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Monitoring the quality of marine water is crucial for ensuring the health and sustainability of marine ecosystems. The conventional monitoring approach involves manual sampling using a water sampler, followed by packaging the water samples in plastic bottles and transporting them to a terrestrial laboratory for analysis. However, this method is time consuming, labor intensive, and cannot provide real-time data for addressing unforeseen circumstances. In response to these challenges, an advanced shipborne integrated platform for water quality inspection (ASIPWQI) has been proposed and implemented. This system automates the collection of multi-layer seawater samples in the vertical profile, conducts online measurements of monitoring elements, and provides real-time measurement data. In multiple sea trials, ASIPWQI successfully conducted on-site collection and measurement of a significant number of samples, meeting the water quality monitoring requirements in China’s nearshore waters. Comparative analysis of the laboratory measurement results for nutrients, heavy metals, and total phosphorus and nitrogen in water samples collected using automatic and manual methods revealed no significant differences between the two sampling approaches and demonstrated strong correlation. Further analysis using practical relative error (PRE) statistical methods showed that the data rate of most monitoring elements with relative errors less than 10% was higher than 70%, with nitrite, silicate, and phosphate even exceeding 90%. This indicate that ASIPWQI has excellent stability and applicability, offering a viable alternative to traditional manual sampling and laboratory testing. This innovation makes water quality monitoring significantly more efficient.
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1 Introduction

The quality of ocean water is a critical concern and is influenced by various factors, including natural processes and human activities. As the global population continues its rapid growth, land resources are becoming increasingly scarce, and so countries are turning their attention to the ocean and developing marine resources (Zheng et al., 2013; He et al., 2018). Marine development offers significant economic benefits and is now crucial to the national economies of coastal countries, but it poses numerous ecological and environmental challenges (MNR, 2011; McEliece et al., 2020). A significant contributor to changes in ocean water quality is ship navigation. Ranging from small vessels to large cargo carriers, ships traverse the world’s oceans for transportation, trade, and commerce. However, these maritime activities can have substantial impacts on the marine environment, including water quality (Popek et al., 2022). As ships move through the ocean, they release various pollutants and contaminants into the water, both intentionally and unintentionally. These pollutants include oil, fuel, sewage, ballast water, and chemicals used for cleaning and maintenance. Oil spills from ship accidents or illegal discharges can cause catastrophic environmental damage, affecting marine life and coastal habitats (Singh et al., 2020). Furthermore, the physical disturbance caused by ship movements can disrupt sediment and seabed ecosystems, further influencing water quality (Marghany, 2021). The rapid expansion of coastal cities has exacerbated the issue by increasing the spread of land-based pollutants into the ocean, resulting in a deterioration of marine ecosystems, and posing significant obstacles to the sustainable development of coastal economies (Edinger and Risk, 2013; Cebe and Balas, 2018). Consequently, major coastal nations protect the health and integrity of ocean ecosystems through effective management strategies, regulations, and technological innovations (EU, 2008; Zhang et al., 2018; MNR, 2023). Marine environmental monitoring is essential for safeguarding marine environments and is very important for environmental protection and governance; monitoring outcomes serve as the fundamental basis for crafting protection policies and managing pollution incidents, and they are integral to marine environmental scientific research (Zhang et al., 2021; Cao and Jiang, 2022). Advances in marine environmental monitoring technology are crucial for understanding the natural laws governing marine environments, preserving ecological balance, promoting the sustainable development of marine resources, enhancing early-warning capabilities, and reducing the impact of marine disasters (Bai and Zhao, 2019; Wang et al., 2023).

