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The coastal area in the northern South China Sea (nSCS) is one of China’s most economically active regions. The fast-growing industry of marine sector and the shipping has increased the probability of oil spill accidents. An oil spill is a usually unexpected incident that is harmful to the ecological environment and marine organisms of the coastal area. As a result, utilizing a numerical model to simulate the fate and transport trajectory of spilled oil and to assess the potential risk of an oil spill accident to the coastal marine environment is of great necessity. The present study aimed to examine the impact of the risk of oil spills on the coastal environment in the nSCS. We built a hydrodynamic model and an oil spill dispersion model based on MIKE21 FM to study the tidal dynamics and oil spill dispersion in the coastal area in the nSCS. Moreover, the stochastic approach was used to simulate and predict the fastest arrival time and the probability distribution of the pollution of the oil film to the surrounding environment in the coastal regions of the nSCS. We examined the mechanisms for the influences of tides and wind on the fastest arrival time of oil film and the spatial distribution of the pollution probability of oil spill incidents at different locations in the nSCS based on the model. The results showed that the wind direction has a dominating effect on the direction of the oil dispersion. Due to the differences in the tidal dynamics in different regions, the migration and dispersion of the oil are also affected by the tidal current. This research provides guidance on the risk assessment of oil spill accidents for marine environmental management.
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Introduction

Oil exploration and transportation activities have been promoted due to the increase in petroleum demand and consumption in recent decades. The frequent production and transportation activities on the sea increase the potential for the risk of oil spills to the marine environment. Man-made errors and failures, such as collisions of construction and shipping vessels, ship groundings, and crude oil pipeline ruptures, emit tons of crude oil to the ocean (Chen et al., 2019). A sudden oil spill accident can have a devastating effect on the marine environment and marine ecosystem because of the high concentration of the contaminants and the difficulties with treatment (Law and Hellou, 1999; Fisher et al., 2016; Wang et al., 2020). The oil film spreading on the sea surface will hinder water reaeration and decrease the dissolved oxygen concentration in the water column and would finally deteriorate the bottom hypoxia (Rabalais et al., 2018). Generally, oil spills harm ocean life in two ways: via fouling/oiling (Alkhatib et al., 2021) or oil toxicity (Demiguel-Jiménez et al., 2021). Fouling or oiling happens when oil physically harms plants or animals (Camphuysen and Heubeck, 2015; Troisi et al., 2016; Chen et al., 2020). It can cover a bird’s wings, causing it to be unable to fly. Additionally, oil has many different toxic compounds that lead to severe health problems (Ferguson et al., 2020). Thus, the prediction and risk assessment of oil spill incidents are important for marine environment protection. The coastal area of the northern South China Sea (nSCS), centered on the Greater Bay Area (Guangdong–Hong Kong–Macao Great Bay Area), is one of the most active areas in China’s national economic development (Yu, 2021). A lot of marine constructions are built to provide offshore services, leading to intense maritime traffic carrying oil and petroleum during shipping (Chen et al., 2018). Any leakage of the oil into the environment can cause the long-term contamination to the environment and finally spoil the delicate balance of the offshore ecology. Meanwhile, the research indicates that oil spill incidents that occurred many years ago still affect the environment and impact the local ecosystems (Beyer et al., 2016; Gao et al., 2018). Major concerns were raised about the potential influence of oil spilling accidents on the marine environment. Thus, the study on the impact of offshore oil spills in the nSCS can provide basic knowledge for offshore environmental protection.

A numerical simulation of the trajectory of an oil spill is the main method for the analysis and assessment of oil spill hazards (Prasad et al., 2018; Balogun et al., 2021). Depending on different hydrodynamic and meteorological conditions, the numerical simulation of oil spill risk is generally divided into a typical scenario simulation and a stochastic scenario simulation (Keramea et al., 2021). Among them, a typical scenario simulation is more widely used (Kampouris et al., 2021). Generally, a dominant and unfavorable wind direction are the only two conditions that are considered in a typical scenario simulation. Tidal dynamic conditions only include flooding and ebb-tidal periods. The above meteorological and hydrological conditions are combined into several typical scenarios. The oil spill trajectory model is used to predict the drift trajectory of the oil film and the fastest time for the oil spill to reach the environmentally sensitive regions forced by the meteorological and hydrological conditions given for each typical scenario. Samuels et al. (2013) developed an oil spill modeling system that can be applied on a global scale. Prakash et al. (2015) used oil weathering processes to predict critical slick properties such as viscosity and density.

