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Abstract Accurate modeling of traveling ionospheric disturbances (TIDs) is essential for characterizing
their spatiotemporal variations and mitigating their effects on Global Navigation Satellite System (GNSS)
precise positioning. This study develops a regional medium‐scale TID (MSTID) propagation model using
BeiDou geostationary orbit (GEO) total electron content (TEC) data. First, we propose a singular spectrum
analysis (SSA)‐based interpolation method to reconstruct the possible data gaps of BDS GEO TEC time series,
enhancing its TID detection stability. Second, we select well‐distributed GNSS reference stations in Hong
Kong, grouping them into triplets to estimate average TID parameters (main frequency, amplitude, velocity, and
direction) using cross‐spectral analysis. Finally, a regional MSTID propagation model is constructed using a
cosine function, incorporating the average phases, frequency, and amplitudes. The model was firstly validated
through the measured TID signal from the HKSC, HKST, and HKKT stations on 29 October 2018. Results
indicate strong agreement between the model‐estimated and measured TID signals. Validation results show the
model reduces TID‐induced ionospheric delay errors by 48.2%, 50.3%, and 42.7% without accounting for the
time lag and further by 55.0%, 53.1%, and 45.1% with optimal temporal alignment for HKSC, HKST, and
HKKT, respectively. Another MSTID event on 30 April 2016, was also selected to further validate the general
applicability of the proposed TID model under different propagation characteristics. It confirms the model's
accuracy and reliability. This study provides an effective approach for precise TID characterization and supports
mitigation strategies for GNSS positioning errors caused by traveling ionospheric disturbances.

Plain Language Summary Traveling ionospheric disturbances (TIDs) are wave‐like variations in
the ionosphere that can distort satellite signals and degrade the accuracy of Global Navigation Satellite Systems
(GNSS), such as GPS and BeiDou. These disturbances introduce rapid fluctuations in the ionospheric electron
density, leading to positioning errors in high‐precision GNSS applications like real‐time navigation and
precision agriculture. Given the increasing reliance on GNSS for critical infrastructure and emerging
technologies, improving TID modeling is essential to enhance positioning resilience under disturbed
ionospheric conditions. BeiDou Geostationary Orbit (GEO) satellites offer unique advantages for TID
monitoring because they provide stable and continuous observations of ionospheric disturbances. Leveraging
these observations, this study develops a regional medium‐scale TID propagation model to characterize and
mitigate disturbance effects on GNSS positioning. This research advances both scientific understanding of
ionospheric dynamics and practical solutions for more reliable satellite navigation.

1. Introduction
Traveling ionospheric disturbances (TID) are propagating plasma density fluctuations in the ionosphere,
exhibiting a broad spectrum of velocities and frequencies (Hernández‐Pajares et al., 2006; Tsugawa et al., 2007).
Large‐scale TIDs (LSTIDs) are predominantly driven by magnetospheric energy input during geomagnetic
storms, and their occurrence rate exhibits a clear positive correlation with solar activity (Ding et al., 2007;
Hajkowicz, 1990). In contrast, medium‐scale TIDs (MSTIDs) show no such dependence and they can occur
during both high and low solar activity periods (Kotake et al., 2006, 2007). The excitation of MSTIDs has been
attributed to several mechanisms. Specifically, a primary source is the upward propagation of neutral atmospheric
gravity waves (AGWs) from the lower atmosphere, which can seed perturbations that evolve into daytime
MSTIDs (Frissell et al., 2016; Tsuboi et al., 2023). At mid‐ and low latitudes, plasma instabilities—notably the
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Perkins instability (Perkins, 1973)—provide another generation mechanism, effectively triggering some night-
time MSTIDs under favorable conditions (Kelley, 2011; Shiokawa et al., 2003). Furthermore, the electric field
perturbations originating from the sporadic E (Es) layer can map along geomagnetic field lines to the F‐region,
thereby initiating MSTIDs (Liu et al., 2019).

These TID disturbances induce significant perturbations in background ionospheric electron density, posing
severe challenges to high‐precision Global Navigation Satellite System (GNSS) positioning (Belehaki
et al., 2020; Jia et al., 2024; Paziewski et al., 2022; Yang & Morton, 2020), particularly in years of high solar
activity. Multi‐scale and rapidly evolving TIDs pose significant impacts on high‐precision GNSS positioning
techniques, particularly affecting real‐time kinematics (RTK) (Hernández‐Pajares et al., 2017; Timoté
et al., 2020) and precise point positioning real‐time kinematic (PPP‐RTK) positioning performance (Li
et al., 2022; Zhang et al., 2022). The impact is especially pronounced for the PPP‐RTK positioning technique,
which critically depends on accurate ionospheric delay corrections.

