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The rapid development of maritime transport and the gradual increase in the number of ports, ships and shipping routes can produce direct economic benefits for regional development, and a profound grasp of the actual situation of maritime transport makes it possible to make practical plans for economic development and thus rationally develop and use marine resources. However, there is a lack of research on maritime transport, so this study is based on the AIS, waterways, routes and ports data in the near-shore sea area of Guangdong Province. Using GIS spatial analysis technology and various mathematical models, we refer to the evaluation method of road traffic dominance. It analyses and proposes the evaluation indexes of maritime traffic advantages, such as the density of maritime traffic network and the proximity of ports. Based on the actual situation of the study regions, the indicators were quantitatively evaluated and analyzed. The economic development level of each region was also quantitatively evaluated using principal component analysis, and the study regions were classified based on the coupling-coordination model. The results show that the coastal area of Guangdong Province is divided into four types of zones according to the coupling-coordination type of zoning criteria. Corresponding development suggestions are put forward for different zones, and the research results provide certain practical guidelines for promoting the benign cycle development of maritime traffic and economy, and have important guiding significance and application value for the organization and safety of maritime traffic.
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1 Introduction

With the maritime economy development, the number of ships, maritime traffic volume, maritime traffic density, transportation infrastructure (Cosimo Magazzino and Ila Maltese, 2021), and other related data are in a climbing trend. As transportation serves as a bridge linking geographic space and socio-economic activities, the construction of a stable and coordinated maritime transportation network system can promote regional development (Ramesh et al., 2023) and provide protection and support for it (Chen et al., 2022a), and transportation has been studied as an important topic of economic geography at home and abroad (Liu and Meng, 2022; Miao et al., 2021; Yue et al., 2024). With the establishment of ground-based networks of automatic identification systems (AIS), scholars have gradually expanded their research on maritime traffic and ships (Alberto et al., 2023; Muhammad et al., 2024a; Yasir et al., 2024). Maritime transportation can guide, secure, and support the development and progress of a region, and is an important indicator of a region’s development (Sun et al., 2021; Banister and Berechman, 2001). A key factor in economic growth is the availability of a sufficient quantity and quality of maritime transportation infrastructure, and improving the accessibility of the transportation system will have a direct economic benefit to the development of a region (Huang et al., 2021; Duan et al., 2022).

Maritime traffic has a long history, from the beginning of the twentieth century until now, from the initial designated sea traffic routes to the current increasingly complex system of sea traffic networks. For maritime transport, there are a number of scholars who have carried out some studies on aspects such as the trajectory of shipping and the important role of ports (Ronald et al., 2023; Lisa et al., 2024). For example, in terms of transportation, scholars in China have made many studies on maritime traffic management. Chen et al. (2006) confirmed that the road traffic network is a scale-free network. Huang et al. (2022) put forward a deep learning ship tracks forecast method that fuses discrete meteorological data and realizes precise tracks forecast on a worldwide scale. Meng et al. (2012) introduced the entropy weighting method in the calculation of the weights of indicators related to each traffic dominance degree. Cheng et al. (2016) established an evaluation index system specifically for the northwest, containing both arterial impact and facility density, and used it to conclude that the spatial pattern of transportation dominance in the northwest showed a high level in the east and a low level in the mid-west. Foreign scholars have also conducted many studies on transport (Xu et al., 2022; Wang et al., 2024; Lu and Osorio, 2022), for example, in terms of traffic dominance, most foreign researchers have used indicators such as distance or travel time cost to compare the evaluation from the aspect of accessibility (Geurs and Bert, 2004; Wee, 2011). Hansen (1959), as the initiator of the definition of accessibility, described it as the opportunity of interaction of nodes in the transportation network and used this comprehensive evaluation index to evaluate the traffic location. Ingram (2007) used accessibility to judge the situation of a spatial barrier and concluded that the two were negatively correlated. Hu et al. (2015) described and proposed a quantitative measure of traffic dominance. Davis et al. (2020) analyzed the correlation between traffic and economy using weighted and spatial autocorrelation models. Kwan et al. (2003) used the likelihood of proximity as a criterion for accessibility and concluded that the two were positively correlated. For domestic scholars, the indexes used are different from them. For example, Jin et al. (2008) introduced the concept of traffic dominance for the first time and evaluated the traffic dominance of a region by using three components: potential, quality and quantity. Generally speaking, the higher the value of the traffic advantage degree in a region, the better the overall traffic advantage. In real-life applications, it is more to evaluate the network density, location advantage and traffic trunk influence of integrated transportation equipment (Jin et al., 2008).

