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The ionosphere, as an essential component of the Earth’s space environment, 
contains free electrons that influence the amplitude and phase of radio signals. 
In the equatorial and low-latitude regions, plasma bubbles in the F region, 
manifested as electron density depletion, are observed frequently during the 
postsunset period. This phenomenon severely impacts the performance of 
modern electronic systems, such as short-wave communications and satellite 
navigation systems. In short-wave communication and target localization 
systems, the propagation mode of high-frequency electromagnetic waves in 
the ionosphere is typically oblique propagation. Therefore, studying the effects 
of equatorial plasma bubbles (EPB) on the oblique propagation characteristics 
of short waves is of significant engineering application importance. In this 
study, first, a model of plasma bubbles was used to produce equatorial plasma 
bubbles in the ionosphere. Then, a ray-tracing method was utilized to simulate 
the oblique propagation of radio waves in the ionosphere and synthesize 
oblique ionograms. Finally, the influence of EPB on the morphology of oblique 
ionograms was investigated, and the synthesized ionograms were compared 
with the measured oblique ionogram. Results showed that the features of the 
echoes such as satellite traces in the low working frequency band and diffuse 
echoes in the high working frequency band could be well reproduced in the 
simulated oblique ionograms, and that EPB could cause severe spread in both 
the group path and frequency of the high working frequency band of oblique 
ionograms, which was highly similar to the characteristics of spread F in the 
measured ionograms.
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high-frequency oblique propagation, oblique ionogram, plasma bubbles, satellite trace, 
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 1 Introduction

The ionosphere, located 60 km–1,000 km above the Earth’s surface, is a region of 
the atmosphere where neutral atmospheric particles are partially ionized. The electron 
density in this region varies dynamically with altitude, latitude, day and night, and solar
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activity, and it is a key medium for the long-distance 
propagation of high-frequency (HF) electromagnetic (EM) waves 
(3 MHz–30 MHz) (Kelley, 2009). HF waves can propagate over 
thousands of kilometers by reflecting off the F layer of the 
ionosphere, which is widely used in emergency communications, 
over-the-horizon radar target monitoring, and space weather 
observation. However, in equatorial and low-latitude regions, 
plasma bubbles are frequently observed at the bottom of 
the ionospheric F layer at night, which is attributed to 
Rayleigh-Taylor instability. These irregularities can cause the 
deflection of the propagation path of radio waves, signal 
amplitude and phase scintillations, and significantly degrade the 
performance of short-wave communication and radar systems 
(Dungey, 1956; Ossakow, 1981). Therefore, studying the effects 
of equatorial plasma bubbles (EPB) on the oblique propagation 
of HF radio waves is of great practical significance for ensuring 
the reliability of short-wave communication and radar systems. 
Moreover, shortwave communication and radar detection mostly 
adopt the mode of high-frequency radio wave oblique propagation, 
which shares highly similar propagation mechanisms with 
ionospheric oblique sounding. Oblique ionograms can accurately 
capture key perturbation characteristics such as low-frequency 
satellite traces and high-frequency spread F during the development 
of plasma bubbles, providing direct ionospheric environment 
reference for users of shortwave communication systems. Therefore, 
this study has significant value for shortwave communication 
systems and engineering applications of radar detection.

Research on plasma bubbles in equatorial and low-latitude 
regions began in the 1930s. Booker and Wells first observed the 
spread F at night in the equatorial region and proposed that 
ionospheric irregularities are the main cause of radio wave scattering 
(Booker and Wells, 1938). Later, Dungey proposed the Rayleigh-
Taylor instability to explain the formation mechanism of plasma 
bubbles in the equatorial region (Dungey, 1956). Fejer and Kelley 
further proposed the generalized Rayleigh-Taylor (GRT) instability 
by considering the effects of electric fields and neutral winds, 
thus improving the physical understanding of ionospheric plasma 
bubbles evolution in equatorial and low-latitude regions (Fejer and 
Kelley, 1980). With the understanding of the physical mechanisms 
of ionospheric plasma bubbles, significant progress was made in 
the simulations and models of plasma bubbles. Many scholars have 
conducted research on two-dimensional models of ionospheric 
plasma bubbles (Alam et al., 2004; Huang and Kelley, 1996; Huba 
and Joyce, 2007; Zalesak and Ossakow, 1980; Zalesak et al., 1982). 
In recent years, three-dimensional numerical models of ionospheric 
plasma bubbles have also been developed (Huba et al., 2008; 
Yokoyama et al., 2014; Li et al., 2023).

