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Abstract

Ionospheric electron density monitoring is of great signifi-
cance for positioning and navigation, communication tech-
nology and space weather research. To alleviate the ill-
posed problem of ionospheric electron density inversion
caused by sparse and unevenly distributed stations, the
DCS-PCA (Dynamic Compressive Sensing-Principal Com-
ponent Analysis) ionospheric tomography method is used
in the paper. This method is a real-time data-driven tomo-
graphic method based on compressive sensing and fusion of
measurement data. This paper focuses on investigating the
influence of the 2022 Hunga-Tonga volcanic eruption on
the ionosphere in the Chinese region. The GPS navigation
observations were collected from 130 stations within the
Qianxun Ground-Based Augmentation System. The con-
structed ionospheric electron density model demonstrates
the DCS-PCA method’s ability to capture the spatiotempo-
ral evolution of the ionosphere during the volcanic eruption.
In the ionospheric tomography model, equatorial plasma
bubbles were observed in East and Southeast Asia follow-
ing volcanic waves, leading to reduced electron density,
consistent with the reference. The ionospheric tomographic
model in this study possesses quasi-real-time capability,
high efficiency, and sparse station adaptability, providing
a new tomographic solution for ionospheric monitoring.

1 Introduction

The ionosphere constitutes a significant source of error in
radio propagation, impacting various applications such as
communication, navigation, and positioning. The advent of
GNSS (Global Navigation Satellite System) big data net-
works has led to the development of ionospheric models
based on GNSS data, serving as a vital tool for ionospheric
monitoring. Although the Vertical Total Electron Content
(VTEC) ionospheric model, relying on the thin-shell as-
sumption, has gained widespread adoption, it fails to cap-
ture the three-dimensional spatiotemporal variations of the
ionosphere. With advancements in observation techniques
and computer technology, ionospheric models have evolved
from the initial two-dimensional VTEC model to encom-
pass multi-layer VTEC models and three-dimensional elec-
tron density models. In the present, the advancement ex-
tends to real-time four-dimensional electron density mod-

els, offering a more comprehensive representation of iono-
spheric behavior. It is of great significance for studying
the spatiotemporal characteristics and monitoring abnormal
features of the ionosphere.

Computerized Ionospheric Tomography (CIT), proposed by
Austen in 1986, is a technique for inverting the electron
density distribution in the ionosphere based on the Slant
Total Electron Content (STEC) along satellite-to-ground
station paths(1l; 2; 3; 4; 5; 6). The sparsity and uneven
distribution of actual observation sites in the tomographic
process lead to an ill-posed problem. To mitigate the ill-
posed nature of the problem, many tomographic methods
assume that the ionosphere remains constant over an ex-
tended period, collecting enough observations for tomo-
graphic analysis. However, this assumption contradicts
the real-time spatiotemporal variations of the ionosphere.
The compressive sensing fusion data-driven regional to-
mography method, known as the CS-PCA (Compressive
Sensing-Principal Component Analysis) method, was in-
troduced to address the ill-posed problem in paper (7).
Through the integration of feature extraction from the iono-
spheric model and real-time navigation observations, high-
precision ionospheric tomography based on sparse observa-
tions was achieved. Subsequently, the DCS-PCA (Dynamic
Compressive Sensing-Principal Component Analysis) re-
gional ionospheric tomography model, driven by dynamic
measured tomographic data, was proposed in paper (8).

Volcanic eruptions have the potential to induce perturba-
tions in both the Earth’s background atmosphere and iono-
sphere, rendering them subjects of paramount significance
within the domain of space weather research. In order
to investigate the impact of the 2022 Hunga-Tonga vol-
canic eruption on the ionosphere in the Chinese region,
we constructed the ionospheric tomography model on the
day of the event using GPS observations collected from the
Qianxun Ground-Based Augmentation System. The study
examines the influence of the eruption on the spatiotempo-
ral evolution of the ionosphere.



2 Regional
Method

Ionospheric Tomography

Utilizing the GNSS dual-frequency pseudo-range P and
carrier phase L signals received from the IGS Ground-
based System, this study employs the un-differenced and
un-combined precise point positioning (UCPPP) method,
which incorporates known fixed station coordinates, to de-
rive ionospheric delay data (10):
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where x5 and xg are the coordinate of the satellite S and the
receiver R, t is the time corresponding to the observation;
DCBg, is the bias of receiver and DCB?® is the bias of satel-
lite. fi and f> are the operating frequency of navigation
signal.
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The STEC from the satellite S to the receiver R is defined as
the integral of the electron density N, along the signal path,
STEC(x®,xg,1) = [ N.dl. To achieve accurate STEC mea-
surements, it is essential to address biases introduced by re-
ceiver and satellite. This is accomplished through the appli-
cation of the differential STEC (dSTEC) method to mitigate
receiver biases, and the utilization of external products to
correct satellite biases. The grid-based tomography method
divides the inversion region into three-dimensional grids,
and the electron density in each grid is evenly distributed:

dSTEmel =Dpxn - N8n><1 + Enx1 (2)

where dSTEC,,« is the differential STEC vector, and m
is the total number of rays; ®,,x, is the differential design
matrix composed of the intercept of GNSS ray in each grid
dij,i=1,...m,j=1,...,n; nis the total number of grids;
Ne,.«1 is the electron density vector; &, is the error vector
related to observation noise and system noise.

