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The Pearl River delivers a large amount of plastic waste to the Pearl River Estuary (PRE) and adjacent Northern South China Sea (NSCS) region each year. However, the transport of floating litter after release is difficult to predict due to the complex hydrodynamic conditions caused by the climate variability. A regional ocean circulation model coupled with a Lagrangian particle tracking model is utilized in this study to simulate the distribution and fate of floating litter particles in the Pearl River Estuary (PRE) and Northern South China Sea (NSCS) under the influence of El Niño - Southern Oscillation (ENSO) event. Simulations are conducted during all four seasons (spring, summer, fall, and winter) in typical El Niño, La Niña, and ENSO-neutral year. The model reveals that most floating litter remains within Lingding Bay before being transported westward by the counterclockwise circulation over the NSCS and arriving at the Qiongzhou Strait. After crossing the Strait, the debris is carried by the counterclockwise circulation of the Beibu Gulf, and eventually arriving at the coasts of Vietnam and Laos. The ENSO warm (El Niño) and cold (La Niña) phases disrupt circulation patterns and modulate the amount of Pearl River runoff, thereby altering the transport pathways and grounding probabilities of floating litter. During La Niña years, floating litter particles spread over a wider area, travel longer distances, and have lower beaching probabilities. Conversely, during El Niño year, floating litter particles tend to remain within Lingding Bay for longer durations, with some debris entrained towards the Hong Kong region. This study underscores the impact of climate mode of variability in influencing the litter sources, fate and transport and accumulation at estuarine-coastal oceans, which will provide critical scientific insights for plastic pollution management in the PRE - NSCS region, which is a newly identified hotspot for floating litter and microplastic pollution in global oceans.
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1 Introduction

The widespread use of plastic products has led to a significant increase in marine litter pollution. According to the global data and business intelligence platform Statista (https://www.statista.com/markets/410/topic/960/plastic-rubber/#overview), the worldwide production of plastic reached over 400 million metric tons (mt) in 2022. A significant portion was dumped in the rivers and ultimately reached the oceans. So far, it is estimated that there are approximately 250 metric kilotons (mkt) of plastic pollution floating in the global oceans, with an additional new input about 800 - 2,400 kt per year from the rivers (Meijer et al., 2021; Kaandorp et al., 2023). When positively buoyant plastic litter enters the marine environment, it is transported by oceanic currents, dragged by winds, and eventually accumulates in open or coastal oceans (Martinez et al., 2009; Kako et al., 2010; Law et al., 2014; Suaria and Aliani, 2014; Cózar et al., 2015; Ryan, 2015; Meng et al., 2020). This marine litter has been well-documented to pose threats and ecological risks to marine ecosystem and indirectly affect human health (Barnes et al., 2009).

Both the sophisticated global and regional ocean circulation models linked to particle - tracking models have been widely used to investigate the source, fate, transport and accumulation of plastic waste in the ocean, thereby compensating insufficient ocean observations (National Oceanic and Atmospheric Administration, 2016). A global dynamic study of floating debris identified five accumulation zones in subtropical latitudes of major ocean basins: the Indian Gyre, North Atlantic Gyre, North Pacific Gyre, South Atlantic Gyre, South Pacific Gyre (Lebreton et al., 2012). The study conducted in the Adriatic Sea demonstrated that the distribution of floating debris corresponds to the spatial distributions of plastic debris inputs from rivers, cities, and shipping lanes, exhibiting clear seasonal patterns associated with the basin scale circulations (Liubartseva et al., 2016). Furthermore, a study in the Aegean Sea (Greece) found recurrent high concentrations of floating litter particles in the North Aegean plateau, Saronikos Gulf, and around the islands of Evia and Crete (Politikos et al., 2017). The study in Mediterranean Sea has found that relative to ocean circulation, the fates of plastic debris are also sensitive to its density and sinking speed (Baudena et al., 2023).

