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Abstract—Equatorial plasma bubbles (EPBs) typically form after sunset at the bottom of the F layer in the
equatorial region and then grow upward and elongate along magnetic flux tubes. According to optical
observations, in many cases, the poleward ends of EPBs tilt westward with respect to the magnetic north,
but in a few cases, eastward tilts are observed. In this work, the EPB tilt directions, drift velocities, and
morphology are investigated from an all-sky airglow imager over South China during the geomagnetically
quiet night of April 3, 2022. During this event, the poleward ends of the EPBs in the off-equatorial region
initially tilted westward after sunset (20:04-23:27 LT), but gradually turned to tilt eastward around and
after midnight (23:27-03:38 LT). Successive airglow images revealed different groups of EPBs with
westward tilts, westward-eastward tilts, and eastward tilts throughout a single night. The changes in
morphology, tilt angles, and drift velocities of EPBs are analyzed according to the airglow images. The
tilt angles ranged from —12° to 25°, which were calculated by Principal Component Analysis (PCA)
through Singular Value Decomposition (SVD). The westward-to-eastward tilt direction changed in less
than 17 min, and the eastward tilt of the EPBs lasted 4 h. When the EPBs drifted eastward over the
observation region, the ionogram displayed distinct spread F signatures, and satellite signals manifested
significant scintillation phenomena. The drift velocities of the EPBs at relatively high latitudes clearly
increased and were greater than those at lower latitudes when the EPBs turned to tilt eastward at approx-
imately 23:27 LT (15:53 UT), with a velocity differential of 20 m/s. The changes in tilt direction may result
from latitudinal variations in ion drift velocities, which might be related to the latitudinal/altitudinal
variations in F-region Pedersen conductivity and the presence of greater zonal winds or electric fields along
the geomagnetic field line.
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1 Introduction

Equatorial plasma bubbles (EPBs) are plasma density deple-
tion structures in the ionospheric F region at equatorial and low
latitudes, typically triggered by Rayleigh-Taylor instability and
lifted by the pre-reversal enhancement (PRE) of the eastward
electric field after sunset. Near sunset, as the solar radiation
source diminishes, the ionospheric E region undergoes signifi-
cant reduction due to rapid electron-ion recombination, while
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the F region maintains substantial electron density, as the lower
ion-neutral collision frequencies at F region altitude result in
slower recombination rates (Ossakow et al., 1979; Das et al.,
2022). This fundamental difference in the temporal evolution
of the E and F regions during sunset significantly influences
the subsequent development of ionospheric irregularities. The
combination of a steep electron density gradient at the bottom
of the ionosphere and the vertical uplift of the equatorial F layer
driven by PRE creates favorable conditions for an increased
Rayleigh-Taylor instability growth rate, which is conducive
to the occurrence of EPB (Dungey, 1956; Sultan, 1996).
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After being generated by the Rayleigh-Taylor instability, EPB
moves upward from the bottom of the F layer and elongates
along magnetic flux tubes to reach off-equatorial latitudes
(Weber et al., 1978; Otsuka et al., 2002; Yokoyama et al., 2014).

The plasma depletion structure within EPB generally
presents sharp plasma density gradients, which cause significant
disturbances when radio waves pass through it, manifesting as
signal scintillation, and in severe cases, even causes complete
signal loss, leading to reduced positioning accuracy and com-
promised navigation system reliability (Xiong et al., 2018b).
A comprehensive understanding of EPB evolution processes
is therefore essential for advancing predictive models and devel-
oping mitigation strategies for satellite-based technologies and
infrastructure. EPBs can be observed by many instruments at
low latitudes in different forms, including plume-like structures
in backscatter echoes from incoherent radars (Woodman & La
Hoz, 1976; Tsunoda & White, 1981), strong scattered echoes
from coherent scatter radar (Miller et al., 2010; Chen et al.,
2023), diffuse echoes of spread F from digisondes (Booker &
Wells, 1938a; Wang et al., 2015), dark stripes on airglow
images in optical observations from ground-based all-sky
imagers (ASIs) or space-based ultraviolet (UV) measurements
(Cai et al., 2020), total electron density (TEC) depletion
measured by Global Navigation Satellite System (GNSS) mea-
surements (Magdaleno et al., 2017; Vital et al., 2024) and in situ
plasma density depletions from Low-Earth Orbiting (LEO)
satellites (Zakharenkova et al., 2023). In practical studies,
multiple instruments and data are combined to analyze the char-
acteristics of EPB (Aa et al., 2020; Calabia et al., 2024).

The tilt direction of EPB, a distinctive morphological feature
observed in airglow images, exhibits a strong correlation with
key ionospheric parameters, particularly the zonal neutral wind
patterns and Pedersen conductivity distribution (Huba et al.,
2009; Richmond et al., 2015). This relationship provides critical
insights into the complex interplay between the background
ionosphere-thermosphere system and plasma irregularity
evolution.

To date, many westward tilt structures at the poleward ends
of EPBs with respect to the magnetic meridian have been
recorded on airglow images by ASIs (e.g., Kelley et al., 2003;
Otsuka et al., 2004; Wu et al., 2021), the Global Ultraviolet
Imager (GUVI) on the Thermosphere Ionosphere Mesosphere
Energetics and Dynamics (TIMED) satellite (e.g., Kelley
et al., 2003; Kil et al., 2004), and the Global-scale Observations
of the Limb and Disk (GOLD) imager (e.g., Aa et al., 2020; Cai
et al., 2020). Apart from westward tilts, a few observations and
statistical analyses of EPBs also reveal eastward tilts, but their
occurrence rate is significantly lower than that of westward tilts
(Sinha & Raizada, 2000; Sun et al., 2016). A statistical analysis
of EPBs from an ASI network in China revealed that eastward
tilts are rare and occur mainly in September and October over
South China (Sun et al., 2016); however, in March and April,
there are few eastward tilt angle records. According to airglow
observations, EPBs can develop various characteristic shapes,
including westward-tilted structures whose northern and south-
ern poleward ends both tilt westward (reverse C-shape), field-
aligned forms extending along the magnetic meridian (I-shape),
eastward-tilted structures whose northern and southern
poleward ends both tilt eastward (C-shape), and more complex
patterns that feature an eastward-tilted northern end, a west-
ward-tilted southern end, and a centrally aligned or slightly

westward-tilted section (S-shape). Karan et al. (2023) reported
three EPBs with a reversed “C” shape, an “I” shape, and a
“C” shape simultaneously in a small longitudinal region of
~10° after sunset. The change from a westward tilt to an
eastward tilt has also been shown in Chapagain et al. (2012b).
The authors reported an EPB event in which bubbles close to
the equator moved westward while bubble structures at higher
latitudes moved eastward at 16°S during the night of April
4-5, 1997. In addition, the evolution of EPBs from an “I”” shape
to an “S” shape has also been reported, with the northern end of
the EPBs (structures above 19°N) tilted from westward to east-
ward after midnight (Wu et al., 2017; Sun et al., 2021). In addi-
tion, previous optical observations of eastward-tilted EPBs have
been predominantly limited to the period before 02:30 local
time (LT), leaving several critical questions unanswered. First,
the existence and characteristics of EPBs after 02:30 LT require
systematic investigation. Second, the latitudinal dependence of
tilt angle variations and associated drift velocities remains
poorly characterized. Third, the fundamental nature of the iono-
spheric conditions that facilitate eastward EPB tilt formation
constitutes a significant knowledge gap in our understanding
of post-midnight ionospheric irregularity dynamics.