As society and technology advance, so automatic online monitoring technology becomes increasingly prevalent in marine environmental monitoring because it offers real-time data collection, high integration, and labor-saving capabilities. The advent of buoy observation technology in the 1940s was a significant milestone because it introduced sensors that could detect oceanic and atmospheric conditions, enabling continuous online monitoring during operational hours (Dai et al., 2014). Subsequent decades witnessed a rapid evolution in ocean monitoring buoys, particularly in the 1970s with the integration of computer and satellite communication technologies, further enhancing their capabilities (Helmi et al., 2014; Wang et al., 2016; Lu et al., 2022). By the 1980s, the United States had established coastal ocean automatic monitoring stations, facilitating real-time monitoring of atmospheric and hydrological data (Zhu, 1997). Continuous enhancement of the functionalities of automatic monitoring stations has made them the primary means of marine environmental monitoring, and this evolution underscores the pivotal role of technological advancements in revolutionizing marine environmental monitoring practices (Qi and Li, 2019). In the 21st century, human exploration of the ocean has extended to the seabed at depths of several thousand meters, and the use of seabed observation network technology is enabling high-resolution and real-time in situ observations of physical, chemical, biological, and geological processes in specific areas (Barnes et al., 2013; Li et al., 2021; Xu et al., 2021).

The aforementioned monitoring methods involve installing lightweight online monitoring sensors on various platforms to achieve long-term continuous monitoring of the target area. However, these monitoring systems are limited by the fact that the monitoring area is fixed and so cannot be moved freely. Also, certain online monitoring sensors—such as those for trace heavy metals, nutrients, and hydrocarbons—face challenges in miniaturization and integration into existing platforms, thereby necessitating the development of new monitoring platforms. Shipborne monitoring platforms offer significant advantages, including ample space, high mobility, and a wide monitoring range, thereby effectively addressing the shortcomings of existing platforms (Wang et al., 2021). In 1993, the Finnish Institute of Marine Research used ferries to study the regular online monitoring of algal blooms and nutrient distribution in the Baltic Sea (Ruokanen et al., 2003). Subsequently, from 2003 to 2005, the European Union funded the development of the FerryBox observation system, operating primarily on shipborne observation platforms such as volunteer ships, merchant ships, and cargo ships; this system provided ocean monitoring data to the European Global Ocean Observing System, encompassing parameters such as temperature, salinity, pH, dissolved oxygen, turbidity, chlorophyll, partial pressure of carbon dioxide, and nutrients (Marrec et al., 2014; Petersen, 2014). Building on the success of the European FerryBox system, countries such as the United States, Canada, Japan, and Australia have initiated similar shipborne online monitoring projects (Paerl et al., 2009; Halverson and Pawlowicz, 2013). However, it is important to note that these onboard monitoring systems measure surface seawater during navigation, thereby limiting their ability to monitor middle and bottom seawater layers. Nevertheless, the variable vertical distributions of nutrients, heavy-metal ions, and hydrocarbons in seawater due to factors such as suspended sediment flocculation and diffusion of seabed sediment layers make it essential to monitor those layers as well (Turetta et al., 2005; Zhang et al., 2010).

To the best of our knowledge, there have been no reports to date of shipborne online monitoring systems that can monitor the quality of surface, middle, and bottom waters imultaneously. With the support of the National High-tech Research and Development Program, we have conducted research on an advanced shipborne integrated platform for water quality inspection (ASIPWQI), which in the form described herein is installed on the Xiangyanghong 08 marine monitoring ship. In ASIPWQI, a pump is used to draw water samples onto the ship and store them in multiple tanks; these water samples are then delivered to water quality analysis instruments through distribution pipelines for real-time analysis; finally, the analysis results are transmitted to the integrated management platform for storage via the ship’s local area network (LAN). ASIPWQI can rapidly collect water samples from multiple layers in the same vertical profile of the station and conduct online water quality monitoring. Compared to the traditional method of manually collecting water samples and transporting them back to a laboratory for analysis, ASIPWQI is far more timely, and its efficiency, labor-saving features, and flexibility make it highly suitable for routine monitoring of nearshore water quality, as well as for sampling and investigating sudden marine disasters.