In the simulation of radio wave propagation, the ray-tracing 
method has become one of the primary tools for studying 
ionospheric wave propagation due to its ability to intuitively describe 
the relationship between wave traces and medium parameters. 
Paul et al. used the ray-tracing method to synthesize ionograms 
perturbed by sulfur hexafluoride (SF6), verifying the applicability 
of this method to perturbed ionosphere (Paul et al., 1968). Mathur 
and Pandey, by artificially constructing the equations of ionospheric 
irregularities, used the ray-tracing method to investigate the effects 
of ionospheric irregularities on HF and very high-frequency (VHF) 

radio waves propagation (Mathur and Pandey, 1977). Various ray-
tracing programs were developed by researchers (Song et al., 2022; 
Haselgrove, 1963; Jiang et al., 2019; Cervera and Harris, 2014; 
Jones, 1968; Jones and Stephenson, 1975). Cervera and Harris, 
based on Haselgrove’s related work (Haselgrove, 1963), developed 
the short-wave ray-tracing program (PHaRLAP) (Cervera and 
Harris, 2014), which can run ray-tracing methods in both two-
dimensional and three-dimensional coordinate systems. In recent 
years, Jiang et al. have used the ray-tracing method to simulate 
spread F in vertical ionograms and studied the effects of ionospheric 
plasma bubbles on vertical ionograms (Jiang et al., 2020).

Vertical sounding is a classic ionospheric detection method, 
whose detection mode is illustrated in the left figure (a) of Figure 1. 
By transmitting radio waves vertically upward from the ground 
directly below the target area and receiving the returned signals 
from the reflection of the ionosphere at the same location. The 
ionosphere sounding system can record the time delay of radio wave 
reflection at different working frequencies. The schematic diagram 
of oblique sounding is shown in the right figure (b) of Figure 1. This 
detection method adopts a two-station cooperative mode, where the 
transmitter and receiver are placed separately at two locations with 
a certain distance apart. The transmitter transmits radio detection 
signals obliquely upward, which are captured by the receiver at the 
other location after being reflected by the ionosphere. By measuring 
the group delay of signals at each frequency point, the oblique 
ionogram can be obtained, realizing the detection of the ionosphere 
over a range of thousands of kilometers.

Currently, research on ionospheric plasma bubbles is 
predominantly focused on vertical detection, and there is a paucity 
of studies on how plasma bubbles affect the oblique propagation 
of high-frequency radio waves and the morphological changes 
of oblique ionograms. Ankita et al. investigated the effects of 
ionospheric upwelling and plasma bubbles on satellite traces 
and vertical incidence ionograms (Ankita et al., 2025); Ma et al. 
used the three-dimensional ray-tracing method to establish a 
3D model of EPB with different scales, times, and heights, and 
simulated and analyzed its influence on the propagation paths of 
HF radio waves under the scenario of vertical incidence at low 
latitudes (Ma et al., 2023). In this study, we investigated the effects 
of EPB on the morphological changes of oblique ionograms and 
compared these results with measured oblique ionograms. 