Several factors can influence changes in the tilt direction of
EPBs, including zonal wind, Pedersen conductivity, and the ion
drag force (Sinha & Raizada, 2000; Kil et al., 2009). In the
literature, the westward tilts have been explained by multiple
mechanisms, mainly the following:

1. An eastward zonal wind can polarize EPBs at higher
altitudes and reduce the eastward drift velocity of the apex
of the bubbles, resulting in westward tilts (Woodman &
La Hoz, 1976). Kil et al. (2009) used an illustration to
explain this mechanism.

2. In a numerical simulation, Zalesak et al. (1982) showed
that the bubbles drifted faster at the altitude where the
Pedersen conductivity was greatest. Above that altitude,
the bubbles drifted more slowly and tilted westward.
The Pedersen conductivity X7 has an impact on the verti-
cal polarization electric field engendered by the dynamo
effect of zonal neutral winds. Hence, it influences the
E x B zonal drift induced by the polarization electric field
(Heelis, 2004).

3. Anderson & Mendillo (1983) suggested that westward
tilts were associated with decreasing eastward plasma
drifts at higher altitudes, which were caused by latitudinal
variations in zonal winds, although Pedersen conductivity
increased at higher altitudes in these conditions. This is
because the dynamo polarization electric field maps along
the entire magnetic field line. As a result, when zonal
wind decreases with latitude, the eastward drift velocity
will decline with altitudes near the equator and cause
westward tilts (Heelis, 2004; Arruda et al., 2006).

4. High plasma density in the EIA crest region results in a
greater ion drag force and slower plasma drift. When the
EPB extends into the EIA crest, the poleward end of the
EPB tilts westward. In addition, many studies have shown
that the variation in plasma drift velocity is similar to that
in zonal wind velocity at different altitudes/ latitudes,
which is caused by the electric field driven by zonal
wind (Rishbeth, 1971; Richmond et al., 1992; Chapagain
et al.,, 2012a). A stronger eastward zonal wind at lower
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altitudes/latitudes can cause poleward ends of EPBs to tilt
westward at higher altitudes and off- equatorial latitudes
(Martinis et al., 2003; Huba et al., 2009).

Similarly, the eastward tilts can be related to a stronger
westward plasma drift at lower altitudes/latitudes caused by
zonal winds (Huba et al., 2009). Since the EPBs rise to higher
altitudes from the bottom of the ionosphere and elongate along
the magnetic flux tubes from the equatorial region to the off-
equatorial regions, the latitudinal variation in the drift is related
to its altitudinal variation in the equatorial region. Some obser-
vations and simulations have also shown a stronger eastward
zonal plasma drift in off-equatorial regions or a stronger west-
ward zonal plasma drift in equatorial regions, which can be
related to the E-region electric dynamo (Aggson et al., 1987;
Karan et al., 2023; Martinis et al., 2003). Above the F peak
height, the F-layer dynamo drives the eastward plasma drift,
whereas below the F peak height, the E-layer dynamo drives
the westward plasma drift or a smaller eastward plasma drift
(Haerendel et al., 1992). This shear of plasma drift velocity
can cause the eastward tilt.

Thus, EPB tilt directions are related to variations in plasma
drift at different altitudes/latitudes, which can be affected by
zonal winds, Pedersen conductivity variations, the ion drag
force, and the shear of the E-F layer dynamo. The physical
explanation of the variations in the tilt directions is complex
and not well understood. The westward tilt is related mainly
to the ion drag force, which decreases the plasma drift velocity.
The causes of the eastward tilt remain uncertain. Besides,
although eastward-tilted EPBs were identified in previous air-
glow observations, possible subsequent EPB occurrences at
later local times and their potential tilt variations have not been
consistently addressed in previous research. In addition, the
duration of the change in tilt direction and the variation of tilt
angles during this process have rarely been documented.

In this paper, we report a special EPB event during the night
of April 3, 2022, with interesting features: EPBs in different
groups continuously tilt from westward to eastward. We focus
on changes in the tilt direction, tracking the changes in tilt angle
and in EPB drift velocities. We also examine the ion drift veloc-
ity and zonal wind velocity from the Ionospheric Connection
Explorer (ICON) satellite to investigate potential correlations
between these parameters and the observed changes in tilt. In
the following sections, we introduce the data and methods used
in this work in Section 2, and the observation results are dis-
played in Section 3. In Section 4, a discussion to explain the
changes in the spread F in ionograms and why the EPBs tended
to tilt eastward during this event is provided. Finally, a summary
is given in Section 5.

2 Data and methods

The airglow images were obtained from the ASI located at
the Zhuhai Campus of Sun Yat-sen University (113.58°E,
22.35°N, dip latitude 13.19°N). These data are publicly avail-
able via the Zenodo database at https://doi.org/10.5281/zenodo.
11180799. The ASI is a Keo Scientific Sentry 4 Monochromatic
Imager. It is composed of a Mamiya RZ67 37 mm/f4.5
medium-format achromatic fisheye lens with a 180° Field Of

View (FOV), a series of optical lenses, a filter wheel with six
positions, and a Charge-Coupled Device (CCD) detector. The
physical dimensions of the CCD array are 27.6 x 27.6 mm,
consisting of 2048 x 2048 pixels with a pixel depth of 16 bits.
The camera system was thermoelectrically cooled to —80 °C
(dark current < 0.5 electrons/pixel/s). The ASI is equipped with
a filter at a center wavelength of 630.0 nm with a bandwidth of
2.0 nm. The 630.0 nm airglow emissions were recorded by the
CCD with an integration time of 60 s.