Despite the above studies, the existing traffic dominance evaluation mainly focuses on land, and there are the following differences between marine traffic and land traffic: in terms of transportation, ships are larger and slower than land transportation such as cars; in terms of transportation routes, there are mainly roads and railroads on land, which are easy to measure, while marine transportation routes are more widely distributed; in terms of deployment area, the ocean area is more extensive, and the deployment routes are more complex and have a large amount of data, etc. Therefore, the study of maritime transportation will be more complicated compared to land. With the advantages of strong continuity and low cost, maritime transportation is one of the important components of the national transportation artery, and maritime transportation achieves more than ninety percent of China’s total import and export freight. From a macro point of view, maritime transportation plays a vital role in a country’s economy to the world. Muhammad et al. (2024b) presented a SAR vessel following framework named YOLOv8-BYTE to improve the vessel tracking effectiveness. Jin et al. (2008) and other scholars have proposed the use of traffic dominance to describe the development of land transportation, however, marine transportation is different from land transportation because of its vast scope and diversified route distribution, and the application of land models to marine transportation cannot reflect the specific situation of its routes and port distribution and other related factors, and therefore, road-based models cannot be directly applied to marine traffic. The establishment of marine transportation dominance index to analyze can effectively grasp the actual distribution and density range of marine transportation in each region, considering factors such as waterways, routes, ports and vessels, and then takes into account the region’s economic progress and provides a basis for policy-making for the harmonious development of the marine shipping and the economy of the region. However, there are limitations in the existing traffic dominance and its corresponding research methods and related factors for the evaluation of maritime traffic dominance, and there is a lack of research specifically on maritime traffic dominance, and the evaluation methods and related influencing factors of maritime traffic dominance need to be explored.

Comparing the global marine economy, it is easy to see that China’s marine economy is developing fast and growing in scale, and the gross marine product of the marine economic circle is all showing an upward trend (Fu and Liu, 2022). Objectively speaking, the contribution of our marine economy to the global marine economy is also very considerable. The planning of marine transportation is closely related to the development of the marine economy. Under the premise of grasping the marine transportation survey, we can make a practical economic development plan, so that we can really maximize the rational development and use of marine resources and achieve sustainable development (Wang and Zhang, 2023).

Based on the above analyses, this study compares land transport with marine transport based on shipping big data such as AIS, taking the sea and land areas included in 14 prefecture-level cities in the coastal area of Guangdong Province as a unit, and explores the relationship between the degree of dominance of marine transport and economic development. It reveals the current situation of the dominance degree of marine transportation, as well as to provide theoretical basis and decision support for the coordinated sustainable development of marine economy and region, and further expansion of marine transportation and economy by analyzing the relationship between marine transportation and economy. The main contributions of this study are as follows.

	Analyzing the evaluation methods of land transport, proposing relevant indicators applicable to maritime transport, and improving the road network density and other relevant research methods, proposing the density of maritime transport network and the proximity of ports as the main factors, and establishing a relevant factor system and evaluation model suitable for evaluating the degree of superiority of maritime transport.

	The spatial pattern was analyzed by using Geographic Information System (GIS) method, and the quantitative assessment of the economic development level of each region was carried out by using SPSS software to explore the interrelationship between maritime transport and marine economic development.

	Based on the coupling-coordination relationship model, the development situation among regions is analyzed, and targeted development strategies are proposed for each part of the study area.






