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Abstract


Sonar serves as a critical submarine detection apparatus for naval vessels, with its detection range forming the foundation of its overall performance in underwater surveillance. The Luzon Strait, in the eastern part of the South China Sea, presents a complex hydrographic setting that profoundly influences sonar performance, necessitating mastery of the detection range variation for enhanced anti-submarine operational efficiency. This study employs the Bellhop acoustic propagation model to estimate the transmission loss. Subsequently, a detection probability integration approach is applied to determine the sonar detection range in the Luzon Strait from 2019 to 2023, which is then subjected to statistical analysis. The findings indicate the following. (1) During the summer and autumn, the shallow mixed layer fails to generate a surface duct, resulting in shorter detection ranges that are primarily dependent on the water depth. In the Shallow Water Zone (<150 m), frequent interactions between sound waves and the sea boundaries lead to considerable acoustic energy attenuation, maintaining a short detection range. In the Intermediate Depth Zone (150–2500 m), sound rays retain adequate energy post-seabed reflection, extending the sonar detection to 5–8 km. Beyond 2500 m, the diminishing reflective energy restricts the range to 2–5 km. (2) Conversely, in the winter and spring, the formation of a surface duct becomes the predominant determinant of the detection range, capable of exceeding 10 km, overshadowing the influence of the water depth.
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1. Introduction


In modern warfare, the continuous integration of advanced technologies into submarines has led to a progressive enhancement of their combat capabilities and survivability. The speed of new nuclear submarines now rivals that of surface vessels, making it considerably easier for them to occupy attack positions. Confronted with the escalating underwater threat, submarine detection has become a paramount task for surface fleet formations [1]. Passive sonar systems are crucial to the submarine alert capabilities [2]. The search for underwater targets is typically characterized as a process where sonar systems maximize coverage of the relevant area. The sonar detection range (DR) commonly refers to the ability of a sonar system to detect targets under specific target characteristics and environmental constraints. It is considered the foundation for the performance of tracking and identification capabilities [3]. When naval formations are conducting submarine search or alert missions, parameters such as the spacing between vessels should be established in reference to the sonar DR [4]. Additionally, the deployment of unmanned platforms, such as unmanned undersea vehicles (UUVs), for underwater detection and penetration missions [5,6,7], as well as collaborative detection and tracking by multiple platforms, rely on the sonar detection range for mission planning [8]. Consequently, mastering the spatiotemporal variation patterns of the DR is critical for the configuration of surface vessel anti-submarine positions and for the planning of mission paths for various sonar platforms engaged in maritime anti-submarine detection.



Straits, as relatively narrow waterways connecting two seas or oceans between two landmasses, serve as vital maritime transportation routes and shipping hubs, and they have historically been strategic points of contention for military forces [9,10,11]. The Luzon Strait, for instance, is a critical strait passage in the eastern part of the South China Sea, attracting extensive attention from various military powers. The complex topography of its seabed and the variable hydrographic environment in this area [12,13] cause refraction, scattering, and absorption of acoustic signals, all of which impact sonar performance [14,15]. In recent years, scholars in related fields have conducted extensive research on sonar detection capabilities. Liang et al. [16] simulated the propagation of sound waves in shallow water areas under three typical sound speed profiles, focusing on geometric transmission loss and medium absorption loss, and provided strategies for sonar usage under different hydrographic conditions. This research assumed a simplified layered structure for the sound speed profile without analyzing the actual profiles in the ocean. Emerson et al. [17] used detection probability curves to compare the sonar performance in two sea areas in the southern East China Sea. Detection probability curves can reflect the change in sonar performance with distance in a detailed manner, but they struggle to capture the spatiotemporal variability of sonar performance when the study area is large and there are numerous data points. Guo, Ai, Chen and Qi [3] investigated the impact of different detection probabilities on the DR based on the sonar equation. The method of manually determining the DR in the face of fluctuating transmission loss curves is poorly reproducible and not suitable for batch operations with a large number of research samples. Na et al. [18] built upon the DR by incorporating the robustness of detection (ROD), the ratio of the maximum DR to the width of the blind zone, to fully describe the spatiotemporal variation of sonar performance in the eastern sea area of Korea. However, using two parameters to describe sonar performance is not as intuitive. Previous studies have employed various metrics to investigate sonar performance; however, in the Luzon Strait, where the marine environment undergoes drastic changes, research into the spatiotemporal variability of the sonar detection range remains inadequate. This paper employs the methodology established by Ferla and Porter [19] to determine the optimal receiving depth for the calculation of the sonar detection range. This method initiates with the sonar equation and calculates the signal excess (SE) by utilizing the figure of merit (FOM) in conjunction with the transmission loss (TL). The TL is obtained through the use of an acoustic propagation model, which requires the input of the underwater acoustic environment to calculate. Subsequently, the detection probability is derived using probabilistic methods, and the integration of this probability yields the detection range (DR). Due to phenomena such as acoustic wave interference, the TL curves exhibit high-frequency oscillations. By integrating them to determine the DR, this method avoids errors caused by manual selection due to oscillations, facilitating long-term statistical analysis of the DR in the Luzon Strait area.