Traditional ground‐based ionospheric monitoring instruments (e.g., ionosondes, radars) face limitations in
spatiotemporal coverage due to their restricted detection ranges and sparse distribution, hindering comprehensive
TID detections. In contrast, the dense GNSS networks have emerged as a powerful tool for TID detection by
capturing quasi‐periodic signatures in total electron content (TEC) measurements (Huang et al., 2018;
Tang, 2023; Yang et al., 2017). However, most TID‐related studies primarily focus on qualitative analysis of
spatiotemporal propagation characteristics and disturbance mechanisms (Belehaki et al., 2020; Chen et al., 2020;
Mei et al., 2025; Ren et al., 2022; Zakharenkova et al., 2016; Zhai et al., 2025), few efforts have been devoted to
developing quantitative TID propagation models. Establishing such models is critical for mitigating TID‐induced
positioning errors, yet the lack of robust mathematical representations remains a key challenge. The wave‐like
propagation characteristics of TID, however, offer a theoretical foundation for model development.

Accurate estimation of TID propagation information (frequency, phase, amplitude) is essential for model con-
struction. Although GPS (Global Positioning System) TEC data are widely used for TID detection, the Doppler
effect—introduced by the rapid relative motion between GPS satellites and TIDs—makes it difficult for accurate
parameter extraction. The BeiDou Navigation Satellite System (BDS) geostationary (GEO) satellites can over-
come this limitation, as their fixed ionospheric pierce points (IPPs) minimize Doppler‐induced errors (Huang
et al., 2018). While techniques like the Galileo transform method can mitigate GPS Doppler effects (Wan
et al., 1997), BDSGEO observations remain superior for TID studies. Consequently, researchers often employ the
maximum entropy method (MEM), a robust cross‐spectral analysis technique, for TID parameter estimation
based on BDS GEO data (Huang et al., 2016, 2018, 2020). The implementation details of MEM have been
comprehensively described in previous studies (Ding et al., 2011; Huang et al., 2016).

However, the possible interruptions of GNSS signals due to environmental factors or data transmission issues can
lead to gaps in BDS GEO TEC time series in a whole day, hindering continuous TID monitoring. It was reported
that the singular spectrum analysis (SSA), a nonparametric spectral method, has been proven effective for gap‐
filling in geophysical time series (Yi & Sneeuw, 2021a). In addition, the estimation of TID propagation pa-
rameters exhibits station‐dependent variability (Huang et al., 2016). To avoid the influence of different station
selection strategies on the estimation results of TID propagation parameters, those adjacent regional reference
stations with good geometrical distribution are suggested to be selected and grouped into triplets for estimating
parameters of TID events.

In this study, we first develop an SSA‐based interpolation method to reconstruct complete BDS GEO TEC time
series. Second, we optimize TID parameter estimation using BDS GEO observations based on the geometrically
well‐distributed stations. Finally, a regional ionospheric TID propagation model was constructed using cosine
functions based on the phase, main frequency, and amplitude information of the regional TID event. The model is
validated using both simulated and real TEC data, demonstrating its potential to mitigate ionospheric disturbances
on precise positioning.

The paper is structured as follows: Section 1 introduces GNSS‐based TID detections and modeling re-
quirements. Section 2 details the TEC gap‐filling method and TID model development. Section 3 evaluates
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propagation model performances using both simulated and real TEC data, and Section 4 summarizes key
findings and implications.

2. Data and Methods
This section presents the methodology, beginning with an overview of the Hong Kong GNSS Reference Station
Network data. We then detail the BDS GEO TEC data interpolation algorithm for addressing missing observa-
tions and the establishment of the TID propagation model.

2.1. Data Description

The study utilizes GNSS observations from the Hong Kong GNSS Reference Station Network (SatRef), con-
sisting of 19 Continuously Operating Reference Stations (CORS) with an average inter‐station distance of
10–15 km. These stations are equipped with multi‐GNSS receivers capable of tracking signals from BeiDou
(BDS‐2/BDS‐3), GPS, Galileo, and GLONASS constellations. The network's capability to track BDS GEO
satellites, combined with its 30‐s sampling rate, provides exceptional resolution for traveling ionospheric
disturbance monitoring in the region.

2.2. Filling GEO TEC Data Gap Using Singular Spectrum Analysis

BDS GEO TEC series occasionally contain data gaps due to receiver anomalies or environmental disturbances,
including space weather effects (Banville & Langley, 2013; Basu et al., 2002; Lee et al., 2017; Li et al., 2021;
Vilà‐Valls et al., 2020). These missing observations require reconstruction to maintain the temporal continuity
and integrity of BDS GEO TEC data for reliable TID monitoring.