The airglow images underwent the following processing
steps before use. The first step is to correct the center and
azimuth of the airglow images. The zenith is set as the center
of the image, and the image is rotated around the zenith until
the line from the zenith to the Polaris points north. The second
step involves projecting the airglow images onto geographic
coordinates. Assuming an airglow height of 250 km, each data
grid point is projected onto geographic latitude and longitude
coordinates based on the distance and azimuth from the zenith.
Then, the airglow images are filtered by the median within
40 x 40 pixels to mitigate the effect of starlight. After that,
the airglow images are cropped centered on the zenith within
a 400-pixel radius. The radius range of the valid data is approx-
imately 400 km (approximately 120° FOV).

We apply an algorithm to extract the boundaries of the deple-
tions. First, we remove the average of the airglow images within
a 30-minute window centered on each airglow image. Figure 1a
presents an airglow image with its average background removed,
captured at 01:01 LT on April 4, 2022. Secondly, the airglow
image was transformed into binary representations as shown in
Figure 1b. In a binary image, each pixel was assigned 0
(rendered as white) or 1 (rendered as black) based on the inten-
sity levels in the original grayscale airglow image. MATLAB
(Matrix Laboratory)’s imbinarize function, using Otsu’s method
(Otsu, 1979), was utilized to automatically determine the optimal
threshold for separating EPB structures from the background.
Thirdly, morphological erosion and dilation operations were
applied to the images as shown in Figure Ic, effectively isolating
the EPB structure from the background. The erosion step
employed a disk-shaped structuring element with a radius of
2-4 pixels, removing small-scale noise and separating the
EPB structures from the background by thinning the EPB struc-
tures. This was followed by dilation with a larger disk (radius
4-8 pixels) to restore the EPB boundaries while suppressing
background artifacts. The combined operations effectively
isolated the EPB structures from the cluttered background. Then,
in Figure 1d, small connected regions are removed to eliminate
the background while preserving the EPB structures. This was
achieved by detecting and removing connected components
smaller than the minimum size of the EPB structures. The holes
within the EPB structures arose from variations in the internal
structure of the EPB as well as noise introduced during the
median filtering process to remove stars and subtract the average
background. These holes were filled to enhance the visual clarity
of the images and to make the EPB structures more distinct,
thereby facilitating subsequent edge extraction.

Next, an edge detection function is applied to accurately
delineate the edges of the EPB structures, as shown in Figure 1f.
The tilt direction of the EPBs is obtained through principal com-
ponent analysis (PCA) (Greenacre et al., 2022). Unlike linear
regression (Zou et al., 2003), which minimizes the sum of the
squared distances from the data points to the fitted line along
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Figure 1. Process of extracting the edges and tilt directions of EPBs, using the airglow image captured at 17:26 UT on April 3, 2022 (01:01 LT
on April 4) as an example. (a) Airglow image mapped to geographical coordinates. The gray line is the coastline. The black star marks the
location of the all-sky imager at Zhuhai. (b) Binarized airglow image. (c) Binarized image after erosion and dilation. (d) Image after removing
small connected regions. (e) Image after filling holes in connected regions. (f) Extracted edges of connected regions. (g) Principal Component
Analysis (PCA) is performed on the edges of EPBs. The red arrow indicates the first principal component (PC1) direction, and the blue arrow
indicates the second principal component (PC2) direction. The green lines represent the tilt directions of EPBs following the PC1 directions.
The percentages at the top of the image represent the variance contributions of the first and second principal components of the two EPBs.
(h) The edges and tilt directions of the EPBs are represented by the black dots and green lines on the airglow image.

the y-axis (the y-axis corresponds to the latitude in the airglow
image), PCA determines the line based on the direction of max-
imum variance in the data (Pearson, 1901), which essentially
minimizes the perpendicular distances from the data points to
the fitted line. PCA ensures that the fitted line captures the
overall spread and orientation of the EPB data points more accu-
rately compared to linear regression in this work. Singular
Value Decomposition (SVD) is a mathematical method that
can be employed to determine the optimal fitting line direction
in PCA (Greenacre et al., 2022). The eigenvector corresponding
to the largest eigenvalue of SVD is the first principal component
of PCA. Before using the SVD method, the coordinate matrix
corresponding to the edges of EPBs was first centered by sub-
tracting the mean value from the coordinate matrix. Based on
the centered data, SVD was carried out to identify a set of
orthogonal vectors that maximize the extension of the EPB in
a specific direction with the largest corresponding variance,
and this direction is the first principal component (PC1) direc-
tion. Figure 1g shows the PC1 direction with red arrows and
green lines. The second principal component (PC2) is orthogo-
nal to PC1. The percentages at the top represent the percentages
of the total variance explained by PC1 and PC2, respectively. In
this EPB event, the variance percentages explained by PCl
range from 79% to 96%, and the lines along the PC1 directions
define the tilt directions of EPBs in this study.

We use data recorded by Digisonde, which allows us to
detect ionospheric plasma bubbles by monitoring the well-
known Range and Frequency Spread F (RSF and FSF) phenom-
ena in ionograms (Booker & Wells, 1938b; King, 1970). For

this work, ionograms were recorded at intervals of 10 min by
the digisonde at the same site as the ASI. The digisonde
employs radio waves ranging from 6 to 15 MHz from 15:00
to 20:00 Universal Time (UT) on April 3, 2022. An echo inten-
sity (signal-to-noise ratio, SNR) of less than 40 dB is not used.
The analysis of the echoes is focused on the evolution of spread
F, which is caused by ionospheric irregularities.

To examine whether the occurrence characteristics of EPB
events were influenced by geomagnetic activity, we analyzed
key solar and geomagnetic indices from April 2 to 4, 2022,
obtained from the OMNIWeb database (https://omniweb.gsfc.
nasa.gov/). The SYMmetric Horizontal component (SYM-H)
index, derived from the horizontal component of the geomag-
netic field measured at ground-based observatories, was used
to identify the strength and duration of geomagnetic storms.
The 10.7-cm solar radio Flux (F10.7) index, measuring solar
radio emission at 10.7 cm, was adopted to reflect the intensity
of solar activity. The planetary K-index (Kp), calculated based
on data from 13 global geomagnetic observatories, was used
to describe the overall level of geomagnetic activity, ranging
from 0 to 9 and quantifying global geomagnetic disturbance
levels, which are based on 3-hourly measurements of geomag-
netic disturbances. The Auroral Electrojet (AE) index, derived
from high-latitude geomagnetic observations, was employed
to characterize the intensity of substorms and reflect auroral
electrojet dynamics. These indices collectively help to quantify
global geomagnetic disturbance levels and auroral electrojet
dynamics, which may modulate low-latitude ionospheric
instability.
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Figure 2. Solar and geomagnetic activity indices from April 2—4, 2022. The gray-shaded region marks the EPB observation from 12:30 to
20:04 UT (20:04-03:38 LT) during the night of April 3. (a) SYM-H index and F,(; index at the top of the panel; (b) Kp index; (c) AE index.
These indices can be accessed in the GSFC/SPDF OMNIWeb database (https://omniweb.gsfc.nasa.gov/).