2 Materials and methods



2.1 Study area

The primary areas of research in this study is the coastal cities of Guangdong Province and its adjacent sea areas, between 20°10′ and 25°01′ N and 109°09′ and 117°59′ E (Figure 1). Guangdong, abbreviated as “Yue”, is a provincial administrative region of the People’s Republic of China, with Guangzhou as its capital. It is located south of the South Ridge, near the South China Sea, bordering Guangxi, Hong Kong, Fujian, Hunan, Jiangxi and Macao, and across the sea from Hainan. With a gross domestic product (GDP) of 12.4 trillion yuan in 2021, Guangdong Province became the first province to rank first with a GDP exceeding 12 trillion yuan (Liu et al., 2023). As a large marine province of Guangdong, because of the sea and prosperous, because of the sea and rich, for 26 consecutive years its gross marine product ranked first in the country, its marine economic development in the overall pattern of the country occupies a pivotal position. According to Guangdong Marine Economic Development Report (2022), the province’s marine GDP of 1.99 trillion yuan accounted for 22.1% of the national marine GDP, ranking first in the country. According to the data of China Port Yearbook (2020), Guangdong Province has a total of 2273 productive berths in the province, ranking the first in the country; its coastline is more than 8000 kilometers, accounting for one-third of the country, of which more than 4000 kilometers of the mainland coastline, ranking the first in the country. According to the above information, this study is more representative to select Guangdong Province for the research. The development trend of ocean-related industries in Guangdong Province is relatively good, and the strategic emerging marine industries are increasing rapidly, with the proportion of gross domestic product increasing and the industrial structure being optimized (Feng et al., 2023). taking Guangdong District as the research area, the research on three-dimensional layered management and three-dimensional expression of sea registration data was carried out to realize efficient loading, expression and hierarchical utilization analysis of massive three-dimensional sea registration data. Maritime transportation, as the southern gate of China’s Guangdong Province, is located in the South China Sea shipping hub area, has a wealth of waterway resources, can pass a relatively large amount of ships, and can simultaneously accommodate a high density of ships, become the “21st Century Maritime Silk Road” one of the key coast, but also as a distribution center to deal with domestic and foreign materials.




Figure 1 | Overview of the study area.



There are 14 coastal prefecture-level cities in Guangdong Province, namely Zhongshan, Huizhou, Chaozhou, Dongguan, Guangzhou, Jieyang, Maoming, Shantou, Shanwei, Shenzhen, Yangjiang, Zhanjiang, Zhuhai, and Jiangmen. The corresponding sea area zoning is divided according to the prefecture-level city to which the coastal sea area belongs, and the outer boundary of the zoning is the territorial sea line, which is 12 nautical miles away from the baseline of the territorial sea, and the corresponding data is provided by the Guangdong Provincial Marine Development Planning and Research Center, which is divided into 14 study areas (Figure 1).




2.2 Data sources

The data used in this study mainly includes AIS data, channel route data, port data, basic geographic information data such as sea area division, and economic data.

Among them, the AIS data collected 10,696,238 track points in 2021, each record contains the dynamic information related to navigation speed, navigation direction, ship’s longitude and latitude position (from GPS), ship’s navigation status, etc. reported in real time during the ship’s voyage, and also includes the ship’s water mobile communication service identification code (MMSI), International Maritime Organization (IMO) number, ship type (cargo ships, tankers, tugboats, high-speed ships, passenger ships and operating ships, etc.), antenna position and other static information, this data is provided by the treasure ship network (www.myships.com). The raw AIS data are records of vessel positions at different times, which are reflected as some discrete points in space and are not conducive to the analysis of spatio-temporal characteristics of maritime traffic. Therefore, it is necessary to generate routes of different voyages for further study based on the trajectory point attribute information. First, using Python to clean and quality control the AIS data based on the MMSI field to remove data with abnormal speed size (speed > 100 knots/h), invalid MMSI (MMSI = 0), and redundant data from the same vessel (e.g., two records with the same data location and time information). Secondly, the processed AIS data is divided into different ship trajectories according to MMSI, and the time field is transformed into a timestamp type according to the time transformation rule, and then MMSI is set as the unique identifier of the route, and according to the timestamp connection, a global trajectory is generated for each ship in chronological order. Then, the different voyages of each ship are divided according to the time interval of adjacent track points and connected in order to form a route set, generating more than 100,000 original routes. According to the time field in the MMSI attribute of cargo ship, two adjacent time fields are interpolated by time stamps, and when the interval is more than 1 hour, the voyage is divided, and the original ship route map by hour is obtained, as shown in Figure 2.