Singular spectrum analysis offers an effective solution for data gap filling in TEC time series. This technique
decomposes signals into interpretable components (trends, oscillations, and noise) based on variance contri-
butions, enabling data reconstruction through temporal correlation analysis (Kondrashov & Ghil, 2006;
Schoellhamer, 2001). Compared to machine learning methods that demand extensive training and computational
resources (Li et al., 2020; Sun et al., 2019), SSA provides a computationally efficient alternative (Li et al., 2019).
Its ability to reconstruct missing epochs based on the temporal structure of the available data makes it partic-
ularly suitable for restoring the continuity of BDS GEO TEC series. Moreover, its proven effectiveness in
geophysical applications (Yi & Sneeuw, 2021a) further supports its applicability to GNSS‐derived TEC data
processing.

We implement an SSA‐based gap‐filling approach using the open‐source framework developed by Yi and
Sneeuw (2021b), ensuring reliable reconstruction of the BDS GEO TEC series for subsequent TID analysis.

2.3. TID Propagation Model

Following data gap filling, we processed the BDS GEO TEC series using a Savitzky‐Golay (SG) filter to extract
the continuous 24‐hr detrended TEC (dTEC) series within a day. This least squares smoothing approach effec-
tively preserves signal features while removing low‐frequency trends (Chen et al., 2023; Gou et al., 2023). The
dTEC series exhibits fluctuations during TID occurrence and is often used for TID detection.

For spectral analysis of TID signals in the dTEC series, wavelet transform provides excellent time‐frequency
localization, enabling precise identification of TID onset and duration; fast Fourier transform (FFT) offers
robust spectral decomposition into sinusoidal components, delivering essential amplitude and phase information;
and maximum entropy method (MEM) combines spectral resolution with phase preservation capabilities. While
wavelet analysis excels in temporal localization of TID events, its inability to directly extract phase information
necessitates complementary methods. We therefore employ FFT and MEM for accurate amplitude and phase
estimation, which is critical for subsequent TID parameter estimation and TID modeling.

Figure 2 illustrates the phase differences observed in TID signals across different stations. The phase differences,
derived from BDS GEO dTEC series, serve as the foundation for calculating TID propagation parameters through
cross‐spectral analysis (Ding et al., 2011; Huang et al., 2016). For optimal propagation parameter estimation of
TID events, the three selected stations should not be distributed on the same straight line, that is, the three stations
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should form a triangle (see dashed triangle in Figure 1), such as the southernmost (HKLM), western (HKSL), and
northernmost (HKTK) stations. Figure 3 also illustrates the schematic representation of TID propagation, where
stations 1, 2, 3, and 4 refer to stations HKLM, HKSL, HKTK, and HKSC, respectively. The phase differences
between three stations are calculated for estimating the propagation parameters by using the cross‐spectral
method. The calculation procedure involves measuring phase differences between station pairs and applying
cross‐spectral analysis.

Due to the rapid propagation of traveling ionospheric disturbances, there are phase differences in the TID signals
over three different GNSS stations, which satisfies the following relationships:

kxx21 + kyy21 = φ21

kxx31 + kyy31 = φ31
(1)

where kx and ky are unknown horizontal wavenumbers in the x and y directions; (x21,y21) and (x31,y31) are the
relative position relationships of three GNSS stations, that is, the plane coordinate difference; φ21 and φ31 are the
phase differences of TID signals observed by adjacent stations.

Figure 1. Distribution of CORS GNSS stations in Hong Kong.

Figure 2. Schematic diagram of two TID signals with different initial phases.
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After obtaining kx and ky from the solution of Equation 1, the propagation
parameters of TID such as horizontal phase velocity v, period T, horizontal
wavelength λ and propagation azimuth σ are further calculated as follows:

v = 2πf /
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

kx2 + ky2
√

T = 1/f

λ = vT

σ = arc tan(kx/ky)

(2)

where f is the main frequency of the TID signal.

The model construction involves three key steps: (a) Extraction of TID sig-
nals from BDS GEO detrended TEC time series across three reference sta-
tions; (b) According to the method described above, every three reference
stations in the region are grouped into triplets to compute the TID propagation
parameters in the region. (c) Integration of these parameters to establish the
comprehensive propagation model.

