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Abstract: Investigating the dynamic evolution process of the ocean and ionosphere in sudden sea
conditions poses a challenging problem. To address this objective, this study utilizes actual data from
high-frequency surface wave radar (HFSWR) to analyze, validate, summarize, and characterize the
echo properties of the ocean and ionosphere during the severe Typhoon Muifa. By employing the
short-time Fourier transform (STFT) method, the HFSWR ocean and ionosphere echoes stimulated by
typhoon-induced gravity waves are observed, and the joint gravity wave features of the ocean and
ionosphere echoes at different time scales are extracted. Additionally, the phase-space reconstruction
method is employed to characterize the dynamical evolution of the joint gravity wave features in
higher-dimensional space. Furthermore, the chaotic dynamics behavior of the joint gravity wave
features is analyzed using the largest Lyapunov exponents. By combining the gravity wave features
with chaotic dynamics, this study introduces a method to characterize the joint gravity wave features.
The extraction of joint gravity wave features in HFSWR echoes stimulated by typhoons, along with
the construction of a chaotic characterization scheme for the gravity wave features, provides an
innovative approach and a solid technical foundation for studying the ocean and ionosphere using
HFSWR under sudden sea conditions.

Keywords: ocean and ionosphere dynamic; radar; chaos; gravity waves; largest Lyapunov exponents

1. Introduction

The ocean and ionosphere are crucial components of the solar–terrestrial space envi-
ronment. They form a system encompassing the near-Earth sea and air environment, which
is significant for human understanding of our natural surroundings [1].

Gravity waves are the carriers of energy and provide kinetic energy transport between
the ocean and ionosphere, playing a vital role in the dynamic relationship between the
ocean and ionosphere. Energetic atmospheric events at sea, such as typhoons, tsunamis,
and thunderstorms, result in energy dissipation in the ocean–ionosphere system, causing
it to deviate from its expected equilibrium state. Among these, gravity waves excited by
typhoons, as the primary carriers of energy transmission, cause the coupling of momentum
and energy. This coupling significantly impacts the energy and momentum fluxes between
the ocean and the ionosphere. Thus, examining the intricate dynamics between the ocean
and the ionosphere during intense maritime events emerges as a novel scientific challenge
in oceanic and ionospheric information acquisition [2]. According to Sorokin, Isaev et al.,
an analysis of satellite observations during typhoons at low latitudes revealed an increase
in the intensity of the ionospheric electric field during typhoon transit [3,4]. Back in 1960,
Hines and colleagues suggested utilizing gravity wave theory to explain how violent
weather events like typhoons, thunderstorms, and tornadoes can cause disturbances in the
ionosphere [5]. A collaborative study by Xiao and colleagues discovered that the ionosphere
experiences a wave-like disturbance (sinusoidal quasi-periodic fluctuations) transition from
high to low frequencies, the researchers reached this conclusion based on their analysis of
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high-frequency Doppler records and typhoon data [6,7]. Yang et al. could also observe the
quasi-periodic sinusoidal “S” pattern of traveling ionospheric disturbances (TIDs) in the
ionospheric echoes by simulating HFSWR typhoon data [8]. TIDs are typically generated by
the interaction of gravity waves from neutral atmospheric structures with the ionosphere.
There are two types of TIDs: large-scale and mesoscale. Large-scale TIDs have a horizontal
phase velocity of approximately 400–1000 m/s, a period above 60 min, and a horizontal
wavelength greater than 1000 km. Mesoscale TIDs have a horizontal phase velocity of less
than 300 m/s, and their period falls between 10 and 60 min. Additionally, their horizontal
wavelength spans several hundred kilometers [9]. In summary, gravity waves triggered by
typhoons can reach the ionosphere, leading to the occurrence of TIDs. TIDs cause high-
frequency Doppler perturbations that exhibit a distinct S-shaped distribution. Furthermore,
there is a clear physical link between typhoons and the ionosphere.

High-frequency surface wave radar (HFSWR) is widely utilized in maritime appli-
cations for over-the-horizon target detection [10–12] and ocean remote sensing [13–16]
due to its unique capabilities. Furthermore, there have been significant advances in HF-
SWR ionospheric-sounding research in recent years [17,18]. In light of current research on
HFSWR, there is a desire to further explore the complex dynamics of the ocean–atmosphere–
ionosphere system under sudden changes in sea state, which presents an intriguing sci-
entific challenge [19,20]. Chen et al. [21] utilized a mathematical model of the HFSWR
ionosphere to observe that TIDs can lead to electron density fluctuations, which cause
additional Doppler effects because of the HF wave reflection height shift. During a fluctu-
ation cycle of 45 min, the height of ionospheric reflection experiences a variation of 10%.
It has been shown that simulations of TIDs at an altitude of 350 km demonstrate that
HFSWR ionospheric echoes experience an additional Doppler shift, leading to periodic
fluctuations in both the azimuthal angle of the ionospheric echoes and the reflection height.
Moreover, TIDs induce swift phase alterations in the radar signal, leading to a correspond-
ing Doppler spread. Li et al. [22] validated the feasibility of using HFSWR ionospheric
echoes to detect typhoons. Chung et al. [23] utilized high-frequency surface wave radar
(HFSWR) range-Doppler (RD) spectroscopy to investigate the variations in ionospheric
clutter during typhoons. The study revealed significant changes in the morphology of
ionospheric clutter, with an increase in the proportion of strip-like clutter when Typhoon
Soulik approached Taiwan. Regarding the possible physical mechanism, it is suggested
that the lower atmospheric disturbances generated by the typhoon may propagate to the
ionospheric heights in the form of acoustic-gravity waves, leading to instability in the iono-
sphere and plasma. Zhou et al. [24] utilized the OSMAR-S radar to analyze ionospheric
echo data for extended periods of 24 h and short periods of around 6 min, they identified a
clear superposition pattern of multiple continuous “S-shaped” time–frequency components
and a fuzzy superposition pattern of multiple continuous time–frequency components. The
research methodology outlined in [24] offers valuable insights for this study in HFSWR.

