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Abstract: As devastating natural disasters, typhoons pose a tremendous threat to human society,
making effective typhoon early warning and monitoring crucial. To address this challenge, High
Frequency Surface Wave Radar (HFSWR), which can observe oceanic parameters such as typhoon
wind fields in real time and even capture the dynamic changes in the ionosphere, has become an
effective tool for typhoon monitoring. This paper investigates the interaction mechanisms about
Typhoon-Acoustic Gravity Waves (AGWs)-Ionosphere, as well as Typhoon-Ocean Waves for HFSWR,
and simulates these interaction processes within HFSWR. Then a typhoon early warning and monitor-
ing scheme for HFSWR has been proposed: In the first stage, the S-shaped ionospheric disturbances
observed by HFSWR are utilized as precursor signals for early typhoon warnings. In addition, the
second stage involves analyzing changes in first-order oceanic echo spectral peak ratio to pinpoint
when the typhoon eye enters the radar detection range, thus initiating the typhoon monitoring
phase. Subsequently, the measured data from HFSWR collected during Typhoon “Muifa” (2212)
in conjunction with the proposed scheme are evaluated in detail. The results indicate that AGWs
generated by typhoons can propagate into non-typhoon areas within the detection range, causing
S- shaped ionospheric disturbances and providing approximately 6 h of early warning. At around
8:05 (UTC+8), an increasing trend in the first-order spectral peak ratio was noted, indicating the
entry of the typhoon eye into the detection range, which closely aligns with the official typhoon path
and marks the transition to the monitoring phase. The proposed scheme is expected to enhance the
capability for typhoon early warning and real-time monitoring in specific sea areas and mitigate the
risks associated with typhoon-related disasters.

Keywords: HFSWR; typhoon early warning and monitoring; acoustic gravity waves; ionospheric
echoes; oceanic echoes

1. Introduction

Typhoons are highly destructive tropical cyclones that can bring intense storms, tor-
rential rain, and massive waves, causing severe natural disasters. As a result, it is crucial
to monitor typhoons in real time and issue early warnings. Currently, typhoon moni-
toring methods mostly comprise numerical prediction systems, meteorological satellites,
GNSS, etc. Due to its unique all-weather and over-the-horizon detection capabilities, High
Frequency Surface Wave Radar (HFSWR) demonstrates notable advantages in typhoon
monitoring, particularly its ability to maintain stable operation under severe typhoon
conditions and provide dual observation of oceanic and ionospheric parameters.

Typhoons can cause dramatic changes in the ocean surface, and numerous scholars
have analyzed oceanic dynamic parameters monitored by HFSWR during typhoon peri-
ods [1-4]. For instance, Lai et al. successfully observed the wind direction changes during
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Typhoon “Songda” (1102) using three SeaSonde systems, which verified the effectiveness
of HFSWR in observing typhoon wind directions [5]. Li et al. detected the Typhoon
“Chan-hom” (1509), showing that HFSWR can also reflect the wind field distribution [6].
Furthermore, Xu et al. used the vortex field structure extracted by HFSWR to determine
the real-time position of the typhoon eye and obtained the trajectory through continuous
observations, which was almost consistent with the optimal typhoon path released by the
China Meteorological Administration (CMA) [7]. Zhou et al. further found that the wave
field rotation center captured by HFSWR always appeared in the left area of the optimal
typhoon path, providing an important reference for typhoon path prediction [8]. Xie et al.
analyzed the overall performance and applicable conditions of HFSWR in inverting ocean
currents, ocean waves, and wind fields about Typhoon “Ampil” (1810), verifying that HF-
SWR still has good detection capabilities under complex sea conditions [9]. These studies
fully demonstrate the wide application and significant achievements of HFSWR in typhoon
monitoring, including offshore typhoon parameter characteristics, typhoon eyes, typhoon
paths, and other aspects.

It is worth noting that typhoons can also exert a significant impact on the ionosphere.
Specifically, during typhoon activities, the phenomenon of Traveling lonospheric Distur-
bances (TIDs) often occurs [10]. As early as 1958, Bauer discovered through ionospheric
sounding equipment that the fOF2 showed an increasing trend before the arrival of hur-
ricanes [11]. Later, Shen et al. further confirmed the correlation between typhoons and
fOF2 [12]. Xiao et al. collected 24 typhoon records and found that there were almost always
mesoscale TIDs, and strong typhoons could cause the Doppler frequency shift waveform to
take an “S” shape [13]. At the same time, typhoons can also affect the interaction between
the ionosphere and HFSWR. For example, Li et al. verified the feasibility of using HFSWR
ionospheric characteristics for typhoon monitoring by calculating the SNR of ionospheric
echoes [14]. Chung et al. conducted a detailed analysis of the impact of typhoons on
ionospheric echoes based on the Range Doppler (RD) spectrum obtained by HFSWR. They
found that the proportion of banded clutter increased significantly as the typhoon ap-
proached [15]. These findings offer robust evidence supporting the utilization of HFSWR
to capture ionospheric disturbances for typhoon monitoring.