Theoretically, rover station 4 is affected by the same TID event, then rover
station 4 and reference station 1 also satisfy the following relationship:

kxx41 + kyy41 = φ41

φ41 = φ4 − φ1
(3)

where φ4 denotes the phase of the TID perturbation signal at rover station 4;
x41 and y41 denote the coordinate differences between rover station 4 and
reference station 1.

Figure 3. Schematic diagram of TID propagation model over different
stations.

Figure 4. BDS GEO TEC data gap filling when artificially removing 100 epochs.
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Figure 5. BDS GEO TEC data gap filling when artificially removing 200 epochs.

Figure 6. Reconstruction of 1‐hr (120 epochs) continuous TEC gap between 12:00 UT and 13:00 UT.
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According to the principle of the cross‐spectral method for calculating TID propagation parameters, the hori-
zontal wave numbers kx and ky in the x and y directions are calculated from Equation 1 as:

kx =
y31φ21 − y21φ31
x21y31 − x31y21

ky =
x31φ21 − x21φ31
x31y21 − x21y31

(4)

Equation 4 is expressed in matrix form as:

[
kx
ky
] = [

x21
x31

y21
y31
]

− 1

[
φ21
φ31
] (5)

Substituting Equation 4 into Equation 3 yields the initial phase of the rover station 4 as:

φ4 = φ1 + kxx41 + kyy41

= φ1 +
y31φ21 − y21φ31
x21y31 − x31y21

(x4 − x1) +
x31φ21 − x21φ31
x31y21 − x21y31

( y4 − y1)
(6)

When the initial phase of the TID signal at the rover station 4 is obtained, and the corresponding TID event
propagation parameters such as the main frequency and amplitude, the TID propagation model is constructed
according to Equation 7:

S4 = A4 cos (2πf t + φ4) (7)

Figure 7. Reconstruction of 2‐hr (240 epochs) continuous TEC gap between 11:00 UT and 13:00 UT.
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where f is the main frequency of the TID event; t is the time; φ4 is the initial phase of the TID signal at the rover
station 4; and A4 denotes the amplitude of the TID perturbation at the rover station, which can generally be
determined based on the average TID amplitudes at the other (n − 1) reference stations in the region:

An =
A1 + A2 +⋯ + An− 1

n − 1
(8)

Figure 8. The TEC and dTEC time series observed by the C02 satellite at the HKTK station on 29 October 2018.

Figure 9. Spectral analysis of dTEC time series using wavelet transform at the HKTK station on 29 October 2018.
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3. Experiment Results and Discussion
This section systematically evaluates our proposed approach through two key components: (a) quantitative
assessment of the SSA algorithm's interpolation performance for BDS GEO TEC time series reconstruction and
(b) development of a TID propagation model and comprehensive validation using both simulated and real BDS
GEO TEC observations.

3.1. Gap Filling of BDS GEO TEC Series

As mentioned above, to enable continuous monitoring of ionospheric TID events using BDS GEO TEC time
series, we address possible data gaps through singular spectrum analysis. This approach effectively reconstructs
missing TEC values while preserving the temporal characteristics of the original signal.

To validate the SSA algorithm's reliability, we conducted experiments by artificially removing 100 and 200
epochs from the original complete BDS GEO TEC series. Then we utilize the SSA algorithm to reconstruct the
missing TEC values and compare them with the original true TEC values. Figures 4 and 5 show the BDS GEO
TEC data gap filling when artificially removing 100 and 200 epochs, respectively. In Figures 4 and 5, the top
panels refer to the original and reconstructed BDS TEC data, while bottom panels refer to the bias between the
reconstruction results and the true values. The reconstruction results demonstrate the method's effectiveness, with
RMS values of only 0.015 TECU and 0.017 TECU for the respective gap lengths when compared with the original
true TEC values.

In addition to the two tests with randomly removed 100‐ and 200‐epoch TEC segments, we conducted two
additional experiments to evaluate the SSA method's performance under 1‐hr (120 epochs) and 2‐hr (240 epochs)
continuous data gaps. As shown in Figures 6 and 7, validation results demonstrate robust performance of the SSA
method across different gap durations, with the 1‐hr continuous gap test showing very good reconstruction ac-
curacy (RMS value is 0.059 TECU), while the 2‐hr continuous gap test maintains reasonable accuracy (RMS
value is 0.222 TECU).