In the Section 2, Data and Methods section of this paper, a description is provided of the temperature and salinity data, as well as the water depth data, employed in the study. Furthermore, a detailed introduction is provided to the integral calculation method for sonar DR. In the Section 3, Results section, a comprehensive analysis of the temporal and spatial variations of the DR in the Luzon Strait is conducted, aiming to uncover its intrinsic patterns. In the Section 4, Discussion section, the impact of the water depth and mixed layer depth on the regional DR in the Luzon Strait area is explored, and the necessity and feasibility of predicting the DR under limited data conditions are discussed. In the Section 5, Conclusion section, a summary of the spatiotemporal patterns of the DR changes in the Luzon Strait is presented, and potential future research directions are proposed.




2. Data and Methods


2.1. Data


The present study utilizes sound velocity derived from the Mackenzie empirical formula, using the ocean temperature and salinity data obtained from the Hybrid Coordinate Ocean Model (HYCOM), to conduct an analysis of the sound propagation characteristics in the Luzon Strait. Developed through a collaboration between the University of Miami, the Naval Research Laboratory (NRL), and the Los Alamos National Laboratory (LANL), HYCOM is capable of assimilating prior oceanographic observations at high resolutions (with horizontal resolution of 1/12°), providing a three-dimensional reanalysis of oceanographic data [20,21,22]. For the purpose of this study, a total of 168 experimental sites were selected within the region bounded by 16–25° N latitude and 115–125° E longitude, at a spatial resolution of 0.5° for both latitude and longitude (the locations of these sites are depicted in Figure 1). The data utilized for the analysis spanned a period of five years (from January 2019 to December 2023), with a temporal resolution of 10 days.



The bathymetric data for this study are derived from ETOPO 2022, a global bathymetry and topography dataset with enhanced resolution of 15 arc-seconds. This dataset provides a comprehensive, high-resolution depiction of the Earth’s surface physical features by integrating topographic, bathymetric, and coastline data from both regional and global sources. It incorporates the latest advancements in data sources and processing techniques since the release of ETOPO1 in 2010. The ETOPO 2022 model utilizes a combination of various airborne light detection and ranging (LiDAR), satellite altimetry, and shipborne bathymetry datasets from the United States, significantly improving the relative and absolute horizontal and vertical geolocation accuracy of the global topographic model. This dataset is employed as an input for the bathymetric field in the underwater acoustic propagation model.




2.2. Research Methods


2.2.1. Modeling Sound Propagation Loss Using Bellhop


The sonar equation serves as the logical foundation for calculating the DR through the use of acoustic parameters [23,24]. The form of the passive sonar equation is:


  S E =   S L − T L   −   N L − D I   − D T  



(1)




where SE is the signal excess, SL is the source level, TL is the transmission loss, NL is the ambient noise level of the marine environment, DI is the directivity index of the receiving array, and DT stands for the detection threshold. TL is a function of the propagation distance and depth, influenced by the distribution of the ocean’s sound speed field, and it is crucial for predicting sonar performance. The Bellhop acoustic model is employed to calculate the transmission loss, utilizing a Gaussian beam-tracing method that leverages a given sound speed field for ray tracing and the computation of the transmission loss. The Bellhop model, when calculating acoustic fields within a frequency range of 0.6 to 30 kHz, demonstrates excellent agreement with experimental data and has been designated as the standard model for predicting ocean acoustic propagation within the frequency band of 10 to 100 kHz by the United States Navy [25,26].



