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Abstract Typhoons exert significant influences on the ionosphere through atmospheric waves, ultimately
affecting radio signals in the L-band of the Global Navigation Satellite System (GNSS). Due to the limitations of
ground observations, the mechanisms and full impacts of typhoon-induced ionospheric variation remain to be
explored. To address this gap, we embarked on a challenging expedition, employing a shipborne ionospheric
scintillation monitoring receiver (ISMR) to gather data near the trajectory of Typhoon Saola during August and
September 2023. The results revealed prominent amplitude scintillation and total electron content fluctuations
in GNSS satellite detections, particularly during sunset from 29 to 31 August 2023. The findings are cross-
validated with ground GNSS stations, high-frequency radar and the Swarm satellite, confirming the presence of
equatorial plasma bubbles (EPBs). These EPBs have demonstrable effects on GNSS signals, ultimately
influencing the precision of positioning performance. By examining the influence of the neutral wind field on
atmospheric gravity waves triggered by typhoons, we elucidated how these waves impact the ionosphere,
ultimately leading to the formation of plasma bubbles.

Plain Language Summary Typhoons can mess with the radio signals that global navigation
systems use by disturbing a part of the atmosphere called the ionosphere. We don't fully understand how this
happens because we haven't had enough chances to study it from the land. To fix this, we conducted a
shipborne GNSS data collection near Typhoon Saola in August and September 2023 to gather data. We found
that the typhoon disrupted satellite signals, especially during sunset, and this led to something called plasma
bubbles, which can mess with radio signals and make navigation less accurate. We also looked at how waves
in the atmosphere, triggered by the typhoon, caused these bubbles to form. Understanding this helps us figure
out how typhoons affect navigation systems, so we can better prepare for signal disruptions during extreme
weather.

1. Introduction

Typhoons, also known as tropical cyclones (TC), are powerful cyclonic storms originating in tropical oceans and
can profoundly perturb the ionosphere's stability via intricate atmospheric dynamics (Liu et al., 2006). These
perturbations have significant implications for the propagation and reception of radio signals, particularly those
critical for the Global Navigation Satellite System (GNSS) (Yang & Liu, 2016; Yu & Liu, 2021). To gain a
comprehensive understanding of the intricate coupling mechanism between typhoons and the ionosphere and to
accurately assess its influence, it is crucial to delve into the detailed characteristics of typhoon-induced iono-
spheric disturbances.

Typhoons are known for their unique convective system, which includes rotating upwelling and subsiding pe-
ripheral flow (Wang & Wu, 2004). This system enables typhoons to continually accumulate energy and moisture,
leading to the development of robust convective systems (Anthes, 1974). These convective systems have a high
likelihood of generating atmospheric gravity waves (Hines, 1960), which are prevalent in tropospheric regions
surrounding the typhoon's trajectory. These gravity waves have expansive wavelengths spanning hundreds of
kilometers and can last for several hours. When propagating upward, they eventually reach the upper atmospheric
layers, establishing a direct coupling mechanism between typhoons and the ionosphere (Xu et al., 2019).
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Since the initial observation of a discernible ionospheric response to hurricane passages (Bauer, 1958), numerous
studies have confirmed the significant impact of typhoons on the ionosphere. Evidence of the ability of typhoons
to perturb the ionosphere through the generation of acoustic gravity waves was provided by Hung and Kuo (1978)
and Tsutsui and Ogawa (1973). A statistical examination of ionospheric acoustic-gravity waves associated with
typhoons in Taiwan Island was conducted, utilizing a high frequency (HF) Doppler sounding array (Huang
et al., 1985). Then, the propagation characteristics of gravity waves during typhoon passages were analyzed
(Hung et al., 1990). Possible evidence of gravity wave coupling with the mid-latitude F region ionosphere was
provided by Taylor et al. (1998), and was confirmed by Liu et al. (2006). Chernogor et al. (2022) further
demonstrated the ionospheric disturbance launched accompanied typhoon Faxai. Regarding the specific question
posed by Li et al. (2022) on how gravity waves triggered by a typhoon propagate from the troposphere to the upper
atmosphere, existing research suggests that these waves could propagate vertically, ascending toward the iono-
sphere through the troposphere and stratosphere.

With the development of GNSS technology, ionospheric total electronic content (TEC) imaging base on GNSS
data has providing a potential method to get deeper insights into typhoon-induced ionospheric disturbances.
Significant progress has been made by some case studies in understanding how typhoons affect traveling
ionospheric disturbances (TIDs). For example, Chen et al. (2020, 2024) documented that typhoon-induced TIDs
can travel over long distances, leading to ionospheric disruptions on various scales. Similarly, Chou et al. (2017)
observed concentric TIDs generated by gravity waves during typhoon events, which were consistent with global
GPS scintillation data. Research by Chernogor and Frolov (2013) and Xu et al. (2019) identified these wave-like
TIDs as gravity waves, noting their capacity to produce large-scale ionospheric irregularities. Fu and Jin (2023)
also highlighted how typhoon-induced gravity waves can excite medium-scale TIDs in the low-latitude
ionosphere.

In addition to these case studies, statistical analyses have provided valuable insights into ionospheric distur-
bances. Song et al. (2017) examined GPS-derived TEC data during multiple typhoon events, consistently
demonstrating the presence of TIDs induced by tropical cyclones. Kong et al. (2017) and Li et al. (2024) further
explored the link between TID characteristics and typhoon intensity. More recently, Ma et al. (2024) offered
compelling evidence of heightened TID activity during typhoons. Collectively, these studies provide evidence on
typhoons to generate TIDs.