These results demonstrate that the SSA method achieves consistent accuracy across both random and continuous
gap scenarios. While the error increases with gap duration, it remains below 0.25 TECU even for 2‐hr continuous
outages, indicating a robust capability to reconstruct partially missing epochs in BDS GEO TEC data and thereby
enhance the stability of TID detection. It should be noted, however, that this effectiveness is most pronounced

Figure 10. The amplitude and phase information of the dTEC sequence at the HKTK station on 29 October 2018.
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under relatively stable ionospheric conditions. The method's tendency to produce overly smoothed results con-
stitutes a key limitation, as it is likely inadequate for accurately reconstructing sharp fluctuations and fine‐scale
structures associated with intense ionospheric irregularities (e.g., plasma bubbles). In such scenarios, SSA pro-
vides a smoothed estimate rather than recovering the true physical variations. Consequently, the application of
this method to periods or regions characterized by significant ionospheric irregularities should be approached
with caution.

3.2. Estimation and Validation of TID Parameters

During a geomagnetically quiet period on 29 October 2018 (DOY302), Wu et al. (2021) reported two nighttime
medium‐scale TID events in low‐latitude China using the all‐sky airglow imager. One event exhibited northeast‐
to‐southwest propagation, traversing the Hong Kong region. We analyzed this event using Hong Kong's CORS
network data, extracting BDS GEO TEC time series and deriving dTEC series through SG filtering.

Figure 8 presents the original and detrended TEC series observed by the C02 satellite from station HKTK. In
Figure 8, it can be seen that during the time of the TID occurrence, the dTEC series exhibits significant fluc-
tuations, with the maximum amplitude exceeding 1 TECU, and the fluctuation contains at least one complete
wave peak and trough. This TEC fluctuation, attributed to the nighttime TID, persisted until approximately 16:00
UT before gradually attenuating to background levels.

The dTEC series were analyzed using three spectrum analysis methods: fast Fourier transform (FFT), maximum
entropy method, and wavelet transform. While FFT and MEM provide conventional spectral information, the
wavelet transform offers distinct advantages by simultaneously resolving both time and frequency domains (see
Figure 9). As shown in Figure 9, this dual‐resolution capability enables precise identification of TID onset (13:00
UT) and duration (∼3 hr), as evidenced by the clear temporal correspondence between the wavelet spectrum and
dTEC fluctuations at the HKTK station. The wavelet analysis reveals concentrated signal energy between 13:00
UT and 16:00 UT, consistent with the observed perturbation period in the dTEC series.

The wavelet transform can provide time‐frequency information of the TID signal, but it lacks direct phase
extraction capability. For accurate phase determination, the FFT method is more suitable as it decomposes signals
into sinusoidal components, providing complete spectral information including both amplitude and phase

Table 1
TID Propagation Parameters Based on FFT Spectral Information for Different Station Combinations

Scheme Frequency (Hz) Period (min) Velocity (m/s) Wavelength (km) Azimuth (°)

HKLM‐HKSL‐HKTK 0.000326 51.2 33.942 104.271 246.427

HKLT‐HKNP‐HKOH 0.000326 51.2 33.055 101.545 264.669

HKKS‐HKKT‐HKMW 0.000326 51.2 31.646 97.215 243.033

HKPC‐HKTK‐HKWS 0.000326 51.2 30.283 93.029 250.670

HKOH‐HKST‐HKWS 0.000326 51.2 37.093 113.957 258.770

Average 0.000326 51.2 33.204 102.003 252.714

Table 2
TID Propagation Parameters Based on MEM Spectral Information for Different Station Combinations

Scheme Frequency (Hz) Period (min) Velocity (m/s) Wavelength (km) Azimuth (°)

HKLM‐HKSL‐HKTK 0.000326 51.2 33.854 104.000 249.688

HKLT‐HKNP‐HKOH 0.000326 51.2 33.420 102.666 258.472

HKKS‐HKKT‐HKMW 0.000326 51.2 26.565 81.607 230.700

HKPC‐HKTK‐HKWS 0.000326 51.2 30.150 92.621 253.347

HKOH‐HKST‐HKWS 0.000326 51.2 35.001 107.523 265.204

Average 0.000326 51.2 31.798 97.683 251.482
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characteristics. This makes FFT particularly valuable for modeling TID propagation where precise phase re-
lationships between stations are required.

Figure 10 displays the amplitude and phase spectra obtained through FFT analysis of the dTEC time series at the
HKTK station. The analysis identified a primary TID frequency of 0.000326 Hz (corresponding to a period of
51.2 min) with a phase angle of − 51.1°. Consistent spectral examination of HKSL and HKLM stations revealed
matching dominant frequencies (phase angles of − 158.1° and − 121.8°, respectively), confirming these pertur-
bations originated from the same TID event. Through cross‐spectral analysis, we determined the TID propagation
parameters to be as follows: a velocity of 38.730 m/s, a wavelength of 118.979 km, and a propagation direction of
248.022°.