The beam pattern centered around the source axis is represented by the following expression for the acoustic pressure field:


  P   s , n   = A  s  ϕ   s , n    e  − i ω τ  s     



(2)




where s represents the arclength along the central ray; n denotes the normal distance from the neighboring receiving position to the central ray; ω is the angular frequency of the signal; and τ(s) signifies the signal delay.



For a beam with a Gaussian profile, the parameters   A  s    and   ϕ   s , n     can be expressed as follows:


  A  s  =  A 0      c  s    q  s       



(3)






  ϕ   s , n   =  e  − i ω   p  s  / 2 q  s     n 2     



(4)




where A0 represents a constant that is related to the type of sound source; and p(s) and q(s) are the beam width and curvature, respectively, and are governed by the following pair of differential equations:


    d q   d s   = c  s  p  s   



(5)






    d p   d s   =    c  n n      c 2   s    q  s   



(6)




where cnn denotes the second derivative of the sound speed in the direction normal to the acoustic ray path.



Upon computation of the acoustic intensity, the transmission loss is subsequently derived in accordance with the established definition:


  T L = − 20 lg    P   P  r f        



(7)




where Prf represents the acoustic pressure at a distance of 1 m from the center of the sound source.



The Bellhop model is capable of effectively simulating sound sources within the frequency range of 0.6–30 kHz [27]. Calculations of the transmission loss are performed at each point in eight directions by Bellhop (true azimuths of 0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°). For these computations, the sound source frequency is set to 1000 Hz, and both the source depth (SD) and the receiver depth (RD) are established at 50 m.




2.2.2. Methodology for Estimating Detection Range


This study concentrates on the intricate marine conditions prevalent in the Luzon Strait, examining their influence on the acoustic transmission loss as a means of evaluating the performance of passive sonar systems. The FOM is utilized to denote the minimal permissible one-way transmission loss for the successful reception of acoustic signals by passive sonar, and it is computed according to the following formula:


  F O M = S L − N L + D I − D T  



(8)







The sound signal margin (SE) received by the sonar is:


  S E = F O M − T L  



(9)







Conventional approaches to quantifying the detection range (DR) rely on the equation   S E   D R   = 0  , yet the variability of the transmission loss (TL) over distance frequently yields multiple DR values that fulfill   S E   D R   = 0  , complicating the precise determination of the propagation distance. In the research conducted by Guo, Ai, Chen and Qi [3], the intersection points of the FOM and TL curves were manually identified to ascertain the DR values, given the limited dataset, which provided a convenient and swift technique. However, given the extensive TL data involved in the current study, a manual approach is impractical for processing large datasets and introduces a higher degree of subjectivity. Hence, this paper incorporates the methodology of Ferla and Porter [19], originally devised for determining the optimal receiving depth, to calculate the DR. The procedure is initiated by introducing the detection probability function:


   P D    S E   =  1    2 π   σ      ∫  − ∞   S E    exp     −  x 2    2  σ 2         d x  



(10)







When the signal excess (SE) is zero, the detection probability reaches a median level of 50%. The parameter σ serves to regulate the steepness of the curve, and it is set to 8 in here [19]. Following this, the integration of PD across the range (r) in a fixed sound source depth (z) yields an estimation of the detection range:


  D R =    ∫ 0 ∞    P D    S E , r , z      d r    P D  > 0.5    



(11)








2.2.3. The Advantages of Integration Methodology


Figure 2 presents a TL curve diagram, where the horizontal line indicating TL = 85 dB represents the FOM. The determination of the DR necessitates an analysis of the nexus between the TL and the FOM. It can be observed from the figure that the TL and FOM curves intersect frequently, which complicates the issue if   S E   D R   = 0   is used for the assessment. However, by employing Equation (11) described above, a single, definitive DR value of 33.2 km can be calculated. Indeed, as the distance exceeds 30 km, the TL curve exhibits a marked convergence with the FOM value, indicative of a reduced SE. Consequently, it can be deduced that the effective DR is approximately 30 km. This demonstrates that the integral method not only maintains computational rigor but also yields results that closely align with human perception. In such cases, this method can automatically process a large amount of TL data to produce reliable outcomes.