Regarding the reasons why typhoons can cause TIDs, Hines et al. proposed using the
theory of acoustic gravity waves (AGWs) to explain the changing patterns [16]. AGWs,
as a stable periodic atmospheric disturbance, typically have periods ranging from several
minutes to several hours [17]. The AGWs excited by typhoons often result in mesoscale
TIDs, with horizontal scales between 100 and 200 km. Numerous studies have shown
that HFSWR possesses the capability to capture TID information and observe AGWs that
trigger these disturbances. For instance, Zhou et al. used the OSMAR to observe that
TIDs, generated by AGWs, caused amplitude fluctuations of approximately 0.6 Hz in
the F2 layer [18] and also noted the morphology when multiple S-shaped time-frequency
components were superimposed [19]. By simulating the time frequency distribution (TFD)
of the ionospheric echo spectrum, Chen et al. analyzed the impact of TIDs on Doppler fre-
quency shifts [20]. Lyu et al. monitored Typhoon Rumbia (1818) by HFSWR and confirmed
that the S-shaped Doppler frequency shifts were due to AGWs [21]. Furthermore, several
researchers have further investigated the chaotic dynamic characteristics of ionospheric
echoes [22-24], leveraging the distinctive features of HFSWR ionospheric echoes recorded
during typhoon occurrences, which provides new theoretical support for early warning of
typhoons and other sudden sea conditions using HFSWR.

In recent years, while numerous scholars have utilized HFSWR to study oceanic
echoes, ionospheric echoes, and AGWs in the context of typhoons, most of these efforts have
focused on typhoon monitoring. There has been limited exploration into the application
of these findings specifically for early typhoon warnings in specific sea areas. Addressing
this gap, this paper proposes a novel typhoon early warning and monitoring scheme
that leverages the comprehensive characteristics of oceanic and ionospheric echoes. We
achieve this by analyzing the intricate interactions among Typhoon-AGWs-Ionosphere
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and Typhoon-Ocean Waves as observed through HFSWR. By conducting an in-depth
investigation of radar data collected during Typhoon Muifa, we scrutinize the changes in
oceanic and ionospheric echoes before and after the typhoon entered the radar detection
range, assessing the feasibility of our proposed scheme. The primary contributions of this
paper are as follows:

(1) We present simulation results of ionospheric and oceanic echo spectra observed
by HFSWR before and after the passage of a typhoon, highlighting the interaction
processes among Typhoon-AGWs-Ionosphere and Typhoon-Ocean Waves. These
results can provide compelling evidence for the utility of TIDs in typhoon early
warning efforts.

(2) By synthesizing the distinct characteristics of ionospheric and oceanic echoes observed
before and after typhoon passage, we propose a comprehensive early warning and
monitoring scheme tailored for HFSWR. This scheme is designed to enhance the proac-
tive response to sudden marine conditions, such as typhoons, using new-generation
surface wave radar.

(38) The practical feasibility of the proposed scheme is validated using measured data
collected during Typhoon Muifa.

The remainder of this paper is organized as follows: Section 2 delves into the anal-
ysis and simulation of the coupled processes involving Typhoon-AGWs-Ionosphere and
Typhoon-Ocean Waves as detected by HFSWR. Section 3 introduces a typhoon early warn-
ing and monitoring scheme employing HFSWR. Section 4 provides a detailed analysis of
the measured data obtained during Typhoon Muifa. Eventually, Section 5 summarizes
the conclusion.

2. Typhoon-Ocean Waves and Typhoon-AGWs-Ionosphere Coupled Mechanisms
for HFSWR

Under typhoon conditions, HFSWR achieves concurrent observations of oceanic and
ionospheric echoes. This is due to the fact that typhoons not only have a substantial impact
on oceanic dynamic parameters, but also trigger the upward transmission of AGWs into
the ionosphere, altering its characteristics. In addition, HFSWR can accurately capture
these reactions. Figure 1 illustrates the interactions between HFSWR and ocean waves, as
well as HFSWR and ionosphere under a typhoon.
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Figure 1. Schematic diagram of the interactions between HFSWR and ocean waves, as well as HFSWR

Ocean Waves

and ionosphere during a typhoon period.
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During typhoon activities, high frequency (HF) electromagnetic waves can resonate
with two distinct rows of first-order ocean waves via Bragg scattering, one moving towards
the radar and the other moving away, which will produce the positive and negative first-
order oceanic echoes. Notably, the typhoon wind direction is highly related to the ratio of
the two first-order peaks of the oceanic echoes [25]. In addition, the rotating wind direction
is a distinctive feature of a typhoon. As a result, when using HFSWR to monitor a typhoon,
the ratio will change significantly as the typhoon evolves. According to the research [26],
if a typhoon originates from the left of a radar station, an increasing ratio can serve as
an indicator that the typhoon eye is approaching the radar detection range. Furthermore,
when the ratio transitions from negative to positive values, it definitively signifies that the
typhoon eye has fully entered the detection range, which can offer a novel perspective for
typhoon monitoring.