Figure 2 | AIS original track line map.



Waterway route data used by the Guangdong Provincial Marine Development Planning and Research Center to provide the waterway route survey data, including Guangdong Province and the sea within the scope of a variety of transport routes, freight and passenger routes.

In addition, the basic geographic data include administrative division data of 21 prefecture-level cities in Guangdong Province provided by the Ocean Center, as well as data on the coastline, 112 major ports data, division of adjacent sea areas and other relevant water data in the study area. Among them, the shoreline data are the shoreline results data of Guangdong Uninhabited Islands Survey and Shoreline Management Project (Guangdong Ocean Development Planning Research Center, unpublished; data can be obtained from the corresponding author if there is a legitimate research need). The economic data are taken from the Guangdong Provincial Statistical Yearbook (2021).




2.3 Methods



2.3.1 Advantageous degree of maritime traffic

We propose the combination of maritime traffic network density and port proximity. The maritime traffic network density is based on the recommended channel, route data, as well as the identification of the marine traffic network based on AIS data, and the results are obtained by using GIS software to calculate the track line, route, and channel data in each region, and then combining the analysis with the regional area. The proximity is mainly used to analyze the proximity of ports within each region using port data, and then the two are combined to analyze the dominance of maritime traffic.

The evaluation of the dominance of maritime traffic is based on the study of Jin et al. (2008), and the model used for its dominance evaluation refers to the relevant studies of Wang et al. (2015) and Huang et al. (2011). Compared with land traffic, maritime traffic also has diverse types, such as cargo ships, tankers, passenger ships, high-speed ships, etc. By analogy with road network density, the calculation of maritime traffic in this study uses maritime traffic network density as a factor for analysis. Secondly, for the stations, there are bus stations, railway stations, etc. on land, while the sea takes each port as a station, so the port proximity is introduced as an evaluation factor in the formula push to process. As the sea area is more extensive compared with the land, its routes are laid out in a wide range of extension, based on this increase in the degree of influence of the density of marine transportation networks, and consider the factors of data types, after a comparative analysis to obtain the derived model as shown in Equation 1. After standardizing the data of maritime traffic network density and port proximity of each study node, a weighted summation mathematical model is applied to obtain the maritime traffic dominance of each region according to its corresponding weights, as follows.

 

Where Mj denotes the maritime traffic dominance value of region j, Cj denotes the standardized Maritime traffic network density value of region j, Pj denotes the standardized port proximity value of region j, W1 and W2 correspond to the weight assignment value of the scope to which they belong, j denotes the geographical area and sea area within the study node, and γ denotes the number of data indicator types involved in the dominance calculation. n is the number of study area, and  , the dominance is positive; if  , its value is negative and meaningless. β represents the influence factor, which is used to adjust the degree of influence between the density of maritime traffic network and the proximity of ports. By varying and adjusting β, the changes in the results of maritime traffic dominance are observed. According to the changes of the results, the sensitivity of the influence factor to the final results is judged, and the appropriate influence factor is further optimized and determined. The results of data analysis are combined when determining the factors to ensure the reasonableness and accuracy of the factors.

In order to verify the scientific nature and reasonableness of the evaluation indexes proposed in this study for the maritime traffic dominance model, a number of factors affecting the final effect are considered comprehensively in this study, and the regional dominance value is calculated and verified with the coastal region of Guangdong Province, and the research nodes are set for each prefecture-level city and the sea area to which it belongs, and the actual situation of the coastal cities of Guangdong Province and the relevant sea area is combined for the calculation, in which each index is calculated using the letter j to indicate the research node, and then the research results are evaluated comprehensively.