3. Results


3.1. Overall Analysis of Spatiotemporal Changes in Detection Range


The monthly statistical data from 2019 (Figure 3) reveal pronounced seasonal and spatial distribution patterns in the DR. Overall, the DR exhibits larger values during the spring and winter seasons, with distinct high-value areas, whereas it is smaller during the summer and autumn. In terms of the spatial distribution, the study area can be divided into three parts:



	
The Shallow Water Zone, which includes the continental shelf off the coast of Guangdong, China, within the 150 m isobath. In this region, the DR remains almost constant throughout the year and maintains the lowest values (1–2 km).



	
The Intermediate Depth Zone, ranging from 150 m to 2500 m isobaths, encompassing the broad lateral intermediate water zone in the northwestern part of the study area, as well as the regions around the Heng-Chun and Luzon Ridges in the Luzon Strait. In January, the Intermediate Depth Zone is mostly covered by high values, while from February to October, the DR largely stabilizes within 5–8 km, and from October to December, it is again gradually covered by high-value areas, with the maximum DR reaching up to 16 km.



	
The Deepwater Zone, including the basin region deeper than 2500 m located in the southwestern part and the deepwater area in the eastern part of the study area. Starting from January, the low-value areas of the DR (2–5 km) gradually expand northward, almost completely occupying the region within the 2500 m isobath by March. Thereafter, the DR in the southern part of the basin further decreases, with the low-value area reaching its maximum extent around May. From June, the low-value area in the basin begins to retract, almost disappearing by December. In the deepwater area east of Luzon Strait, the DR gradually decreases from January to July, then increases from August to December, exhibiting the largest range of variation throughout the year (3–16 km).






It is evident that the statistical results from 2019 to 2023 all exhibit the aforementioned distribution patterns of the DR and seasonal variations (which are not displayed here). To describe the interannual variations, the empirical orthogonal function (EOF) technique is employed. The EOF decomposes spatiotemporal data (X) into spatial modes (EOF) and temporal modes (PC):


  X = E O F × P C  



(12)







The first mode (EOF-1) accounts for 67% of the variance. Its time series (PC-1) reaches a maximum in December and a minimum in June, capturing a strong seasonal cycle (Figure 4).




3.2. Sound Propagation Environment Analysis


3.2.1. Shallow Water Zone


The acoustic propagation environment in the Shallow Water Zone is intricate, with the seabed boundary exerting a significant influence on shallow water acoustic propagation. Within the limited depth of the sea, the distance of sound propagation is constrained, and the frequent reflection and absorption of sound waves by the seabed result in significant attenuation of acoustic energy [28]. Na, Cho, Son and Hahn [18] have also described this phenomenon. Consequently, the Shallow Water Zone adjacent to the coast of Guangdong, China, experiences a persistently low DR. This region is located at the periphery of the study area and exhibits minimal temporal variation. Therefore, a specific analysis of its acoustic propagation environment is not conducted.




3.2.2. Intermediate Depth Zone


An experimental site (Point 27) located at approximately the center of the Intermediate Depth Zone, with coordinates (21° N, 117.5° E), is selected for the analysis of the acoustic propagation environment in the Intermediate Depth Zone. Figure 5a depicts the propagation loss of acoustic waves emitted from a source at a depth of 50 m, under the temperature and salinity conditions from January to December 2019, in an easterly direction. It is evident that the sound rays reflect off the seabed and propagate forward, manifesting as bright streaks. Each reflection with the seabed results in a loss of energy, causing the propagation loss streaks to gradually dim. For instance, within the range of 0–10 km from the sound source at a receiving depth of 50 m in June, the acoustic propagation loss initially increases, then decreases, and subsequently increases gradually, resulting in a peak in the curve within the range of 5–8 km (indicated by the red arrow in Figure 5b). This is due to the relatively small propagation loss after the first reflection of the sound wave, which still allows the TL to be below 85 dB (FOM) at the receiving depth of 50 m. As the number of reflections increases, the acoustic energy attenuates at the receiving depth and surpasses the FOM, resulting in a negative SE, thereby limiting the expansion of the DR.