This paper is organized as follows. Section 2 details the development and sea trials of ASIPWQI. Section 3 reports and discusses the experimental results from long-duration sea trials. Finally, Section 4 concludes the paper.




2 Materials and methods



2.1 Overall design of ASIPWQI

As shown in Figure 1, ASIPWQI comprises three main systems: the water sample collection and distribution system (WSCDS), the multi-parameter water quality analysis system (MPWQAS), and the integrated management platform system (IMPS). WSCDS includes a deck unit located on the front deck and an indoor unit located in the wet laboratory on the same floor of the deck. The primary function of WSCDS is to collect, store, and distribute multi-layer water samples, thereby ensuring the provision of high-quality seawater samples to MPWQAS. Conventional water quality monitoring only requires water samples to be collected from the surface, middle, and bottom layers, whereas WSCDS was designed to collect samples from six layers, with the additional three layers serving as backups. MPWQAS is located in the dry laboratory on the second floor below deck, which is equipped with an automatic nutrient analyzer, a heavy-metal analyzer, and a total phosphorus and nitrogen analyzer; these instruments perform real-time water quality analysis and then send the results to IMPS for further processing. Acting as the central control unit of ASIPWQI, IMPS is located in the information center on the same floor of the deck and coordinates the operation of all systems via the ship’s LAN. The locations of WSCDS, MPWQAS, and IMPS are shown in Figure 2.




Figure 1 | Overall structure of ASIPWQI.






Figure 2 | Location layout of ASIPWQI.



In the design process, we adopted the following principles. 1) Each station was allocated a measurement time of 90 min: 25 min for sample collection from the three layers, 60 min for water quality analysis, and less than 5 min for data processing. 2) The samples necessarily come into contact with the pipeline materials, so the latter were chosen to be non-polluting in order to prevent extraneous elements precipitating into the samples and so avoid any impact on the measurement results. 3) Considering the pump’s suction head and the water flow resistance in the pipelines, the maximum sample collection depth was limited to 50 m. 4) To ensure stable operation, all system components are products that are well established and commercially available.




2.2 Water sample collection and distribution system

As shown schematically in Figure 3, WSCDS mainly comprises a composite sampling cable, a sampling winch, a controler, a sampling pump, pipelines, sampling tanks, and valves. We use collection of a surface sample to exemplify the operational process of the system. Initially, all solenoid valves and sampling port valves in the system are closed, as are all the manual valves except for S10, S11, S13, and S15, which are open. Upon receiving work instructions from IMPS, the sampling controller initiates the sampling winch to lower the composite sampling cable and the sampling port to the designated depth. The pressure sensor at the sampling port transmits real-time depth information to the controller via the communication cable within the composite water collection cable. When the set depth is reached, the controller halts the winch, opens solenoid valves Y24 and Y11, and activates the sampling pump to begin collecting a water sample, which passes through a filter and enters tank 1. Upon receiving the trigger signal from level switch X1, the controller stops the pump and closes solenoid valves Y24 and Y11, marking the completion of the sampling process. When collecting samples from three layers (bottom, middle, and surface), the process remains the same as described above, and the samples are stored in tanks 5, 3, and 1, respectively. Following a sea trial, it is essential to flush out any remaining seawater and sediment in the sample tanks and pipelines with tap water, followed by filling them with pure water to prevent mold growth.




Figure 3 | Schematic of water sample collection and distribution system(WSCDS).





2.2.1 Deck unit

The main parts of the deck unit are the composite sampling cable and the sampling winch. The composite sampling cable is wound around the drum of the sampling winch, and as the drum rotates, the sampling port moves in the water to obtain water samples at different depths.