However, the hydrographic and meteorological conditions of the ocean change at any time, and the occurrence of oil spills is random. The deterministic approach cannot reflect the oil spills’ stochasticity and the uncertain impact of oil spills on the marine environment. Therefore, more and more researchers have started to use the stochastic approach to simulate and assess the pollution risk of oil spills to the sea in recent years (Al-Rabeh et al., 1989; Amir-Heidari et al., 2019; Saçu et al., 2021). The stochastic scenario simulation is a method developed based on probability theory by numerically simulating the oil spill drift trajectory with hundreds of random scenario combinations for potential oil spill incidents. Meteorological and hydrological conditions were randomly selected from the wind and tidal fields at any time in the past years with uncertainty in the time of the occurrence of each random scenario. For each stochastic scenario, data such as the elapsed time of pollutants and oil film thickness at each moment are calculated and recorded for each model grid (Toz, 2017). Finally, with the statistical information on the probability of pollution and the fastest arrival time of the oil film for each model grid under the influence of the oil spill, combined with the distribution location of sensitive environmental targets around the study area, we can obtain the pollution probability and the fastest arrival time of the oil film for each sensitive environmental target or the oil spill (Zacharias et al., 2021).

From the above analysis, it can be seen that the use of the stochastic approach and the combined use of stochastic and typical scenario simulation methods to predict the impact of oil spills on the marine ecosystem have been widely used in recent years (Niu et al., 2016; Saçu et al., 2021). However, the existing research lacks in-depth studies on the dynamic mechanisms of the spatial distribution of pollution probability and the fastest arrival time of the oil film in oil spill accidents obtained from the simulation of the stochastic scenario method, which cannot provide a scientific basis for the marine management department to formulate scientific and effective countermeasures for the risk management of oil spill accidents.

Therefore, this study used a stochastic approach to predict the pollution probability and shortest arrival time of the nearshore oil spill incident in the nSCS to the surrounding marine environment. The driving mechanism of tidal dynamics, the wind field on the spatial distribution of pollution probability and the shortest arrival time were analyzed to provide a deeper understanding of oil’s impact on the nSCS. This can be used to improve the accuracy of the risk assessment of coastal oil spills in the nSCS and the decision support for the marine management department to develop effective risk management countermeasures for oil spill incidents.



Methodology

This research selected the coastal area near Shantou in the nSCS to study the impact of oil spill risk based on a stochastic scenario simulation. The MIKE21 FM model was used to numerically simulate the tidal dynamics and the oil spill trajectory in the study area. This section will briefly introduce the tidal dynamic model, the oil spill dispersion model, and the setup of the stochastic scenario simulation.


Hydrodynamic model setup and validation

Figure 1 shows the model domain and model grid in the coastal area of the nSCS. The model used an unstructured triangular mesh. The entire model domain consists of 2840 nodes and 5091 triangular cells, with a minimum horizontal resolution of ~25 m. The coastline and water depth of the model were obtained by digitizing and interpolating the latest nautical chart data. The open boundary of the model is driven by the hourly tidal elevation. The driving data are interpolated from the global tidal inversion model (TPXO7.2) developed by Oregon State University (OSU) in the USA. The model’s simulation period starts from 1 September 2020 to 30 September 2020.




Figure 1 | Model domain and model grid of the coastal tidal dynamic model in the northern South China Sea.



A 25-hour tidal elevation series at station T1, and a 25-hour tidal current with observations of the direction and velocity at stations V1 and V2 was used to validate the tidal dynamic model in the nSCS. The location of each station is shown in Figure 1. The modeled time-series of the tidal elevation, velocity and direction of tidal currents were compared with the observed data, and the results are shown in Figures 2, 3. The time-series distribution of the tidal elevation and current velocity simulated by the tidal dynamics model is consistent with the distribution trends observed in the field. The model successfully simulates the trends of high and low tides at the observed stations. Quantitative statistics show that the average error of the tide level is 0.08 m. Overall, the hydrodynamic model in the nSCS can better reproduce the tidal dynamic process in our model domain. The results can be applied to the nearshore oil spill trajectory and the oil spill risk assessment study in the nSCS.




Figure 2 | Comparison of the hourly tide levels calculated by the tidal model with the tide levels observed at station T1.






Figure 3 | Comparison of tidal flow velocity and direction calculated by the tidal model with the observations conducted at a) Station V1 and b) Station V2.