In contrast to TIDs, which only induce minor TEC variations and typically pose minimal impact on GNSS
positioning, ionospheric irregularities induced by such waves, like plasma bubbles, can cause significant signal
scattering, leading to signal loss and abrupt error increases of the GNSS users (Kherani et al., 2009; Singh
et al., 1997). Hence, ionospheric irregularities associated with typhoons warrant closer examination.

In the absence of typhoons, studies have shown that atmospheric gravity waves (AGWs) could significantly
intensify plasma depletion structures that arise along magnetic field lines after sunset over the magnetic equator
(Ajith et al., 2020; Hysell et al., 2014). This enhancement of plasma depletion structures contributes to the
formation of notable equatorial plasma bubbles (EPBs) (Ghodpage et al., 2024; Rather et al., 2024). As a result,
during sunset, the ionospheric TEC undergoes abrupt and substantial fluctuations, frequently surpassing several
TECUs. Such drastic ionospheric irregularities can lead to the loss of lock (De Michelis et al., 2022; Lovati
et al., 2023; Peng et al., 2021) and carrier phase cycle slips in GNSS signals (Han et al., 2024), thereby signif-
icantly compromising the accuracy, availability, and safety of GNSS users.

During typhoons, the mechanism by which AGWs induce EPBs may be intensified. Xiao et al. (2006) has
highlighted that the potential impact of typhoons on ionospheric EPBs, suggesting that AGWs play a key role in
seeding ionospheric irregularities. The observations of daytime ionospheric disturbances, including GPS scin-
tillations, were notably evident during Typhoon Tembin in 2012 (Xiao et al., 2012). Statistical analyses further
support the correlation between the onset of tropical cyclones and ionospheric irregularities, indicating that storm
intensity may significantly influence these disturbances (Yang & Liu, 2016). Research of Li et al. (2018) con-
ducted in Australia between 2005 and 2014 using GNSS and FORMOSAT-3/COSMIC data also reported sig-
nificant fluctuations in TEC, particularly during Typhoon Gillian. During this event, both TEC and the critical
frequency of the F2 layer (foF2) decreased around the storm's peak intensity, contrasting with other typhoons
where these values typically increased. These anomalies were concentrated at the edges of the storm, suggesting
complex interactions between typhoon-induced gravity waves and the ionosphere. Additional studies by Ke
et al. (2020) in Southeast and East Asia have reported similar patterns of ionospheric disturbances during
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typhoons. Despite these findings, the influence of typhoons on EPBs still need more deep exploration. Notably,
Du et al. (2023) pointed out the role of AGWs generated during the dissipation of typhoons in affecting the
ionosphere warrants further investigation.

From the GNSS perspective, monitoring typhoon-induced ionospheric irregularities has traditionally hinged on
data sourced from ground stations positioned far from the typhoon's path. Given that typhoons typically form over
expansive oceanic areas with limited ground station coverage, acquiring close-range observations of these ir-
regularities pose a great challenge. To bridge this gap, we embarked on an ambitious observational expedition
during the 2023 Typhoon Saola, leveraging a ship equipped with an Ionospheric Scintillation Monitor Receiver
(ISMR). This approach enabled us to gather unprecedented, close-range measurements of typhoon-induced
ionospheric irregularities. The ground-based GNSS observations nearby are used for validation and the mea-
surements from the newly installed HF radar are used for cross-validation (Hu et al., 2024; Sun et al., 2024).
Additionally, we leveraged the satellite-based in-situ electron density variations captured by the SWARM
constellation (Bennett, 2023; Mohandesi et al., 2023).

All the data utilized in the study is introduced in the second section. The third section elaborates on the obser-
vations and analysis of typhoon-related ionospheric irregularities, also, with a focus on the GNSS positioning
performance during typhoon events. Subsequently, the discussion turns to exploring the correlation between these
ionospheric irregularities and neutral winds. Finally, the key issues are summarized.

2. Data
2.1. Tropical Cyclone Data

The data on tropical cyclones is from the global real-time satellite cloud image website (https://rammb-data.cira.
colostate.edu/tc_realtime/, namely RAMMB in NOAA). This website provides information such as the time from
the typhoon's formation to its demise, the location of the cyclone's center, and its intensity in terms of wind speed.
The website collects a set of data points every 6 hr. For this study, data from two tropical cyclones, namely Saola
and Haikui, were utilized.

The trajectory of TC Saola is shown in Figure 1. TC Saola formed in the northeast of the Philippine Islands on 23
August 2023, and circled counterclockwise on the east side of the Philippine Islands before heading west. It
reached its peak intensity as a super typhoon on 30 August 30 and entered the South China Sea. On 1-2
September, it made landfall in mainland China and began to weaken. By 3 September, it weakened into a
tropical depression and moved generally southwestward until it dissipated on 5 September.

An additional mention is that another cyclone, Haikui, was also active during the ship navigated near the region.
As depicted in Figure 2, TC Haikui originated as a tropical depression in the western Pacific on 29 August 2023
and moved west. It escalated into a typhoon on 2 September and attained its peak intensity as a strong typhoon on
3 September as it neared Taiwan Island. Subsequently, it gradually weakened and was downgraded to a tropical
depression on 5 September. When TC Saola drew closer to the ship from 29 to 31 August 2023, the distance
between TC Saola and the ship narrowed from approximately 800 km to 340—-430 km. During this time, TC Saola
was gradually attaining its peak phase (with a wind speed of about 60 m/s), whereas TC Haikui had not yet formed
a typhoon and was comparatively weaker (with a wind speed of about 25 m/s). Moreover, TC Haikui remained
distant from the ship (spanning approximately 1,400-2,200 km) and did not enter the South China Sea throughout
its lifecycle. Therefore, the coupling effect of TC Haikui during this period was minimal and will not be further
deliberated in this study.