2 Model of ionospheric plasma 
bubbles

In this study, we utilized the two-dimensional model of plasma 
bubbles developed by Jiang and Zhao (2019), and Jiang et al. (2023) 
to simulate ionospheric plasma bubbles. This model is based on fluid 
dynamics theory and took into account electron and ion transport 
processes, recombination effects, and gravity field influences. The 
model equations are given by Equations 1–3: 

1. Continuity Equation:

∂Ne,i

∂t
+∇ · (Ne,iV e,i) = −vR(Ne,i −N0) (1)
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FIGURE 1
Schematic diagram of vertical sounding (a) and oblique sounding (b).

where Ne,i represents the density of electrons or ions; Ne,i = Ne =
Ni under quasi-neutrality condition; t is the simulation running 
time; V e,i represents the velocity of electrons or ions; vR is the 
recombination coefficient, and N0 represents the initial electron 
density. This equation describes the time evolution of the density of 
electrons or ions as well as convective transport and the ionization-
recombination process. 

2. Electron and Ion Momentum Equation:

Ne,iMe,i(
∂
∂t
+V e,i ·∇)V e,i = qNe,i(E +V e,i ×B) +Ne,iMe,ig

+Me,iuen,in(U −V e,i) (2)

where Me,i represents the mass of the electron or ion; V e,i represents 
the velocity of electron or ion; q is the charge; E is the electric 
field, E = E0 −∇φ; E0 and φ represent the background electric field 
and electrostatic polarization potential respectively; B refers to 
the geomagnetic field; g  represents gravitational acceleration; uen,in
represents the collision frequency of electrons and ions with neutral 
particles, and U  denotes the neutral wind speed. This equation 
is used to describe the variation in electron or ion momentum, 
balancing electromagnetic (EM) force, gravity, and electron-neutral 
particle collision force or ion-neutral particle collision force. 

3. Current Continuity Equation:

∇ · J = ∇ · [q(NiV i −NeV e)] (3)

where J  represents the total current density. Based on the charge 
conservation law, this equation indicates that there is no net charge 
accumulation in the ionosphere, and the divergence of the current 
density is zero, ensuring the consistency between the electric field 
and particle motion.

In this study, the numerical calculations were performed on 
the two-dimensional Cartesian coordinate system (X,Z), where X
represented the vertical direction (km) and Z represented the zonal 
direction (km). The number of grid points was 451 in the vertical 
direction (X) and was 501 in the zonal direction (Z). The grid 

spacing in both directions was 2 km. The model region spanned 
an altitude range of 100 km–1,000 km and a zonal range from 
0 km to 1,000 km. The geographic longitude was 100°, the latitude 
was 10°, and the azimuth was 90°. Additionally, solar activity and 
geomagnetic background parameters were inputted, with F10.7 = 
120, F10.7A = 120, and AP = 3. In the simulation of the ionospheric 
plasma bubbles, the initial perturbation source was modeled as a 
sinusoidal perturbation. For simplicity, in this study, neutral wind 
was neglected (U = 0) to focus on the evolution of plasma bubbles. 
The simulation started at 7:00:00 on 20 March 2016 (local time 
14:00:00), with the initial perturbation set at 20:00 local time. 

3 Simulation of oblique ionogram

The propagation path of radio waves through the ionospheric 
medium is given by Equation 4 (Kudeki, 2010): 

{{
{{
{

dk
dτ
= 1

2
ω
c
∇n2

dr
dτ
= c

ω
k

(4)

where k is the wave number; r is the wave vector; τ represents the 
group path of radio waves; ω is the angular frequency of radio waves; 
c is the speed of light in a vacuum, and n is the refractive index of the 
ionosphere. The refractive index n in the ionosphere is determined 
by the electron density, and when the geomagnetic field is neglected, 
it is expressed by Equation 5: 

n = √1− 80.6N(h)/ f2 (5)

where N(h) is the electron density at height h, and f is the frequency 
of radio waves.