To minimize potential biases in TID propagation parameter estimation caused by station geometry, only station
combinations with good geometric distribution and comparable inter‐station distances were considered for
analysis. For instance, the HKNP‐HKMW‐HKLM combination was excluded due to suboptimal geometry. For
each qualifying station combination, we independently calculated propagation parameters using cross‐spectral

Figure 11. Estimation of rover station TID signals based on three reference stations' TID signals.

Figure 12. Detrended TEC time series estimated by HKTK station without TID occurrence on 28 October 2018.

SpaceWeather 10.1029/2025SW004538

MEI ET AL. 11 of 20

 15427390, 2026, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025SW

004538 by T
rinity H

ealth A
nn A

rbor, W
iley O

nline L
ibrary on [01/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



analysis. The final parameters were determined through averaging of those valid combinations, reducing spatial
sampling errors, and improving estimation reliability.

For the nighttime TID event observed over China on 29 October 2018 (DOY 302), we applied both FFT and
MEMmethods to obtain amplitudes and phase differences across station combinations. Then the TID propagation
parameters were estimated using cross‐spectral analysis based on spectral information obtained by the FFT and
MEM methods. The TID propagation parameters estimated based on FFT and MEM spectral information for
different station combinations are given in Tables 1 and 2, respectively. The average propagation parameters
calculated using FFT based on these station combinations are as follows: velocity is 33.204 m/s, wavelength is
102.003 km, and direction is 252.714°; the average propagation parameters calculated using MEM based on these
station combinations are as follows: velocity is 31.798 m/s, wavelength is 97.683 km, and direction is 251.482°.
The close agreement between these independent methods validates the robustness of our propagation parameter
estimation approach. The estimated TID propagation speed values in this study are lower than typical MSTID
propagation speeds from tens of meters per second to hundreds of meters per second, which may represent the
special propagation characteristics of the observed TID. The detection results reported by Wu et al. (2021)
indicated that the opposite interaction of MSTIDs with ionospheric irregularity structures may modified the
propagation characteristics of MSTID structures.

Besides, as reported by Wu et al. (2021), the MSTID structures captured by the airglow imager consisted of
multiple wavefronts. Airglow imaging provides superior horizontal resolution for detecting fine‐scale wavefronts
that may be blended in TEC measurements. GNSS‐based detection results primarily captured the integrated TEC
perturbations along satellite‐receiver ray paths, which naturally smooths small‐scale structures.

Figure 13. Detrended TEC time series at the HKTK station after adding model‐estimated TID from 13:00 UT to 16:00 UT on
29 October 2018.

Table 3
TID Propagation Parameters Estimated Using the FFT and MEM Spectral Information Based on Reference Stations 1, 2,
and 3

Method Frequency (Hz) Period (min) Velocity (m/s) Wavelength (km) Azimuth (°)

FFT 0.000326 51.2 33.837 103.948 249.663

MEM 0.000326 51.2 34.159 104.938 249.305
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3.3. Validation of TID Propagation Model

In this section, the TID propagation model was validated by using simulated and real GEO TEC data.

3.3.1. Validation by the Simulated TEC Data

The TID propagation model developed in Section 2.3 enables precise calculation of TID signals at arbitrary rover
stations. As demonstrated in Figure 11, the model successfully simulates TID signals for three reference stations
(TID1, TID2, and TID3). These results confirm that with accurate propagation parameters (amplitude, frequency,
phase), the model can reliably reconstruct TID signals (TID4) at any rover location within the study area based on
TID signals of reference stations. This capability significantly enhances our ability to characterize and mitigate
TID effects across regional GNSS networks.

Figure 12 presents the original TEC and dTEC series at the HKTK station on 28 October 2018 (a geomagnetically
quiet day). For model validation, we added the simulated TID signal (13:00–16:00 UT) derived from our
propagation model into this original dTEC series, as shown in the shaded area in Figure 13. The simulated GEO
dTEC time series exhibits pronounced fluctuations during the simulated period, successfully reproducing the
expected TID signature while maintaining the background ionospheric characteristics. This simulated experiment
demonstrates the model's ability to accurately represent TID‐induced perturbations in dTEC series.

As shown in Table 3, based on the FFT spectral information, the estimated frequency using three reference
stations 1, 2, and 3 is 0.000326 Hz, with a period of 51.2 min, a propagation speed of 33.837 m/s, a wavelength of
103.948 km, and a direction of 249.663°. Based on the MEM spectral information, the estimated frequency using
three reference stations 1, 2, and 3 is 0.000326 Hz, with a period of 51.2 min, a propagation speed of 34.159 m/s, a
wavelength of 104.938 km, and a direction of 249.305°.