2.2. Multi-Instrument Observations

As illustrated in Figure 1, the observation dataset encompasses various sources, including shipborne ISMR
measurements (marked by blue square), ground GNSS observations (marked by yellow trapezoid), HF radar
observations from the Low Latitude Long Range Ionospheric Radar (LARID) stationed in Hainan, China (marked
by a magenta triangle), and space-based electron density observations from the Swarm satellite for validating the
ionospheric irregularities (marked by the green solid line).
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Figure 1. The trajectory of Tropical Cyclone (TC) Saola from 23 August to 3 September 2023. The red trajectory denotes its
movement, with the red circular dot signifying the starting point and the position of the cyclone each morning at Universal
Time (UT). The blue trajectory depicts the path of the vessel from 25 August to 1 September, with blue square dots marking
the vessel's initial position daily. The pink triangle precisely locates the LARID station (incorporating HF radar) in Hainan,
China, whose radar beam encompasses a longitude range of approximately 19.2° £ 2°, visually represented by a light purple
transparent area. The green solid line represents the Swarm satellite's position, exemplified by Swarm B traversing the South
China Sea at specific times on 30 August 2023:12:12 UT northward and 00:48-00:56 UT southward.

2.2.1. Shipborne ISMR Observations and Ground GNSS Observations

The PolaRx5S Ionospheric Scintillation Monitoring Receiver (ISMR) is a high-performance GNSS receiver
specifically designed for monitoring ionospheric conditions, including scintillations and TEC variations. It
supports measurement outputs at up to 100 Hz, making it well-suited for capturing rapid ionospheric changes. In
this study, the shipborne PolaRx5S automatically calculated and recorded amplitude scintillation (S4) and dif-
ferential TEC (dTEC) with a 60-s time resolution. The elevation cutoff angle was set at 35°, reducing the impact
of multipath signals, which are common in marine environments. Advanced filtering techniques in the PolaRx5S
further ensure high-quality data, even in the presence of potential radio interference. Figure 3 shows the vessel
used to collect ISMR data and the ISMR antenna located on the ship's deck.

As a supplementary observation, raw GNSS data from Hong Kong's Continuously Operating Reference Station
(CORS) were used to calculate S4, with HKLT and HKSC stations as examples. The data sampling rate was set to
1 s, and ionospheric pierce points (IPPs) were calculated. IPPs are where GNSS signals intersect the ionosphere at
a specific altitude, typically around the F2 peak (approximately 350 km above sea level). Only observations with
an elevation angle above 30° were retained.

2.2.2. HF Radar Observations

The Low Latitude Long Range Ionospheric Radar (LARID) in Hainan, China, played a critical role in providing
ground-based ionospheric observations (Hu et al., 2024). Operating at a frequency of 20.4 MHz, the radar system
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Figure 2. TC Saola (dark red line) from 23 August to 3 September 2023, where the dark red round dot represents the position of TC Saola at 00:00 UT each day. The dark
purple dashed line represents the active TC Haikui during roughly the same period, and the dark purple round dot represents the position of TC Haikui at 00:00 UT each
day. Stars of different colors indicate different intensity levels of tropical cyclones, as shown in the legend. The blue line represents the position of the ship from 25

August to 1 September 2023, and the blue square point represents the position of the receiving ship at 00:00 UT each day.

alternates between east- and west-looking modes every 2 min, with a total cycle time of 4 min. LARID's range
gate extends up to 4,500 km, covering a large region of interest. The center beam's backscattered echo was
analyzed, with key parameters such as the signal-to-noise ratio (SNR) and Doppler velocity extracted for iden-
tifying plasma irregularities.

2.2.3. Swarm Satellite Observations

To cross-validate the ground-based observations, space-based electron density measurements were obtained from
the Swarm satellite (Wood et al., 2022; Xiong et al., 2016). The satellite uses the Electric Field Instrument (EFI)

ISMR Antenna

UL 8

LECy &

Figure 3. The vessel that used to collect data and the location of the ISMR antenna on the deck.
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Figure 4. Space weather indexes from 27 August to 4 September 2023. the Bx, By, and Bz components of the Interplanetary Magnetic Field IMF) expressed in the
Geocentric Solar Magnetospheric (GSM) coordinate system, denote the magnetic induction intensity along the x, y, and z axes. Additionally, the solar radio flux at 10.7 cm
wavelength serves as a crucial metric for quantifying solar radiation intensity. The Dst index reflects the intensity variation of the geomagnetic horizontal component,
measured by stations located at mid to low latitudes, offering insights into magnetic storm severity. Lastly, the Ap index, the planetary equivalent three-hour amplitude,
encapsulates the global average geomagnetic disturbance intensity over 3 hours. The IMF data are provided from CDAWeb at https://cdaweb.sci.gsfc.nasa.gov/. The
F10.7 measurement and Dst are provided by the Goddard Space Flight Center (GSFC) from https://omniweb.gsfc.nasa.gov/.

Langmuir Probe (LP) to detect plasma density (Ne) at a high frequency of 2 Hz, allowing detailed monitoring of
electron density variations. These in-situ observations are crucial for capturing small-scale ionospheric irregu-
larities, such as EPBs. The Swarm satellite's trajectory was synchronized with ISMR and LARID observations,
providing direct temporal and spatial comparisons.

2.3. Space Weather Index

As Typhoon Saola moved across the South China Sea, the observed geomagnetic activity intensity experienced
minor fluctuations but remained benign, amidst stable solar conditions. Figure 4 showcases the space weather
indices spanning from 27 August to 4 September 2023. In this context, Figure 4 depicts a period of remarkable
geomagnetic stability from 27 August to 2 September, with Ap values fluctuating benignly between 0 and 20, and
Dst values remaining within a narrow range of —40-2 nT, indicating minimal influence on ionospheric variations
(Palacios et al., 2018). Then, a slight escalation in geomagnetic activity was observed on 2-3 September, aligning
with the aftermath of Typhoon Saola's landfall. The fluctuations in F10.7, IMF, and Dst indices from 2 to 4
September suggest a moderate level of solar activity after the typhoon's landfall.