2.3.1.1 Maritime traffic network density

The calculation of road network density in a given range is described by the ratio of the total number of kilometers of the road network to the area of the territory in which it is located, expressed by  . Based on this, the density of maritime traffic network is expressed by the ratio of the total mileage of each track line, route and channel to the area of the sea to which they belong. The density of maritime transportation network is an important indicator to evaluate the level of regional maritime transportation infrastructure protection (Huang et al., 2011; Li et al., 2022). In contrast to the definition, this paper proposes that the density of marine transportation network is a limit to the development relationship between the length of the route and the area of the sea to which it belongs, which describes the level of development of water transport in different sea sizes from the length, and indicates the number of routes in a certain sea, as well as the proportion of the sea covered in this area, which is one of the basic indicators to evaluate whether the deployment of regional route networks is reasonable. In this paper, we refer to the research on road network density in literature (Zhou et al., 2018; Wang et al., 2015; Huang et al., 2011) and the research on comprehensive traffic network density by Chen et al. (2018), compare the differences between land transportation network and maritime shipping network, based on the characteristics of maritime traffic, for the calculation of maritime traffic network density the track line, route and channel data are selected. The density of maritime traffic network is a positive indicator, the larger the value, the higher the density of maritime traffic network in a region, after calculating and comparing, the specific calculation method used is as follows (Equation 2):

 

Where Cj denotes the density of maritime traffic network in the study area j, Tj, Rj, Lj are respectively the sum of the lengths of the track lines, routes, and channels in the study area j, and Hj is the area of the study area j.




2.3.1.2 Proximity

Proximity is an index describing the proximity of two features in a certain geographic range. The determination of its value is an important tool for spatial analysis and an important indicator for evaluating the convenience of the region’s external connections, which plays an important guiding role in the socio-economic layout (Wang et al., 2015). In this study, we refer to the influence factors in the literature (Huang et al., 2011; Tang et al., 2020) and combine the actual situation of the study area, and after a comprehensive comparison, the final objects selected for the study are the important waterway routes, ports and the administrative center cities of each part, so as to calculate the statistical proximity values of each port and its administrative center city. Its estimation refers to the weight assignments in different cases in the literature (Jin et al., 2008; Zhou et al., 2018; Tang et al., 2020) and the expert scoring method used to assign weights to the distance between water transportation and the administrative center of the prefecture-level city, and the results are compared and analyzed, and the results of the three comparisons are listed in Table 1. Finally, the impact degree indexes of the marine traffic arteries as well as important shipping infrastructure equipment are quantified and treated according to the actual situation of the study area and with reference to the opinions of professionals (Table 2).


Table 1 | Comparative analysis of weight assignment.




Table 2 | Impact degree assignments for maritime critical traffic and shipping infrastructure.



Based on the above analysis, the model formula for calculating the total port proximity based on each study area is derived in this study as follows (Equation 3):

 

In which, the proximity assignment (i.e., the corresponding weight value) from the ith port or important route to the administrative center city in study region j is denoted by Pij, and Pj is the total proximity value in region j. In addition, a high total port proximity value, indicating that the closer the port or maritime traffic artery is to the central city, the more convenient access to the sea, and the closer connected to the outside world (Kwan et al., 2003).





2.3.2 Economic development level assessment

This paper uses Principal Component Analysis (PCA) to assess the economic status of the study area. Since each factor selected reflects some relevant information to varying degrees, in practice it is common to present as many relevant factors as possible to make the analysis of the problem more comprehensive. In this paper, the most typical method was chosen, using the variance of the first composite indicator (F1) selected to represent that the larger Var(F1) is, the more information this indicator contains, and thus F1 is the linear combination with the largest variance, as the first principal component of the evaluation (Yan et al., 2020).

In this paper, with the help of SPSS software, as many indicators as possible were selected based on the data of Guangdong Provincial Statistical Yearbook (2021), and multiple principal component analyses were conducted to compare the obtained results, and finally 31 indicators were selected, including the growth rate of energy consumption per unit of GDP, total import/export, total export of foreign-invested enterprises, tourism income, and per capita gross regional product.

The 31 economic indicators selected in this paper were standardized using the extreme value method, and then subjected to principal component analysis, and the selected economic indicators were judged to be eligible for doing factor analysis based on the calculated KMO values, and those below 0.5 were not suitable, and the Bartlett’s sphericity test was used to test their companion probabilities to determine whether they could provide basic support for factor analysis, and if the significance p < 0.001 indicates that the selected variables are highly correlated, it can be provided. Finally, we extracted principal component analysis based on the indicators judged to be suitable for factor analysis to study the regional economic development.