The amplitude Scintillation index (S4 index), a pivotal
metric for quantifying ionospheric scintillation, is defined as
the ratio of the standard deviation to the mean of satellite signal
intensity. It effectively captures the amplitude fluctuations
induced by spatial inhomogeneities in ionospheric electron
density. In this study, a Septentrio PolaRx5S Ionospheric
Scintillation Monitoring Receiver (ISMR) was deployed in
Zhuhai. This receiver is capable of recording multi-frequency,
multi-GNSS signals with a temporal resolution of 1 s for carrier
phase, pseudo-range, and carrier-to-noise ratio measurements.
The receiver generates the S4 index at 60-second intervals,
which effectively facilitates the analysis of the impact of EPB
events on satellite signal propagation. Typically, the S4 index
ranges from O to 1. A higher S4 index indicates more pro-
nounced fluctuations in signal strength and more intense signal
scintillation.

The plasma eastward drift and zonal wind velocities mea-
sured by ICON are also analyzed. The ICON mission was
launched on October 11, 2019, with a 27° inclination and
575-610 km near-circular orbit (Immel et al., 2018). The ion
drift measurements were conducted in situ by an ion velocity
meter (IVM) (Heelis et al., 2017), and the wind measurements
were made by the Michelson Interferometer for Global High-
resolution Thermospheric Imaging (MIGHTI) instrument
(Englert et al., 2017). The ion drift velocity and zonal wind
velocity were extracted at 105°—125°E longitude along the satel-
lite trajectory. MIGHTI provides zonal wind velocities from 90
to 300 km, and we calculate the average zonal wind velocity at
altitudes of 230-270 km.

3 Results

3.1 Solar and geomagnetic conditions

Figure 2 illustrates the solar and geomagnetic indices during
April 24, 2022. The EPB event shown in this work was
observed from 12:30 to 20:04 UT (20:04-03:38 LT) during

the night of April 3, 2022, denoted by the gray-shaded region
in Figure 2. Solar activity remained moderate from April 2 to
April 4 (F10.7 = 143.2, 140.2, and 128.0 sfu, respectively).
At 7:05 UT on April 2, the SYM-H index reached a minimum
of —59 nanoTesla (nT), and the Kp index peaked at 4.7, indi-
cating a moderate magnetic storm. In addition, the AE index
exceeded 800 nT, indicating a severe geomagnetic substorm.
Compared with April 2, the geomagnetic activity was quieter
during the night of April 3. Although the minimum SYM-H
index reached —32 nT at O UT on April 3, it increased to
approximately —11 nT during the EPB event (gray-shaded
period), with the Kp index remaining below 3, indicating quiet
geomagnetic conditions. The AE index reached 500 nT during
the EPB event on April 3, reflecting a weak geomagnetic sub-
storm. On April 4, SYM-H reached a minimum of —32 nT at
08:36 UT, and Kp reached a maximum of 4 between 0 and
5 UT, accompanied by several weak geomagnetic substorms.
In short, during the period when EPBs were observed by ASI
in this event, the geomagnetic activity was relatively quiet over-
all. However, within the gray-shaded region, the AE index
increased to 500 nT during the 15-18 UT interval, suggesting
possible localized enhancements in magnetic activity in the
polar regions.

3.2 Latitudinal extension, morphology, and tilt
directions of EPBs

EPBs were observed by the ASI at Zhuhai station (113.58°E,
22.35°N) during 20:04-03:38 LT (12:30-20:04 UT) of April
34,2022, with LT = UT + longitude/15. EPBs are divided into
four groups according to their time sequence. The longitude
between the EPB groups is approximately 5°. The distance
between adjacent EPBs and the width of EPBs is approximately
1-2° at longitudes.

Figure 3 shows four groups of EPBs. Each group consists of
eight consecutive subfigures. For instance, the subgraph labeled
“(Gla)” corresponds to subgraph “a” of the first group. The
black edges represent the outlines of EPBs, and the straight lines
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Figure 3. Airglow images during 20:04-03:38 LT (from 12:30 to 20:04 UT on April 3) during the night of April 3, 2022, in geographic
coordinates. The black star denotes the location of the all-sky airglow imager at Zhuhai, and the gray line represents the coastline. The values
represent the airglow intensity relative to the background, and the blue stripes with negative values are regarded as EPBs. The black edges
outline the EPBs. The straight lines along the stripes represent the tilt directions of the EPB poleward ends (Fig. 4).

represent the tilt direction of the EPBs. The procedure for
extracting the edges and tilt directions of EPBs is described in
Section 2. The value of “b1” in Glg of Figure 3 is similar to
that of the northeast region, so we cut the edges at 22.3°N
during image processing. Note that the tilt lines are not marked
in Figures 3(Gla), 3(G1b), or 3(G4a) because of the incomplete
boundaries of the EPBs.

The first group of EPBs (Gla—G1h in Fig. 3) is set after sun-
set (~20:00-21:30 LT). Since the values represent the plasma
density relative to the background density, blue strips with neg-
ative values are regarded as EPBs, in which the plasma density
is much lower than the ambient density. The orientations of the
EPBs are marked by straight lines to represent the tilt directions.
Note that the main EPBs in this work are selected with a large
extension and a clear structure, while “b2”, “b3”, “b5”, and
“b7” are not considered due to their small sizes. Within the
visible region of the airglow image, the magnetic declination
is at approximately —3°, so that the magnetic meridian lines
are nearly parallel to the geographic meridian lines in the
airglow images. Two stripes like EPBs can be observed in
group one and are marked by “bl” and “b2”. “b1” and “b2”
were nearly parallel. “bl” came into the field of view earlier
and extended to higher latitudes (23°N), and the depletion of
“bl” was greater. Both “b1” and “b2” were slightly tilted west-
ward during this period.