3. Observations and Analysis
3.1. GNSS Signal Scintillation During Typhoon Saola

This subsection presents the scintillation of the shipboard receiver and the Hong Kong ground station. The
variation of the S4 index over time and across IPP trajectories near the typhoon was examined.
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3.1.1. Shipborne ISMR Observations

As depicted in Figure 1, the vessel with ISMR on board, embarked from southern Shandong on 25 August 2023,
and subsequently proceeded southwards along the entire eastern coast of China. On 29 August, TC Saola
intensified into a super typhoon, and its trajectory brought it within close proximity to the vessel. From 29 to 31
August, our vessel was situated in the vicinity of TC Saola, providing a rare opportunity for ISMR to acquire data
on the ionospheric variation induced by TC Saola. Following this, the vessel conducted further observations at
18.44°~19.17°N and 115.93°~116.33°E.

Figure 5 presents the S4 index and dTEC time series of BeiDou, GPS, GLONASS, and Galileo acquired by the
shipborne ISMR during TC Saola's passage. The upper two subplots in Figure 5 demonstrate a substantial in-
crease in S4 and dTEC fluctuations during the sunset hours (around 12:00 UT and the following hours, where
LT = UT + 8 hr) when TC Saola approached the vessel from 29 to 31 August 2023. For example, notable
fluctuations were observed for BeiDou satellites with Pseudo-Random Noise (PRN) numbers 1-4, designated as
C1-C4. Specifically, numerous data points with S4 indices exceeding 0.5 are visible during sunset, with some
satellites recording S4 maximum values surpassing 1, and even nearing 1.5. In contrast, during other dates,
fluctuations present during sunset are less noticeable than those observed from 29 to 31 August. Notably, the
timing and amplitude of scintillation events observed on GPS, GLONASS, and Galileo satellites were almost
identical to those of BeiDou satellites.

From 29 to 31 August, during the presence of Super Typhoon Saola and the ship's proximity, dTEC displayed
significant fluctuations in the early evening, reaching amplitudes of 1 TECU and, in certain cases, exceeding 1.5
TECU. As depicted in the upper panel of Figure 5b, satellites C5, C6, C8, C9, C13, and C16 exhibited a clear
increase in S4 fluctuations during sunset from 29 to 31 August.

These enhanced S4 and dTEC fluctuations during sunset hours from 29 to 31 August typically persisted for over
3 hr, with a duration of almost 6 hr. During the sunset hours of 27-28 August, when the ship was further away
from the typhoon, the duration of S4 and dTEC fluctuations on the C1 and C4 satellites was short (around 1 hr)
and did not seem to be associated with the typhoon's passage, in contrast to the fluctuations observed from 29 to 31
August.

As seen in the bottom of Figure 5, similar to the BeiDou satellites, certain GPS satellites also displayed intensified
fluctuations during sunset from 29 to 31 August. Among these, G2, G8, G16, G27, G31, and G32 exhibited the
most notable enhancements.

Figure 6 depicts the IPPs along with S4 and dTEC for the satellites notably impacted by enhanced fluctuations at
sunset, as observed by the shipborne ISMR on 30 August 2023. The trajectories of different BeiDou and GPS
satellites are presented based on the 350 km thin shell approximation (Klobuchar, 1987). As TC Saola approached
the ship, a significant enhancement in ionospheric irregularities was observed near sunset in the vicinity of the
ship. From the locations where S4 and dTEC fluctuations observed by BeiDou's geostationay Earth orbit (GEO)
satellites and GPS's medium Earth orbit (MEO) satellites, it is evident that these irregularities occurred in the
South China Sea, likely on its eastern side. These irregularities arise near sunset during the autumnal equinox (Sun
et al., 2016) in China and neighboring low-latitude regions, exhibiting significant variations that persist for
several hours.

At this time, the maximum wind speed near the center of Typhoon Saola exceeded 17 on the Beaufort scale,
corresponding to 62 m/s. The radii of the wind fields were as follows: 220-250 km for the 7-level wind field,
130 km for the 10-level wind field, and 70 km for the 12-level wind field. Prior to sunset, satellites G16, G27,
G31, and G32 detected ionospheric scintillation. On 30 August, the IPP mapping points of these satellites were
positioned approximately 70 km, 60 km, 15 km, and 60 km from the typhoon's center, respectively. This
observation suggests that ionospheric scintillation occurred within both the central wind field and the 12-level
wind field, independent of any enhancements related to sunset. The scintillation is likely attributable to irregu-
larities induced by the typhoon. During sunset, satellites G2 and G8 detected ionospheric scintillation at a latitude
of 15°N, further south than the scintillation recorded by the earlier satellites, at approximately 70 km from the
typhoon's center. At this stage, the scintillation is more likely the result of pre-existing interactions between the
upper atmosphere and the ionosphere, which were intensified during the typhoon, leading to the formation of
EPBs.
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Figure 5. From top to bottom, these are the S4 and dTEC time series for all BeiDou, GPS, GLONASS, and Galileo satellites,
spanning from 27 August to 4 September 2023. Subfigure (a) shows S4, which is the ionospheric amplitude scintillation
index. Subfigure (b) displays dTEC, which represents rapid TEC changes. The scatter points in various colors represent
different satellite numbers within the system, as indicated by the color bar.