In Figure 5a, the acoustic propagation loss map for December highlights a conspicuous zone of high acoustic energy within the water depth range of 0–100 m. This phenomenon is called a surface sound channel, ascribed to the positioning of the sound source within the mixed layer (Figure 5d indicates that the mixed layer is notably more profound during December in comparison to June), where the gradient of the sound speed is positive (Figure 5c). Sound propagation within the surface sound channel is constrained in depth, with minimal diffusion. Consequently, the acoustic energy attenuates to a lesser extent at a receiving depth of 50 m, which is a contributing factor to the relatively extended DR observed in this region during January and December.



In the mixed layer, the temperature of seawater remains nearly constant with increasing depth while the sound speed is primarily influenced by pressure. Consequently, the sound speed in this layer exhibits a positive gradient, increasing with depth. Lorbacher et al. [29] utilized a curvature index based on the surface temperature to estimate the mixed layer depth (MLD), yielding satisfactory results. This study adopts the same methodology to statistically determine the MLD for the months of January, April, July, and October in 2019 within the study area. These values are designated to represent the depth distribution of the mixed layer for the winter, spring, summer, and autumn seasons, respectively, for the years 2019–2023 (Figure 6).



Multiple studies have indicated that the variability of the mixed layer depth (MLD) in the South China Sea is influenced by the wind, heat fluxes, freshwater fluxes, and solar shortwave penetration. Duan et al. [30] employed quantitative analysis to demonstrate a strong correlation between the intensity of the MLD in the South China Sea and the buoyancy flux. A negative buoyancy flux, which is primarily determined by the heat fluxes, signifies the instability of the surface water, leading to its downward motion and consequently a stronger MLD. From October to December, heat loss results in a mostly negative buoyancy flux in the northern South China Sea, and the buoyancy flux in central South China Sea experiences a transition from positive to negative. From January to April, there is a progressive enhancement of the buoyancy flux in the northern South China Sea. Despite this intensification, the buoyancy flux maintains negative values during January. The process described above contributes to a deep MLD in the northern region of the research area during winter and spring. The seasonal variability of the MLD calculated in this study is consistent with previous research findings. In January, the MLDs in the Intermediate Depth Zone and the deep-sea area east of the Luzon Strait all exceeded 50 m. This reflects the situation where the sound source is entirely within the mixed layer during the winter season. The emitted sound waves propagate as a surface sound channel, which is advantageous for long-distance detection. This explains the larger DR observed in January, February, March, November, and December of 2019 in the DR distribution map (with high value regions of 9–16 km). In April, July, and October, however, the areas with a mixed layer thickness exceeding 50 m significantly decreases. At this time, the majority of sound waves emitted from source would refract downward in a negative sound speed gradient environment, resulting in a significant reduction in the DR.




3.2.3. Deepwater Zone


The South China Sea Basin exhibits an overall low DR from February to September. With the onset of winter, the DR in the northern part of the basin gradually increases, separating from the low-value region in the southern part of the basin. The acoustic propagation environment in this region is analyzed at the experimental site Point 70, with coordinates 19° N, 119° E (Figure 7). This experimental site has an average water depth of approximately 4000 m, which is significantly deeper than Point 27, with a water depth of 800–1500 m. Sound waves emitted from the surface source refract toward the seabed in a negative sound speed gradient environment, undergoing a considerable horizontal displacement of approximately 20 km before reaching the seabed. In contrast, the horizontal displacement of sound waves at the first contact with the seabed at Point 27 is generally less than 5 km. Consequently, at Point 70, the sound waves typically undergo only 1–2 reflections off the seabed within a range of 50 km, with the maximum emerge reflection reaching the receiving depth at a horizontal displacement of up to 35 km, as indicated by the red arrow in Figure 7b. This peak, characterized by a substantial displacement and having undergone a longer propagation distance, has less energy than the reflection peak at Point 27. This results in the DR in the Deepwater Zone being approximately half that of the Intermediate Depth Zone when a surface sound channel is not present. When a surface sound channel is present, the DRs in both sea areas are similar and are almost unaffected by topographic factors. The deep-sea area east of the Luzon Strait, with its deeper water depth, does not produce reflection waves with sufficient energy to meet the detection requirements at the receiving depth, indicating that the DR is significantly influenced by the upper sound speed profile too.