2.2.1.1 Composite sampling cable

The composite sampling cable consists of a water pipe, a communication cable, and a Kevlar rope, serving the functions of sample collection, communication, and loadbearing. The water pipe is made of PVC (polyvinyl chloride) and has an inner diameter of 16 mm and an outer diameter of 20 mm. The communication cable is linked to the pressure sensor to transmit a 4–20-mA signal, with the current being proportional to the pressure. In traditional sampling methods, manual water samplers are typically used; however, because of the angle at which the rope pulls the water sampler in the sea, controlling and recording the sampling depth accurately is challenging, and operators often have to estimate the depth visually (Si et al., 2011). Using a pressure sensor is effective for addressing this issue, offering significantly lower errors in the sample collection depth. One end of the Kevlar rope is attached to a plastic-sealed lead fish as a counterweight, while the other end is fastened securely to the winch to prevent the composite sampling cable from detaching. The Kevlar rope has a breaking force exceeding 5000 newtons, thereby ensuring that it can withstand ocean currents and the cable’s weight without snapping. Considering a maximum sampling depth of 50 m along with factors such as the cable’s inclination angle and the distance from the sea surface to the winch, the total length of the composite sampling cable was chosen as 70 m.

For the original composite sampling cable, tape was used to bundle the water pipe, communication cable, and Kevlar load-bearing rope together (Figure 4A). However, while that design served the purpose of collecting water samples, it had functional drawbacks: the configuration was susceptible to snagging on foreign objects, and more significantly it prevented the cable from being arranged automatically on the sampling winch. Consequently, we innovated by introducing an integrated composite water cable (Figure 4B). By analyzing the forces acting on the communication cable, water pipe, and Kevlar rope, we determined their optimal distribution positions. The outer layer was encased in a polyurethane protective sleeve, resulting in a post-molding outer diameter of ca. 40 mm. Given the limited operational space onboard, a small bending radius could lead to the communication cable breaking under tension while lowering or retrieving the integrated composite cable; to address this issue, we passed the communication cable through a hollow plastic tube, thereby allowing it to expand and retract freely within the plastic tube and effectively mitigating excessive tension during the lowering and retrieval process. The successful outcomes of the sea trials further validated the efficacy of this design.




Figure 4 | Comparison of composite sampling cables: (A) original; (B) improved.






2.2.1.2 Sampling winch

The electrical transmission system of the specialized sampling winch uses a Mitsubishi FR-E740 frequency converter to control the variable-frequency motor, driving the winch drum to rotate both forward and in reverse. The circumferential speed can be adjusted within the range of 0–0.7 m/s. The winch is also equipped with an RS-232 communication interface for remote control capabilities. Automatic cable laying is a crucial function of the winch, achieved by installing a cable layer to ensure the even arrangement of the composite sampling cable on the drum during the sampling process. As shown in Figure 5, the cable layer comprises a lead screw, a smooth screw, a slide frame, and a pulley. As the drum rotates, the gear rack and sprocket transmission system drive the lead screw to move at a specific speed ratio. With each rotation of the drum, the sliding frame on the lead screw moves horizontally by a distance equivalent to the diameter of the composite sampling cable. The combined lateral movement of the sliding frame on the lead screw and the rotation of the drum work together to achieve automatic cable arrangement.




Figure 5 | Cable layer of sampling winch.



The outer surface of the sampling winch is coated with marine-grade protective paint, and the exposed components are constructed from 316L stainless steel to mitigate corrosion caused by seawater exposure. The positioning of the sampling winch during installation dictates the precise location of the sampling point. It is crucial to ensure that the sampling process remains unaffected by the ship’s domestic sewage and engine cooling water, so the winch is situated strategically on the side of the front deck that is free from any wastewater discharge outlets.





2.2.2 Indoor unit

The main parts of the indoor unit are a controler, a sampling pump, pipelines, sampling tanks, and valves (Figure 6). The controller is the brain of WSCDS, responsible for receiving instructions from IMPS and controlling the operation of corresponding components. The sampling pump sucks the water onto the ship and distributes it to the sampling tanks through the pipelines, and the valves are connected in series on the pipelines to control the flow directions of the water samples by being opened or closed.