In this study, the PHaRLAP tool (Cervera and Harris, 2014) 
was used to simulate the propagation of radio waves through the 
ionosphere. The ionospheric environment was modeled using the 
ionospheric plasma bubble model introduced in this study, which 
not only simulates the formation of plasma bubbles but also accounts 
for the diurnal variation of the ionosphere. In the PHaRLAP tool, the 
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FIGURE 2
Propagation paths of radio waves with the frequency of 15 MHz in the ionosphere without (a) and with (b) plasma bubbles.

group path is calculated by Equation 6 (Cervera and Harris, 2014): 

P′ = ∫μ′ cosαdl (6)

where α is the angle between the wave normal and the ray 
direction, and μ′ is the group refractive index. The angle α can be 
calculated by Equation 7 during the numerical integration: 

cosα = k⃗ · ̇ ⃗r
μ · | ̇ ⃗r|

(7)

The relationship between the group refractive index μ′ and the 
refractive index μ is given by Equation 8: 

μ′ =
d(μ f)

d f
(8)

where f is the frequency of radio waves. 

4 Results and discussion

Figure 2 shows the propagation of radio waves with a frequency 
of 15 MHz in the ionosphere before and after perturbation. The 
elevation angle of radio waves was between 20° and 70°, with a step of 
0.5°. In Figure 2, the white solid lines represent the propagation path 
of radio waves. The left figure (a) in Figure 2 shows the propagation 
of radio waves in the ionosphere without equatorial plasma bubbles 
(EPB), where the ray distribution is uniform, and the propagation 
path is orderly and continuous. The right figure (b) in Figure 2 shows 
the propagation of radio waves in the ionosphere containing EPB. 
Due to the influence of plasma bubbles, the ray propagation paths 
become complex and scattered, exhibiting significant perturbation 
features. Therefore, the presence of plasma bubbles leads to a 
noticeable alteration in the propagation path of radio waves.

To study the effects of plasma bubbles on oblique 
ionograms, Figure 3 shows the evolution process of plasma bubbles. 
The time range was from t = 19.50 h to t = 21.07 h, with the x-axis 
representing the zonal distance (km) and the y-axis representing the 
altitude (km). The color bar represented the magnitude of electron 

density (108 m-3 to 1013 m-3), with all subplots using a unified scale. 
Based on the evolution process, the formation and development of 
plasma bubbles could be divided into three stages: 

1. Initial Quiet Stage (t = 19.50 h–20.31 h): The electron 
density distribution in the ionosphere was uniform, with no 
significant low-density regions, indicating that the sinusoidal 
perturbation had not yet triggered plasma bubbles.

2. Formation Stage (t = 20.59 h–20.87 h): At t = 20.59 h, 
low-density points appeared in the 250 km altitude region, 
indicating the beginning of the formation of plasma bubbles. 
As time progressed, the low-density region gradually expanded 
into a continuous strip-like structure, extending upward to 
350 km, indicating that plasma bubbles were growing under 
the influence of the sinusoidal perturbation.

3. End Stage (t = 20.97 h–21.07 h): After t = 20.97 h, plasma 
bubbles exhibited bifurcation and expansion characteristics. 
Some bubbles split into multiple smaller ones, while others 
penetrated to higher altitudes. From t = 20.98 h to t = 
21.01 h, the spatial coverage of plasma bubbles reached its 
maximum, and the electron density gradient was at its 
highest. From t = 21.04 h to t = 21.07 h, the low-density 
regions began to contract, and the electron density gradient 
decreased, indicating that the plasma bubbles had entered the 
decay phase.

In this study, based on the evolution process of plasma 
bubbles in Figure 3, we used the ray-tracing method to synthesize 
oblique ionograms for ground distances of 1,000 km (Figure 4) 
and 500 km (Figure 5). In the simulations of the oblique ionograms 
at two different ground distances, the working frequency range of 
radio waves was from 5 MHz to 20 MHz, with a step of 0.1 MHz, 
and the elevation angle of radio waves was 20°–70° (1,000 km) and 
30°–65° (500 km).

