E-region reconstruction performance during this event. 
Figure 12 shows the time variation of the mean values of 
TECPs ( TECPm ) obtained from E-region reconstruction 
over Kokubunji (a grid of 0.3◦ ( 0.45◦ ) in longitude and 
latitude at the improved (original) resolution), as well as 
the �fo−b (foEs-fbEs) provided by Kokubunji ionosonde. 
A relatively good consistency between the variation of 
TECPm and �fo−b is observed, particularly during the 

Fig. 11 Same as Fig. 10 but for different epochs after sunset. Subplots (p, q) and (r, s) in the bottom panel provide a closer view of the perturbations 
in the circled regions in subplots (a, c) and (k, m), respectively
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period of ~ 10:00–18:00 UT when �fo−b exhibits signifi-
cant values. The underperformance observed at other 
time period is understandable, as it is difficult to cap-
ture the Es layer through GNSS TEC during its initial/
late development phase, whose amplitudes are primarily 
below the GNSS noise level. The TECPm variation in the 
dashed line provides additional confirmation of the effec-
tiveness of the double-thin-shell approach, even when 
utilizing the original resolution and solely relying on GPS 
measurements from GEONET. It is also worth noting 
that despite the proximity of the Kokubunji ionosonde to 
the SoftBank network boundary, TECPm obtained using 
the improved double-thin-shell approach (black solid 
line) can still reflect Es presence when �fo−b is large, 
albeit with a slight decrease in reconstruction amplitude.

Conclusions
The double-thin-shell approach serves as a useful tool 
for investigating MSTIDs. One notable advantage of this 
approach is the simultaneous analysis of ionospheric 
perturbations in E and F regions. This allows for a com-
prehensive understanding of the ionospheric coupled 
dynamics between different regions, thus providing 
valuable insights into the MSTIDs. However, the recon-
struction performance of the double-thin-shell approach 
is limited when only using GPS observations from 
GEONET. The main objective of this study is to explore 
the possibilities of improving the double-thin-shell 
model by incorporating multi-GNSS observation data 
from both GEONET and SoftBank networks and assess 
its performance.

This research starts by conducting solvability analy-
sis and simulations to evaluate the effectiveness of the 
improved model. Results confirm that integrating two 

dense GNSS observation networks, along with the uti-
lization of multi-GNSS observations, leads to a sub-
stantial improvement in the spatiotemporal resolution 
and reconstruction fidelity. Specifically, by providing 
denser observations and improving the spatial distribu-
tion of signal rays, the longitudinal and latitudinal reso-
lution improves from 0.15◦ to 0.1◦ in the E region, and 
from 0.5◦ to 0.3◦ in the F region. The temporal resolu-
tion has been refined from 2 to 1 min. In addition, the 
background noise is greatly reduced, more than dou-
bling the E-region reconstruction performance even at 
improved resolution, compared to previous results that 
relied only on GPS observations from GEONET.

To further validate and evaluate the algorithm with 
the improved resolution, real observation data on July 3 
(DOY 184), 2022 are analyzed to demonstrate two dif-
ferent cases: daytime sporadic E layer, and nighttime 
MSTIDs and sporadic E layer. The reconstruction results 
highlight the capability and fidelity of the approach to 
distinguish and separate E- and F-region disturbances. 
The effectiveness of the double-thin-shell approach is 
also confirmed by comparing the E-region reconstruc-
tion results with �fo−b provided by Kokubunji iono-
sonde. Furthermore, compared to the results using only 
GPS measurements from GEONET, the improved dou-
ble-thin-shell approach shows a significant enhancement 
in reconstruction performance, particularly for the E 
region. Notably, the inclusion of GNSS sites from the pri-
vate sector has facilitated a more detailed investigation of 
MSTIDs in complex background conditions, such as near 
the solar terminator. This suggests the feasibility of deter-
mining the role played by neutral and electrodynamic 
factors through a simultaneous run of the improved dou-
ble-thin-shell model before and after sunset, which opens 
up opportunities to study the dynamics and morphology 
of MSTIDs comprehensively.
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