2.3.3 Coupling coordination analysis

Coupling describes the intensity of interaction between elements or systems (Du et al., 2022). Maritime transportation and regional economic development and maritime economic development are systems that interact and promote each other, therefore, this paper draws on the capacity coupling coefficient model (Chen et al., 2022b) for the evaluation of the coupling degree of maritime transportation dominance and economic development level in coastal regions, and the functional relationship (Equation 4) was used:

 

Where the coupling degree value is denoted by C, U1 denotes the value of maritime traffic dominance evaluation, and U2 denotes the value of economic development level evaluation subsystem. Using 0.3, 0.5, and 0.8 as the cut-off points for the coupling degree values (Qu, 2022), the coupling results of maritime traffic and economy are classified into four levels: low, lower, higher, and high.

Coordination is a virtuous circle of relationships between systems or between elements within a system through mutual cooperation (Gao et al., 2022). Therefore, the use of the coordination degree model enables us to analyze more comprehensively the mutual coupling-coordination relationship between maritime transportation and economic development. The model equation used in this paper is as follows (Equation 5):

 

Where, D denotes coordination degree, C denotes coupling degree, T is a coordinated composite for the overall synergy or contribution of the degree of transportation dominance with the level of economic development, α, β are coefficients to be determined, and  . This study α and β take the value of 0.5, specific references (Huang et al., 2021; Zhou et al., 2018; Chen et al., 2022a) show that the transportation system has the same synergistic effect as the economic system. Based on coupling and coordination criteria, coupling degree is divided into 4 stages and coordination degree is divided into 6 stages, considering the actual situation of coastal cities and sea areas (Table 3).


Table 3 | Coupling and coordination thresholds.








3 Results and discussion



3.1 Analysis of sea traffic advantage degree



3.1.1 Maritime traffic network density

General analysis from the point of view of spatial patterns, it can be seen that the distribution of the density of the maritime traffic network in the coastal region of Guangdong Province shows a spatial structure that gradually decreases from Zhuhai (1.0121) to both sides, with some relatively dense areas in the Zhanjiang (0.4913) region on the west wing. Figure 3 shows that the density spread of the marine transportation network is relatively concentrated, with the sea area where the Pearl River Delta (PRD) is placed having a clearly higher density compared to the two flanking regions and a lower density compared to the east and west flanking regions, the Delta region and the region between them, such as Yangjiang (0.1252), Maoming (0.1840), Jieyang (0.2375), Shanwei (0.2341), etc., the Maritime traffic network distribution is relatively low, in the West wing of the Zhanjiang sea maritime traffic network density is slightly higher.




Figure 3 | Distribution of maritime transportation network density in coastal areas of Guangdong Province by space.






3.1.2 Proximity

From the overall analysis of the spatial pattern, it is concluded that the proximity of the coastal region of Guangdong Province has a high advantage in the PRD region. The proximity of both sides of the PRD is high compared to other regions and gradually decreases from the center outward (Figure 4), and with Shenzhen (7.5), Zhuhai (13.5) and Guangzhou (7.5) as its maritime transportation hubs, its coastal region proximity values generally show a higher trend in the east than in the west, with fewer ports in Zhanjiang (1.5), Maoming (1.5), Chaozhou (1.5), Yangjiang (1.0) and other regions and relatively lower proximity. The results further indicate that the development of the waterway route network system effectively guarantees and supports the service level of maritime transportation in the PRD region, and provides strong support for its development.




Figure 4 | Spatial distribution of proximity of coastal areas in Guangdong Province.






3.1.3 Advantageous degree of maritime traffic

Referring to the weight assignments studied by Huang (Huang et al., 2011) and others, and consulting relevant suggestions from experts, the weight assignments of maritime traffic network density and port proximity are set to 1 in this paper for weighting, and the maritime traffic dominance of each region is obtained (Table 4).


Table 4 | Maritime traffic advantage degree by region.