Figure 4 shows the oblique ionogram for a ground distance of 
1,000 km. At t = 20.73 h, satellite traces (Tsunoda, 2008) (which are 
one or more accompanying traces on the ionogram that resemble 
the main trace but differ slightly in group path when there are small-
scale perturbations in the ionosphere, before spread F occurs) began 
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FIGURE 3
Evolution process of plasma bubbles.

FIGURE 4
Synthesized oblique ionogram at a ground distance of 1,000 km.
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FIGURE 5
Synthesized oblique ionogram at a ground distance of 500 km.

to appear in the low working frequency band (5 MHz–8 MHz), 
and satellite traces disappeared after t = 20.99 h. At t = 20.87 h, 
the group path and frequency in the high working frequency band 
(15 MHz–20 MHz) began to show the characteristics of diffuse 
spread F, which coincided with the time when the plasma bubbles 
started to significantly penetrate upward at t = 20.73 h in Figure 3. 
As time progressed, the spread of the traces gradually expanded, 
the frequency coverage extended from 13 MHz to 20 MHz, and the 
group path extended from 1,300 km to 1800 km. At t = 20.99 h, 
spread F reached its maximum, corresponding to the stage in 
Figure 3 when plasma bubbles exhibited the maximum spatial 
coverage and the electron density gradient reached its maximum. 
At this point, the degree of perturbation to radio waves was most 
significant. After t = 21.01 h, the dispersion degree of the traces 
gradually decreased, and spread F showed a decreasing trend, 
which was consistent with the trend observed in Figure 3 when 
plasma bubbles began to contract and the electron density gradient 
decreased at t = 21.01 h.

Figure 5 shows the oblique ionogram for a ground distance 
of 500 km which exhibits a similar evolutionary trend for spread 
F, consistent with Figure 4. In Figure 5, the diffuse spread F 
characteristics began to appear at t = 20.87 h and underwent an 
evolutionary process of “emergence–strengthening–weakening”. 
Additionally, Figure 5 first shows satellite traces at t = 20.59 h, 
while Figure 4 shows satellite traces starting at t = 20.73 h. 
In terms of the duration of satellite traces, in Figure 5, the 
satellite traces persisted until t = 21.07 h, whereas in Figure 4, 
satellite traces disappeared from the ionogram starting at
t = 21.01 h.

Therefore, based on the sequential oblique ionograms for the 
growth phase of plasma bubbles, it can be concluded that the 
degree of influence of plasma bubbles on high-frequency oblique 
radio wave propagation is significantly correlated with the scale 
evolution of plasma bubbles. During the initial development stage 
of plasma bubbles, the plasma bubbles are mainly characterized by 
the overall expansion of large-scale low-density regions, and small-
scale irregular structures have not yet formed. At this time, radio 
wave propagation is only subject to minor perturbations, manifested 
as the initial appearance of weak satellite traces, with no obvious 
diffusion phenomenon in the high-frequency band. This indicates 
that the deflection effect on radio wave propagation paths and 
the impact on signal distortion caused by large-scale irregularities 
are limited.

As plasma bubbles enter the formation and maturation stages, 
their spatial structure gradually differentiates, exhibiting small-
scale irregular features such as “bifurcation and expansion”. The 
perturbations on radio wave propagation are significantly enhanced, 
and the spread F appears in the high-frequency band. Moreover, the 
discrete range of traces gradually widens over time. This indicates 
that after plasma bubbles develop to the stage where small-scale 
irregularities emerge, the influence of plasma bubbles on radio wave 
propagation paths becomes increasingly significant.

By comparing the synthesized oblique ionograms at different 
times in Figures 4, 5, it can be observed that when the distance 
between the transmitter and receiver is closer, the satellite traces are 
earlier and stronger.