Concurrently, typhoons can also induce the AGWs, which result in an upward transfer
of kinetic energy and momentum across the atmospheric layers. Owing to the upward
density gradients, wave propagation leads to variations in amplitude within the atmo-
sphere. Near the mesosphere, these amplitude variations may lead the waves to a critical
state, causing them to rupture and generate secondary waves upon releasing momentum
fluxes [27]. In this process, the AGWs propagate along complex pathways to the ionosphere,
carrying energy and momentum that stimulate the movement of neutral atmospheric par-
ticles. Then, these particles collide with the charged ions in the ionosphere, leading to
fluctuations in electron density, known as TIDs. The changes in ionospheric electron density
induce nonlinear phase path alterations of HF electromagnetic waves, ultimately causing a
Doppler shift in the HFSWR ionospheric echo spectrum.

2.1. Coupled Mathematical Models

This section will provide a detailed elaboration on the coupled models previously men-
tioned, specifically the Typhoon-Ocean Waves and Typhoon-AGWs-Ionosphere coupled
processes for HFSWR. In addition, the latter will be explained in three parts: the process of
typhoons exciting AGWs, the process of AGWs inducing TIDs and the interaction between
TIDs and HFSWR.

On the one hand, we employ the first-order scattering cross section [28], namely
Equation (1), which is constructed using the JONSWAP wave spectrum [29] and the cardioid
wind direction function [30] to model the HFSWR first-order oceanic echo spectrum.

o1(w) = 257ks Y S(—2mko) -5(w —m 2gko) 1)
m==+1

where w represents the Doppler frequency, ky denotes the Bragg wave number, S stands for
the directional sea wave spectrum, m = %1 signifies the positive and negative first-order
spectral peaks, and g is the gravitational constant.

Additionally, to elucidate the variations in wind direction and the relationship between
the typhoon and radar detection range, we utilize Equation (2) to calculate the first-order

spectral peak ratio.
oy (w

where 0j(w) and o1(—w) denote the positive and negative first-order scattering
cross section.

On the other hand, with respect to how typhoons affect the ionosphere as reflected
in the HFSWR ionospheric echo spectrum, first of all, we model the process of typhoons
exciting AGWs with the compressible Navier-Stokes equations, similar to [31,32]. The
atmospheric momentum, energy, and continuity equations are involved in this process,
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and they can be utilized to determine the wave equation of AGWs, which can be calculated
as follows:

2—> — — —
CH = 1IV(ypV - W) = LV (oW) + IV(W- V)p

3 — v — 3 — — (3)
+5 (V1V2W+ (1 +3)V(V- W)) -2 (W-VW)

where 17\/ denotes the velocity of AGWs, p, p, and T represent atmospheric pressure, mass
density, and temperature, respectively. v; and v stand for the first and second kinematic
viscosities, and v is the adiabatic index. It not only reveals the mechanism of typhoons
exciting AGWs but also lays the foundation for further analysis of the impact of AGWs on
the ionosphere.

Secondly, we explore how AGWs trigger TIDs [32,33], which can be solved through
the following magnetohydrodynamic equations.

aais — ZTSS <E+ Ds X §0> T+ W (4)
7 =q E + 7wr 724; = e(nigi - neze) (G))
%Jrv(nﬁs) —P-L (6)
v%v(vﬁ)éﬁf 0%—0 @)
viE- 188 vk ®)

where v;, 15 and fs denote the velocity, number density of fluid s, and frequency of collision

between s and neutral (s can be i or ¢, signifying ions and electrons. gq; = +e, g5 = —e).
- =

N

E, B and ] stand for the fluctuating electric field, magnetic field, and net current of the
—

ionosphere. B, is the Earth’s magnetic field, ¢ is the ionospheric conductivity tensor, and

]7,) is the current density induced by the AGWs. P, L are the production and loss of ions
and electrons by photo ionization and chemical reactions, respectively. ¢ and y, represent
the speed of light in a vacuum and the magnetic susceptibility. Equations (3)—(8) constitute
a closed set of solutions, which can be numerically resolved using the finite difference

method and temporally integrated with the implicit Crank-Nicholson method. Notably, I7V
Equation (4), specifically relating to the winds associated with AGWs, can drive ionospheric
currents and directly depends on the outcome of Equation (3), which can effectively link
the first two processes via this parameter.