As mentioned earlier, studies on the ionosphere are commonly conducted using a
single observation time scale, limited to time, time–frequency, distance, or Doppler domains.
The connection between typhoons, the ionosphere, and oceans must be considered, which
may improve access to information and make it more comprehensive. The content of this
manuscript is summarized as follows:

• This manuscript delineates the identification of joint gravity wave signatures observed
in the HFSWR ocean and ionosphere echoes. It also compares the variations in these
signatures before and after the typhoon enters the detection range of HFSWR, using
time–frequency analysis and 2D localized methods.

• Furthermore, the evolution of the gravity wave signatures of the HFSWR echoes is
quantitatively characterized by reconstructing the chaotic attractor.
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• Then, this study proposes a chaotic characterization scheme for HFSWR joint gravity
wave signatures based on the largest Lyapunov exponents.

• The experimental results corroborate the validity and application extension of the
novel proposed gravity wave pattern characterization scheme.

This manuscript utilizes data from HFSWR during Typhoon Muifa to analyze and
describe the dynamic behavior of HFSWR echoes caused by typhoon-induced gravity
waves, focusing on different time scales for the first time. This approach introduces an
innovative perspective and furnishes robust technical backing to the domain of HFSWR
ocean and ionosphere research during severe maritime occurrences.

2. Introduction to Typhoon Periods and Information

The data were recorded from the Weihai HFSWR station in Shandong Province on
16 September 2022, from 02:00 to 17:00 Beijing time, during Typhoon Muifa. The radar
parameters are shown in Table 1. The receiving and transmitting antenna arrays of the
Weihai HFSWR station are shown in Figure 1.

Table 1. Radar parameters.

Parameter Value

Location 37.37◦N, 122◦E
Operating frequency 4.90 MHz

Pulse recurrence interval 3.63 ms
Distance accuracy 3.7 km

Sampling frequency 400 kHz
Sampling time 16 September 2022 02:00–15:00

(a) (b)

Figure 1. Weihai HFSWR station. (a) Receiving antenna array. (b) Transmitting antenna array.

Severe Typhoon Muifa was recognized by the Central Weather Bureau at 08:00 on
8 September 2022, as having formed in the northwest Pacific Ocean and gradually in-
tensified, reaching its peak intensity on 11 September. Severe Typhoon Muifa made its
third landfall in Qingdao, Shandong Province, at 0:00 on 16 September 2022, as a tropical
storm [25]. Muifa entered the Bohai Strait at 8:00 and made its fourth landfall in Dalian,
Liaoning Province, at around 12:40 [26]. The Central Weather Bureau stopped categorizing
severe Typhoon Muifa at 20:00 on 16 September [27].

As shown in Figure 2, severe Typhoon Muifa entered the detection range of the Weihai
HFSWR station at 05:00 on 16 September 2022, and left around 13:00.
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Figure 2. Severe Typhoon Muifa path diagram. The pentagram represents the location of the Weihai
HFSWR station. The yellow and blue lines indicate the typhoon path segments within the detection
range (16 September 5:00–13:00), and the blue line is the typhoon path segment located in the Bohai
Strait. The green line segment indicates the typhoon path segment far from the detection range of
the Weihai HFSWR station (16 September 13:00–15:00). The shaded area is the detection range of the
Weihai HFSWR station. The normal direction of HFSWR operation points at Qinhuangdao.

Figure 3 shows the typical range-Doppler (RD) echo spectra of HFSWR before, during,
and after the typhoon entered the detection range of the Weihai HFSWR station. During the
severe Typhoon Muifa, the RD spectrum collected at the Weihai HFSWR station showed sig-
nificant changes in the HFSWR echoes, as depicted in Figure 3. The altitude of ionospheric
(F-layer) echoes drops from about 300 km to below 200 km, and there is no discernible
pattern in Figure 3. In Figure 3a, the first-order spectrum of the ocean echo exhibits a notice-
able Doppler frequency shift before the typhoon enters the detection range of the HFSWR
Weihai station. After the typhoon enters the detection range of the HFSWR Weihai station,
the Doppler shift of the first-order spectrum of the ocean echoes is opposite to that shown
in Figure 3a, and the detection distance of the first-order spectrum of the ocean echoes
increases. It is noted that the first-order spectrum of the ocean echoes produces a distinct
S-shaped shift in the Doppler frequency dimension after leaving the detection range of the
HFSWR Weihai station. The ’distinct S-shaped shift in the Doppler frequency’ is mentioned
only in the hope of providing some data observational material for future HFSWR typhoon
warnings. The ocean echo’s left side of the first-order spectrum is larger than the right
when the typhoon moves near the HFSWR Weihai station. Conversely, the left side of the
first-order spectrum is weaker than the right side when the typhoon is moving away from
the HFSWR Weihai station. This phenomenon is related to the path of the typhoon. Thus
far, the information obtained from the RD echo spectra is somewhat broad, necessitating the
exploration of more refined qualitative and quantitative methods to elucidate the dynamic
behaviors of oceanic echoes and ionospheric clutter during typhoons.
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(a) (b) (c)