The left figure (a) and the right figure (b) in Figure 6 show 
the propagation paths of 6 MHz radio wave rays in the ionosphere 
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FIGURE 6
Propagation paths of radio waves with the frequency of 6 MHz in the ionosphere at t = 20.59 h (a) and t = 20.87 h (b). Red lines represent the rays 
received at locations with a ground distance of 500 ± 15 km.

at t = 20.59 h and t = 20.87 h, respectively, where the red rays 
correspond to the received rays within the ground distance range 
of 500 ± 15 km. As shown in the figure, at both time nodes, rays 
from different ranges of initial elevation angles are received in the 
500 ± 15 km region. Thus, satellite traces appear in the 6 MHz band 
of the synthesized oblique ionograms corresponding to the ground 
distance of 500 km at both t = 20.59 h and t = 20.87 h. The difference 
is that t = 20.87 h (Figure 6B) corresponds to the further expansion 
and evolution stage of plasma bubbles. Affected by the multipath 
propagation effect of radio waves induced by ionospheric tilting 
structures, the ray paths become more complex and dispersed, and 
more rays from different ranges of initial elevation angles converge 
in the region with a ground distance of 500 ± 15 km, making the 
satellite trace characteristics more prominent in the ionogram.

The left figure (a) and the right figure (b) in Figure 7 show the 
propagation paths of 6 MHz radio wave rays in the ionosphere at t = 
20.59 h and t = 20.87 h, where the red rays correspond to the received 
rays within the ground distance range of 1,000 ± 15 km. At t = 
20.59 h (Figure 7a), only rays from a single range of initial elevation 
angles are received in the 1,000 ± 15 km region, so no satellite traces 
are observed in the corresponding synthesized oblique ionogram; 
while at t = 20.87 h (Figure 7b), rays from different ranges of initial 
elevation angles are received in this region, and satellite traces appear 
in the ionogram.

Figure 6a shows that at t = 20.59 h, the receiver located at 
a ground distance of 500 km captures multiple rays propagating 
along different paths. In contrast, at the same moment, the receiver 
located at a ground distance of 1,000 km only captures rays 
within a single elevation range, as shown in Figure 7a. From the 
perspective of the mechanisms of ionospheric physics and radio 
wave propagation, after the ionosphere is perturbed, plasma bubbles 
exhibit evolutionary characteristics of gradual expansion toward the 
surrounding regions. The formation of satellite traces depends on the 
oblique reflection of radio waves by ionospheric tilting structures, 
and there is a correlation between the altitude of ionospheric tilting 
and the ground propagation distance of the reflected waves. When 
the distance between the transmitter and receiver is relatively close, 

the receiver is more likely to capture high-elevation echoes, which 
correspond to a high reflection altitude. As indicated in Figure 6a, 
the features of the ionospheric tilting above an altitude of 300 km 
are more pronounced. Radio waves propagating in this region tend 
to induce the multipath effect, thereby generating satellite traces in 
the ionogram. On the contrary, when the distance of transmitter and 
receiver is long, the received echoes have a low elevation angle and a 
corresponding low reflection altitude, which fail to cover the region 
where the ionospheric tilting structures are located, thus unable 
to form satellite traces. Therefore, when the distance between the 
transmitter and receiver is closer, satellite traces appear earlier on 
the ionogram.

Figure 6b shows that at t = 20.87 h, the rays captured by the 
receiver located at a ground distance of 500 km from different 
propagation paths are more densely distributed; while in Figure 7b at 
the same time, the rays captured by the receiver located at a ground 
distance of 1,000 km are relatively sparse. In the process of high-
frequency radio wave oblique propagation in the ionosphere, the 
intensity of satellite traces is mainly determined by the propagation 
geometric effect. Under the influence of the propagation geometric 
effect, the landing points of rays reflected by the ionosphere with 
irregularities tend to be concentrated in the region closer to the 
transmitter. This enables the short-distance receiver to capture 
more overlapping multipath reflected rays, resulting in a denser 
ray distribution. In contrast, the ray landing points in the region 
where the long-distance receiver is located are relatively scattered, 
the number of rays per unit space is significantly reduced, and the 
ray distribution is relatively sparse. Therefore, when the distance 
between the transmitter and receiver is closer, satellite traces exhibit 
stronger intensity characteristics.