Figure 6 | Physical image of WSCDS indoor unit.





2.2.2.1 Sampling controller

The sampling controler is based on a programmable logic controller (PLC) (FX2N-64MR; Mitsubishi Corporation) complemented by an analog-to-digital conversion module (FX2N-4AD) and a communication module (FX2N-232-BD). The FX2N series developed by Mitsubishi are top-tier integrated small PLCs known for their high performance; the FX2N-64MRPLC has a compact design, generous storage capacity, and fast processing speeds, and its wide range of expansion modules enables analog control and network communication functionalities.

As shown in Figure 7, the PLC controller is connected upstream to IMPS and downstream to the pump, sampling winch, water purifier, solenoid valves, liquid level switches, and pressure sensor. FX2N-64MR features two communication interfaces: one is an RS-485 serial communication interface for interacting with the touch screen on the control box, while the other communicates with IMPS via the extended FX2N-232BD serial communication module. With 32 relay-type output ports capable of driving loads up to 2 A, FX2N-64MR can directly control devices such as the pump, sampling winch, water purifier, and solenoid valves. The pressure sensor integrated into the sampling port generates a current-type analog signal that is converted into a digital signal by the FX2N-4AD module. The PLC then converts this digital signal into a depth value, which is displayed in real-time on the monitoring screen. The master monitoring screen is a 10.4-inch touch screen, while the slave monitoring screen is a 5.7-inch touch screen located on the sampling-winch control panel. The two screens are connected via an RS-485 communication interface to enable dual-screen synchronous display. The master screen offers a virtual network console service function, allowing remote access by any computer connected to the ship’s LAN. The PLC control program is written in ladder logic programming language, known for its graphical representation, clear logic, and ease of understanding (Ding and Li, 2009). The control program has six functional modules: system initialization, depth judgment, pure water control, pipeline cleaning, clock timing, and network communication. Each module jointly completes the automatic collection of samples as part of the main automatic-sampling program. Also, the system includes a manual control mode, enabling independent operation of WSCDS from IMPS.




Figure 7 | Block diagram of sampling controller.






2.2.2.2 Sampling pump and pipelines

The sampling pump is a pneumatic diaphragm pump (model QBY3-25; Changzheng Pump and Valve Co., Ltd), which operates by using compressed air to drive the diaphragm to undergo lateral stretching and reciprocating movements within the pump body, thereby facilitating the transfer of seawater. The pump body and diaphragm are made of PTFE (polytetrafluoroethylene), thereby providing excellent sealing capabilities and corrosion resistance. This type of pump is used widely in various industries (e.g., chemical, pharmaceutical, food) as a crucial device for transferring liquids (Duan and Wu, 2017). Its robust self-priming feature allows it to extract liquids with particles and prevents clogging, making it ideal for use in turbid water conditions. The compressed air is supplied by the ship’s air compressor with a maximum pressure of 0.07 MPa, and by adjusting the pressure of the compressed air, the pump’s flow rate is easily controlled.

The sample tanks and indoor pipelines are made of uPVC (unplasticized PVC). Each water sample tank has a capacity of 10 L, ensuring the delivery of adequate water samples to MPWQAS. The water inlet pipe enters the room from the deck and is connected to a filter. The filter’s outlet is linked to a solenoid valve through a uPVC pipe, and the solenoid valve’s outlet is connected to the sample tank. A sprinkler head is installed inside the water inlet of the sample tank. The water sample is sprayed in a complete circle under the pressure of the diaphragm pump and then flows down the inner wall of the tank; this design is aimed at cleaning the water sample residue on the inner wall from the previous station. The outlet of the sample tank is equipped with a manual valve and a sampling port. The manual valve is typically open but can be closed manually in an unexpected situation. The lower end of the manual valve is connected to the distribution pipeline, which leads to the lower laboratory and provides samples for the water quality analysis instruments. The water purifier produces ultrapure water and stores it in a 60-L tank equipped with a UV sterilization lamp.