Figure 3. RD spectrum during severe Typhoon Muifa. (a) 16 September 02:00: RD spectrum with
a straight-line distance of about 177 km from the Weihai HFSWR station. The typhoon’s center is
located on land in Qingdao, which is beyond the detection range of the HFSWR Weihai station.
(b) 16 September 09:00: RD spectrum with a straight-line distance of about 88 km from the Weihai
HFSWR station. The typhoon’s center is located in the Bohai Strait, which is within the detection
range of the HFSWR Weihai station. (c) 16 September 15:00: RD spectrum with a straight-line distance
of about 270 km from the Weihai HFSWR station. The typhoon’s center is located in Dalian, which is
beyond the detection range of the HFSWR Weihai station.

3. Experimental Analysis
3.1. Analysis of HFSWR Ocean and Ionosphere Echoes

HFSWR ocean and ionosphere echoes are influenced by gravity waves generated by
typhoons, resulting in distinctive signatures. In this section, the dynamical properties
of ocean and ionosphere echoes during typhoons are found at different time scales, the
interconnections and their trends are further analyzed using diverse quantitative methods,
and the generality of the newly found properties is further verified.

The mathematical expression of the short-time Fourier transform (STFT) [28] is

X(t, f ) =
∞

∑
T=−∞

s(t)ω(n − t)e−i f t, (1)

where s(t) represents the radar time-domain signal, and ω(t) is the window function with
n sample offsets. X(t, f ) is a two-dimensional function of time t and frequency f . The
time–frequency distribution is S(t, f ) = |X(t, f )|2.

The reconstructed phase-space trajectory can reflect the evolutionary law of the system
to a certain extent [29]. The primary goal of phase-space reconstruction is to minimize
the correlation among the elements of the reconstructed time series while preserving the
original sequence’s dynamic characteristics. In other words, phase-space reconstruction
aims to preserve comprehensive information while eliminating local irrelevance. The
mathematical description of the autocorrelation function is

C(τ) = lim
t→∞

∫ t
2

− τ
2

s(t)∗s(t + τ)dt. (2)

The autocorrelation function C(τ) is plotted against the delay time τ using the ob-
served data to determine the appropriate τ for the phase-space reconstruction. Once the
autocorrelation function C(τ) drops to 1 − 1/e of its initial value, the delay time τ is
determined. Taking Figure 4 as an example, the delay time τ is 12.
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Figure 4. An example of using the autocorrelation method to find the time delay τ.

After the selected delay time, this paper utilizes the false nearest neighbors (FNNs)
approach [30] to determine the embedding dimension m. In the d-dimensional phase space,

s⃗(i) = (s(i), s(i + τ), ..., s(i + (d − 1)τ)), (3)

and there exists a nearest neighbor point s⃗NN(i). The distance is defined as

Rp
d(i) = ||⃗s(i)− s⃗NN(i)||p. (4)

p is a norm value, usually taken as 2. When the number of dimensions increases from d to
d + 1, then

Rp
d+1(i) = Rp

d(i) + ||⃗s(i + τd)− s⃗NN(i + τd)||p, (5)

a1(i, d) =
||⃗s(i + τd)− s⃗NN(i + τd)||p

Rp
d(i)

. (6)

If a1(i, d) > Rr, s⃗NN(i) is the nearest neighbor point of the s⃗(i), Rr is the customized
threshold. To determine the optimal embedding dimension m, the proportion a1 of false
nearest neighbors is calculated based on the minimum value of d. Then, d is gradually
increased until the proportion a1 of false nearest neighbors is less than 5%. At this point, d
becomes the optimal embedding dimension m. Figure 5 shows that the optimal embedding
dimension m is 3.

Figure 5. An example of false nearest neighbors method to find embedding dimension m.
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The radar time series s(i, f ), i = [1, n] at the frequency f is reconstructed as the phase
space y⃗, n represents the length of the time series.

y⃗(1) = s⃗(1) = (s(1), s(1 + τ), ..., s(1 + (m − 1)τ))
y⃗(2) = s⃗(2) = (s(2), s(2 + τ), ..., s(2 + (m − 1)τ))
· · ·
y⃗(i) = s⃗(i) = (s(i), s(i + τ), ..., s(i + (m − 1)τ))
· · ·
y⃗(n − (m − 1)τ) = s⃗[n − (m − 1)τ]
= (s[n − (m − 1)τ], ..., s(n))

. (7)

F(·) is a one-step prediction system for phase-space attractors, the dynamical system
modeled in a Euclidean space of embedding dimension m is

yi+1 = s(i + 1) = F(⃗s(i)) = F(⃗y(i)). (8)