Satellite traces refer to one or more secondary traces that 
appear at positions with deviated virtual heights on ionograms 
and are highly similar in morphology to the F-layer main trace. 
Their essence is the multipath propagation effect of radio waves 
induced by ionospheric tilting during the early evolutionary stage of 
plasma bubbles. In this study, during the initial stage of ionospheric 
perturbance, plasma bubbles are not yet fully developed and only 
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FIGURE 7
Propagation paths of radio waves with the frequency of 6 MHz in the ionosphere at t = 20.59 h (a) and t = 20.87 h (b). Red lines represent the rays 
received at locations with a ground distance of 1,000 ± 15 km.

manifest as ionospheric tilting with large-scale wavy structures in 
the low-altitude region. When low-frequency radio waves propagate 
to the low-altitude region, in addition to undergoing normal 
reflection at the main reflection altitude of the F layer to form the 
main trace, some radio waves incident on the tilted electron density 
isosurfaces and undergo oblique reflection, leading to deflection of 
propagation paths and the formation of multiple reflected signals 
with the same frequency but different propagation paths. Ultimately, 
these echoes from different paths are captured by the ground 
receiver, which are reflected as satellite traces deviated from the main 
trace in virtual height in the low-frequency band on the synthesized 
ionogram. Since the transmission and reception of vertical sounding 
signals are at the same location, while the transmitter and receiver 
of oblique sounding are located at different locations far apart, 
the satellite traces obtained by oblique sounding manifest as 
differences in group distance but maintain similar morphology, in 
contrast to those commonly observed in vertical sounding. The left 
figure (a) in Figure 8 shows the propagation paths of low-frequency 
radio waves in the ionosphere at t = 20.97 h. As shown in the 
figure, rays from different ranges of initial elevation angles, during 
their propagation, are affected by the multipath propagation effect 
induced by ionospheric tilting structures and are all reflected to 
the region near a ground distance of 500 km. Eventually, these rays 
manifest as satellite traces in the synthesized ionogram.

Spread F is an observational feature characterized by continuous 
diffuse broadening of F-layer echoes in ionograms. Its essence is 
the multipath propagation effect caused by the interaction between 
plasma bubbles and radio waves, and its formation depends on 
maturely developed plasma bubbles in the high-altitude region of 
the ionosphere. In the high-frequency band, the formation of the 
spread F stems from the stronger penetration capability of high-
frequency radio waves, which can reach the high-altitude region 
above 350 km where plasma bubbles are maturely developed with 
more irregular structures. After the incidence of high-frequency 
radio waves, due to the inhomogeneous reflection of plasma bubbles, 
multiple reflected signals with differences in propagation time and 
paths are generated. After these radio waves are received by the 

ground receiver, they are ultimately reflected as continuous diffuse 
echo broadening around the F-layer main trace in the ionogram, 
which corresponds to the spread F in the high-frequency band. 
The right figure (b) in Figure 8 shows the propagation paths of 
high-frequency radio waves in the ionosphere at t = 20.97 h. As 
shown in the figure, high-frequency rays from different ranges of 
initial elevation angles, during their propagation, are affected by 
the multipath propagation effect induced by irregular structures in 
mature plasma bubbles at high altitudes. These rays form multiple 
reflected signals with distinct propagation times and paths and are 
reflected to the region near a ground distance of 500 km, eventually 
manifesting as the spread F in the high-frequency band on the 
synthesized ionogram.

To verify the reliability of the synthesized oblique ionograms, in 
this study, Figure 4 is compared with the measured oblique ionogram 
(Figure 9) from Digital Oblique Receiving System (DORS), which 
was developed by the Defence Science and Technology (DST) Group 
of Australia (Ayliffe et al., 2019). Figure 9 was recorded at 14:52:47 
on 15 August 2015, with a ground distance of 1,495 km.