Thirdly, we elaborate on the interaction between TIDs and HFSWR. Numerous studies
have yet to reach a consensus regarding the propagation path of ionospheric echoes detected
by HFSWR, and in most cases, the intensity of vertically reflected ionospheric echoes often
exceeds that of mixed-path propagation [18]. Moreover, typhoons can significantly affect
the F-layer of the ionosphere [34,35], with F-layer echoes most likely originating from
the vertical direction [36]. Thus, this part employs the received power in the Doppler
dimension of the FMCW signals based on the third-order spectral density model of vertical
irregularities [37], as shown in Equation (9).
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where wy, A8, and a; are the Doppler frequency, angle error of the antenna pattern of the
elementary dipole, and magnetic inclination, respectively. kg, 19, Iy, Ry, and ] represent
the wavenumber, intrinsic impedance of antennas, peak current, ionosphere refraction
range, and zero-order Bessel function. ¢ indicates the diameter of the scattering area varied
from 0 to A, and A¢ is the diameter of the ionospheric scattering spot. kg = 271B/c, and B
represents the sweep bandwidth. R’ = Ry — R, and R stands for the target range. z is the
ionosphere thickness and z(’ is the height of below z( on the order of one radar wavelength.
v, and vy, denote the vertical and horizontal drift velocity, (N?) = Con, represents the
variance of electron density fluctuations, where Cy and 7. are the fluctuation coefficient
and electron density. Notably, the variations in vy, v;, and 7, are derived from solving
the magnetohydrodynamic equations in the second part. By plugging these parameters
into Equation (9), we can obtain the HFSWR ionospheric echo spectrum under typhoon
influence, thereby establishing an effective link between the second and third parts.

2.2. Simulation Results

Building upon the foundational models outlined in Section 2.1, this section will delve
into the corresponding simulation results of the coupled processes involving Typhoon-
Ocean Waves and Typhoon-AGWs-Ionosphere for HFSWR.

Figure 2 illustrates the simulation results of wind direction and first-order oceanic echo
spectrum, encompassing both one-dimensional and two-dimensional spectrum, across
three phases of the typhoon: before, during, and after its passage. The first column shows
the results before the typhoon, the second column during its passage, and the third column
after. Notably, the one-dimensional spectrum in the third row corresponds to the two-
dimensional spectrum in the second row at the range of 70 km, as indicated by the red line
in Figure 2d—f. Assuming the typhoon originates from the left side of the radar detection
range, as depicted in Figure 2a, the wind direction is initially directed away from the radar
before the typhoon’s arrival. As illustrated in Figure 2d,g, the intensity of the negative
first-order Bragg peak is greater than that of the positive one during this phase. When
the typhoon enters the detection range, shown in Figure 2b, its direction becomes nearly
perpendicular to the radar beam, exhibiting an overall rotational trend. At this point,
Figure 2e/h indicate that the intensities of the positive and negative first-order Bragg peaks
become comparable. After the typhoon passes, as depicted in Figure 2c, the direction shifts
towards the radar. Figure 2f,i reveal that the intensity of the positive first-order Bragg peak
surpasses that of the negative one. These observations also align with established patterns
of typhoon movement.

Figure 3 depicts the results of AGW propagation induced by a typhoon, and the upper
parameters in the figure represent the AGWs’ propagation time in the atmosphere, vertical
velocity and horizontal velocity, respectively. As indicated in Table 1, we select some
hydrodynamic parameters of a typical typhoon as initial conditions [38] to guarantee the
broad applicability of the simulation results, with the vertical velocity serving as the initial
excitation for the simulation of AGWs. At the initial time, ambient ionosphere (p, p, v1, T,

T/_\)/) can be obtained from the SAMI2 model. The results reveal that under the influence of
typhoons, AGWs can reach the ionosphere within 14.92 min. Furthermore, after 40 min of
propagation, the horizontal velocity of AGWs reached 5.85 m/s, which is comparable to
the translational speed of the typhoon.
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Figure 2. Simulations of wind direction and first-order oceanic echo spectra under the influence

of a typhoon. (a—c) Simulations of wind direction before, during, and after the typhoon passage,

respectively. (d—-f) Simulations of two-dimensional spectrum before, during, and after the typhoon

passage, respectively. (g-i) Simulations of one-dimensional spectrum (range = 70 km) before, during,

and after the typhoon passage, respectively.
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Figure 3. Simulations of the AGWs under the influence of a typhoon. (a) The propagation time of
AGWs is 0 min. (b) The propagation time of AGWs is 14.92 min.
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Table 1. Hydromagnetic parameters of a typical typhoon.

Parameter Value
Vertical speed 0.5m/s
Velocity of translational motion 5-10m/s

Building on previous analyses, we assume that when AGWs reach the ionosphere,
they will promptly interact with charged particles in the ionosphere, leading to fluctuations
in electron density that are confined to one-dimensional horizontal directions. To simulate
the TIDs triggered by AGWSs, we apply concentric cosine waves across a horizontal distance
at the ionosphere’s lower boundary (set to 100 km) to replicate the effects of AGWs, as
depicted in Equation (10) [39].