The Kolmogorov entropy K characterizes the attractor’s disorganization level [31].
The Kolmogorov entropy is a concept in dynamical systems theory and information the-
ory. The Kolmogorov entropy is the ratio of phase-space volumes between neighboring
trajectories as the time interval approaches zero. The Kolmogorov entropy has applica-
tions in various fields. It provides insights into the behavior and predictability of chaotic
systems, allows the classification of systems based on their complexity, and is used in
information theory to quantify the amount of information generated by a stochastic process.
The higher the Kolmogorov entropy, the more complex and uncertain the system is. In
the reconstructed attractor time series, the separation of neighboring points on different
trajectories is considered to follow an exponential rate. The time interval t0 is required
for two initially neighboring points to separate until the distance between them becomes
more significant than l0, l0 represents the specified maximum interpoint distance. So, the
exponential distribution function C(t0) is defined as

C(t0) ≈ e−Kt0 , (9)

C(b) = e−KbT , b = 1, 2, 3, . . . , M, (10)

where T denotes the reciprocal of the sampling frequency.
The probability P of finding a distance bigger than l0 after exactly b interpoint distances

is
P(b) = C(b − 1)− C(b) = (eKT − 1)eKbT (11)

The log-likelihood function L(k) describes obtaining a sample (b1, b2, . . . , bM) from a
random sampling of M pairs of independent points on an attractor.

L(k) = ln(P(b1, b2, . . . , bM; k)) = M ∗ ln(ek − 1)− k
M

∑
i=1

bi, (12)

k = KT, (13)

make
∂L(k)

∂k
= 0, (14)

then, the maximum likelihood estimate of the Kolmogorov entropy KML is calculated as
follows.

KML = − 1
T

ln(1 − 1
b̂
), (15)
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b̂ =
1
M

M

∑
i=1

bi. (16)

This paper analyzes the time-domain distribution of ocean and ionosphere echoes
using the STFT method (e.g., Equation (1)), as depicted in Figure 6.

(a) (b) (c)

(d) (e) (f)

Figure 6. Time–frequency distribution of ocean and ionosphere echoes during severe Typhoon Muifa.
(a) 16 September 02:00–05:00: Time–frequency distribution of ocean echoes at the 46th range bin.
(b) 16 September 05:00–13:00: Time–frequency distribution of ocean echoes at the 46th range bin.
(c) 16 September 13:00–15:00: Time–frequency distribution of ocean echoes at the 46th range bin.
(d) 16 September 02:00–05:00: Time–frequency distribution of ionosphere echoes at the 167th range
bin. (e) 16 September 05:00–13:00: Time–frequency distribution of ionosphere echoes at the 130th
range bin. (f) 16 September 13:00–15:00: Time–frequency distribution of ionosphere echoes at the
140th range bin.

Figure 6 shows significant changes in the ocean and ionosphere echoes with sam-
pling time for HFSWR. The time–frequency distribution of the first-order spectra of the
ocean echoes in the fixed-range bin appears to be normal during the two hours before
Typhoon Muifa enters the detection range of the HFSWR Weihai station. The quasi-periodic
sinusoidal “S” shape of the TIDs can be observed in the time–frequency distribution of
the ionospheric echoes, with a period of approximately 2000 s and a frequency range of
0–0.36 Hz. When Typhoon Muifa is within the detection range of HFSWR Weihai station,
the first-order spectra of the oceanic echoes exhibit increased frequency broadening, and no-
ticeable Doppler shifts in the time–frequency distribution. At the same time, the “S”-shaped
pattern of TIDs in the time–frequency distribution of ionospheric echoes becomes more
continuous, centralized, and uniform, forming a multilevel continuous pattern of TIDs with
frequencies ranging from −0.4 to 0.4 Hz and −0.2 to 0.2 Hz. A significant Doppler shift in
the first-order spectrum of oceanic echoes disappears after Typhoon Muifa moves out of
the detection range of the HFSWR Weihai station. The pattern of multistage continuous
TIDs remains, but the overall frequency range shift increases, varying from −0.2 to 0 Hz,
then from 0 to 0.2 Hz, then from −0.2 to 0.2 Hz, and finally from −0.3 to 0.3 Hz. When
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Typhoon Muifa entered the detection range of HFSWR Weihai station, the time–frequency
distribution of the ionospheric echoes showed apparent wave-like disturbances, ranging
from high frequency to low frequency.

After analyzing the time–frequency distribution in Figure 6, it can be seen that the
changes in HFSWR ocean and ionosphere echoes during Typhoon Muifa are gradual and
occur in specific regions. A multilevel continuum of the TIDs morphology (long-time
domain feature of TIDs) contains multiple quasi-periodic sinusoidal “S”-shaped TIDs
morphologies (short-time domain feature of TIDs), and gradual changes in the short-
time domain features produce long-time domain features. This approach utilizes a two-
dimensional local modal analysis method [32] to study the properties of gravitational wave
patterns. The long-time domain signals of TIDs after STFT processing at the 130th range
bin are defined as X(T, f0), where f0 = 0.06 Hz, as shown in Figure 6e. The time series at a
frequency of 0.06 Hz contains the time domain signals of the TIDs in addition to the base
noise of the HFSWR. In this case, the chaotic structure and complexity of the time series of
the same length at different moments are different.