From the comparison, the consistency between the synthesized 
and measured ionograms is evident in two main aspects: 

1. Frequency Distribution of Spread F: Both ionograms exhibit 
spread F in the high working frequency band (exceeding 
the maximum usable frequency for oblique ionograms), with 
consistent frequency distribution characteristics. The satellite 
traces also appear in the low working frequency band.

2. Trace Morphology: The spread F regions exhibit a “diffuse 
pattern”, without obvious single continuous traces, which is 
consistent with the signal characteristics of multipath radio 
wave superposition.

In addition, spread F occurs across the entire frequency band 
in the measured ionogram, while it only appears in the high-
frequency band in synthesized ionograms. The main reasons for this 
discrepancy are reflected in the following three aspects: 

1. As a numerical simulation method, ray-tracing adopts finite 
discrete elevation angle steps (rather than infinitely small 
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FIGURE 8
Propagation paths of radio waves with the frequency of 6 MHz (a) and 15 MHz (b) in the ionosphere at t = 20.97 h. Red lines represent the rays received 
at locations with a ground distance of 500 ± 15 km.

FIGURE 9
Oblique ionogram measured by DORS (Ayliffe et al., 2019).

elevation angle steps), leading to discrete errors in ray 
coverage that make it difficult to fully capture the impacts 
of continuously distributed plasma bubbles in the real 
ionosphere on radio waves across the entire frequency
band.

2. Spread F in the actual ionosphere is induced by plasma bubbles 
with multi-scale and dynamically evolving characteristics, 
and these structures exhibit extremely high complexity in 
terms of electron density fluctuations, spatial morphology, and 
evolutionary properties, which cannot be accurately replicated 
by simulation models.

3. Ray-tracing method can only simulate the reflection process 
of radio waves by plasma bubbles, whereas the formation 
of spread F across the entire frequency band in observed 
ionograms is also related to the secondary scattering of radio 
waves within plasma bubbles. This key physical process is 
not incorporated into the simulation framework, resulting 

in the failure to reproduce spread F in the low-frequency
band.

Although ray-tracing method cannot fully simulate the full-
band spread F observed in measurements, the propagation 
paths of high-frequency radio waves are relatively short, 
making them less affected by discrete elevation angle errors 
and secondary scattering. Thus, ray-tracing method can still 
effectively reproduce the spread F characteristics in the high-
frequency band, which exhibits good consistency with the measured
results. 

5 Conclusion

In this technical note, we investigated the effects of equatorial 
plasma bubbles (EPB) on the oblique propagation characteristics
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of high-frequency (HF) electromagnetic (EM) waves by means of a 
two-dimensional model of plasma bubbles and ray-tracing method. 
Spread F on oblique ionograms and its evolution processes can be 
reproduced well in this study. Compared with measured oblique 
ionograms, results show that characteristics of spread F on the 
synthesized oblique ionograms are consistent with the measured 
ones. Results verify that the proposed method can effectively study 
the effects of plasma bubbles on the propagation characteristics of 
HF oblique waves.

This study holds great reference value for the engineering 
applications of shortwave communication systems and radar 
detection. By studying oblique ionograms, we can monitor the 
occurrence and duration of satellite traces in the ionograms to 
predict the emergence of small-scale ionospheric perturbations 
in advance; judge the development stage and influence degree 
of irregularities through the diffusion range and intensity of the 
spread F; and then targetedly adjust communication frequencies, 
optimize transmission elevation angles and power parameters. This 
can effectively avoid problems such as deflection of radio wave 
propagation paths and signal amplitude and phase scintillation, 
reduce the risk of communication interruption or distortion, and 
ensure the stability and reliability of shortwave communication 
in the complex ionospheric environment of equatorial and low-
latitude regions.
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