2 2
ny =AX cos<;Rx — ;t) (10)

where A denotes the amplitude of AGWs, A and T represent the horizontal wavelength
and period. Ry stands for the horizontal distance from the point of AGWs excitation, and ¢
is time. Based on the horizontal and vertical velocity of AGWs from the first part, we can
further solve for the changes in ionospheric electron density influenced by AGWs. Given
that the cycles of TIDs range from tens to hundreds of minutes, we allocate a 300-min
simulation period to adequately replicate the dynamic changes. T and A are assumed
to be 30 min and 100 km, respectively. Figure 4 illustrates the simulation results of TIDs
influenced by AGWs. The green line depicts the contours of electron density, while the three
parameters above represent the TIDs” propagation time in the ionosphere, the maximum
horizontal drift velocity of ionospheric irregularities, and the average absolute value of
the horizontal drift velocity. Given that the most common distance range affected by
typhoons is 300-600 km, occasionally reaching 800 km or more, we set the horizontal
distance (horizontal axis) to —600 km~+600 km, with + indicating directions towards or

away from the typhoon. In addition, for the ionospheric variables (i.e., 7, E, E and 7,
their gradients in the p direction should be zero, ensuring compliance with the transmissive
boundary conditions at altitudes of 100 km and 600 km. According to the calculation results
of Equations (3)—(8), the average drift speed of ionospheric irregularities reached 12.92 m/s
by the 22nd minute, surpassing the speed of typical typhoons, with the maximum drift
speed potentially exceeding the typhoon’s speed by an order of magnitude.

22minutes vmax=239.1m/s vmean=12.92m/s 300minutes vmax=164.25m/s vmean=23.46m/s
600 — e o o S 600

500

IS
3
3

-)O000000.000
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Zontal Distance(km) Zontal Distance(km)

(a) (b)

Figure 4. Simulations of the variations in electron density under the influence of AGWs. (a) The
propagation time of TIDs is 22 min. (b) The propagation time of TIDs is 300 min.

Assuming the excitation point of AGWs is located at 0 km and the radar station is
positioned at +600 km, where the ionosphere within the radar detection range has been
perturbed. Due to the real-time movement of typhoons, the distance between the radar
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station and the typhoon will vary continuously. By analyzing the temporal variations in
ionospheric electron concentration and horizontal and vertical drift velocity, along with
Equation (9), we can obtain the TFD results of the HFSWR ionospheric echo spectrum over
this duration. Additionally, the simulated electron density in this study may be influenced
by upper limit conditions. Figure 5a displays the TFD of the ionospheric echo spectrum
based on the parameters in Table 1. The figure shows that the HF Doppler disturbances
induced by AGWs form a distinct S-shaped pattern with a period of about 150 min, which
aligns with the theoretical cycle. Moreover, ionospheric echoes are observed exclusively on
the negative Doppler axis with a negative phase velocity, consistent with the downward-
to-upward propagation of AGWs. To further highlight the influence of AGWs on the
ionospheric echoes, we also simulate the TFD without detecting ionospheric disturbances
for comparison, as depicted in Figure 5b. It is evident that the energy is more dispersed
and lacks a clear S-shaped disturbance.

Doppler(Hz)
Doppler(Hz)

50 100 150 200 250 300 ’ 50 100 150 200 250 300

Time(min) Time(min)
(a) (b)

Figure 5. Simulations of TFD based on the ionospheric echo spectrum. (a) Simulations when the
TIDs exist within the radar detection range. (b) Simulations when there are no TIDs within the radar
detection range.

In fact, typhoons trigger the generation of AGWs, which propagate obliquely. How-
ever, for simplicity in our calculations, we neglect the horizontal propagation distance of
AGWs. We define the time for AGWs to reach the ionosphere as T, the time for TIDs to
enter the radar detection range as T1, and the time for the radar detecting the ocean waves
as T». If the condition Ty + T1 < T is satisfied, it means that the changes in the ionosphere
have been observed before the radar detects the ocean waves, which provides us with
the possibility of using TIDs information for typhoon early warning. Conversely, when
T + T1 > Ty, the ionospheric information obtained through HFSWR would pertain only
to typhoon monitoring rather than early warning. Assuming the typhoon moves at a
steady 10 m/s and the interaction time of Bragg scattering between HF electromagnetic
waves and ocean waves is negligible, the typhoon’s travel time can be approximated as
Ty. Thus, we can calculate the straight-line distance of the typhoon’s movement, denoted
as Sp. Additionally, by combining the average horizontal drift velocity of the ionospheric
irregularities at any given moment with the time T1, we can derive the travel distance of
the TIDs, represented as Sq. Through calculation, it is found that about 64.92 min (i.e., Ty +
T1) after the excitation of AGWs, the ionospheric disturbance overtakes the typhoon, with
Sy being about 38.95 km and S; about 39.71 km. In other words, when the distance between
the radar station and the AGWs excitation site exceeds 38.95 km or the allowed warning
time exceeds 64.92 min, the TIDs caused by the typhoon can be detected by HFSWR, serving
as a warning signal. While the trajectory of typhoons can be unpredictable and they do
not consistently maintain a uniform speed along a straight path, they typically last for
several days and are a relatively persistent system. Thus, theoretically, the TIDs observed
by HFSWR can be effectively utilized to facilitate early warning for typhoons.
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3. The Scheme About Typhoon Early Warning and Monitoring for HFSWR