The period of the short-time domain characteristics of TIDs is about 2000 s, i.e., the
time length is 2000 s. This study considers L = 1000 and uses 17,920 × 2 points with
the ocean and ionosphere echoes systems’ area L ∗ L, which implies △x = △y = △t =
1000/17,920 = 0.0558. For the analysis of the spatial patterns, this study computes first
the normalized moment Σ = ⟨x2 + y2⟩ − ⟨x⟩2 − ⟨y⟩2 with |X(t, x, y)|2 as the statistical
weight. △ = 2|Σ − Σc|1/2 is a measure for the width of the localized pattern, Σc = 2

3 L2.
The time-averaged ⟨△⟩t is used below to present the spatial aspects of the results. The
central result we want to report in this paper is shown in Figure 7: a chaotic structure of
TIDs localized in two dimensions. The normalized values of |A(x, y)| for two fixed times
are depicted using the color code on the right. The irregular behavior and progressive
behavior in time are apparent.

(a) (b)

Figure 7. 16 September 05:00–13:00: Chaotic structure in two dimensions of short-time domain feature
of TIDs at the 130 range bin during severe Typhoon Muifa. (a) t = 10,000–12,000 s; the time-averaged
⟨△⟩t is 400. (b) t = 13,000–15,000 s; the time-averaged ⟨△⟩t is 180.

To further analyze the gravity wave patterns in HFSWR ocean and ionosphere echoes
during severe Typhoon Muifa, this paper extracts the HFSWR ocean and ionosphere echoes’
time series (X(T, f0)) with their gravity wave signature during various typhoon periods
and at different time scales. Furthermore, it constructs unique attractors by determining
their delay times τ and embedding dimensions m. The obtained phase spaces are as
shown in Figure 8. To be more precise, we offer the maximum likelihood estimate of the
Kolmogorov entropy KML in Figure 8.
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Figure 8. Typical attractor structure (3-D phase portrait) of ocean and ionosphere echoes during
severe Typhoon Muifa. (a) 16 September 02:00–05:00: Ocean echoes short-time domain data at the
46th range bin. (b) 16 September 02:00–05:00 Typical TIDs short-time domain data at the 167th
range bin. (c) 16 September 02:00–05:00: Ocean echoes long-time domain data at the 46th range bin.
(d) 16 September 02:00–05:00: TIDs long-time domain data at the 167th range bin. (e) 16 September
05:00–13:00: Ocean echoes short-time domain data at the 46th range bin. (f) 16 September 05:00–13:00:
TIDs short-time domain data at the 130th range bin. (g) 16 September 05:00–13:00: Ocean echoes
long-time domain data at the 46th range bin. (h) 16 September 05:00–13:00: TIDs long-time domain
data at the 167th range bin. (i) 16 September 13:00–15:00: Ocean echoes short-time domain data
at the 46th range bin. (j) 16 September 13:00–15:00: TIDs short-time domain data at the 140th
range bin. (k) 16 September 13:00–15:00: ocean echoes long-time domain data at the 46th range bin.
(l) 16 September 13:00–15:00: TIDs long-time domain data at the 140th range bin.

Overall, the singular attractors constructed using long-time domain data of TIDs and
ocean echoes during typhoons are more disordered in morphology than those of short-time
domain data. Noticeably, the ocean echo has similar long-time and short-time domain
attractor morphology (Figure 8g,e)), as do the TIDs (Figure 8h,f)). The above indicates
that the singular attractors of the ocean echo or TIDs in the long-time and short-time
domain data are only in different evolutionary states, and their long-time and short-
time domain characteristics are highly correlated. In addition, describing the singular
attractor in the short-time domain is more straightforward than in the long-time domain.
TIDs evolve similarly to the typical attractors of ocean echoes, combining the attractor
structure and the maximum likelihood estimate of Kolmogorov entropy KML in Figure 8.
As the typhoon center approaches the radar, the attraction between the singular attractor
orbits strengthens, resulting in a more regular and uniform singular attractor. Conversely,
when the typhoon center moves away from the radar, the attraction between the singular
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attractor orbits becomes weaker, causing the singular attractor to disperse outwardly. The
typhoon’s attractor structure, which is detectable within the HFSWR range, appears to
be in a transition state from complexity to simplicity. Further investigation is needed to
determine if typhoons contribute to the regularity of the attractor structure of ocean and
ionosphere echoes and how the intrinsic motion mechanism of gravity waves affects the
attractor structure of ocean and ionosphere echoes.

Two validation schemes are designed in this paper to increase the generality and
reliability of the above characteristics and analysis. Validation scheme 1 focuses on the long-
and short-time domain features of TIDs during severe Typhoon Muifa. The experimental
data are the long-time domain signals of the TIDs between 05:00 and 13:00. The time
duration of the long-time domain signals of the TIDs is 6 h. The short-time domain data are
selected from the period 2:00–5:00, and a batch of short-time domain data is about 2000 s.

After processing using the STFT method, the attractor structures are constructed by
selecting the time signals at a fixed frequency f01. Figure 9 shows the overall flow and
results of validation scheme 1.

Figure 9. Flowchart and results of validation scheme 1 (TIDs). Note: f011 = 0.06 Hz, f012 = 0.2 Hz.