3.1.2. Supporting Observations From Ground-Based GNSS Stations

To confirm that the observed phenomena were not coincidental and to investigate the spatial location of iono-
spheric irregularities, we used data from ground stations of Hong Kong, located in the vicinity of the typhoon.
Figure 7 presents the GNSS-derived S4 index from the HKLT station in Hong Kong on August 30, capturing
scintillation events across BeiDou, GPS, GLONASS, and Galileo. Significant ionospheric disturbances are
observed between 12:00 and 18:00 UT, with S4 values peaking around 1.5 for BeiDou and GPS, and slightly
lower for GLONASS and Galileo, reaching about 1.0. The simultaneous occurrence and similar intensity of these
scintillation events across all four satellite constellations suggest a widespread ionospheric disturbance, affecting
multiple GNSS systems at the same time.
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Figure 6. S4 and dTEC along the BeiDou-GEO and GPS-MEO satellite IPP trajectories on 30 August 2023. The red trajectory with dots and arrows represents the path of
Typhoon Saola, while the blue trajectory with dots and arrows shows the movement of the ship. At the time of scintillation events, the approximate locations of the
typhoon and the ship are marked with red and blue stars, respectively. The scatter points indicate the dTEC values along the IPP, as shown on the color axis. The start and
end times of signal reception for each satellite, as recorded by the shipborne ISMR, are noted in the bottom left corner.

It should be noted that this scintillation activity observed between 12:00 and 18:00 UT falls outside the typical
time window for Pre-Reversal Enhancement (PRE) (Kumar et al., 2016), which usually occurs between 18:00 and
21:00 LT (local time) for example, around 10:00 to 13:00 UT in low-latitude regions such as Hong Kong.
Therefore, it is unlikely that PRE is the primary cause of the scintillations observed in this case. Instead, the strong
scintillation is more likely linked to Typhoon Saola, which was active during this period. Typhoons can generate
gravity waves that propagate upward, triggering TIDs. These gravity waves could also lead to instabilities in the
upper atmosphere, resulting in the widespread and intense scintillation observed across multiple GNSS con-
stellations (Yu et al., 2022).

To further investigate the location of ionospheric irregularities, we plotted the S4 values and corresponding IPP
trajectories for BeiDou, GPS, GLONASS, and Galileo between 12:00 and 24:00 UT, as shown in Figure 8. The
scintillation events, indicated by red points, are primarily concentrated between 18°N and 21°N latitude and
around 114°E longitude. This distribution closely aligns with the shipborne observations presented in Figure 6,
further corroborating the accuracy of both the shipborne measurements and the associated analyses.

3.2. HF Radar Observations to Ionospheric Irregularities

To delve into whether the scintillations observed are attributed to EPB structures, we scrutinized the long-range
backscatter echoes captured by the eastward-oriented HF radar of LARID, as illustrated in Figure 9. Notably, a
significant proportion of the backscatter echoes, consistently appearing at distances approximately ranging from
2,000 to 3,000 km, exhibited relatively low Doppler velocities (within 20 m/s) and spectral widths (less than
20 m/s), thus classified as ground scatter. However, within the range gates spanning 0-1,500 km, robust back-
scatter echoes were observed, characterized by a substantial increase in data points with significantly higher
Doppler velocities (roughly 50-150 m/s) and spectral widths (10-80 m/s) compared to ground scatter. This
suggests that these echoes originate from backscatter caused by ionospheric irregularities.
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Figure 7. GNSS-derived S4 from HKLT station in Hong Kong on August 30. Subplots (a) to (d) represent BeiDou, GPS,
GLONASS, and Galileo, respectively. The x-axis indicates Universal Time, and the y-axis represents the scintillation index.
Different colors distinguish between satellites, and the elevation cutoff angle is set to 30°.

Specifically, from 12:00 to 16:00 UT, we can see a continuous emergence and subsequent decay of regions
exhibiting backscatter from ionospheric irregularities at distances of 500-1,500 km. These irregular regions were
sporadically structured during sunset hours on 28 August, became more prominent on 29 August, reached their
peak on 30 August, and gradually dissipated by 1 September. Notably, during their peak on 30 August, these
irregularity regions persisted for nearly 6 hours, with an average Doppler velocity of approximately 100 m/s, and
displayed more significant fluctuations in spectral width. Concurrently, the higher SNRs, both in intensity and
extent, indicated the presence of more conspicuous and extensive irregular structures on this particular day. These
observations strongly suggest that the scintillations observed in ionospheric irregularities are likely attributed to
EPB structures (Sun et al., 2023).
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Figure 8. Mapping the IPP trajectories and corresponding S4 values from the HKLT and HKSC stations in Hong Kong on
August 30, between 12:00 and 24:00 UT. Subplots (a) to (d) represent BeiDou, GPS, GLONASS, and Galileo, respectively.
The color scale ranges from 0 to 1.5, and the elevation cutoff angle is set to 30°.

The irregularity regions observed by the HF radar are temporally and spatially correlated with the activity of TC
Saola before and during the sunset-time fluctuations recorded by shipborne ISMR observations. The radar-
detected irregularities occurred during sunset hours near the autumnal equinox, lasting between 3 and 6 hr,
which is consistent with the temporal patterns of EPBs (Sun et al., 2023; Zou et al., 2024). Similar to the ISMR
observations, the radar revealed a progression of nascent irregularity patterns on 28 August, becoming more
prominent from 29 to 31 August, peaking on 30 August, and fading after 1 September. This evolution aligns with
the intensification of TC Saola, whose westward movement toward the radar on 29 August and subsequent
northeastward shift away from the radar by 1 September.

In the aspect of the spatial correlation, the backscattered echoes can be projected onto altitude and geographic
longitude at the radar site's latitude (19.2°N) using sine and cosine transformations aided by the radar's fixed
elevation angle of 18°. As a result, the irregularities were observed in the ionosphere at altitudes ranging from
approximately 150 to 450 km and longitudes spanning from 113.4° to 122.5°E. This matches the tendency of
EPBs to form in the F region of the low-latitude ionosphere (Jia et al., 2023; Sun et al., 2021) and meets the
influence zone of TC Saola. These indicate that the irregular structures characterized by enhanced S4 and dTEC
fluctuations during sunset, as well as the irregular regions detected by HF radar backscatter, are manifestations of
the same EPB structures. Moreover, the growth and dissipation of these EPB structures are closely linked to the
approach and subsequent departure of TC Saola.