2.3 Multi-parameter water quality analysis system

MPWQAS is installed in the dry laboratory below WSCDS,comprising three water quality analysis instruments, all of which underwent measurement calibration before being installed on board. The three instruments are as follows: (i) automatic nutrient analyzer (ANA), which uses discontinuous photometry to measure the concentrations of ammonia, nitrite, nitrate, phosphate, and silicate in seawater; (ii) online heavy-metal analyzer (OHMA), which uses electrode and electrochemical detection principles to measure the concentration of trace metal ions such as zinc, cadmium, copper, and lead in seawater; (iii) total phosphorus and total nitrogen analyzer (TPTNA), which determines the content of total phosphorus (TP) and total nitrogen (TN) via chemical analysis methods. The instrument photograph is shown in Figure 8, and the specifications of the instruments are outlined in Table 1.




Figure 8 | Physical image of the instruments.




Table 1 | Specifications of instruments for analyzing water quality.



The analysis methods and detection parameters of the water quality analyzers may vary, but they share common working principles in terms of power supply, communication, and water sample acquisition. The analyzers are typically powered by a 220-V alternating voltage that is distributed through the laboratory’s distribution box. They use the RS-232 serial communication protocol and are linked to the ship’s LAN via a serial server, assigning each analyzer a unique internet protocol address. The sampling ports of the analyzers are connected to the seawater sample distribution pipelines, with sampling time and volume controlled by electromagnetic valves within the analyzers.




2.4 Integrated management platform system

IMPS encompasses various functions including equipment monitoring, data collection and storage, data analysis and processing, and information services. It effectively manages and controls WSCDS and MPWQAS by establishing a shipborne computer network that adheres to Internet/Intranet technical standards. The application programs of IMPS uses an asynchronous message bus architecture to facilitate message scheduling, and the various application components such as data collection, data display, data processing, and device control are interconnected with IMPS via message exchange. The asynchronous message transmission service uses bus routing technology to enable seamless message transmission and exchange between the application server and monitoring components. By leveraging bus routing, the system publishes service components, handles service requests, and invokes response services, thereby enhancing the operational efficiency of IMPS.

IMPS uses a database management system with Browser/Server architecture for data management. Furthermore, IMPS is responsible for collecting parameters from shipborne GPS, gyrocompass, hydrological, and meteorological equipment, thereby enabling real-time monitoring of the operational status of the shipborne equipment. The data from continuous observation equipment—such as hydrological and meteorological information—are displayed dynamically and vividly in various forms including curves, dials, data tables, vector maps, and LED light conversion. The main interface allows for the input of control information and monitoring of the equipment’s running status through basic control forms such as text data input controls, button controls, list controls, and drop-down list controls, as shown in Figure 9.




Figure 9 | Main interface of IMPS.






2.5 Sea trials

Having developed ASIPWQI, we conducted two sea trials in China’s Jiaozhou Bay (JB) and four in the Bohai Sea (BS) to verify the stability of the system’s operation. Also, the applicability of the monitoring system was confirmed in comparative experiments with water samples collected by the system and those obtained using traditional manual methods. In the JB sea trials,21 water samples were collected from various depths at 13 stations (Figure 10A), with the maximum sampling depth being 38 m. In the BS sea trials,100 water samples were collected from various depths at 44 stations (Figure 10B), with the maximum sampling depth being 48 m. In accordance with the Ocean Monitoring Specification requirements, only surface water samples were collected at stations with a water depth of less than 10 m, surface and bottom water samples were collected at stations with a water depth of more than 10 m but less than 20 m, and surface, middle, and bottom water samples were collected at stations with a water depth exceeding 20 m. The depth of surface water sample collection was 1–2 m from the sea surface, that of middle water sample collection was 10 m from the sea surface, and that of bottom water sample collection was 1–2 m from the sea floor.