Validation scheme 2 focuses on validating the coupled attractor structure of HFSWR
ocean and ionosphere echoes with gravity wave characteristics in the long-time domain
under the influence of Typhoon Muifa. The long-domain signals of ocean and ionosphere
echoes between 05:00 and 13:00 are selected as the experimental data in validation scheme 2.
Note that the period of validation scheme 2 differs from that of validation scheme 1. After
processing by the STFT method, the attractor structures of ocean–ionosphere echoes are
constructed by selecting the time signals at a fixed frequency f02. Figure 10 shows the
overall flow and results of validation scheme 2.

As shown in Figure 9, the time–frequency distribution for the long- and short-time
domain features of TIDs in step III are similar to those of TIDs at the 130th range bin in
Figure 6e; the attractor structures for long- and short-time domain features of TIDs in
step IV are analogous to those of TIDs at the 130th range bin in Figure 8h,f. In Figure 9,
using the STFT method, it is possible to extract the long-time domain features of the HFSWR
ocean–ionosphere echoes with the joint gravity wave signatures, as shown in step III. Due
to the different extraction frequencies, the first-order spectral information of the oceanic
echo is present at all sampling points at −0.23 Hz, similar to that at −0.2 Hz during the
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02:00–05:00 time period in Figure 6a. The long-time domain attractor structure of the ocean
echo in step IV of Figure 10 is thus similar to Figure 8g. This experiment further validates
the correlation between HFSWR ocean and ionosphere echoes characterized by gravity
wave features.

Figure 10. Flowchart and the results of validation scheme 2 (16 September 05:00–13:00). Note:
f021 = −0.23 Hz, f022 = −0.06 Hz.

3.2. Chaotic Characterization of HFSWR Ocean and Ionosphere Echoes

Section 3.1 employs different methods to analyze the dynamical properties of the ocean
and ionosphere hybrid system qualitatively during severe Typhoon Muifa. The universality
of the novel proposed ocean and ionosphere echoes’ properties during typhoons is verified
using additional HFSWR echo data. This section analyzes the chaotic behavior changes
of HFSWR ocean and ionospheric echoes during the same period using the maximum
Lyapunov exponent. Subsequently, combining their time–frequency distribution character-
istics, a preliminary method for characterizing the chaotic behavior of HFSWR ocean and
ionospheric echoes during typhoons is summarized. The specific content of this method is
summarized as follows:

• Extraction of long-term domain signals: Perform time–frequency preprocessing to
obtain the time–frequency distribution of ocean and ionospheric echoes, and then
perform frequency sampling to obtain the long-term domain signals of ocean and
ionospheric echoes at different frequencies.

• Analysis of chaotic dynamic behavior: Extract continuous short-time domain signals
from the long-term domain signals and calculate their maximum Lyapunov exponent.
Obtain the time series of the maximum Lyapunov exponent in the long-term domain
signals at different sampling frequencies for the analysis of the chaotic dynamic
behavior of ocean and ionospheric echoes.

• Characterization of chaotic dynamics: Furthermore, based on the time series of the
maximum Lyapunov exponent in the long-term domain signals, extract the chaotic
critical points of HFSWR ocean and ionospheric echoes, i.e., the frequencies and sam-
pling moments of HFSWR echoes when chaos occurs, and obtain the two-dimensional
chaotic characterization of chaotic critical points at different frequencies.
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The largest Lyapunov exponent (LLEmax) [33] gives a quantitative description of the
dynamics and is expressed as

LLEmax = lim
t→∞

1
t

ln
∥δs(t)∥
∥δs(t0)

∥ , (17)

where ∥ • ∥ ≡ (∑n
i=1(•)2

i )
1/2, δs is a four-dimensional vector, ∂δs

∂t = J · δs, J represents the
Jacobian matrix of the external signal. The numerical value LLEmax quantifies the rate of
disappearance (LLEmax < 0) or exponential divergence (LLEmax > 0) of the distance δs
between two initially approaching trajectory points of the field s, the latter being a sign of
chaotic behavior.

Euclidean distance characterizing any point (x,y) in the image to the starting point
(0,0) is [34],

d0 =
√

x2 + y2. (18)

3.2.1. Analysis of Chaotic Dynamic Behavior

This experiment uses data from every 2000 s between 5:00 and 13:00 on 16 September
as a batch of short-time domain data. After STFT, the short-time domain signals in the long-
time domain with fixed frequencies are selected to obtain LLEimax (Figure 11), respectively,
to study the gravity wave signature of HFSWR ocean–ionospheric echoes during typhoon
arrival quantitatively. The selected time-domain signal S(T) = S(T, fi), i = 1, 2, . . . , N
at the frequency (frequency 1 = −0.2 Hz) where the ocean echoes are located and the
frequency (frequency 2 = −0.06 Hz) where the TIDs are located; N denotes the number
of frequency dimensions after STFT. The sampling moments are normalized to 0–18 and
described mathematically as follows:

S =
(Smax − Smin)(T − Tmin)

Tmax − Tmin
+ Smin, (19)

where T denotes the sampling time, Tmax is the maximum value of T, Tmin is the minimum
value of T, S denotes the normalized data, Smax is the normalized maximum value, and
Smin is the normalized minimum value.

Figure 11. 16 September 05:00–13:00: LLEmax for continuous short-time domain data of ocean–
ionosphere echoes during severe Typhoon Muifa.