Setup of the oil spill model

We use the MIKE model’s OS oil spill model to simulate the accidental oil spill’s fate and transport trajectory. In our oil spill model, the oil spill enters the water body after the oil spill accident. It first expands in all directions due to gravity, inertia force, viscosity, and surface tension, forming a large area of oil film. After that, it starts drifting and spreading under the effect of environmental factors such as tidal currents and sea surface wind. The oil from the spilling accident contains various components with different vapor pressure, solubility, viscosity, and surface tension. The highly volatile components evaporate quickly, some of the lighter carbon components will gradually dissolve in water, and the non-volatile parts will remain on the sea surface. After the accident happens, the oil film spreads and migrates on the sea surface affected by the wind and tide, while evaporation, emulsification, and dissolution processes occur.

The oil spill model is based on the model of “oil particles”, which treats the oil spill as being many oil spill particles. It uses the Lagrange random walk approach and the particle cloud principle to describe the process of oil spill diffusion and considers the processes of the evaporation, emulsification, dissolution, and biodegradation of the oil spill. The hydrodynamic field calculated by the tidal model provides the corresponding turbulent diffusion coefficients for the oil spill model to simulate oil particles’ drift and diffusion processes. Since the offshore wind conditions (wind speed and direction) significantly influence the motion of the oil film, the effect of wind on the motion of the oil film is considered in the simulation.

In this paper, the oil spill is set to occur at two locations, named O1 and O2 in Figure 1, and the accidental oil spill volume is assumed to be 3000 tons. The oil spill is taken as the continuous point source with a duration of 1 hour.



Setup of the stochastic oil spill risk scenario

Based on the tidal dynamics and the oil spill model constructed in the previous section, this section sets up stochastic scenarios for oil spills occurring at stations O1 and O2. About 300 stochastic scenarios with random hydrodynamics and wind forcing fields were set up. For each stochastic scenario, 6-day continuous hydrodynamic data were randomly selected from the 30-day hourly field of tidal dynamics calculated by the hydrodynamic model. Moreover, a 6-day continuous wind speed and direction were randomly selected from the daily average wind vectors at the sea surface over 3 years (1 January 2017–31 December 2019) of NCEP/NCAR data. The above randomly selected tidal dynamic field and sea surface wind field boundary conditions were used as the lateral open and surface momentum boundary conditions of the model, respectively, to simulate the oil spill dispersion at O1 and O2 for each stochastic scenario. In each stochastic scenario simulation, we record information on the oil film thickness for each grid of the model to determine whether the grid is contaminated by the oil spill and the time when the oil spill reaches the grid. Finally, the oil spill contamination probability (P) and the fastest oil spill arrival time (T) are statistically calculated for each grid based on the results of 300 simulations of random scenarios. The following equations are used to calculate P and T:

 



where i is the grid cell number of the model; P(i) is the probability of the pollution of grid cell i by the oil spill; n is the total number of simulations (n=300); M(i) is the number of times the accidental oil spill contaminated grid cell i in N runs of the simulation; and T(i) is the minimum time for the oil spill to spread to grid cell i in N runs of the simulation.




Results and discussion


Distribution of the tidal currents

This study analyzes the spatial distribution characteristics of nearshore tidal dynamics in the nSCS based on the modeled hourly tidal field. Figures 4, 5 show the model’s simulated tidal velocity vectors and speed distributions during peak flood and ebb-tidal periods. The study area is dominated by SW and NE directions of the flood and ebb tidal currents, and the tidal current is mainly a reciprocal flow. Among them, the tidal flood flow is mainly in the SW direction and the ebb-tidal flow is mainly in the NE direction. The spatial distribution of tidal currents is significantly influenced by the coastline and topography, and the direction of tidal currents is basically parallel to the coastline. The maximum tidal velocity at the flood and ebb tide is about 0.5 m/s. The maximum tidal flow at the ebb tide is slightly higher than that at the flood tide.




Figure 4 | Tidal current distribution during the peak flood tidal period in the northern South China Sea calculated by tidal model (The arrow is the tidal velocity vector, and the color filled graph is the current speed distribution).






Figure 5 | Tidal current distribution during the peak ebb tidal period in the northern South China Sea calculated by tidal model (The arrow is the tidal velocity vector, and the color filled graph is the current speed distribution).