4. Discussion


The Luzon Strait is commonly recognized as a region characterized by relatively frequent mesoscale oceanographic phenomena [12]. Consequently, underwater acoustic detection activities within this area are subject to the influence of intricate marine environmental dynamics [25,31]. The interpretation of such fluctuations to inform the practical deployment of sonar systems necessitates a specialized understanding of the marine acoustic environment. During maritime anti-submarine and other related detection operations, comprehensive real-time marine data are often not readily accessible, and there is a pronounced requirement for expediency in the evaluation of the DR. Thus, the present study endeavors to employ the Bellhop modeling approach to elucidate the general patterns of temporal and spatial variability in the DR within the maritime domain under consideration. This endeavor aims to facilitate the practical utilization of limited data to derive a reference value for the DR, which holds considerable practical significance. Consequently, based on the analyses previously presented, this study has identified the MLD and water depth as the two primary factors for the subsequent discussion on the variations in the DR.



Four distinct scenarios of MLD were chosen: 10 m, 30 m, 50 m, and 70 m. The observed data for the DR over a 5-year period (represented as scattered points in Figure 8) were then fitted against the variation of the water depth. The fitting outcomes are presented as curves within Figure 8. For the MLD values of 10 m and 30 m, the fits of the DR with respect to the depth are commendable, with relatively diminutive root mean square errors (RMSEs) of 1.5489 and 1.619, respectively. Initially, the DR escalates with the augmentation of the water depth; however, beyond a certain depth threshold (approximately 1000 m), the DR commences to diminish with the increase in the depth. As the depth extends to approximately 3000 m, the alteration in the DR stabilizes.



For the MLD values of 50 m and 70 m (when the acoustic source is situated within the mixed layer), this modal of the DR variation is almost entirely eliminated, with the scattered points being exceedingly dispersed. The RMSE values are 1.9684 and 3.6654, respectively, suggesting that as the MLD converges upon and surpasses the depth of the acoustic source, water depth ceases to be a determinant in the fluctuation of the DR.



For the four experimental sites selected, the observed data concerning the DR were fitted against the variations in the MLD, as depicted in Figure 9. When the MLD ranges from 0 to 40 m, the acoustic source is not within the mixed layer and is distant from the bottom of the mixed layer. Consequently, the mixed layer exerts minimal influence on the sound paths, resulting in a negligible increase in the DR with the increase in the MLD. When the MLD ranges from 40 to 50 m, the bottom of the mixed layer approaches the depth of the acoustic source. In this interval, obliquely upward-directed acoustic rays with large grazing angles can be influenced to form surface ducts, leading to a rapid increase in the DR. When the MLD exceeds 50 m, the acoustic source is completely within the mixed layer. Most of the sound rays emitted from the source can be influenced to form surface ducts for propagation, leading to an even faster increase in the DR. The RMSEs of the fitting results at the four experimental sites do not exceed 1.9.



The fitting process utilized a comprehensive dataset of simulations spanning five years. At each experimental site, the fitting results exhibit a relatively small RMSE, suggesting that in the complex marine environment of the Luzon Strait, the utilization of the MLD and water depth as two primary factors can effectively elucidate the spatiotemporal variations in the DR. This understanding holds significant practical value, particularly in the context of submarine search route planning, where the rapid prediction of the DR based on limited information can enhance the search efficiency. For instance, a more universally applicable empirical formula can be established in this maritime area through the use of binary fitting methods. By employing the MLD and water depth to fit the empirical formula for the DR, following the separate fitting results presented earlier, the highest power of the independent variable MLD is set to 2 and the depth to 4. Utilizing the least squares method with all the calculated data, the fitting of the DR empirical formula yields the following result:


     D  R f    =  p  00   +  p  10   M L  D R  +  p  20   M L  D R 2       +  p  11   M L  D R  ⋅  d R  +  p  12   M L  D R  ⋅  d R 2  +  p  13   M L  D R  ⋅  d R 3       +  p  21   M L  D R 2  ⋅  d R  +  p  22   M L  D R 2  ⋅  d R 2       +  p  01    d R  +  p  02    d R 2  +  p  03    d R 3  +  p  04    d R 4      



(13)




where   M L  D R    and    d R    are the normalized values of the MLD and water depth, respectively, and the values of the parameters in the equation are listed in Table 1.