Figure 10 | Maps of stations used in sea trials: (A) Jiaozhou Bay; (B) Bohai Sea.



As the ship arrived a sampling station, the operator configured the working mode using IMPS based on the depth information provided by the echo sounder. Upon initiating the start command, WSCDS began collecting water samples sequentially from the bottom layer, middle layer, and surface layer. Simultaneously, the deck test personnel initiated manual sampling using a ball valve water sampler, as shown in Figure 11. The thin rope attached to the ball valve water sampler was marked with a knot every meter, and the test personnel determined the water depth by counting the number of knots. After the sampler was raised onto the deck, the collected samples were transferred into plastic bottles, labeled with the station position, water depth, and layer number (surface, middle, or bottom), and stored in a refrigerator. The test personnel also retained water samples obtained by WSCDS through the designated sampling ports. These samples were similarly labeled with the station position, water depth, and layer number before being stored in the refrigerator. For each layer of water samples at every station, two parallel samples were collected and retained. Following the ship’s return to port, the collected samples were transported to the onshore laboratory for further processing and analysis, and a comparative study was conducted to evaluate the differences between the two methods used for sample collection.




Figure 11 | Photographs of sampling methods: (A) automatic; (B) manual.







3 Results and discussion



3.1 System stability

The JB sea trials were conducted during summer (August), with daytime temperatures exceeding 35°C, whereas the BS sea trials were conducted during winter (December), with temperatures dropping below 0°C. Nevertheless, throughout the sea trials, the mechanical and electrical performance of ASIPWQI was resilient to the temperature extremes. The longest operational period was 44 days during the BS sea trials, with the system operating continuously for 24 h each day under favorable weather conditions. In total, 200 samples were collected from 88 stations at varying depths, and the absence of any system malfunctions during this high-intensity fieldwork underscores the stability and reliability of the system’s performance.




3.2 System applicability

Water sample collection is a crucial step in water quality monitoring because only properly collected seawater samples can ensure the accuracy of the monitoring data. We investigated the differences between the automatic sampling method and the traditional manual sampling method; by comparing the results of laboratory measurements of water samples collected using both methods during the same JB voyage, we aimed to identify any discrepancies and analyze their implications. To conduct these analyses, we used the SPSSAU statistical software to perform analysis of variance(ANOVA) and correlation analysis on the collected data (SPSSAU, 2024) in order to demonstrate the applicability of the system by highlighting the differences and correlations present in the data. Furthermore, we used PRE statistical methods to analyze the measurement results quantitatively.



3.2.1 One-way ANOVA and correlation analysis

We conducted one-way ANOVA and correlation analysis to analyze the significant differences and correlations in the data collected during the first JB voyage, and the results are presented in Table 2. As can be seen, all monitored elements exhibit consistency with no significant differences, and a strong correlation is observed at the 0.01 significance level. This suggests that the water samples obtained using the two sampling methods are comparable.


Table 2 | Statistical results of one-way ANOVA and correlation analysis.



By creating scatter plots, we can effectively visualize the distributions of the laboratory test data for the two types of water samples, as shown in Figure 12. The graphs show that for monitoring elements other than lead, the slope of the regression equation is close to unity with a low blank value (y-axis intercept), indicating strong correlation and regression. This suggests that ASIPWQI has minimal impact on these elements, making it suitable for their monitoring. While lead also exhibits good correlation, the regression equation’s large and positive blank value may be attributed to lead infiltrating from the pipeline materials of the automatic sampling system into the water samples (Yu et al., 2013). Currently, polymer materials used for laboratory equipment often contain various metal elements and polymeric organic compounds, and lead salts are incorporated as stabilizers during uPVC production (Peng and Liu, 2019). Soaking experiments on uPVC water pipes used for transporting drinking water have indicated that lead can leach into the water during soaking; the precipitation rate is highest at the outset, followed by a rapid decline and ultimately reaching equilibrium within 90 days (Qiao et al., 2000). Therefore, ASIPWQI is also suitable for monitoring lead content if (i) the pipelines are soaked in pure water for longer to address the issue of lead permeation and (ii) blank correction methods are used during data processing to yield more-precise lead values. The data analysis results indicate that the lead concentration in JB seawater complies with Class-II seawater standards, aligning with reported findings (QJPG, 2019).