Results of the stochastic stimulation

Figures 6–9 show the distribution of the fastest arrival time (T) and pollution probability (P) of the oil film caused by the oil spill incident at sites O1 and O2, respectively, based on the stochastic simulation. From the prediction results, when an oil spill occurs at point O1, both the northeast and southwest sea areas at the spill location have a higher probability of being contaminated by the oil spill (maximum contamination probability >10%), and the time for the oil film to reach the area is shorter.




Figure 6 | Distribution of the fastest arrival time (T) for the oil film from the oil spill accident occurred at site O1.






Figure 7 | Distribution of pollution probability (P) for the oil film from the oil spill accident occurred at site O1.






Figure 8 | Distribution of the fastest arrival time (T) for the oil film from the oil spill accident occurred at site O2.






Figure 9 | Distribution of pollution probability (P) for the oil film from the oil spill accident occurred at site O2.



When an oil spill occurs at the O2 site, the southwest area of the spill location has a higher probability of being contaminated by the oil spill and has a shorter time for the oil film to reach the area.



Mechanism analysis

Based on the wind speed and direction data of 300 randomly selected cases from the above 3-year daily averaged NCEP/NCAR wind field data, the wind frequency of the study area, and the average wind speed within the corresponding wind frequency were statistically obtained to form the wind rose diagram (Figure 10). The maximum wind frequency in the study area is northeast, and the wind frequency in this direction is greater than 8%. The maximum wind frequency corresponds to the maximum speed. The maximum wind speed in the northeast direction exceeds 10 m/s. In general, the prevailing wind direction in the study area is northeast, and the wind speed is high.




Figure 10 | Wind rose diagram based on 300 randomly selected scenarios from 3-year daily averaged NCEP/NCAR wind data.



The distribution of the fastest arrival time of the oil film and the probability of the contamination of the oil spill at the two stations are consistent with the distribution of the prevailing wind direction in the region. Under the influence of the prevailing wind (northeast wind), the oil spill mainly spreads to the southwest, and the southwest of the accident site has a high probability of being contaminated by the oil spill. The wind direction has a significant effect on the direction of the dispersion of the oil spill. However, the probability of oil spill contamination at site O1 and the fastest arrival time of the oil film are also larger to the northeast of the spill site. It indicates that some of the oil film also spreads to the northeast of the accident site, which is opposite to the prevailing wind direction, indicating that the tidal dynamic process in the region may also play a role in the spread of the oil film.

Figure 11 shows the distribution of 30-day hourly tidal currents at stations O1 and O2 calculated by the tidal model in the nSCS. The tidal current distribution in site O1 and site O2 demonstrates significant differences. The breakwater built to the northeast of site O1 has resulted in a change in the tide at that location. The tide at site O1 flows mainly in the north–west direction, and the maximum tidal current velocity is about 0.25 m/s. The tidal current at site O2 is a typical reciprocal flow, flowing southwestward at high tide and northeastward at low tide. The tidal current velocity is high, with a maximum speed greater than 0.3 m/s. The relatively strong northwesterly tidal current velocity at site O1 has an influence on the spread of the oil spill, causing part of the oil spill at this site to spread to the northeast. Although the reciprocal flow is more dominant at site O2, the spreading of the oil spill at this site is mainly affected by the wind.




Figure 11 | 30-day hourly tidal current distributions at stations: (a) O1 and (b) O2, calculated by tidal model in the northern South China Sea.



In summary, the oil film dispersion caused by the nearshore oil spill accident in the nSCS is mainly influenced by the wind. Due to the difference in tidal dynamic conditions in different regions, the dispersion of oil spills from accidents in some regions is also influenced by tidal processes.




Conclusion

In the present study, a coastal tidal dynamics model was developed for the nSCS, and the model was validated using the field observed data. An oil spill dispersion forecasting model based on “oil particles” was built. Based on the above models, the stochastic approach was used to simulate the fastest arrival time of the oil film and the probability of contamination distribution to the surrounding marine environment from oil spills at the nearshore O1 and O2 sites in the nSCS.

Based on the simulation results of the fastest arrival time of the oil film (T) and the probability of contamination (P), the accidental oil spill, affected by wind forcing and tidal dynamic processes, mainly influences the northeast and southwest areas of the accidental site. The wind has a significant effect on the dispersion direction of the accidental oil spill, and both the migration and dispersion of accidental oil spills in some regions are also influenced by tidal processes.

We suggest using a stochastic scenario approach to predict the potential threat of an accidental oil spill to the surrounding marine environment and develop a scientific risk management strategy.
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