The near disappearance of EPBs on September 1st, despite the typhoon still being present in the South China Sea,
can be attributed to several factors related to the interaction between typhoon-induced atmospheric disturbances
and ionospheric conditions (Li et al., 2018). Typhoon-generated gravity waves, while often acting as a seed for
plasma instabilities, can sometimes suppress the formation of EPBs depending on their phase, strength, and
propagation characteristics. This suppression occurs when gravity waves disrupt the development of ionospheric
irregularities necessary for EPB formation (Sivakandan et al., 2019). Additionally, the typhoon's influence on
upper atmospheric dynamics, particularly through wind shear and zonal wind alterations, can inhibit the vertical
plasma drifts crucial for EPB generation (Olawepo et al., 2023; Tsai et al., 2024). The resultant disruption in
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Figure 9. The SNR, Doppler velocity, and echo spectrum bandwidth of the backscattered echo recorded by the LARID east-facing HF radar from 28 August to 1
September 2023. Here, a negative (positive) Doppler velocity indicates that the backscattered object is moving toward (away from) the radar. The horizontal axis
represents Universal Time. The left vertical axis signifies the group range in kilometers (km). The colorbar represent SNR in decibels (dB), Doppler velocity in meters
per second (m/s), and spectral width, also expressed in meters per second (m/s).

plasma movement may explain the decreased visibility of EPBs on HF radar, even though the typhoon remained
active in the region.

It is worth noting that for HF radar, observations can encounter intricate ray paths at low latitudes due to sig-
nificant modifications in the ionosphere caused by EPBs and other ionospheric irregularities. Consequently,
discrepancies may arise between the actual position of the irregular backscattered echo and the aforementioned
results. In the case of over-the-horizon radar observations, a wider range gate does not solely indicate a higher
altitude; it could also signify a 1.5-hop backscatter echo occurring at a lower altitude (Hu et al., 2024).

3.3. In-Situ Electron Density Variations by SWARM

Data from the Swarm satellite are employed for cross-validation. During the period of TC Saola's activity, the
SwarmB satellite passed overhead and recorded stable electron density data. Specifically, from 28 August to 1
September 2023, SwarmB maintained an altitude near 500 km while traversing the South China Sea, residing
within the F layer of the ionosphere. The electron density observations from SwarmB offer a direct reflection of
ionospheric variations (Jin et al., 2020; Spogli et al., 2023).

As depicted in Figure 10, there is a considerable electron density depletion observed at latitudes between 10°N
and 20°N during sunset from 29 to 31 August. Conversely, there was no noticeable loss of electron density
observed on the eve of TC Saola's entry into the South China Sea on 28 August or after its landfall on 1 September.
The presence of EPBs can be identified by plasma density (electron density) depletions (McClure et al., 1977).
Therefore, the electron density depletion observed near the F layer of the ionosphere at an altitude of 500 km
aligns with the signature of the large-scale, low-density structure of EPB rising from the base of the F layer. This
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Figure 10. Electron density was detected by the SwarmB satellite during its passage through the South China Sea and adjacent areas between 12:00 and 16:00 UT daily
from 28 August to 1 September 2023. In the top set, the horizontal axis represents latitude, and the vertical axis represents electron density (Ne), measured in units of
10/cm?, showing the variation of Ne with latitude for each day from left to right. The bottom set depicts the trajectories of the SwarmB satellite and the typhoon for each
day. The red scattered points indicate the SwarmB satellite passing by at 12:12 UT, while the blue scattered points represent the SwarmB satellite passing by at
13:13 UT.

implies that the latitude of the electron density depletion structure detected by SwarmB can serve as an indicator
of the approximate latitude of the EPB structure.

Furthermore, the intensity and latitudinal movement of the electron density depletion structure at the same time
each day can provide insights into the EPB intensity and the potential north-south movement of the overall
structure. As shown in Figure 10, at 12:12 UT, the electron density depletion on 30 August was more pronounced
compared to 31 August, and it was more concentrated between 13.3°N and 17.0°N. However, on 31 August, the
electron density depletion between 10°N and 20°N was significantly weaker, and there were also indications of
suspected electron density depletion near 5°N—10°N. This suggests that the EPB structure may have exhibited
signs of overall dissipation toward the south.

4. The Impacts on the Positioning Performance

As one of the prevalent GNSS positioning techniques, precise point positioning (PPP) mode is utilized to
investigate the impact of typhoons on positioning accuracy. The detailed parameter settings for GPS dual-
frequency PPP are shown in Table 1.

Under normal conditions, the kinematic PPP can achieve decimeter-level accuracy for the receiver with the above
processing strategies (Geng et al., 2019; Teunissen, 2020). To assess the impact of typhoons on kinematic PPP
precision, we analyzed PPP results obtained during 2 days: 30 August, when the super typhoon reached its peak,
and 1 September, when the typhoon dissipated and moved northward. In our case, the PPP errors are compared to
a combined solution of PPP and inertial navigation system solution by the Inertial Explorer software.