Table 4
TID Propagation Parameters Based on MEM Spectral Information for Different Station Combinations

Station combinations Frequency (Hz) Period (min) Velocity (m/s) Wavelength (km) Azimuth (°)

1‐2‐4 0.000326 51.2 34.391 105.648 249.521

1‐3‐4 0.000326 51.2 32.325 99.301 251.389

2‐3‐4 0.000326 51.2 33.786 103.789 249.780

Note. Notably, these results align closely with the reference‐station‐derived parameters (see Table 3), demonstrating the
model's capability to accurately estimate rover station TID signals using established propagation characteristics. This vali-
dation confirms the model's robustness for operational applications in regional TID monitoring networks.

Figure 14. Comparison and cross‐correlation analysis between the measured and model‐estimated TID signals at the HKSC
station on 29 October 2018.
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To assess the model's accuracy, we calculated TID parameters using rover station 4 paired with two different
reference stations via MEM analysis. The results are presented in Table 4: (a) The estimated TID propagation
frequency using the combination of reference stations 1 and 2 and rover station 4 is 0.000326 Hz, with a period of
51.2 min, a propagation speed of 34.391 m/s, a wavelength of 105.648 km, and a direction of 249.521°; (b) The
estimated TID propagation frequency using the combination of reference stations 1, 3, and rover station 4 is
0.000326 Hz, with a period of 51.2 min, a propagation speed of 32.325 m/s, a wavelength of 99.301 km, and a
direction of 251.389°; (c) The estimated TID propagation frequency using the combination of reference stations 2,
3, and rover station 4 is 0.000326 Hz, with a period of 51.2 min, a propagation speed of 33.786 m/s, a wavelength
of 103.789 km, and a direction of 249.780°. Three different combinations consistently identified the same fre-
quency characteristics (0.000326 Hz), with propagation parameters showing remarkable consistency.

3.3.2. Validation by Real GEO TEC Data

In order to verify the accuracy and reliability of the propagation model, the measured TID signal of a complete
cycle (including one peak and one trough) at the HKSC station on 29 October 2018 was extracted, and the TID
signal at the HKSC station during the same period was estimated using the propagation model. Figure 14 presents
the comparative and cross‐correlation analysis between the observed and model‐estimated dTEC variations at the
HKSC station during the TID event period (13:00–16:00 UT, epochs 1560–1920). It shows strong agreement
between the model‐estimated and measured TID signals. As shown in Figure 14b, we noted that there is a time lag
between the observed and model‐estimated TID signals, and the six‐epoch (3‐min) time lag was identified
through cross‐correlation analysis.

Figure 15. Comparison of the ionospheric delay errors before and after correcting the TID effects over HKSC station on 29
October 2018.
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Figure 15 validates the TID propagation model through a complete cycle comparison with the measured TID
signal at the HKSC station. The model successfully reproduces both the waveform morphology and amplitude
variations of the measured TID signal (see the top panel of Figure 15). The modeled signal effectively captures the
complete wave structure (peak‐trough sequence), enabling precise TID effect compensation and correction.
Figure 15 also compares the ionospheric delay error variations before and after correcting the TID effect at the
HKSC station. The correction results demonstrate significant mitigation of TID‐induced ionospheric delay errors,
reducing the RMS value of ionospheric delay from 0.818 TECU (uncorrected) to 0.424 TECU (48.2%
improvement) without accounting for the observed six‐epoch time lag, and further to 0.368 TECU (55.0%
improvement) with optimal temporal alignment (see the bottom panel of Figure 15). The 6.8% performance
difference between these correction approaches underscores the importance of precise phase matching in TID
mitigation strategies, while the overall results confirm the model's operational effectiveness for regional iono-
spheric disturbance correction.

Figures 16 and 17 also compare the ionospheric delay error variations through a complete cycle before and after
correcting the TID effect at the HKST and HKKT stations, respectively. In Figure 16, the correction results over
HKST station demonstrate mitigation of TID‐induced ionospheric delay errors, reducing the RMS value of
ionospheric delay from 0.793 TECU (uncorrected) to 0.394 TECU (50.3% improvement) without accounting for
the observed three‐epoch time lag, and further to 0.372 TECU (53.1% improvement) with optimal temporal
alignment. In Figure 17, the correction results over HKKT station also demonstrate mitigation of TID‐induced
ionospheric delay errors, reducing the RMS value of ionospheric delay from 0.736 TECU (uncorrected) to
0.422 TECU (42.7% improvement) without accounting for the observed two‐epoch time lag, and further to 0.404

Figure 16. Comparison of the ionospheric delay errors before and after correcting the TID effects over HKST station on 29
October 2018.
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TECU (45.1% improvement) with optimal temporal alignment. The results confirm the model's operational
effectiveness for regional traveling ionospheric disturbance correction.