The analysis presented in Section 2 indicates that typhoons can significantly impact the
ionosphere and wind fields, which are subsequently reflected in the RD spectrum, enabling
effective typhoon early warning and monitoring. On the one hand, AGWs induced by
typhoons cause the TFD of ionospheric echoes to display a distinct S-shape, as illustrated
in Figure 5a. This phenomenon is likely to be observed prior to the typhoon entering the
radar detection range, thus offering valuable insights for early warning. On the other hand,
the distribution of typhoon wind fields and the positional relationship between the wind
eye and HFSWR can be discerned through the first-order spectral peak ratio of oceanic
echoes, thereby facilitating real-time typhoon monitoring.

Consequently, based on the premise that typhoons can cause disturbances to the
ionosphere and ocean waves, this section introduces a comprehensive scheme for typhoon
early warning and real-time monitoring that integrates information of ionospheric and
oceanic echoes, with a detailed flowchart of the scheme depicted in Figure 6.

STEP1: Acquiring the Measured Data STEP2: Extracting the Echoes
by HFSWR
Two-Dimensional Two-Dimensional
N SNR Method OSTU Method
/
First-order Ionospheric
Oceanic Echoes Echoes

STEP3: Extracting the Parameters

0 05 1
Doppler (Hz)

Range (km)

R /
First-order Ionospheric S
Oceanic Echoes Echoes
03 02 41.|D“phu' e [X] 0z 03 Doppler (H)
Calculating Time-frequency STEP4: Detecting the Disturbances
the Ratio R Analysis
w Quantifying the level | | 1
- w% _ of disturbances 0
Early Warning and Monitoring |
e —— — /
Gaussian Curve T1 T2
Smoothing ‘ \/\‘ Fitting I
N J Early Warning Stage ‘ ‘ Monitoring Stage

Figure 6. Flowchart for typhoon early warning and monitoring using HFSWR.

The initial step involves the acquisition of measured data using HFSWR. Following pre-

processing, the received echo signals are first transformed into range domain information
and then into the frequency domain via Fast Fourier Transform (FFT). To comprehensively
capture the Doppler effect of the signal and the information it carries, the frequency domain
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information is subsequently converted to the Doppler domain, ultimately yielding the RD
spectrum. This spectrum includes critical information such as oceanic echoes resulting
from the resonance of ocean waves with electromagnetic waves and ionospheric echoes
formed by reflections.

The next step is the extraction of echoes within the RD spectrum. Specifically, the two-
dimensional signal-to-noise ratio (2D-SNR) method [40] is employed to identify and extract
the first-order oceanic echoes. This method capitalizes on the continuous distribution of
first-order oceanic echoes in the distance domain, along with the higher SNR of these
echoes compared to the background noise, thereby enabling more effective extraction. In
addition, due to the impact of propagation loss on electromagnetic waves over longer
distances, it is believed that within a range of 100 km, HFSWR is more effective in receiving
signals with higher SNR, making it the optimal distance for ocean echo observation. After
the extraction and removal of oceanic echoes, the Otsu algorithm [41], also known as
the maximum inter-class variance method, is utilized to extract the ionospheric echoes,
ensuring the accuracy and completeness of the echo information.

The subsequent step aims to extract key parameters from the echoes. For first-order
oceanic echoes, Equation (2) is used to calculate the R during the observation period,
followed by smoothing the results using a Gaussian filter. In addition, for ionospheric
echoes, the spectrogram method is employed to obtain the TFD, and a detailed analysis of
the Doppler characteristics is conducted to precisely capture the ionospheric information,
including TIDs. Since the TFD results may include multiple Doppler values at a single mo-
ment, this study selects the Doppler value corresponding to the maximum echo amplitude
as the sampling point and employs cubic spline interpolation to fit the results.

Finally, it is necessary to perform disturbance detection and quantification on the
results. To enhance visual representation for the ionospheric TFD, the appearance of an S-
shaped phenomenon indicates that the typhoon has impacted the ionosphere and resulted
in TIDs. The typhoon warning phase is then initiated, and the detection result is marked
as “1”; otherwise, it is marked “0”. For oceanic echoes, when the onset of the typhoon eye
is detected within the range of HFSWR, the result is marked “1” and enters the typhoon
monitoring phase; otherwise, it is marked “0”. The times when the ionospheric and oceanic
echoes are marked as”1” are recorded as T; and T, respectively, with the time difference
between them representing the available early warning time.