Figure 11 presents the PPP positioning error results for 30 August, with a particular focus on the occurrence of
ionospheric scintillation. The PPP results for the components above X, Y, and Z were at 0.146, 0.254, and 0.055 m,
respectively. However, during sunset, a significant increase in positioning error was observed, peaking at
2.785 m. This increase coincided precisely with the enhanced fluctuations in the GPS signal received by the
shipboard scintillation receiver, particularly during the sunset hours between 12:00 and 18:00. In comparison,
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Table 1

Data Processing Settings for GPS Dual-Frequency PPP

Item

Techniques and implementations

Observations
Processing mode
Sampling interval
Elevation mask angle
Cycle-slip detection
Satellite orbit

Satellite clock

Phase center offset
Tonospheric delay
Differential Code Bias

Tropospheric delay

GPS dual-frequency code and phase measurements
Forward
30s
70
Phase Geometry-free and Hatch-Melbourne-Wubbena combination (Blewitt, 1990)

Fixed with the final products from IGS with an interval of 15 min

Fixed with the final products from IGS with an interval of 5 min
igs08.atx

IF-model: First-order effect eliminated by ionospheric-free linear combination
Corrected by PIC1 DCBs from Center for Orbit Determination in Europe

The Saastamoinen model for the initial zenith dry and wet delay (Saastamoinen, 1972), along
with the GMF projection function (Bohm et al., 2006), and the wet delay is estimated as
constant every 2 hr

Solid earth tide, ocean tide loading, and pole tide IERS Conventions 2010 (Petit & Luzum, 2010); FES2004 (Lyard et al., 2006) for ocean tides

Relativity effect

IERS Conventions 2010

while the PPP results for 1 September exhibited some instability, the magnitude of these variations during sunset
was significantly smaller than those observed on 30 August.

Typically, the degradation of PPP is caused by plasma bubbles during the post-sunset period at low latitudes.
However, on August 30, the degradation of shipborne GPS-based PPP occurred prior to sunset. As shown in
Figure 5, between 12:30 and 16:00, four GPS satellites were affected by scintillation. During these scintillation
periods, frequent carrier phase cycle slips were observed, reducing the number of satellites available for
adjustment. This decrease in redundancy led to an increase in positioning error, exceeding 2 m. In contrast, during
the sunset period, scintillation affected only two satellites, resulting in a smaller PPP error of approximately
0.4 m. While plasma bubbles frequently occur during active ionospheric years at low latitudes, they are primarily
observed after sunset. Scintillation before sunset is rare, suggesting that the scintillation observed on 30 August
may have been caused by typhoon-induced TIDs or irregularities, leading to the deterioration of PPP
performance.

It is worth mentioning that even during periods where PPP was able to converge, the achieved accuracy was far
from the centimeter-level standard. Although the ionosphere-free combination helped mitigate the first-order
ionospheric effects, the combined effects of cycle slips, signal loss, and enhanced tropospheric errors during
typhoon conditions prevented PPP from achieving its usual level of performance.

5. Discussion

The observations mentioned above reveal distinct occurrences of EPBs in the South China Sea during the sunset
hours from 29 to 31 August 2023. The HF radar and SwarmB data suggest that the potential impact zone of these
EPBs extended broadly from longitudes 113.4°E to 122.5°E and latitudes 10°N to 20°N. Notably, the center of
this potential impact zone is centered at 15°N, 118°E, hinting that the EPBs may have originated from the eastern
flank of the South China Sea. This coincides well with the location of station S4 and the fluctuations in dTEC
recorded by the shipborne ISMR. During this period, Typhoon Saola moved from east to west across the South
China Sea originating from its eastern region. It is noteworthy that during our study period from 28 August to 1
September 2023, geomagnetic activity remained relatively stable in comparison to solar activity. Given the
temporal concurrence of TC Saola's passage with the emergence of EPBs, it is plausible that the typhoon's ac-
tivity, rather than geomagnetic activity, played a significant role in the formation of these EPB structures.
Specifically, as TC Saola entered the South China Sea, the intensity of the EPBs was observed to increase notably.
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Figure 11. Subplots (a) and (b) illustrate the PPP performance for shipborne receiver with S4 on 30 August and 1 September
2023, respectively. In each subplot, the upper graph represents S4, with scattered points of different colors showing GPS
satellites from 1 to 32, as indicated by the color bar; the vertical axis depicts the degree of scintillation. The lower graph in
each subplot displays PPP positioning results in the x, y, and z directions, with red representing x, green representing y, and
blue representing z; the horizontal axis represents Universal Time; the vertical axis represents positioning errors in meters.

Further, the mechanisms of EPB generation, atmospheric wave, and the analysis in combined with observations in
this study are analyzed as follows:

Generally, EPBs in low latitudes are primarily attributed to the Rayleigh-Taylor (R-T) instability mechanism
(Kelley, 2009; Makela & Otsuka, 2012), which is influenced by several factors, including zonal electric fields and
neutral winds (Abdu, 2001). Studies have shown that the initial seed of unstable density disturbances is gravity
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Figure 12. The temporal variation of zonal (left subpolts with eastward winds denoted as positive, mark in red) and meridional (right, with northward winds denoted as
positive, mark in red) wind components in the 2014 Horizontal Wind Model (HWM 14) spanning altitudes from 0 to 500 km on 30 August 2023. The horizontal axis
represents Universal Time, while the vertical axis represents altitude.

waves (Huang & Kelley, 1996; Singh et al., 1997; H Takahashi et al., 2009). Gravity waves generated by
mesoscale convective systems within the Intertropical Convergence Zone (ITCZ) can trigger dispersion mech-
anisms, thereby facilitating the development of EPBs (Tsunoda, 2010a, 2010b). This finding is further supported
by recent studies (Aa et al., 2022; Barad et al., 2024; Ghodpage et al., 2024; Takahashi et al., 2020).

The background neutral winds play a pivotal role in mediating the interaction between gravity waves and EPBs.
As early as 1960, it was observed that the propagation characteristics of ascending gravity waves might be
influenced by background winds (Hines, 1960). Subsequent research has revealed that different directions of
background winds can lead to varying modes of gravity wave propagation (Cowling et al., 1971). Gravity waves
traveling against the background wind are more likely to reach the ionosphere due to less wave dissipation
compared to those moving with the wind (Waldock & Jones, 1984). These findings provide a theoretical
framework for understanding the potential connection between typhoons and EPB phenomena (Mao et al., 2010).