The second group of EPBs, marked by “b3”, “b4”, and “b5”
(G2a—G2h in Fig. 3), is set before midnight (~21:50-23:50 LT).
“b4” extended further than “b3” and “b5”, reaching nearly
25°N. The shape of “b4” was different from that of the others.
During the evolution of “b4”, a hole formed in the middle
region, and the southwestern part of the hole structure
showed a fracture tendency, possibly related to internal EPB
plasma turbulence (Xiong et al., 2018a). Three bifurcations

subsequently occurred in the northern part, tilting westward,
meridional, and eastward. Besides, an independent bifurcation
grew on the east of “b4”. The eastern part of “b4” has an “S”
shaped structure (similar to the “S” shape shown by
Wau et al., 2017) if we consider the eastern bifurcations at the
poleward end as a “C” shape and the eastern part of the hole
as a reversed “C” shape. These morphological and structural
changes may be related to polarized electric fields and
secondary instabilities within the bubble (Carrasco et al.,
2020). According to the tilt direction marked by tilt lines in
Figure 3, “b4” tilted westward before 23:16 LT and eastward
after 23:33 LT. This change in the EPB tilt direction occurred
in a short time, less than 17 minutes. “b3” and “b5” tilted east-
ward and westward, respectively. “b3” and “b5” maintained
stripe-like structures, while “b4” generated bifurcations. When
“b4” tilted from westward to eastward, the westward tilt angle
of “b5” decreased, and the eastward tilt angle of “b3” increased.

The third group of EPBs (G3a—G3h in Fig. 3), marked by
“b6”, “b7” and “b8”, is set at around and after midnight
(~23:50-01:50 LT). “b7” showed a short portion in the airglow
images, while “b6” and “b8” extended to 23°N and 24°N,
respectively. “b6” maintained a stripe-like structure, while
“b8” generated several bifurcations, similar to “b4”. A hole
gradually formed at approximately 20.5°N in “b8”, and some
bifurcations grew in the west and north. This group of EPBs
all tilted eastward, as captured by the airglow images.

The fourth group of EPBs (G4a—G4h in Fig. 3) is set after
midnight (~02:20-03:40 LT), named “b9”. Since the back-
ground plasma density is low after midnight, the difference
between the plasma depletion and the background plasma
density is small, so the EPB is not well defined, as shown in
the airglow images. “b9” was almost stripe-like, and it tilted
eastward during this period. Bifurcation also occurred at
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Figure 4. Keograms of the airglow values extracted at 22°N (a) and 20.5°N (b), respectively, from 20:04 to 03:38 LT during the night of April
3,2022 (12:30-20:04 UT on April 3). The colored dots indicate the longitude position of the minimum value of each EPB structure marked by

colored lines in Figure 3.

approximately 20.5°N and tilted westward. The eastward tilt
angle of “b9” was less than that of “b6” and “b8”. In addition,
“b9” extended to 23.5°N and gradually shrank southward.

In summary, with respect to latitudinal extension, the EPBs
attained their maximum northern latitudes within the range of
approximately 21.5° to 25°N during this event. In terms of
morphology, most EPBs were stripe-like, except for “b4” and
“b8”, which produced several bifurcations. For the tilt direc-
tions, the EPBs tilted westward between 20:00 and 23:16 LT,
as indicated by the airglow images. At midnight, the EPBs
exhibited a special change in the tilt direction. The EPBs tilted
westward before 23:16 LT and turned to tilt eastward after
23:33 LT, as observed by ASI. After that, all the EPBs captured
by the ASI tilted eastward. Clear airglow images continuously
revealed morphological changes in the different EPB groups
over the course of the night on April 3, 2022.

Figure 4 presents two keograms illustrating EPB features at
22°N and 20.5°N latitudes, respectively. The colored dots
indicate the longitudinal position of the minimum value of each
EPB structure marked by colored lines in Figure 3. The time
interval between consecutive data points is approximately
350 s. The drift velocities of EPBs were determined by calculat-
ing the longitudinal displacement between successive images
and dividing it by the time interval (EPB drift velocities =
(difference in longitudes) x cos(Latitude) x 111/time interval).
We applied a five-point sliding average to the velocity data, the
results of which are displayed in Figure 5b.

To clarify the changes in the tilt directions of the EPBs,
Figure 5a shows the changes in the tilt angles of the main EPBs
over time, including “b1”, “b4”, “b6”, “b8”, and “b9”. Tilt

angles are calculated by the angles between the straight lines
along the EPBs and the meridian line, and the eastward tilt angle
is positive. Note that the geomagnetic declination in the view of
the airglow images was approximately —3°. Therefore, the geo-
graphic meridian lines were nearly parallel to the magnetic
meridian lines in the region of this work. Overall, the tilt angles
of the EPBs ranged from —12° (westward) to 25° (eastward).
“bl” tilted approximately —12° to —5° after sunset and was
nearly aligned with the magnetic meridian. The tilt angle of
“b4” changed gradually from —10° to 3° before midnight.
“b6” tilted from 6° to 25° around and after midnight. “b8” tilted
from 7° to 19° around and after midnight. “b9” was the last
detected EPB, and it tilted at approximately 10°. The second
data point of “b9” in Figure 5b corresponds to the tilt direction
indicated by the straight line in Figure 3(G4c). Compared with
adjacent airglow images, the southern part of the straight line
exhibits an excessive eastward shift, resulting in significant
deviation from the actual tilt direction. Besides, the Milky
Way entered the field of view of the airglow images from the
southeast at 02:51 LT, and approached the vicinity of “b9” by
03:38 LT. When extracting the edge of “b9” from the last image
in Figure 3, the presence of the Milky Way introduced interfer-
ence, leading to an increased error in the determination of the tilt
angle of “b9” at 03:38 LT.

Figure 5b shows the eastward drift velocities of the main
EPBs at 22°N (solid-colored lines) and 20.5°N (dashed lines)
mentioned above. The black curve represents the zonal wind
velocity calculated by the Horizontal Wind Model 14
(HWM14) at the ASI station (Drob et al., 2015). In Figure 5b,
the drift velocity of the EPBs decreased from 87 to 55 m/s after
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sunset, and at approximately 22:34 LT, the drift velocity
increased significantly from 60 to 87 m/s at 22°N, whereas
it decreased from 74 to 48 m/s at 20.5°N. EPB drift velocities
at higher latitude (22°N) turned to be faster than those at lower
latitude (20.5°N). Then, the EPBs gradually tilted eastward at
23:24 LT, with a velocity differential of 20 m/s between the
higher and lower latitudes. When the EPBs tilted eastward
between 23:24 and 02:00 LT, the drift velocities of “b6” and
“b8” increased before 01:00 LT and decreased after that. Note
that the velocities of “b8” at 22°N increased sharply around
01:34 LT due to the southward movement of the EPB, while
points are not from the same part of “b9”, leading to a large
deviation from the real situation. During 02:00-03:00 LT,
“b9” decreased. The tilt angle of “b9” was measured until
03:38 LT, while the velocity was only recorded until
03:00 LT. This temporal discrepancy arises because, subsequent
to midnight, the background electron density diminishes, conse-
quently making “b9” less visible within the keogram. Overall,
the drift velocities of the EPBs at relatively high latitudes clearly
increased and were greater than those at lower latitudes when
the EPBs turned to tilt eastward.