In Figure 11, the HFSWR ocean and ionosphere echoes with joint gravity wave features
transition from a non-chaotic state to a chaotic state at their respective fixed frequencies
as the number of samples increases. The ocean echoes precede the traveling ionospheric
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disturbances to produce chaotic behavior. Nevertheless, the chaotic variation in the ocean
echoes is smoother and eventually reaches a lower level of chaos than the ionospheric
echoes. The course of LLEmax in Figure 11 with sampling moments is consistent with
the evolution of its time–frequency distribution. The experimental results confirm that
LLEmax can well characterize the chaotic properties and evolution of the HFSWR ocean–
ionosphere echoes.

3.2.2. Characterization of Chaotic Dynamics

Further, the chaotic threshold of the ocean and ionosphere echoes’ evolution process
in each batch of data is extracted and the frequency f and the normalized sampling
moment T of the chaotic threshold obtained. This experiment selects the short-time domain
data among the long-time domain data from 5:00 to 13:00 on 16 September at specific
frequencies, as shown in Figure 12. The specific frequencies refer to f = −0.01 Hz:d1:0.38 Hz,
d1 = 0.04 Hz. This batch of short-time domain data has a duration of 2000 s. This experiment
divides a batch of short-time domain data into 18 equal parts and extracts the respective
chaotic critical points ( f ,T) after calculating their LLEmax, as shown in Figure 13. No chaotic
and initial chaotic behaviors are normal phenomena in this experiment, so there is no need
to reflect them. No chaotic behavior is recorded as 0, and initial chaotic behavior is recorded
as 1.

Figure 12. 16 September 02:00–05:00: Short-time domain feature of TIDs.

Figure 13 shows a complete S-shape obtained using FFT by low-pass filtering the
chaotic characterization extracted in Figure 12. The above method can effectively character-
ize the distinct wave-like perturbations that appear in the time–frequency distribution of
TIDs, with a frequency span of about 0.36 Hz. Naturally, the chaotic characterization of
the long-time domain features of TIDs can be obtained by successively performing chaotic
characterization of the short-time domain features of TIDs. It has been shown that the
chaotic characterization of the short-time domain features of TIDs for other periods are
highly similar to those of Figure 13 and will not be described too much here.

Figure 13. 16 September 02:00–05:00: Chaotic characterization of TIDs in the short-time domain.
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It is relatively simple to extract chaotic characterization of the apparent Doppler
shift and spreading features of the HFSWR oceanic echoes. The HFSWR ocean echo
data (see Figure 6b) in the long-time domain from 5:00 to 13:00 on 16 September is used
as the experimental data, with a specific frequency interval f = −0.28 Hz:d2:−0.16 Hz,
d2 = 0.01 Hz, and a time length of 6 h. This experiment calculates the LLEmax once
every 2000 s, and then, extracts the respective chaos critical points ( f ,T), the results of
which are shown in Figure 14. For comparison with HFSWR oceanic echoes under normal
conditions, the HFSWR ocean echo data (see Figure 6c) in the long-time domain from
16 September 05:00–13:00 is used as the experimental data, with a specific frequency
interval f = −0.23 Hz:d2:−0.17 Hz, d2 = 0.01 Hz, and a time length of 2 h. This experiment
calculates the LLEmax once every 2000 s, and then, extracts the respective chaos critical
points ( f ,T), the results of which are shown in Figure 15.

Figure 14. 16 September 05:00–13:00: Chaotic characterization of HFSWR ocean echoes with gravity
wave signature.

Figure 15. 16 September 02:00–05:00: Chaotic characterization of HFSWR ocean echoes without
gravity wave signature.

The experimental results demonstrate that the two-dimensional chaotic representation
of chaotic critical points at different frequencies can effectively depict the time–frequency
distribution characteristics of HFSWR ocean and ionospheric echoes under typhoon.

3.3. Novel Proposed Characterization Method of HFSWR Ocean and Ionosphere Echoes with
Gravity Wave Features during Severe Typhoon Muifa

This paper uses the Euclidean distance as a quantitative criterion for the ocean and
ionosphere time–frequency characterization during severe Typhoon Muifa. The gravity
wave features of the HFSWR ocean and ionosphere echoes are summarized as follows:

1. The long-time domain feature of ocean echoes (a clear, slightly S-shaped shift in
frequency, termed an HFSWR ocean–ionospheric echo with gravity wave signature).
Sampling points at the given frequencies need to be significantly Doppler-shifted to
match the features of this class. This type of feature occurs when the typhoon is in the
detection range of the HFSWR, as shown in Figure 16.
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Figure 16. 16 September 05:00–13:00: Long-time domain feature of HFSWR ocean echoes at 46th
range bin during severe Typhoon Muifa.

2. Short-time domain feature of TIDs. The short-time domain of TIDs is characterized by
a quasi-periodic sinusoidal “S” shape, as shown in Figure 12. The short-time domain
feature of TIDs appears before the typhoon enters the detection range of HFSWR, the
related research on the short-time domain feature of TIDs may have a positive impact
on HFSWR typhoon detection and early warning..

3. Long-time domain feature of TIDs. The long-time domain features of TIDs are in the
form of multilevel continuous TIDs, consisting of multiple short-time domain features
of TIDs, which appear when the typhoon is within the detection range of the HFSWR.
The specific pattern is shown in Figure 17.

Figure 17. 16 September 05:00–13:00: Short-time domain feature of TIDs at 130 range bin during
severe Typhoon Muifa.