Thus, it is crucial to examine the background winds. On 30 August 2023, at 12:00 UT, the cyclone center of TC
Saola was positioned at 20.7°N, 119.7°E, a location closest to the speculated EPB generation point. During this
time, intense responses were observed from shipborne ISMR, ground GNSS stations, an eastward-looking HF
radar, and SwarmB. Figure 12 depicts the diurnal variation of zonal and meridional winds spanning altitudes from
0 to 500 km, utilizing the empirical Horizontal Wind Model 2014 (HWM14) (Drob et al., 2015).

The zonal wind chart shows that after sunset on August 30, a broad region of slow, westward winds dominated the
upper ionosphere from 12:00 to 18:00 UT. These winds extended from the potential typhoon height around 15 km
up to the more concentrated ionospheric altitudes at approximately 75 km. Notably, between 100 and 150 km,
there was a strong westward wind, which gradually shifted to a strong eastward wind above 150 km. Similarly, the
meridional wind chart indicates that from 12:00 to 18:00 UT, winds below 100 km were relatively weak, while
winds above 100 km were predominantly southward. Overall, the upper atmosphere was characterized by a
southwestward wind direction.

Meanwhile, on August 30 before sunset, Typhoon Saola moved predominantly from east to west and south to
north, near 119°E, 20°N, northeast of the observed ionospheric irregularities, located approximately between
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113°E to 120°E and 15°N to 20°N. Gravity waves typically propagate against the background wind (Li
et al., 2022; Vadas, 2007), which implies that the observed irregularities were unlikely to be directly caused
by gravity waves originating from the typhoon's center. However, Typhoon Saola's radius of gale-force winds
(220-250 km) and the strong convection occurring several hundred kilometers from the typhoon's center could
have generated atmospheric disturbances encompassing the region beneath the observed ionospheric irregular-
ities. These disturbances may have propagated upward into the middle and upper atmosphere, where they engaged
in coupling mechanisms with the ionosphere, potentially leading to EPB formation.

From the above observations and discussions, the mechanism of the observed EPBs during Typhoon Saola can be
explained as follows. The intense convection associated with the typhoon continuously generated AGWs, as
compressed air near the typhoon center was lifted by adjacent rising air, propagating obliquely upwards. Before
sunset, these gravity waves, driven by background winds, penetrated the top of the troposphere and reached the
ionosphere. As they ascended, the waves may have undergone breaking or attenuation processes (Vadas &
Liu, 2009). Initial density perturbations at the bottom of the F-layer then propagated upward, causing wave-like
disturbances in plasma density through neutral-charged particle interactions, ultimately triggering plasma in-
stabilities and forming EPBs in low-latitude regions. These prominent EPB structures in the F-layer disrupted
trans-ionospheric radio signals, as detected by HF radars and Swarm satellites, severely impacting navigation
systems.

6. Conclusions

A multifaceted approach was undertaken to investigate the ionospheric irregularities that coincided with Tropical
Cyclone Saola during the crucial period from 29 to 31 August 2023. This examination integrated data from ship-
borne ISMRs, ground GNSS stations, the LARID HF radar, and the Swarm satellite.

Firstly, this finding highlights the exceptional ability of ship-borne ISMRs to identify the characteristic signatures
of EPBs at low latitudes. These signatures are prominently manifested in fluctuations of the S4 index and dTEC.
When combined with HF radar and Swarm satellite data, we have demarcated a potential impact area for EPB
stretching across the South China Sea, spanning latitudes 10°N to 20°N and longitudes 113.4°E to 122.5°E,
during the sunset hours of the specified dates.

Secondly, we emphasize the significant potential for these ionospheric irregularities to disrupt satellite navigation
signals, particularly impacting the precision of PPP. Even when PPP achieves convergence to sub-decimeter
levels, the presence of EPBs can abruptly disrupt this convergence, causing positioning accuracy to degrade to
meter-scale levels. This underscores the detrimental effects of EPBs on navigation systems.

Finally, this research suggests that the proximity of Tropical Cyclone Saola to the South China Sea may have
influenced the observed ionospheric irregularities prior to the pre-reversal enhancement, possibly through at-
mospheric waves. The temporal and spatial alignment between these irregularities and the typhoon's trajectory
indicates a potential, albeit tentative, causal link. We hypothesize that the interaction between background winds
and the typhoon may have facilitated gravity wave propagation, potentially affecting the upper atmosphere-
ionosphere coupling and possibly contributing to the formation of EPBs.

Data Availability Statement

The IMF data are provided from CDAWeb at https://cdaweb.sci.gsfc.nasa.gov/. The F10.7 and Dst index are
provided by the Goddard Space Flight Center (GSFC) from https://omniweb.gsfc.nasa.gov/. The ISMR data
obtained during the shipborne experiment is available upon request by contacting the author. The LARID data
can be accessed offline at Beijing National Observatory of Space Environment, Institute of Geology and
Geophysics Chinese Academy of Sciences or online through the Geophysics center, National Earth System
Science Data Center (http://wdc.geophys.ac.cn). The publicly available Swarm data is provided by the European
Space Agency (ESA), accessible through their portal: https://earth.esa.int/eogateway/missions/swarm/data. The
GNSS station raw observation data of the Hong Kong GNSS network (SatRef) are publicly available for
download at: https://www.geodetic.gov.hk/sc/satref/RINEX_download.htm. The RTKLIB package (version
2.4.3 b34) for the positioning performances could be download at http://www.rtklib.com/.
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