China is one of the largest plastic producers in the world. In 2022, its plastic production accounted for 32 percent of global output. In recent years, understanding the concentration, distribution, and transport of plastic litter in China Seas has emerged as a significant environmental concern for scientists, government officials, and stakeholders. Quantitative simulations have been widely employed to explore the distribution patterns of floating debris, as well as micro- and mesoplastics in various coastal waters of China (Li et al., 2018; Ding et al., 2019; Zhang and Choi, 2021; Yin et al., 2022; Jiang et al., 2024). These studies have revealed that the heavily polluted areas during the summer are primarily located in the South and East China Seas, with the Yangtze River identified as a major contributor (Sun et al., 2022; Liu et al., 2023). In the autumn and winter, the majority of the microplastics were found stranded along the south-central coast of China (Liu et al., 2023). Furthermore, increasing the vertical velocity of the plastics in numerical models extends the time required for plastic reach the open ocean (Shen et al., 2022). Nevertheless, these studies have revealed the seasonal transport and distribution patterns of floating litter, these remains a knowledge gap regarding how inter-annual circulation variability, associated with large scale climate events, can impact the fate and distribution of plastic debris. Previous studies have shown that the transport of plastic litter in the marine environment takes a considerable amount of time due to its high persistency in the environment (Lebreton et al., 2019; Kaandorp et al., 2023). Therefore, understanding the inter-annual variability of distribution pattern, particularly in relation to large-scale climate variability, is crucial for understanding and predicting long-term environmental and ecological trends (Howell et al., 2012). This will help inform adaptive management strategies and mitigate the impacts of climate variability on ecosystems.

The Pearl River is the second largest river in China. It is considered a significant conduit for plastic waste transport due to heavy anthropogenic activities in recent years. After the plastic debris are released from the Pearl River, they would pass through the Pearl River Estuary (PRE) and finally enters the Northern South China Sea (NSCS) shelf, where it encounters various intricate shelf circulations and monsoons. This complex hydrodynamic condition makes it difficult to predict the transport pathway of floating debris into the ocean (Gan et al., 2009; Shu et al., 2018a). The NSCS exhibits inter-annual variability in circulation and hydrological properties, which has been found to be associated with the large scale climate variabilities, the El Nino - Southern Oscillation (ENSO) (Qian et al., 2018; Lui et al., 2020; Deng et al., 2022; Cui et al., 2024b). Consequently, this region serves as an ideal location to investigate how climate variability influences the transport patterns of floating litter. The main objectives of this study is to: (1) investigate the fate and distribution of floating litter particles in the NSCS after they release from the PRE; (2) explore the potential impact of ENSO on the transport of floating litter particles released during different seasons; (3) predict the probable fate and distribution of litter in shoreline areas during El Niño, La Niña and ENSO-neutral years.




2 Materials and methods



2.1 Study area

The Pearl River Basin spans more than 796,300 km2 across eight provinces in China, with a total population of nearly 60 million. It encompasses three subestuaries: Lingding Bay, Modaomen and Huangmaohai. Among these, Lingding Bay receives about 50 - 55% of the total freshwater discharge from the Pearl River. The extensive catchment area of the PRE includes nine densely populated cities in Guangdong Province, which are characterized by intensive aquaculture (fisheries) and industrial activities (Xu et al., 2019; Lam et al., 2020; Zhang et al., 2021). Consequently, these activities lead to significant waste discharges into the Pearl River. So far, about 2.5 × 106 tons of plastic waste are emitted into the ocean each year, ranking as the seventh highest source among the world’s rivers (Fok and Cheung, 2015; Lebreton et al., 2017; Mai et al., 2019; Weiss et al., 2021).

After the floating debris are released, they enter the PRE - NSCS Shelf, where they will be transported by the shelf currents. The complex dynamics of the circulation and water movement on the NSCS shelf are influenced by various factors, including winds, tides, Kuroshio intrusions, and freshwater discharges from the PRE (Shu et al., 2018b). These processes are further shaped by the local topography of the region (Shu et al., 2018a; Li et al., 2021). Throughout the year, the SCS experiences a predominantly anticlockwise cyclonic circulation, which weakens in summer and strengthens in winter. In the Beibu Gulf, an unclosed anticlockwise circulation persists year - round. Near the coastal region of Guangdong Province, the coastal jet is southwesterly in summer and northeasterly in winter. Further offshore, the northeasterly South China Sea warm current prevails throughout the year. In the vicinity of Shantou and Dongshan Island, a strong upwelling region occurs due to seasonal variable winds. The NSCS is characterized by several prominent circulation features that define its typical characteristics, including the NSCS slope current, the SCS warm current, the Guangdong coastal current, summer upwelling in the NSCS, and winter downwelling (Figure 1). Together, these components form the fundamental circulation patterns observed within the NSCS (Shu et al., 2018b).




Figure 1 | The topography (m) and diagrammatic sketch of circulation in the NSCS. The solid blue arrow denotes the summer current, while the dashed blue area represents the wind current flowing over the shelf.