From the numerical point, the mean and median of maritime traffic dominance in the study area are 0.7419 and 0.5069. and the mean is significantly larger than the median, It is indicated that the polarization of maritime traffic dominance in the region is significant, and the spatial distribution of maritime traffic dominance in general shows a gradual decrease from Shenzhen (2.4210) and Zhuhai (1.7712) city to both sides. The dominance decreases gradually with distance, centering on the PRD region, with a slight undulation on the east and west sides (Figure 5).




Figure 5 | Comparative chart of sea traffic advantage degree. (A) Results of directly quoting the land transportation dominance degree. (B) Results of the proposed maritime traffic dominance model.



To prove the efficacy of the model proposed in this study, a comparison experiment is made between this model and the traditional model as follows. Among them, Figure 5A shows the results of directly quoting the land transportation dominance degree. Firstly, it can be seen that there is a huge gap between the dominance degrees obtained using this model, and secondly, the results show that Zhuhai is better than Shenzhen, while the global port ranking of Shenzhen is much higher than Zhuhai, which is seriously inconsistent with the reality. Figure 5B shows the results of the proposed maritime traffic dominance model based on the density of maritime traffic network and the proximity of ports. The comparison shows that the results obtained by using the model proposed in this paper are more realistic in terms of numerical values and visualization, and can clearly analyze the differences in the maritime traffic dominance of each region.





3.2 Analysis of the evaluation results of marine economic development level

The results of the principal component analysis are obtained after processing the 31 economic indicators. Table 5 shows that the KMO value (0.768) meets the criteria for doing factor analysis, and the probability of compatibility 0.000 is less than the significance level 0.05, so the 0 hypothesis is rejected. Therefore, the economic indicators selected in this study are suitable for factor analysis. According to the general criteria of factor usefulness, the starting eigenvalue needs to be greater than 1 and the cumulative percentage is used to indicate the contribution of the extracted factor, the greater the value indicates the greater the explanation of the factor to the overall, in general, the cumulative percentage is higher than 70% indicates more satisfactory. From the principal component analysis, it can be seen that there are two components with starting eigenvalues greater than 1 in the data analyzed in this paper, the cumulative percentage of component one is 79.601 and component two is 19.535, with a cumulative contribution of 99.136%, which meets the extraction criteria.


Table 5 | KMO and Bartlett’s test.



According to the above analysis, the two main components with Eigen value more than 1 and total variance contribution more than 99% were extracted, which can represent the comprehensive level of economic development of 14 cities in the coastal region of Guangdong Province. Based on the loading matrices of the two selected principal components, the expressions of each component are calculated, and then the values of each indicator are substituted into the expressions to obtain the scores of each regional principal component. The weight of the variance contribution ratio is then used to weight each principal component to find the comprehensive score of the weighted value of each regional economic development level, the greater the score, the greater level of regional economic development (Li et al., 2022).

Based on the above results, the interpolation analysis result graph of economic development level of each region was obtained (Figure 6). It can be seen that the economic development of the coastal regions of Guangdong Province shows a gradually decreasing structure from the PRD region to the east and west wings. With the overall economic development level of the PRD region being on the high side, among which Zhuhai, Shenzhen and Guangzhou are more prominent, with their overall economic development level scores of 1.383, 1.375 and 1.405 respectively, much higher than other regions (Table 6). However, Shantou, Chaozhou, Maoming and Zhanjiang on the east and west sides are relatively backward. Comparing the results of principal component analysis, the contribution of the first principal component was 79.601% and the second was 19.535%, the overall pattern of spatial distribution of regional economic development level is high in the PRD region and low in the east and west wings.




Figure 6 | Analysis of economic development level.




Table 6 | Comprehensive economic development level of each region.






3.3 Coupling-coordination analysis

The coupling-coordination model is used to verify the relationship between marine traffic and economic development level in the coastal region of Guangdong Province, and the regional marine traffic dominance and economic development level are normalized based on the extreme value method, and the coupling-coordination degree values are obtained from Equations 4 and 5 (Table 7).


Table 7 | Economic coupling and coordination of transportation in each region.



By the criteria of coupling-coordination type area classification, the study area can be divided into four type areas as follows (Figure 7).




Figure 7 | Coastal region of Guangdong province maritime transportation and economy coordination-coupling type zone.