Equation (12) was utilized to predict the DR (columns b and d) for each month of 2020, which was then compared against the simulated values (columns a and c) as depicted in Figure 10. Figure 11 illustrates the density scatterplot of the prediction results, with the scatter points clustering around the 1:1 line. The predicted values from the empirical formula reflect the spatiotemporal changes in the DR within the study area. Moreover, this method has lower requirements for the input data compared to the sonar equation calculation method and has streamlined the process.



This study provides a succinct description of the feasibility of predicting the DR using limited data. In reality, after identifying the primary influencing factors of the DR through statistical analysis, predictive models can be constructed using intelligent methods such as neural networks [32,33], enabling rapid prediction. This approach will offer significant practical assistance for maritime detection activities.




5. Conclusions


Analysis of the spatiotemporal distribution of the sonar detection range in the Luzon Strait yields the following conclusions:




	
During the summer and autumn seasons, when the mixed layer is shallow and a surface sound channel cannot form, the DR is primarily influenced by the water depth. In the Shallow Water Zone (<150 m), acoustic waves undergo frequent reflections between the sea surface and the seabed, resulting in significant energy loss and maintaining a low DR throughout the year. In the Intermediate Depth Zone (150–2500 m), the acoustic rays retain considerable energy after the first reflection from the seabed, enabling a DR of up to 5–8 km. As the water depth increases (>2500 m), the acoustic energy after the seabed reflection no longer satisfies the detection requirements, resulting in a DR of 2–5 km.



	
During winter and spring, the thick mixed layer is capable of forming a surface sound channel, which becomes the primary factor influencing the DR. In these seasons, the DRs are generally larger, with maximum values exceeding 10 km.








This study primarily analyzes the temporal and spatial variations of the sonar DR in the Luzon Strait. Furthermore, it briefly discusses the necessity and feasibility of rapidly predicting the DR using limited data. However, the patterns and conclusions drawn in this study are specific to the Luzon Strait. Future research should focus on the development of predictive models and their generalizability. Additionally, how to utilize the prediction results for search path planning to enhance the search efficiency remains an unresolved issue.
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Figure 1. Distribution map of experimental points in the research sea area. (The different numbers in the figure represent the codes for the experimental sites). 
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Figure 2. Nexus between TL and FOM (FOM = 85 dB, black horizontal line). 
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Figure 3. Monthly statistical data of sonar detection distance in 2019. 
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Figure 4. The amplitude time series (left) and average of each month (right) for the first EOF modes of the DR. 
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Figure 5. Analysis of sound propagation in the Intermediate Depth Zone (Point 27). (a) Two dimensional sound propagation loss; (b) Sound propagation loss curve; (c) Sound velocity profile; (d) Temperature profile. 
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Figure 6. Distribution of mixed layer depth in the study area for the months of January, April, July, and October. 
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Figure 7. Analysis of sound propagation in the Deep-Sea Region (Point 70). (a) Two dimensional sound propagation loss; (b) Sound propagation loss curve; (c) Sound velocity profile; (d) Temperature profile. 
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Figure 8. Statistics on the variation pattern of the DR with water depth. 
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Figure 9. Statistics on the variation pattern of the DR with the MLD. (Point in the figure represents the position of experimental test point). 
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Figure 10. Comparison between empirical formula prediction results (columns (b,d)) and simulation results (columns (a,c)) in 2022. 
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Figure 11. Density scatterplot. The solid green line in the figure is a 1:1 line, and the color represents the density of the scattered points. 
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Table 1. Empirical formula parameters.
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	    p  i j     
	  i   = 0
	  i   = 1
	  i   = 2





	   j = 0   
	4.325
	1.421
	0.5278



	   j = 1   
	−2.173
	0.5881
	0.007674



	   j = 2   
	1.852
	−0.2314
	0.00438



	   j = 3   
	1.095
	−0.2371
	



	   j = 4   
	0.7718
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