2.2 Ocean circulation model

The hydrodynamic model here we use is the Regional Ocean Modelling System (ROMS; Shchepetkin and McWilliams, 2009). For short, the simulation domain spans the region from 104.98° - 120.55°E, 16.54° - 25.96°N with an average spatial resolution of about 4 km (Figure 2). The model has 30 terrain following vertical layers. The physical model is configured to use the recursive MPDATA 3D advection scheme for tracers, fourth - order horizontal advection of tracers, third - order upwind advection of momentum, and the Mellor and Yamada (1982) turbulent closure scheme for vertical mixing. The viscosity/diffusion coefficient for second - harmonic horizontal mixing is set to 10 -5 m 2s -1. The numerical integration is performed with an internal modal time step of 900 s and an external modal time step of 60 s, according to the Courant - Friedrichs - Lewy criterion. More details on the model configuration could refer to Feng et al. (2022) and Luo et al. (2023).




Figure 2 | The ~ 4 km ROMS model domain (the black box). The green line in the figure represents the cross-section of the PRE in where particles were released (113.59°E, 22.65°N - 113.75°E, 22.72°N). Two transects, T1 and T2 are marked as magenta lines to calculate the exchange of floating litter. T1 measures the exchange between the PRE and the coastal areas of Guangdong Province (GP), while T2 quantifies the exchange between the coastal areas of Guangdong Province (B) and the Beibu Gulf (BG), respectively (see Table 1; Figure 3).






Figure 3 | Daily emission of particles across transects T1 in (A) 2011; (C) 2012; (E) 2015; and T2 in (B) 2011; (D) 2012; (F) 2015.






2.2 Particle - tracking model

Simulations were conducted using the Lagrangian tracking model TRACMASS (https://www.tracmass.org/index.html). The model is based on the Eulerian velocity field to diagnose the forward and backward transport paths of the water column, written in Fortran by Döös (1995) (Döös et al., 2017), and is one of the offline tracking models widely used by oceanographers and atmospheric scientists at present. The grid of TRACMASS is consistent with the C - grid, which is universally applicable to a wide range of ocean models (e.g. ROMS, HYCOM, POM, etc.) output formats (Döös et al., 2008).

In this study, we treated floating litter particles as passive drifters, only influenced by surface currents and diffusion. We did not account for additional properties, such as sedimentation, degradation, or density, since our focus was on floating litter rather than microplastics. These assumptions were also adopted by Politikos et al. (2017) in their study, which simulated the fate and distribution of floating litter particles in the Aegean Sea. Therefore, the horizontal movement of a particle is determined by the surface current velocities obtained from ROMS. We also took into consideration random displacement coordinates (xd, yd) based on the time step (dt), and the horizontal diffusivity value (Ah). The position of a particle is calculated using the following equation:





where Ah represents horizontal diffusion constant (Ah was set to 10 -5 m2 s-1 in this experiment); qn represents random numbers defined between zero and one.




2.3 Experiments design and output analysis

To identify ENSO events from 2008 to 2021, we utilized the Oceanic Nino Index (ONI) provided by the National Oceanic and Atmospheric Administration (NOAA) Climate Prediction Centre. Specifically, years with annual mean ONI values above (+ 0.5°C) or below (- 0.5°C) were categorized as El Niño or La Niña) years, respectively. In the designated period, we observed three El Niño events (2009 - 2010; 2015 - 2016; 2019 - 2020), with the strongest occurring during 2015 - 2016. Furthermore, three La Niña years (2008 - 2009; 2011 - 2012; 2021 - 2022) were identified, with the most pronounced one observed in 2011 - 2012 (Fang et al., 2006a, b). During the El Niño years, precipitation in South China increased greatly due to intensified land-ocean interaction (Wang et al., 2018), resulting in significantly enhanced river runoff (Figure 4B). In contrast, the lowest annual mean ONI value in 2011 indicates a more robust La Niña phenomenon characterized by cooler temperatures and reduced precipitation.




Figure 4 | (A) The monthly averaged Oceanic Niño Index (ONI). The bars are color-coded (red: El Niño events; blue: La Niña events). The shaded areas in red and blue indicate typical El Niño (Mar. 2011 - Feb. 2012), ENSO neutral (Mar. 2012 - Feb. 2013), and La Niña (Mar. 2015 - Feb. 2016) conditions, respectively. (B) Monthly averaged river discharge of Pearl River for the selected La Niña; ENSO neutral; and the El Niño year.



To investigate the impact of floating litter, we selected the strongest El Niño year in 2015 and the most intense La Niña year in 2011, as well as an ENSO-neutral year in 2012 for comparison. The averaged Pearl River discharge can be reached as high as 744 m3 s -1 in 2015, but only 370 m3 s -1 in 2011.

To investigate the impact of ENSO events on the fate and distribution of floating litter particles in the PRE, we conducted three sets of experiments. In each set, particles were released on the first day of the spring (Mar - May), summer (Jun-Aug), autumn (Sep - Nov), and winter (Dec - Feb) at the typical ENSO-neutral (2012), El Niño (2015), and La Niña (2011) years, respectively. Each set was run for 3 months.