Besides, we selected a typical nighttime MSTID event that occurred between 04:00 UT (Epoch 480) and 07:00
UT (Epoch 840) on 30 April 2016. This event was reported in our previous study (Le et al., 2024) and exhibited
propagation parameters that differ from those of the aforementioned MSTID event on 29 October 2018. Based on
the dTEC sequences derived from the HKCL‐HKLM‐HKSS station combination (Figure 18), the propagation
parameters of the MSTID were estimated using the same cross‐spectral method. The derived TID propagation
parameters—a period of 23.27 min, a velocity of 160.65 m/s, a wavelength of 224.32 km, and a propagation
direction of 189.17°—were then used to construct a TID propagation model for station HKPC.

Figure 19 compares the model‐estimated TID series with the observed TID series over three consecutive wave
cycles. The results show that the modeled TID variations closely match the observed ones. When the model‐
estimated TID values were used to correct the observed TID signal, the RMS of the TID‐induced ionospheric
delay error was reduced from 0.258 TECU to 0.153 TECU, a reduction of approximately 40.7%. In this case, since
no significant time lag existed between the modeled and observed TID signals, only the scenario without time
delay correction was discussed.

The two different MSTID events collectively demonstrates that the proposed TID model can reliably reconstruct
TID signals at rover stations, even under different propagation characteristics. It should be noted that the inte-
grated GNSS‐derived TEC naturally smooths smaller‐scale structures and can only capture the integrated TEC
perturbations along satellite‐receiver ray path. Therefore, our regional cosine‐based model represents an effective

Figure 17. Comparison of the ionospheric delay errors before and after correcting the TID effects over HKKT station on 29
October 2018.
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Figure 18. Comparison and cross‐correlation analysis between the measured TID signals at the HKCL, HKLM, and HKSS
stations on 30 April 2016.

Figure 19. Comparison of the ionospheric delay errors before and after correcting the TID effects over HKPC station on 30
April 2016.
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approximation that captures the dominant wave mode. Besides, the results from three testing cases confirm that
the simplified single‐wave model accurately characterized primary wavefront propagation.

4. Conclusion and Future Work
Traveling ionospheric disturbances cause electron density perturbations that can significantly degrade the ac-
curacy and reliability of GNSS precise positioning. This study has developed and validated a regional TID
propagation model using BDS GEO TEC observations, demonstrating significant improvements in ionospheric
delay correction accuracy through mitigation of TID effects. The key conclusions are as follows:

1. The proposed SSA‐based data gap filling method successfully addresses possible data discontinuity issues in
BDS GEO TEC observations, enabling reliable continuous monitoring of TID events. The refined cross‐
spectral analysis approach provides robust estimation of TID propagation parameters by grouping geomet-
rically well‐distributed reference stations into triplets and averaging the derived parameters.

2. The cosine‐function‐based propagation model effectively characterizes TID disturbances through integration
of phase, frequency, and amplitude information. The propagation model performances were evaluated by both
simulated and real BDS GEO TEC data. Validation results on 29 October 2018 show the model reduces TID‐
induced ionospheric delay errors by 48.2%, 50.3%, and 42.7% without accounting for the time lag and further
by 55.0%, 53.1%, and 45.1% with optimal temporal alignment for HKSC, HKST, and HKKT, respectively.
The performance difference between time‐lag and time‐aligned corrections quantitatively demonstrates the
importance of precise phase matching in TID mitigation. Another validation experiment was conducted by
selecting a typical MSTID event that occurred on 30 April 2016. This MSTID event exhibited different
propagation parameters. The results show that the model can reduce the TID‐induced ionospheric delay errors
by 40.7%. These results validate the model's operational effectiveness while highlighting potential enhance-
ments through improved temporal alignment techniques. It also demonstrates that the proposed TIDmodel can
reliably reconstruct TID signals at rover stations, even under different propagation characteristics.

The proposed methodology advances GNSS positioning accuracy in TID‐affected regions and contributes to
ionospheric research through its data‐driven modeling approach. Future work should focus on extending vali-
dation under geomagnetic conditions and developing adaptive temporal alignment algorithms, as well as
investigating GNSS precise positioning performances by correcting TID effects with TID propagation model.
These developments would further enhance the model's utility for both operational GNSS applications and
scientific studies of ionospheric dynamics.
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