As shown by the vertical black line in Figure 5, the tilt
directions of the main EPBs changed from westward to east-
ward at approximately 23:27 LT (15:53 UT). EPBs changed
their tilt directions in continuous observations during one night,
and the duration of this change was less than 17 min, as seen
from the airglow images. In previous studies, Chapagain et al.
(2012b) reported a similar event in which the EPBs tilted from
westward to eastward, but the situation of the EPBs that may

have occurred behind the event has not been reported. In our
work, the EPBs continued to tilt eastward and lasted until
03:38 LT. The long-lasting eastward tilt of different groups of
EPBs during one night suggests that ionosphere elements such
as zonal winds and plasma drift may have changed in favor of
the eastward tilt and may have lasted for a period of time.

3.3 Effects of EPBs with different tilt directions on
radio waves

Figure 6 shows the ionograms from the digisonde at Zhuhai
station between 22:34 and 03:34 LT (15:00 and 20:00 UT)
during the night of April 3, 2022. The digisonde was developed
by the Ionosphere Laboratory of Wuhan University, and the
color bar represents the signal-to-noise ratio (SNR) in decibels
(dB) (Yao et al., 2012). Since the digisonde was under testing on
the observation day, there was a lack of data before 22:30 LT.
To enhance the clarity and focus of the image, the SNR data
from O to 200 km altitude were not included in the ionograms.

In ionograms, Range Spread F (RSF) is characterized by
multiple echoes appearing at various heights corresponding to
the same frequency. Moreover, Frequency Spread F (FSF) is
marked by echoes occurring at the same virtual height across
a range of frequencies in the vicinity of the F2 peak (Bowman,
1991; Woodman, 2009). According to Figure 6, the RSFs with
dispersion echoes ranging from 300 to 400 km existed from
22:34 to 23:14 LT (Figs. 6a—6c¢), when the EPBs tilted west-
ward. At approximately 23:34 LT (G2g in Fig. 3), the EPBs
had just changed their tilt direction to eastward, and the SNR
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Figure 6. Ionograms observed by the digisonde at Zhuhai between 22:34 and 03:34 LT (15:00 and 20:00 UT) during the night of April 3,

2022. The time interval is 20 minutes.

at 300 km exhibited slight enhancement. The echoes around
600 km altitude are secondary echoes of those initially observed
at 300400 km. This occurs because the pulse waves emitted by
Digisonde are first reflected by the ionosphere to the ground,
then reflected back to the ionosphere, and finally reflected again
to the receiver of the Digisonde. Similarly, echoes around
800 km are tertiary echoes. Given that multiple echoes are
significantly affected by the propagation path and are thus less
reliable, we focus on the variations of the primary echoes near
300—400 km. From 23:54 to 00:14 LT (Figs. 6e—6f), there was
no EPB in the airglow images above Zhuhai, and the RSF still
existed but was much weaker. These weaker diffuse echoes can
be differentiated from those present when EPBs are above
Zhuhai. During 00:34-01:54 LT (Figs. 6g—0k), “b8” tilted east-
ward, and the northern part of “b8” drifted over the Digisonde.
The RSF was enhanced, and the echo intensity was much stron-
ger than before. In Figure 6j, the spread F is manifested as FSF.
After that, the RSF receded and disappeared at 02:14-02:34 LT
(Figs. 6l-6m). Finally, FSF reoccurred at 02:54-03:14 LT

(Figs. 6n—60), when the eastward-tilted “b9” passed over
Zhuhai.

Overall, the EPBs caused RSF and FSF when they passed
over Zhuhai, and the eastward-tilted EPBs that occurred after
midnight were associated with strong echo intensity.

In this study, EPBs were found to induce not only the equa-
torial spread F phenomenon in ionograms but also scintillation
in satellite signals traversing the affected regions. Figure 7 illus-
trates the perturbation of the S4 index of the satellite signal
between the Zhuhai receiver and six BeiDou geostationary
satellites.

As shown in Figure 7, the irregular electron density distribu-
tion caused by EPBs leads to significant signal scintillation. By
correlating the positions of EPBs in the airglow images, it is
clear that the signal disturbances depicted in Figure 7 are closely
linked to the passage of EPBs through the Ionospheric Pierce
Points (IPPs). A detailed comparison of correlative changes in
the S4 index and airglow depletion is shown by Han et al.
(2024). Specifically, EPBs “bl” and “b2” induced the signal
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satellite signals.

disruptions shown on the left side of Figures 7d—7g between
13:00 and 15:00 UT (20:34-22:34 Zhuhai LT) on April 3,
2022. EPBs “b3” and “b4” triggered disturbances in Figures
7b-7g from 14:00 to 17:00 UT (21:34-00:34 LT). Moreover,
“b6” and “b8” led to disturbances in Figures 7b—7f between
16:20 and 18:00 UT (23:54-01:34 LT). The IPP of satellite
CO03 is uniquely located at the center of the airglow images
and is far from the IPPs of other satellites. Taking advantage
of this distinct configuration, we compared the start times of
its S4 index disturbances with the movement of EPBs in the
airglow images. The results show that the S4 disturbance around
12:50 UT happened when “b1” (Glc in Fig. 3) passed over the
CO03 IPP. Similarly, the disturbances at 13:25 UT, 14:40 UT,
15:05 UT, and 17:05 UT are related to the passages of “b2”
(G1f in Fig. 3), “b3” (G2c in Fig. 3), “b4” (G2d in Fig. 3),
and “b6” (G3d in Fig. 3) respectively. Notably, “b9” did not
cause any signal disturbances. This is presumably due to the
extremely low electron density in the ionosphere during night-
time, making the electron density gradients insufficient to
induce signal scintillation.