The DCS-PCA (Dynamic Compressive Sensing-Principal
Component Analysis) method is used in this paper. This ap-
proach relies on dynamic measured tomographic data. Un-
like conventional methods that directly estimate the signal
in its native domain, this approach emphasizes the estima-
tion of the sparse signal in the transformed domain.

K
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where w is K x 1 dimension sparse vector. W is n X K
dimension projection matrix, which representing the iono-
spheric characteristics from the prior matrix X. The real-
time electron density reconstruction results are used to dy-
namically modify the prior matrix X in this paper, ensuring
that the projection matrix ¥ extracted by the data-driven
approach aligns with the actual ionospheric characteristics.

The cost function for the ionospheric tomography method
takes the sum of the L, norm term representing the recon-
struction error and L norm term representing the sparsity.

L norm regularization term is introduced to constrain the
solutions for w to be sparse.

Loss = argminy, { |[dASTECS — ®° - W - wl[3 + A - [|W]] }
“)
where w is the sparse signal to be solved, dSTEC® is the
inter satellite differential STEC with constraints, ®° is the
differential design with constraints, w is the sparse signal in
the transformation domain to be solved, ¥ is the projection
matrix, A is the hyper-parameter used to control the pro-

portion of error term and sparse term in the cost function.

3 Data and Results

In this study, we investigate the impact of the eruption of the
Hunga-Tonga volcano, located at latitude 20.32°S and lon-
gitude 174.24°E, on the ionosphere in the Chinese region.
This volcanic eruption occurred on January 15, 2022, at
UTC 04:14 and is considered the most significant eruption
of the past three decades. It caused substantial disruptions
to the customary cyclic behaviors of the ionosphere. Chi-
nese regional ionospheric tomography is being studied dur-
ing the Hunga-Tonga volcano eruption. The GPS data uti-
lized in this study were collected from 130 stations within
the Qianxun Ground-Based Augmentation System. These
data include the basic GPS dual-frequency code and carrier
phase observations, with a recording interval of 30 seconds.
An elevation mask of 30° is used to reduce multi-path ef-
fects. The three-dimensional ionospheric model range from
68° to 138° in terms of longitude direction and from 14° to
61° in terms of latitude direction. The spatial resolution is
2.5° and 2.5° in longitude and latitude direction, respec-
tively. The altitudes ranging from 100 to 1,000 km with a
resolution of 50 km and then up to 1,300 km with a resolu-
tion of 100 km. The temporal resolution of the model is 5
minutes.
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Figure 1. GNSS receiver locations used in the tomographic
reconstruction. Black dots represent the stations used for
modeling, while the red dots represent independent refer-
ence stations used for validating model performance.

Based on actual GPS observation data on January 15, 2022
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Figure 2. The reconstructed three-dimensional electron density distribution in China region based on real GPS observation on
January 15, 2022.
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Figure 3. Comparison between the electron density of the Sanya station (18°N, 109°E) and the Beijing station (40°N, 116°E)
over different epoch based on real GPS observation on January 15, 2022.

obtained from ground-based stations, the ionospheric elec- January 15, 2022. As sunset occurred, it was observed that
tron density model for the Chinese region is constructed us- significant equatorial plasma bubbles consistently appeared
ing the regional DCS-PCA tomography method. Figure 2 in the East Asia and Southeast Asia sector following the
presents the three-dimensional electron density distribution arrival of volcanic-triggered waves, resulting in a substan-

in the Chinese region from UTC 11:30 to UTC 14:30 on tial reduction in electron density. Equatorial plasma bub-



bles are a phenomenon of plasma density depletion with
small-scale density irregularities, normally observed in the
equatorial ionosphere. In line with the findings reported in
Reference (9), this equatorial plasma bubbles phenomenon
was observed in the Asia-Pacific region after the largest-on-
record January 15, 2022 eruption of the Tonga volcano.

Figure 3 illustrates the electron density evolution with re-
spect to altitude and time at two distinct latitude coordi-
nates: the Sanya station (18°N, 109°E) and the Beijing sta-
tion (40°N, 116°E). It can be observed that Sanya is notably
affected by the equatorial plasma bubbles induced by the
volcano, leading to electron density depletion at an altitude
of 450 km between UTC 10:00 and UTC 15:00. However, it
can be seen that Beijing, located at a latitude of 40 degrees,
is no longer influenced by the equatorial plasma bubbles,
and thus, there is no significant electron density depletion.

4 Conclusion and Discussion

This paper develops a ionospheric tomography model based
on DCS-PCA and applies it to the 2022 Hunga-Tonga vol-
canic eruption event. Using GPS data from 130 stations
within the Qianxun Ground-Based Augmentation System, a
regional ionospheric tomographic model is constructed us-
ing a measurement-driven compressed sensing sparse imag-
ing method. The results show that the DCS-PCA method
can capture the temporal evolution of tomographic elec-
tron density. Equatorial plasma bubbles observed in East
and Southeast Asia after volcanic waves reduced electron
density, in line with the reference. Therefore, the pro-
posed method plays an important role in ionospheric moni-
toring and high-precision positioning in active ionospheric
regions.
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