The novel proposed characterization method is illustrated with the above three types
of HFSWR 46th morphologies with gravity wave characteristics, as shown in Figure 18. The
largest Lyapunov exponent of the continuous short-time domain signals in the long-time
domain are calculated at different frequencies f , as shown in Figure 11. The critical point
( fj, Timej) for generating chaotic behavior is recorded; j indicates the number of selected
frequencies, as shown in Figure 14. No chaotic behavior is recorded as Time=0, and initial
chaotic behavior is recorded as Time=1. The previous critical point where first Time ̸=0
is noted as ( fn−1, Timen−1), the point at which Time reverts to 0 is denoted as ( fm, Timem).
Assume that the frequency spans of the above three types of gravity wave features are F1,
F2, and F3.

1. If there exists dist(( fn−1, Timen−1), ( fm, Timem)) = F3 ± d1, then it is the long-time
domain feature of the TIDs at that range bin.

2. If there exists dist(( fn−1, Timen-1), ( fm, Timem)) = F2 ± d2, then it is the short-time
domain feature of the TIDs at that range bin.

3. If there exists dist(( fn−1, Timen−1), ( fm, Timem)) > 1, then it is the long-time domain
feature of the sea echoes at that range bin.
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Figure 18. Flowchart of the novel proposed characterization method.

Since Timen−1 = Timem = 0, the morphological characterization method quantifies
the frequency shift characteristics of the ocean–ionosphere during severe Typhoon Muifa in
combination with the Minkowski distance based on extracting chaotic critical points. The
morphological characterization method is based on facts and theory. The frequency span
is known, and this method can identify the gravity wave signature of HFSWR ocean and
ionosphere echoes. The frequency span is unknown, and this method can detect the gravity
wave signature of HFSWR ocean and ionosphere echoes, as shown in Figure 19. After
processing using the STFT method, the chaotic characterizations are displayed in step IV of
Figure 19 by calculating the largest Lyapunov exponents for continuous short-time domain
features of ocean and ionosphere echoes at a fixed frequency fj. As shown in Figure 19, the
frequency span of the long-time domain feature of the ocean echoes is detected as 0.06 Hz,
and the short-time domain feature of the TIDs is detected as 0.64 Hz, which is accurate.

Figure 19. Flowchart and the results of the frequency span detection scheme (16 September
13:00–15:00).
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4. Conclusions

This manuscript delineates the identification of HFSWR ocean and ionosphere echoes
displaying a joint gravity wave signature, influenced by typhoons. Furthermore, it in-
troduces a novel characterization method for gravity wave signatures in high-frequency
surface wave radar (HFSWR), aimed at elucidating the complex interplay between the
ocean and the ionosphere during typhoons. The evolution of ocean and ionosphere echoes
is analyzed from the time–frequency perspective by the short-time Fourier transform (STFT)
method, which confirms the existence of traveling ionospheric disturbances (TIDs) excited
by typhoon-induced gravity waves in the ionospheric echoes during typhoons, as well as
the presence of apparent weak S-shaped shifts in the ocean echoes in the long-time domain.
The ocean and ionosphere echoes have a linkage effect in the abrupt sea state, and the
short-time domain feature of the TIDs appears much earlier than the long-time domain
feature of the ocean echoes. The dynamics of the ocean and ionosphere echoes during
the typhoon are pictorially described using the phase-space reconstruction method with
chaotic attractors. This paper proposes a chaotic characterization method to characterize
the morphological and chaotic degree of gravity wave signatures, and finally, extracts the
long- and short-time domain characteristics of TIDs using HFSWR during Typhoon Muifa,
as well as the obvious weak S-shaped offset characteristics of the ocean echoes. In this case,
the short-time domain feature of the TIDs is found before the long-time domain feature
of the ocean and ionosphere echoes during typhoons. The short-time domain features of
TIDs first appear before the typhoon enters the detection range of HFSWR. Applying the
short-time domain features of the TIDs combined with the long-time domain features of
the ocean and ionosphere echoes to typhoon warnings shows great promise. Experimental
validation demonstrates the efficacy of the novel proposed characterization method and the
chaotic nature of gravity wave signatures in ocean and ionosphere echoes during intense
maritime events. This facilitates not only the classification and detection of HFSWR echoes
but also provides insights into the attributes of the HFSWR ocean and ionosphere echoes.

Consequently, this approach introduces an innovative perspective and furnishes
robust technical backing to the domain of HFSWR ocean–ionosphere research during severe
maritime occurrences. It is essential to note that this contribution represents an initial foray
into the intricate dynamics of the HFSWR ocean and ionosphere echoes, warranting further
detailed and holistic investigations. Future research directions are as follows:

1. Further refining the characterization methods for HFSWR oceanic and ionospheric
echoes during typhoon events.

2. Developing a two-dimensional model for HFSWR oceanic and ionospheric echoes
based on the chaotic characteristics observed during typhoon events.

3. Additionally, establishing a joint cancellation model for HFSWR oceanic and iono-
spheric echoes using control methods.
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Abbreviations

The following abbreviations are used in this manuscript:
HFSWR High-frequency surface wave radar
STFT Short-time Fourier transform
TIDs Traveling ionospheric disturbances
LLEmax Largest Lyapunov exponents
RD Range-Doppler
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