3.4 lon drift velocity and zonal wind velocity

Figure 8 displays the variation in ion drift velocity with
latitude, classified by local time where the data were recorded
in one-hour intervals from 20:00 to 4:00 LT. The ion drift
velocities in 40 days centered on April 3 (blue dots) are used
to represent the climatological variation and are compared with
the situation on April 3 (red dots). As shown in Figures 8a—8c,
the ion drift velocities were oriented eastward, and the velocity
amplitudes were similar at latitudes of 16°-26°N. At approxi-
mately 23 LT on April 3, as shown in Figure 8d, the eastward
velocity component increased at 20°-24°N, resulting in a
greater eastward velocity component at relatively higher lati-
tudes. After that, this ion drift velocity pattern was maintained
from 00 to 03 LT on April 4. Similarly, the drift velocity of
the EPBs in this work increased significantly at 22°N, while it
decreased at 20.5°N at approximately 23 LT (Fig. 5b). After
the EPBs turned to tilt eastward from 23:50 to 01:00 LT during
the night of April 3, the average drift velocity of the EPBs
increased. Note that the ion drift velocities on April 3 (red dots)
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generally followed the 40-day climatological variations (blue
dots).

Figure 9 shows the variations in the average zonal wind
velocities from 230 to 270 km altitude detected in the same area
as the ion drift velocities. Overall, the eastward zonal wind
velocities ranged from 0 to 120 m/s and slightly decreased with
increasing latitude. The zonal wind latitudinal variation pattern
almost did not change during the night. The zonal wind veloc-
ities on April 3 (red dots) generally followed the 40-day clima-
tological variations (blue dots).

4 Discussions

In the EPB event that occurred during the night of April 3,
2022, the EPB moved from west to east. When passing over
Zhuhai, satellite signals showed significant disturbances in the
ionospheric scintillation index, and the occurrence time of the
S4 index disturbance was basically consistent with the time
when the EPB passed through the geographic location of the
IPP. In addition, when the EPB passed over the digisonde, a
remarkable spread F phenomenon appeared in ionograms.
However, from 23:54 to 00:14 LT, although no EPB was
observed in the airglow images, the RSF still existed but was
much weaker. The different responses to the EPB could be asso-
ciated with the different sensitivities of the irregularity scale sizes
between the airglow imager and digisonde. At this time, the
ionosphere above Zhuhai might not have recovered to a stable
state, and there existed a weak depletion region above Zhuhai
from 23:51 to 00:08 LT. Also, small perturbations may not be
visible on airglow images due to the imager’s sensitivity limita-
tions. As a result, ionograms display weaker diffuse echoes.

In addition, the SNR increased significantly during 01:14—
01:54 LT and 02:54-03:14 LT, although the cause of this
enhancement remains unclear. The enhancement could
potentially be attributed to changes in the spatial distribution
of ionospheric electron density irregularities during the evolu-
tion of EPBs. Such variations may plausibly affect the propaga-
tion trajectories of radio waves, reflection efficiency, and phase
delay characteristics. However, the Digisonde measures vertical
ionospheric variations above a fixed location, while the EPB is a
three-dimensional structure moving eastward. This makes it
challenging to determine changes in ionospheric reflection and
scattering properties during the EPB evolution. More data are
needed to clarify the potential relationship between EPB evolu-
tion and modifications in ionospheric reflection properties.

The tilt angle of the EPBs exhibited a notable range, from
—12° (westward) to 25° (eastward). During this EPB event,
the EPBs mainly tilted westward before midnight and turned
to tilt eastward at approximately 23:27 LT. After the change
in the tilt direction, all the EPBs captured by the ASI tilted
eastward for a long time (23:33-03:38 LT) at 109°-118°E. In
terms of the EPB zonal drift, the drift velocity varied from
55 to 87 m/s, with two minimums near 21:30 and 00:00 LT
and two maximums at 23:00 and 01:00 LT. When the EPBs
turned to tilt eastward, the drift velocities were faster at higher
latitudes (22°N). To elaborate, the poleward end of the EPB
drifted faster and resulted in the eastward tilt. The drift speed
at different latitudes is influenced by a multitude of factors.

A change in the tilt direction from westward to eastward is
an infrequent phenomenon in the development of EPB. Some
ionospheric disturbances caused by solar and geomagnetic
activities may result in abnormal changes in zonal winds and
electric fields, and these changes can be related to the changes
in tilt directions. During the ASI observation period of this
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event, the SYM-H index was approximately —11 nT, and the
Kp index was less than 3, indicating relatively quiet geomag-
netic activity (Fig. 2). Note that the AE index increased from
15 to 18 UT on April 3 (22:34-02:34 LT on April 3-4) and
reached a maximum at approximately 17:30 UT on April 3
(01:04 LT on April 4). This period is in accordance with the
time when the EPB drift velocity increased and the poleward
ends of the EPBs turned to tilt eastward. Overall, the solar
and geomagnetic activity was moderate during the tilt change,
but there were still some disturbances in the ionosphere caused
by the geomagnetic substorm, which may have caused some
small-scale zonal wind and electric field variations related to
the changes in tilt directions during the night of April 3, 2022.

Previous studies have shown that the EPB drift velocity is in
good agreement with the plasma drift velocity and zonal wind
velocity (Chapagain et al., 2012a, 2013; Rishbeth, 1971). The
main driving force of zonal plasma drifts is the zonal wind
and weighted Pedersen conductivity (Eccles, 1998). In the F
region of the ionosphere, zonal wind drives vertical Pedersen
currents and results in a downward polarization electric field.
This downward electric field couples with the magnetic field
to generate zonal plasma drifts. Many studies suggest that
plasmas drift with a velocity similar to that of zonal wind
(Chapagain et al., 2012a; Haerendel et al., 1992; Richmond
et al., 1992; Rishbeth, 1971). Chapagain et al. (2013) compared
the observational data of nighttime thermospheric zonal neutral
winds, EPB drift velocities, and zonal plasma drifts. These three
elements are well correlated, especially after midnight, which
means that the F-region dynamo is fully activated. In this event,
the Zhuhai station lacked instruments for measuring the thermo-
spheric zonal wind and zonal plasma drift velocity. We use the
ion drift velocity and zonal wind velocity data obtained from
ICON to investigate the latitudinal variation in these elements.

After 23 LT (15:26 UT) on April 3, westward ion drift can
be observed at lower latitudes, as shown in Figure 8. The faster
eastward drift of ions at higher latitudes may cause the EPB to
drift eastward faster at higher latitudes and tilt eastward. The
variation in the eastward ion drift velocity with latitude is the
key factor influencing the change in the EPB tilt directions
around and after midnight on April 3.