Marine litter usually enters the ocean from land-based sources; therefore, we released particles from the mouth of the Pearl River (R at the Figure 2) every hour. The emission rate was estimated by multiplying the river’s discharge (m3/s) by the plastic concentration (items/m³) (Liu et al., 2023). Based on the volume of the Pearl River’s discharge and the measurements from Mai et al. (2019), we estimated that approximately 150 particles are released per hour, resulting in a total of 3,600 particles.

The fate and distribution of floating litter are described quantitatively by daily appearance, beaching, transport distance, and time for particles to pass through the PRE and the Qiongzhou Strait.

Stranding of particles is not included in the established modules of the TRACMASS model, so when particles appear on the land grid, they were bounced back into the ocean and still drift with the offshore surface currents. A particle is marked as “beached” if it drifted in cells adjacent to land. The distribution of floating litter along the coastline are calculated by counting the number of beached litter particles (Lebreton et al., 2017; Politikos et al., 2017).

We also calculated the exchange of particles between PRE and NSCS continental shelf (marked as T1); and between the coastal areas of Guangdong Province (GP) and Beibu Gulf (GB) (marked as T2). We tracked the particles grid position after releasing from the river mouth. The time when the particle crosses a section we mark it as the crossing time.

The transport distance of the floating litter particles in each experiment was calculated by tracking the movement of each individual particle from the initial to the final grid, summing up the moving distance at every step, and then taking the average of all released particles.





3 Results



3.1 Simulated seasonal circulation in the Pearl River Estuary - coastal ocean

To understand the impact of ENSO-induced hydrodynamic variability on floating litter, we next first examined the seasonal mean flow on the NSCS shelf during an ENSO-neutral year (2012). Subsequently, we compared the hydrodynamic patterns during El Niño (2015) and La Niña (2011) years against the ENSO-neutral year (Figures 5–7). These comparative analyses provide insights into the driving mechanisms for inter-seasonal and inter-annual variability of floating litter distributions.




Figure 5 | Mean seasonal averaged current field during the typical ENSO-neutral year (Mar. 2012 - Feb. 2013). (A) Spring (Mar. 2012 - May. 2012); (B) Summer (Jun. 2012 - Aug. 2012); (C) Fall (Sep. 2012 - Nov. 2012); (D) Winter (Dec. 2012 - Feb. 2013). Surface currents in the Pearl River water were enlarged.






Figure 6 | Mean seasonal averaged current field during the typical La Niña year and the anomaly with the ENSO-neutral year (Mar. 2012 - Feb. 2013). (A1-D1) the normal current fields; (A2-D2) the anomaly current fields. Surface currents in the Pearl River water were enlarged. The separation of four seasons was the same as that in Figure 5.






Figure 7 | Same as Figure 6, but for the typical El Niño year (Mar. 2015 - Feb. 2016).



The circulation patterns on the NSCS shelf exhibit strong seasonal variability (Wang et al., 2009; Shu et al., 2018b), especially during the ENSO-neutral year (Figure 5). Within the PRE, the surface current field consistently flows seaward throughout the year due to gravitational circulation. Remarkably, the western component of the current during autumn and winter exceeds that of spring and summer. Along the west coastal area of Guangdong (Yuexi coastal zone), a westward current persists all year-round. The current became stronger and narrower in winter-autumn than spring-summer. On the continental shelf spanning the area from the east of Qiongzhou Strait to the west of PRE, a strong northwestward flow prevails during autumn and winter, weakening during spring and summer. In the Beibu Gulf, our ROMS simulation reveals a distinct Gulf-scale cyclonic circulation, which is consistent with Cheng et al. (2017) and Gao et al. (2017). During autumn and winter, an extensive an extensive anticlockwise circulation dominates the central region of the Beibu Gulf. In contrast, during spring and summer, the circulation becomes separated, with a clockwise pattern in the upper part and anticlockwise pattern in the lower part.

Additionally, we compared sea surface salinity data with the National Aeronautics and Space Administration (NASA) Soil Moisture Active Passive (SMAP) missions (https://data.remss.com/smap/SSS/V04.0/FINAL/L3/8day_running/). Both model simulations and satellite observations indicated that low salinity water accumulates along the west coast after exiting the Pearl River Estuary (PRE). The area of low salinity water was relatively small in spring and winter but increased during summer and fall. Furthermore, in summer, low salinity water spread in a southeasterly direction, with the extent of this spreading being greater during ENSO normal years, followed by La Niña and El Niño years.