4. The Processing and Analysis of Measured Data During Typhoon Muifa

This section will delve into the effectiveness of the proposed typhoon early warning
and monitoring scheme in Section 3, primarily using the measured data of typhoon Muifa
recorded by the HFSWR station in Weihai, Shandong Province, from 2:00 a.m. to 15:00 p.m.
(UTC+8) on 16 September 2022. The radar operates at a frequency of 4.7 MHz and scans
from —40° to 40°. Typhoon Muifa, the most intense typhoon landing in China annually;,
has brought severe impacts on the eastern regions of both East China and Northeast China.

Figure 7 illustrates the trajectory of Typhoon Muifa as it approached the Bohai Sea.
The red solid circle indicates the location of the radar station, the yellow sector indicates the
radar detection range, the red line traces the typhoon path, and the blue circle delineates
the extent of the typhoon wind circle. Observations reveal that the typhoon eye entered
the radar detection range at around 8:00 a.m. on 16 September 2022, and exited around
12:00 p.m. Notably, the typhoon wind circle had already entered the detection range around
5:00 a.m. and exited around 3:00 p.m. Figure 8 calculates the hourly distance between the
typhoon and the radar station from 2:00 a.m. to 3:00 p.m., revealing that the typhoon was
closest to the radar at 8:00 a.m.
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Figure 7. The path of typhoon Muifa around the Bohai Sea.
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Figure 8. The distance between the typhoon and the radar station.

Since the ionosphere is frequently influenced by solar and geomagnetic activities,
it is crucial to thoroughly analyze the levels of solar and geomagnetic activity during
typhoons before investigating the specific effects of typhoons on the ionosphere in order
to rule out potential disturbances from other factors. Consequently, this study employs
the solar radiation flux F10.7 index to quantify solar activity and utilizes the equatorial
geomagnetic index Dst and the global geomagnetic index Kp to assess the intensity of
geomagnetic activity. Data from the NOAA revealed that the F10.7 index on that day was
131 (sfu), signifying a moderate level of solar activity. Figure 9 illustrates the variations in
the Dst and Kp indices on the day of the typhoon. As can be clearly observed, the Kp index
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consistently remained below 2, suggesting a period of calm in geomagnetic activity, and
the Dst index also indicated stability on that day. Therefore, it can be reasonably inferred
that the potential impacts of solar and geomagnetic activity on radar observations during
the acquisition of measured data are minimal. If disturbances are observed in the data, they
are more likely due to the AGWs induced by the typhoon.

50 T

_100 Il 1 1 1
0:00 3:00 6:00 9:00 12:00

Kp

IR s [ [ Py A ey

0:00 3:00 6:00 9:00 12:00 15:00 18:00 21:00 24:00
Time

Figure 9. Geomagnetic activity on 16 September 2022.

Figure 10 displays the RD spectra collected at the Weihai HFSWR station during
Typhoon Muifa, revealing significant changes in ionospheric and oceanic echo patterns
as the typhoon progressed. When the typhoon had not yet entered the radar’s detection
range (as exemplified by Figure 10a), the main region of the ionosphere was asymmetri-
cally distributed around 0 Hz, with substantial differences between consecutive moments.
Additionally, the negative first-order sea echo significantly surpassed the positive echo in
both detection range and energy. As the typhoon progressively moved into the radar’s de-
tection range, as seen in Figure 10b,c, the ionospheric echoes exhibited Doppler broadening
exceeding 1 Hz, displaying an approximately symmetrical distribution centered around
0 Hz, sometimes along with longitudinal tilting. For the oceanic echoes, as the typhoon
approached, the disparity between the negative and positive echo diminished. After the ty-
phoon exited the detection range (as illustrated in Figure 10d), the main ionospheric region
shifted once more, with the positive first-order oceanic echo now clearly surpassing the
negative echo. These observations can enhance understanding of the complex mechanisms
of interaction between typhoons and the ionospheric-oceanic system.

Figure 11 shows the TFD results based on the extracted ionospheric echoes, specifically
during the period before the typhoon entered the radar detection range (from 2:00 to
6:00), with a range unit selected as 309 km. In the upper part of Figure 11a, a typical
S-shaped wave can be clearly observed. It is noteworthy that similar but slightly different
S-shaped fluctuations also appear in adjacent range units (Figure 11b,c), which may result
from the inherent thickness and complex motion state of the ionosphere, as well as the
limitations of radar resolution. To display the characteristics of TIDs more intuitively, we
use the method in Step 3 of Section 3 to take the maximum echo amplitude in Figure 11a
as sampling points, and fit the results using cubic spline interpolation. The fitting results
are shown in the lower part of Figure 11a, where the blue circles represent the sampling
points and the orange lines are the fitted curves. By comparing the TFD results with the
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fitted curve, it is found that when a disturbance occurs, the amplitude of the fitted curve
exhibits minor fluctuations and also exhibits an S-shape, with a clear correlation between
the amplitudes at adjacent moments. Conversely, when no obvious S-shaped disturbance
occurs in the TFD results, the slope of the fitted curve will undergo drastic changes. Based
on these characteristics, we believe that the time when the slope does not change abruptly
is the time when the ionosphere is disturbed, and the corresponding time is marked as
“1”. Conversely, the location of the slope change is the time when the ionosphere is not
disturbed, and it is marked as “0”. Given that AGWs usually have a specific period, we
determine that disturbances lasting longer than 10 min are likely the TIDs triggered by the
typhoon, as indicated by the red line in Figure 11a. The results of this discrimination are
highly consistent with the measured data, and this method has the potential to identify
TIDs in other distance units. (It has been verified that disturbances occurring around 5:30
can be observed in the ionosphere in the range of 243.75 km).
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Figure 10. The RD spectra based on HFSWR. (a) The RD spectrum at 3:00 a.m. (b) The RD spectrum
at 8:00 a.m. (c) The RD spectrum at 10:30 a.m. (d) The RD spectrum at 14:00 p.m.