In this EPB event, the EPBs tilted westward after sunset.
During this period, the eastward zonal wind velocity slightly
decreased with latitude. The poleward ends of the EPBs were
closer to the equatorial ionization anomaly (EIA) north crest
(~dip 15°N), where the electron densities were greatest and
the lower zonal wind velocities might be related to the greater
ion drag forces at higher latitudes near the EIA crest
(Raghavarao et al., 1991; Martinis et al., 2001; Karan et al.,
2023). As a result, the poleward ends of the EPBs drifted more
slowly eastward and tilted westward after sunset during this
EPB event. However, this mechanism cannot explain the east-
ward tilts after midnight. In addition, the zonal wind velocity
calculated by the horizontal wind model decreased from
20 LT on April 3, with a maximum of 75 m/s (Fig. 5b). The
zonal wind velocity from HWM14 was consistent with the
EPB drift velocity before midnight, while the EPB drift velocity
increased and was much greater after midnight. In fact, the wind
velocity from HWMI14 may not represent the actual wind
velocity. The increase in the EPB drift velocity shown in
Figure 5b after midnight may be related to the secondary peak
of zonal wind (Chapagain et al., 2012a). When the eastward
plasma drift is close to the zonal wind velocity due to the
F-region dynamo, the ion drag force is negligible and causes
the zonal wind to increase (Eccles, 1998; Martinis et al.,
2003). Apart from the increase in the EPB drift velocity
mentioned above, we should pay attention to differences in

Page 12 of 16



X. Song et al.: J. Space Weather Space Clim. 2025, 15, 38

the EPB velocity at different latitudes (colored solid lines/
dashed lines for higher/lower latitudes in Fig. 5b).

For the eastward tilts of the EPBs, the altitude/latitude shear
of the EPB drift velocity can be important. When the westward
zonal wind in the E region is strong enough to dominate the
electric field, it may generate a westward plasma drift or a
slower eastward drift at lower altitudes/latitudes through the
electric field and cause an eastward tilt (Huba et al., 2009;
Martinis et al., 2003). The contribution of the E region can be
important early at night from 20:00 to 22:30 LT (Martinis
et al., 2003). However, the EPBs tilted eastward after midnight
during 23:33-03:38 LT in this work, and the E region might
have vanished because of the recombination of ions and
electrons during this period (no echo was observed from 0 to
200 km on the ionograms). The dynamic process within the F
layer assumes a preeminent and guiding role in the change in
tilt. In addition, although the ion drift velocity was obviously
stronger at higher latitudes, the velocity latitudinal pattern of
the zonal wind almost did not change with local time in
the observational results of ICON. In accordance with the

=0 :

——— (Ur x B) (Heelis, 2004), larger E xB
+ I ( ) £

drift velocities at higher latitudes/altitudes associated with east-
ward tilt should correspond to greater zonal wind velocities.
Assuming that the wind velocity gradient is small, the gradient
of Pedersen conductivity X/ should be considered. In a two-
dimensional numerical simulation (Zalesak et al., 1982),
bubbles drift faster at the altitude with the greatest Pedersen
conductivity, although the eastward zonal wind is assumed to
be uniform in altitude near the equator. The mechanisms
mentioned in this paragraph indicate that greater Pedersen con-
ductivity at higher latitudes/altitudes may cause faster eastward
plasma drifts at higher latitudes, resulting in eastward tilts.
Given that the eastward tilt occurred around and after midnight,
the E region may contribute less to Pedersen conductivity
because of the rapid decline in electron density after sunset.
Conversely, the F region may contribute more to the conductiv-
ity. Wu et al. (2017) used the TIE-GCM to simulate the latitu-
dinal variation in Pedersen conductivity to determine the
conductivity distribution favorable for the formation of eastward
tilt in Southeast Asia, which is similar to the field of view of the
airglow images in this work. In addition, EPB drift is generally
consistent with background plasma drift. In the ionospheric
dynamo effect, the polarized electric field driving the plasma
zonal drift is formed by the zonal wind along the magnetic flux
tube and maps along the entire magnetic field line, thus affect-
ing the plasma drift in the geomagnetic conjugate hemisphere
connected by the geomagnetic field. Local plasma drift, which
is faster than zonal wind, indicates the presence of an electric
field source of greater strength than the F region dynamo
elsewhere along the geomagnetic field line (Coley et al.,
1994). In short, the eastward tilt event in this work should be
related to the faster ion drift velocity at higher latitudes/altitudes.
This shear of the plasma drift velocity may result from the
latitudinal/altitudinal shear of the F-region Pedersen conductiv-
ity and the presence of greater zonal winds or electric fields
elsewhere along the geomagnetic field line. However, further
data are needed to verify this hypothesis. In addition, the
changes in EPBs are small-scale variations, while the ICON
data of the ion drift velocity and zonal wind velocity exhibit

formula £ =

large-scale variation patterns. Whether the ICON data can rep-
resent the real conditions of EPB events on April 3 needs further
investigation.

In summary, the changes in the EPB tilt directions may be
the result of the coupling of zonal wind, the electric field, and
Pedersen conductivity variations with altitude/latitude along
the geomagnetic field line.

5 Conclusions

This study investigates a notable EPB event observed during
the night of April 3, 2022, characterized by significant morpho-
logical changes and associated ionospheric phenomena. The key
findings are presented as follows:

1. EPB Tilt Direction and Duration: The westward-tilt EPBs
changed to tilt eastward at approximately 23:27 LT in less
than 17 min; tilt angles ranged from —12° to 25°. The east-
ward tilt lasted for nearly four hours. The drift velocities of
the EPBs at relatively high latitudes clearly increased and
were greater than those at lower latitudes when the
EPBs turned to tilt eastward at approximately 23:27 LT
(15:53 UT) on April 3, 2022.

2. Tonospheric Manifestations: Ionograms obtained from
22:34 LT to 03:14 LT during the night of April 3 demon-
strated the occurrence of Spread F induced by EPBs at
altitudes ranging from 300 to 400 km. Besides, the irreg-
ular electron density distributions induced by EPBs
caused significant signal scintillation according to the
S4 index during the night.

3. Latitudinal Variations in Drift Velocities: When the EPBs
tilted eastward, the drift velocities at higher latitudes were
faster than those at lower latitudes, with a velocity differ-
ential of 20 m/s. During this time period, ion drift veloc-
ities were also faster at higher latitudes. This latitudinal
shear in ion drift velocity might cause the changes in
the EPB tilt directions.

4. Potential Mechanisms for EPB Tilt variation: The latitudi-
nal shear of the ion drift velocity is likely associated with
the latitudinal and altitudinal gradients in the F-region
Pedersen conductivity. Additionally, the presence of
stronger zonal winds or electric fields along the geomag-
netic field line could have contributed to these dynamics.
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