Figure 6 illustrates the seasonal circulation patterns on the NSCS shelf during the selected La Niña year, as well as the anomaly in comparison to an ENSO-neutral year. Within the PRE, the western component of the gravitational circulation intensifies during the non-summer seasons while weakening in summer. Moreover, there is a pronounced weakening of the Yuexi coastal current, especially during the non-summer season. On the shelf between Qiongzhou Strait and Lingding Bay, a significant northwesterly current anomaly is pronounced, especially during the non-summer seasons. This anomaly can be attributed to the changes in atmospheric forcing, which considerably influence the expansion of the buoyant plume from the PRE, as well as the land - slope currents associated with the intrusion of the Kuroshio in the Luzon Strait (Deng et al., 2022).

In comparison to ENSO-neutral years, El Niño years display greater gravitational circulation within the PRE, characterized by a prominent eastward anomaly (Figure 7). During summer, the Yuexi coastal flow experiences weakening, whereas in winter and autumn, it strengthens (Figures 7A2-D2). The pattern is influenced by the inter-annual variability of atmospheric forcing and the South China Sea Warm Current (Liu et al., 2020). Furthermore, in contrast to ENSO-neutral years, the counterclockwise circulation observed in the Beibu Gulf region weakens during spring and strengthens during winter, ultimately assuming a counterclockwise pattern during summer.




3.2 Distribution of floating litter particles

The transport of floating litter is primarily influenced by the seasonal currents. After entering the PRE, the majority of the floating litter aggregates on the western side of the estuary, which may be attributed to the Coriolis force and the trapping effect of the semi-enclosed topography (Li et al., 2018). After entering the PRE, the majority of litter aggregates on the estuary’s western side due to the Coriolis force. Subsequently, as it passes through Modaomen, floating litter tends to distribute along the 30 m isobath. During summer, when the Pearl River runoff increases and the PRE gravity circulation strengthens, the transport velocity of floating litter is significantly higher compared to the non-summer seasons. Particles leave the Lingding Bay as early as day 5, approximately 5 days earlier than during non-summer seasons. Similarly, the propagation time for floating litter from Yuedong to Qiongzhou Strait is relatively short in summer compared to other seasons. After crossing the Qiongzhou Strait, floating litter propagates along the 25 - 50 m isobath in the Beibu Gulf during spring and summer. Notably, in summer, the dispersal area is considerably smaller compared to spring, possibly due to the weakening of cyclonic circulation in the northern part of the Beibu Gulf. In autumn and winter, the Beibu Gulf is predominantly affected by a single anticlockwise cyclone, causing particles to flow directly westward rather than along the 20 - 50 m isobath around the Beibu Gulf. The spreading area of floating debris is widest during winter, which may be attributed to the strong water exchange during this period (Cui et al., 2024a). These findings align with those of consistent Gu et al. (2024), who observed that surface floats in the PRE and its surrounding waters predominantly drifted in a southwesterly direction during the fall and winter. Overall, in the ENSO-neutral year, the spread of marine floating litter during spring and summer covered approximately 290 km, significantly higher than in autumn - winter (180 - 220 km, Table 2), with a mean distance of about 247 km. The relatively longer travel distances of marine floating litters are consistent with the findings of Liu et al. (2023), who simulated the seasonal transport of microplastic by releasing particles from all major river systems along the Chinese coastal ocean. They found that the travel distance in summer was greater than in winter for the Pearl River Estuarine and Coastal Oceans. Additionally, the proportion of floating litter in the PRE during summer accounted for around 65%, significantly lower than during non-summer seasons (78% - 97%) (Table 1).


Table 1 | Comparisons on Floating litter content ratio (%) at the subregions of NSCS.




Table 2 | The seasonal transport distance of floating litter after releasing from PRE during the typical ENSO-neutral, La Niña, and El Niño.



During the La Niña years, the general trajectory pattern of floating litter was similar to that of the ENSO-neutral years. After being released from the PRE, the floating litter follows the western coast of Guangdong along the 50 m isobath towards the Qiongzhou Strait. Subsequently, it moves in conjunction with the counterclockwise circulation of the Beibu Gulf until it exits the modeling domain through the Beibu Gulf (Figure 8). During the La Niña years, the reduced river runoff in summer results in a weakening of gravitational circulation in the PRE (Figures 2, 6). Consequently, the time taken for particles to leave the PRE is significantly longer (~ 5 days) compared to normal years. The occurrence of a westward current anomaly during non-summer months considerably shortens the transport time of floating litter to the Beibu Gulf. Additionally, compared to ENSO-neutral years, the spreading area and transport distance of particles increases significantly after entering the Beibu Gulf from the Qiongzhou Strait in La Niña years. In the four seasons of the 2011 La Niña year, the transport distances range from 130 - 420 km, with an average of 301 km (Table 2). In comparison, during the four seasons of the 2012 ENSO-neutral year, the transport distance increases to 179 - 294 km, with an average of 246 km, as shown in Table 2. Moreover, floating debris can reach the west coast of Laos within 3 months (Figure 9).