The aforementioned method has been extended to the periods when the typhoon
entered (from 6:00 to 12:00) and exited (from 12:00 to 15:00) the radar detection range.
Figure 12 displays the results during the typhoon entry into the detection range. The range
unit is 243.75 km, with the TFD results above and the disturbance detection results below.
Figure 13 illustrates the results after the typhoon exited the detection range. The range
unit is 265 km, with the TFD and disturbance detection results in the upper and lower
sections, respectively. The disturbance detection results exhibit good consistency with the
TFD results of HFSWR ionospheric echoes.
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Figure 11. The results before the typhoon entered radar detection range. (a) Time-Doppler and
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Figure 12. The results when the typhoon entered radar’s detection range.
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Figure 13. The results when the typhoon exited radar’s detection range.

In addition, for the extracted first-order oceanic echoes, we calculate the value of R
using Equation (2), selecting the middle point of the leftmost beam for analysis. By applying
Gaussian smoothing to the raw data (as shown in Figure 14, where the blue line shows
the original data and the orange line denotes the smoothed curve), and considering the
characteristics of R, we identify the last minimum point as the critical inflection point. This
point corresponds to the moment when the typhoon eye started entering the radar detection
range (at 8:05), which serves as a key time for monitoring and analyzing typhoon activities.
In addition, the results also match the typhoon track shown in Figure 7. Consequently, we
label the time before 8:05 as “0” and the time thereafter as “1”, with the red line indicating
the corresponding disturbance detection results.
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Figure 14. The results of the first-order peak energy ratio.

At last, Figure 15 presents the final outcomes of the typhoon early warning and moni-
toring, comprehensively utilizing ionospheric and oceanic echoes acquired through HFSWR.
The results indicate that the ionospheric disturbance is detectable around 2:00, initiating
the typhoon warning process, whereas the ocean surface disturbance emerges around
8:05, suggesting that the typhoon eye has entered the radar detection range, transitioning
into the real-time typhoon monitoring stage. Compared to the typhoon path, the AGWs
caused by typhoons outside radar detection range can propagate into the ionospheric
region within detection range and result in TIDs, providing an estimated six-hour advance
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in early warning. Consequently, employing the proposed scheme for early warning of
typhoons and other anomalous sea conditions proves to be practical and effective.
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Figure 15. The disturbance detection results of ionospheric and sea echoes based on HFSWR.

5. Conclusions

After investigating and simulating the interaction processes about Typhoon-AGWs-
Ionosphere and Typhoon-Ocean Waves for HFSWR, we developed a comprehensive early
warning and monitoring scheme for typhoons that incorporates the characteristics of
ionospheric and oceanic echoes. In addition, the workflow consists of four major steps:
acquiring the measured data by HFSWR, extracting the echoes, extracting the parameters,
and detecting the disturbances. Furthermore, the scheme was applied to deal with and
analyze the measured data of Typhoon Muifa observed by HFSWR. The results reveal
that approximately 6 hour prior to Typhoon Muifa entering the radar detection range, a
distinct S-shaped TFD of ionospheric echoes was evident in non-typhoon areas, which can
serve as effective early warning signals. In addition, at around 8:05, an increasing trend
in the energy ratio of the first-order spectrum of oceanic echoes was noted, indicating the
approach of the typhoon eye into the detection range, which aligns closely with the official
typhoon path. The proposed scheme leverages the extensive and all-weather detection
capabilities of HFSWR, which can offer reliable technical support for typhoon early warning
and monitoring.

However, the inherent multi-scale and varying intensity characteristics of typhoons,
along with environmental factors such as geographical location and topography, intro-
duce significant uncertainties in their impact on the ionosphere and ocean waves. There-
fore, future research should focus on further validating the universality of the proposed
scheme by analyzing additional typhoon data. Moreover, exploring the integration of
multi-site data and collaboration with other ionospheric monitoring techniques will also
be a key focus of our future work, contributing to a more reliable early warning and
monitoring system.
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