Figure 12 | Scatter plots of monitoring elements.






3.2.2 Analysis using practical relative error

We use PRE statistical methods to analyze quantitatively the measurement results of water samples. Practical relative error is a measurement method used to measure the differences between measurement results and true values, to evaluate the accuracy of measurement results, and to describe the degree of relative difference between measurement results and true values. The smaller the PRE, the closer the measurement result is to the true value, and the higher the accuracy. The PRE δ is calculated as

	

where, xtest is the measurement value obtained automatically in the laboratory and xrealis that obtained manually in the laboratory.

The minimum error of the shipborne water quality analysis instruments is 10% of the reading, so we set the threshold for δ to 10%: data with PRE below this value are considered qualified, and data with PRE above this value are considered unqualified. After removing obvious erroneous data, we calculated the PRE of each element and calculated the qualified data rate, and the results are presented in Table 3.


Table 3 | Statistical results ofanalysis using practical relative error.



The results show that the qualified data rates for zinc, cadmium, lead, TN, TP, nitrite, ammonia, phosphate, and silica are greater than 70%, indicating that the water samples obtained by the automatic sampling method are fully suitable for monitoring these elements. Because of the fluidity and non-repeatability of seawater, even samples obtained continuously at the same station are not completely identical. Furthermore, the water samples obtained by automatic and manual sampling methods are not seawater from the same location, and there are also differences. We consider the errors caused by these differences to be random errors. The qualified data rates for copper and nitrate are 60% and 63%, respectively. Although the actual qualified data rates for these two elements are relatively low, considering the influence of random errors, a qualified data rate of over 70% can be obtained after correction. Therefore, the water samples obtained through automatic sampling are also suitable for monitoring these two elements.






4 Conclusions

In summary, ASIPWQI uses onboard LAN for efficient automatic collection, online analysis, and data release of multi-layer water samples, thereby enhancing monitoring efficiency. Sea trials in JB and BS spanning hot summer and severe winter conditions demonstrated the system’s resilience to varying temperatures in China’s nearshore waters. The system operated without malfunctions during high-intensity sea trials, validating the rationality of its design. We use national standard procedures in the laboratory to test parallel water samples obtained by automatic and manual methods. The results of one-way ANOVA and correlation analysis indicate that there are no significant difference in all monitoring elements of parallel water samples, and there is a strong correlation at the 0.01 level. The PRE analysis shows that the data rate with a relative error of less than 10% for monitoring elements is greater than 70%, which meets the technical requirements of marine monitoring equipment. The statistical analysis results indicate that ASIPWQI is suitable for routine monitoring of nutrients, heavy metals, and TP and TN. ASIPWQI is an innovative, real-time and efficient marine water quality monitoring technology.

Certainly, ASIPWQI still has some limitations to be addressed. The system’s sampling depth is constrained by the suction head of the water pump, restricting the maximum depth for water sample collection to 50 m. However, this depth is deemed adequate to fulfill the water quality monitoring requirements for China’s offshore waters. Furthermore, the current system is equipped with only three types of water quality analyzers. To enhance the functionality of ASIPWQI, it is essential to consider expanding the range of analysis instruments. This could include incorporating additional tools such as a multi-parameter water quality detector, a biological oxygen demand analyzer, and a chemical oxygen demand detector, among others. By broadening the array of analysis instruments, ASIPWQI can offer a more comprehensive suite of capabilities.
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