Figure 8 | Changes in the location of floating litter plastics during the ENSO-neutral year (Mar. 2012 - Feb. 2013): (A) Spring (Mar. 2012 - May. 2012); (B) Summer (Jun. 2012 - Aug. 2012); (C) Fall (Sep. 2012 - Nov. 2012); (D) Winter (Dec. 2012 - Feb. 2013).



During El Niño years, the Yuexi coastal current experiences weakening in both spring and summer (Figures 7A2, B2), which consequently delays the arrival of floating litter at the Qiongzhou Strait by about 20 - 30 days compared to ENSO-neutral years (Figure 10). Additionally, there is a notable reduction in the dispersal area. However, in winter, the strengthening of the westward current significantly shortens the transport time for particle to reach the Qiongzhou Strait (Figure 10D). In summer, as the circulation in the Beibu Gulf switched from anticlockwise to clockwise (Figure 7), the particle trajectory within the Gulf shifts further southward compared to the ENSO-neutral years (Figure 8). Nevertheless, both the transport distance and diffusion area increase, ultimately reaching the west coast of Laos (Figure 10B). In contrast, the transport distance of particles after entering the Beibu Gulf from the Qiongzhou Strait is considerably lower during non-summer seasons compared to the La Niña years (Figure 9). Overall, the transport distance of seafloating litter during El Niño years is roughly 270 km, which is higher than that of the ENSO-neutral years by about 246 km, but significantly lower than that of the La Niña years by about 301 km (Table 2). It is worth noting that the proportion of floating litter that remains in the coastal area of Guangdong Province was 32%, which is higher than in ENSO-neutral and La Niña years (2%, Table 1). this aligns with the reduction of western coastal flow in spring and summer (Deng et al., 2022; Figure 7).




Figure 9 | Same as Figure 8, but for the La Niña year (Mar. 2011 - Feb. 2012).






Figure 10 | Same as Figure 8, but for the El Niño year (Mar. 2015 - Feb. 2016).






3.3 Beaching of floating particles

Several studies have shown shorelines may be a major sink for plastics in coastal waters (Thornton and Jackson, 1998; Thiel et al., 2013). we therefore next described the distribution of floating litter particles that accumulated in shoreline units, referred to as “strandings” (Figures 11–13). Our simulated results (Figures 11–13) indicate that a substantial amount of floating litter is likely to strand on the left side of Lingding Bay and to the east of Hainan Island, which is consistent with the findings of Cai et al. (2022).




Figure 11 | Number of beached floating litter particles (count) in the (A) Spring (Mar-May); (B) Summer (Jun-Aug); (C) Fall (Sep - Nov); (D) Winter (Dec-Feb) during the ENSO-neutral year (Mar. 2012 - Feb. 2013).






Figure 12 | Same as Figure 11 but for the La Niña year (Mar. 2011 - Feb. 2012).






Figure 13 | Same as Figure 12, but for the El Niño year (Mar. 2015 - Feb. 2016).



During the ENSO-neutral years, the majority of floating litter tends to strand in Zhongshan and Zhuhai City, located in Guangdong Province (Figure 11). This occurrence can be attributed to the movement of the Pearl River Plume, which under the influence of Coriolis force, takes the litter towards the right bank after exiting the river mouth. During the summer months, the increased runoff (Figure 4) from the Pearl River results in most of the floating litter being flushed out of the Estuary (Figure 11B). Consequently, the stranding rate during summer is substantially lower, at approximately ~ 3%, compared to autumn and winter, which experience rates exceeding 23%. In winter, the northeast wind field prompts the Ekman effect, causing onshore transport of surface currents and the accumulation and sinking of the upper layer of seawater along the coastline (Figure 11D). This creates a downwelling effect along the east coast of Hainan Island and Guangdong Province, leading to a higher stranding rate for floating debris in winter (Wang et al., 2011; Shu et al., 2018b). This phenomenon is consistent with the findings of Gu et al. (2024), who reported that over 50% of surface floating objects released from the PRE during the autumn and winter months became stranded on Hainan Island.