3.3.1 Highly coupled and highly coordinated area

Zhuhai, Shenzhen, Jiangmen, Shantou, Dongguan, Zhongshan, Guangzhou, these seven regions of maritime transportation and marine economic development can form a virtuous circle. Zhuhai, Guangzhou and Shenzhen have a relatively concentrated density of shipping lanes, which is conducive to the development of foreign trade. We can further develop the marine economy and promote industrial development by virtue of geographical advantages. The high level of coupling coordination in Jiangmen is mainly due to the relatively balanced level of both economic growth and maritime transportation in the area, and its maritime traffic benefits from the radiating effect of Zhuhai city. Shantou, as one of the first economic zones to open up in China, should rely on the West China Sea Economic Zone to enhance its own regional economic status. Dongguan has taken advantage of its geographical location to develop maritime transportation and economy by taking advantage of the radiation from the PRD region. Zhongshan is closer to the inland and has a relatively small area by the sea. It should make full use of the existing marine resources to develop the marine transportation industry.




3.3.2 Highly coupled and barely coordinated area

Yangjiang, Maoming, Chaozhou, Jieyang, Shanwei, these five regions are slightly better than the level of economic development in terms of the degree of maritime transportation advantage. Yangjiang is on the periphery of the PRD region, and should establish links with the PRD region, expand the density of the maritime transportation network, and provide more convenient support for import and export trade. Maoming is relatively remote and should deepen its deep-water logistics system and vigorously develop its petrochemical and mineral industries. Chaozhou’s maritime transportation and economic development level are not optimistic, so it should take advantage of the geographical advantage of being at the “southern gate” of Guangdong Province and develop cultural tourism industry by combining its unique Chaoshan culture. Jieyang is located in the eastern part of Guangdong, can make use of its own long history and cultural heritage, vigorously develop marine tourism projects. Shanwei can take advantage of the radiation from the periphery of the PRD region to establish links with the inner region.




3.3.3 High coupled and moderate coordinated area

Zhanjiang, the degree of maritime transportation advantage of the region is better than the level of economic development. Relatively speaking, Zhanjiang is at a disadvantage in geographical location. It should take advantage of its vast marine resources to expand the scope of its maritime transportation network system and add to its network of shipping lanes and routes. Its regional economic development will make a spurt of progress.




3.3.4 Relatively high coupled and high coordinated area

Huizhou sea area is relatively small, should take advantage of the economic radiation effect of the PRD region, the development of marine economy industry, enhance the level of development.






4 Conclusion

This study uses the spatial analysis function of GIS and the related model of traffic analysis to establish the evaluation model of the dominance of marine traffic and the related index system. Based on the sea data in many aspects, the spatial distribution of the marine traffic network system in the coastal region of Guangdong Province is analyzed. Then, its characteristics are summarized. Using the data of sea areas such as waterway routes, AIS and ports for analysis, the economic development level of each region was quantitatively evaluated by factor analysis and principal component analysis, which provided data support for the study of various factors affecting regional economic development. On the basis of the coupled coordination model, the correlation between the degree of maritime transportation superiority and economic development level of the Guangdong coastal area is explored, and the main contributions are as follows:

To deeply grasp the spatial pattern of maritime traffic and its changes, based on the road network density algorithm, we propose an algorithm that evaluates the density of maritime traffic network and port proximity as two factors.

To study the degree of maritime traffic advantage, the two factors are combined to establish a maritime traffic advantage evaluation model. And the study area is analyzed as an example, and the distribution of sea traffic in each region is obtained.

To capture the coupled coordination relationship between maritime traffic and economy, the regions are divided according to the coupled coordination model. A total of four types of regions are obtained. And on this basis, corresponding development suggestions are put forward for different regions, which provide certain practical guidance for promoting the virtuous cycle of maritime traffic and economy as well as sustainable development.

However, the current study area is limited to the vicinity of Guangdong Province and the number of evaluation factors is limited. In order to comprehensively understand the maritime transport and economic development of each region, it is necessary to expand the scope of the study and further increase the relevant indicators of the evaluation factors, so as to make the method more complete and obtain better evaluation results. In addition, the coupled coordination model can be optimized and improved to further enhance the universality of the evaluation results.
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