During La Niña years, the strengthening of abnormal westerly currents results in a decrease in the proportion of floating debris. The average stranding rate for the four seasons in 2011 was 10.2%, which is 4.6% lower than in 2012. The most significant decrease in stranding rates occurred during autumn, experiencing a decline of 14.5%, which can be attributed to the strong westerly anomaly observed during the La Niña year (Figure 6). Interestingly, in the summer, the stranding rate of floating debris did not decrease but instead increased by 7.52% compared to the ENSO-neutral year. Most of the debris stranded in the western coastal areas of Lingding Bay and Qiongzhou Strait (Figure 12B). This increase can be attributed to the notable reduction in Pearl River runoff during the summer of La Niña (Figure 4), resulting in fewer amount of floating litter being carried by the river plume during this period.

The stranding rate of floating debris during a typical El Niño year averaged at 15.8%, which is comparable to the rate observed during ENSO-neutral year. In spring, the floating litter primarily ends up on the west coast of the PRE in the El Niño scenario (Figure 13A). However, due to the easterly current anomaly, a large part of the floating litter is carried to Hong Kong, ultimately resulting in its accumulation along the west coast of Hong Kong (Fok and Cheung, 2015; Zhang et al., 2024). This observation aligns with the increased susceptibility of the Hong Kong region to microplastics from the Pearl River during periods of high rainfall (Cheung et al., 2018; Zhang et al., 2024). During the fall, as the westerly current anomaly strengthens, a considerable amounts of floating litter crosses the Qiongzhou Strait, with minimal stranding occurring on the western continental shelf of PRE (Figure 13C).




3.4 Floating litter particles escaping the Lingding Bay and adjacent continental shelf region

Next, we conducted calculations to determine the daily volume of particles passing through two key sections: T1 in the PRE and T2 in the Qiongzhou Strait. These calculations allow us to better understand the role of circulation in facilitating the transport of floating litter between different regions, specifically PRE, the coast of Guangdong Province, and Beibu Gulf (Figure 3).

During the ENSO-neutral years, the release of particles from PRE to the NSCS shelf begins on the 8th day of spring. There is an exponential decline in the number of particles released thereafter, with the rate of decline slowing down after 20 days. By day 60, there were almost no particles being released (Figure 3C). In summer and autumn, the release of floating debris from the PRE gradually increases starting from the 4th day, reaching its peak on the 10th day, and then gradually decreases. By the 15th to 20th day, no more particles are being released from Lingding Bay (Figure 3C). In winter, the timing of particle release from the PRE is the same as spring. However, there is a subsequent decline in the number of particles released, followed by an increase 20 - 30 days. It takes approximately 30 to 60 days for all particles to leave the Lingding Bay. The maximum number of particles crossing the Qiongzhou Strait during summer is significantly higher than the non-summer seasons. Similarly, in winter, the number of particles crossing the Qiongzhou Strait within 60 - 90 days increases with the discharge of particles from the PRE (Figure 3D).

During La Niña years, there was a significant increase in the overall transport velocity of floating litter, leading to more uniform seasonal characteristics (Figures 3A, B). The flow of floating litter from the PRE to the estuary began approximately 9 days after discharge. Subsequently, the number of floating litter particles declined exponentially until the 40th day. In the La Niña scenario, the arrival of floating litter in the Qiongzhou Strait occurred approximately 10 days earlier compared to ENSO-neutral years (Figure 3B). The release of particles from the T2 section of the Qiongzhou Strait followed a similar pattern as observed in ENSO-neutral years, with an initial increasing and subsequent decrease. However, the release time was significantly earlier than the ENSO-neutral year. Notably, the crossing of the Qiongzhou Strait by floating litter occurred in spring, rather than in summer (Figure 3B).

In El Niño years, the movement of floating litter through the T1 transect exhibits similarities to that observed in La Niña years (Figure 3E). However, there is a notable distinction with significant discharge occurring within a 40 - 50 day period in summer. Conversely, the passage through the T2 transect, which leads to the Beibu Gulf, experiences a lag compared to ENSO-neutral and La Niña years, especially in summer. It takes approximately 40 - 50 days for particles to begin to release from the T2 transect (Figure 3F).





4 Discussions

In this study, we investigated the dispersion patterns and distribution of floating litter released from Pearl River, which has recently been recognized as a significant location for floating litter and microplastics. Despite some previous observational research in this area (Mai et al., 2019; Lam et al., 2020; Chau et al., 2023; Zhang et al., 2024), there remains a lack of understanding regarding the behavior of floating litter under different hydrodynamic conditions. In comparison to other numerical model studies on floating litter and microplastics (Li et al., 2018; Shen et al., 2022; Liu et al., 2023), our study specifically focused on examining the inter-annual transport characteristics influenced by large-scale climate variability, particularly the ENSO, in addition to seasonal variations. Our main findings are:

	During ENSO-neutral, El Niño, and La Niña years, the transport of plastic debris is predominantly influenced by the prevailing counterclockwise cyclonic circulation within the SCS basin. After being released from the Pearl River, plastic debris is carried seaward through Lingding Bay by gravitational circulation. Subsequently, influenced by the Coriolis force, it continues to move westward along the coast of Guangdong Province by the West-Guangdong Coastal Current (WGCC). As the debris exits the bay, it traverses the Qiongzhou Strait, circulates within the Beibu Gulf, and may even reach the western coasts of Vietnam and Laos. Notably, most of the floating litter accumulates within the estuary rather than in the Beibu Gulf and the Guangdong shelf. The simulation results are consistent with observational data indicating that once plastic debris enters the estuary, it is typically trapped along riverbanks and in low-flow zones, thereby reducing inputs to the coastal ocean and sea (Yonkos et al., 2014; Eerkes-Medrano et al., 2015; Zhang, 2017; Sun et al., 2022).

	The transport and stranding patterns of floating litter exhibit notable disparities between La Niña/El Niño years and ENSO-neutral years. In La Niña years, reduced summer runoff from the Pearl River results in a decreased transport of floating litter particles, leading to a greater accumulation within Lingding Bay. In contrast, increased runoff in the summer of El Nino years facilitates the movement of floating litter out of Lingding Bay, reducing accumulation within the bay itself. The differences between El Niño, La Niña, and ENSO neutral years are consistent with numerous observations reported in the literature (Supplementary Table S1).

	During the non-summer seasons of La Niña years, intensified westward flow facilitates the transportation of floating litter over extended distances, resulting in wider dispersion across the Yuexi coastal area and the Beibu Gulf, which decreases stranding within Lingding Bay. Conversely, during the non-summer seasons of El Niño years, the transport distance of floating litter is significantly increased. Furthermore, the weakened cyclonic circulation within the SCS caused by El Niño moderately impedes the transport of floating litter within the PRE. As a result, a significant portion of the floating litter is carried to the Hong Kong area, where high plastic debris are often observed (Cheung et al., 2018).



Although our study presents preliminary insights into the potential fate and distribution of floating litter in the PRE and the adjacent NSCS shelf, it is important to acknowledge several limitations at this stage. One key limitation is the absence of in-situ data on floating litter, which prevent the rigorously validation of our simulation results – an ongoing challenge faced by numerous numerical studies. Furthermore, this study primarily focuses on hydrodynamic processes, encompassing particle advection and random walk, while overlooking the characteristics of the floating litter itself. This may reduce the accuracy of our predictions. Indeed, the transport of plastic litter between different sea areas is affected by density, material, etc (Sun et al., 2022; Liu et al., 2023). For example, we’ve known that floating litter with higher densities may exhibit shorter transport distances compared to lighter densities, and they may also have a higher likelihood of fragmenting into smaller particles during transit. To address these limitations, our next plan involves deploying floats in the region to enhance the validation of our simulations and incorporating additional characteristics of floating litter into the model.

However, our analysis revealed a notable trend that floating litter particles are likely to accumulate within Lingding Bay, along the coastal region of Guangdong Province during El Niño years, ENSO-neutral and within the Beibu Gulf during the La Niña and ENSO-neutral years. It is imperative that future surveys prioritize these areas in specific years. Such prioritization will prove invaluable in assessing the extent of floating litter pollution within the PRE and the adjacent NSCS continental shelf. Additionally, our analysis will be useful in guiding the development of effective management strategies. For example, during the predicted potential La Nina years when floating litter can be transported over longer distance, and the dispersal areas are larger. The Environmental Protection Agency should consider building more capture infrastructure and promote international cooperation to manage transboundary pollution.




5 Concluding remarks

Ecological threats to estuarine and coastal seas from plastic pollution have been increasing in recent decades due to climate change and human land-based activities. Numerical modelling is an important tool for tracking the transport of marine debris and assisting policy makers and the public to implementing strategies to reduce the impact of plastic pollution. Previous research has widely investigated the hydrodynamic influences on plastic transport using general circulation models coupled with particle tracking models. However, the impacts of large scale climate events have been less thoroughly evaluated. In this study, we investigated the transport and stranding patterns of floating litter between La Niña, El Niño, and ENSO-neutral years, the disparities were notable both seasonally and interannually. We know that the frequency and intensity of climate change events are expected to increase in the foreseeable future due to global warming. The likelihood of climate events occurring should be taken into account when developing management strategies for predicting marine litter source-sink pathways and assessing potential trans-regional risks.
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PRE stands for PRE, BG stands for Beibu Gulf, and GP sands for Guangdong Province (See Figure 2)
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