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Abstract

:

The most massive outbreak on record of the Ulva prolifera green tides in the southwestern Yellow Sea occurred in summer of 2021. The environmental factors were investigated based on observations and simulations. The results suggested that the significantly enhanced discharge of the Changjiang River since winter 2020–2021 was crucial for the outbreak of the Ulva prolifera green tides in the southwestern Yellow Sea, which could significantly have contributed to the nutrient enrichment off the Subei coast. Additionally, the southerly wind stress anomaly during winter 2020–2021 favored the upwind transport of Changjiang water. Numerical experiments showed that the remaining winter freshwater coming from the Changjiang River, which persisted in the Subei coast’s upper layer until spring 2021, exceeded the long-term average value by 20%. We demonstrated that these large amount of nutrient inputs, as an effective supplement, were the reason the green tides sharply emerged as an extensive outbreak in 2021. The easterly wind anomaly during spring 2021 contributed to the landing of Ulva prolifera off the Lunan coast.
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1. Introduction


The Yellow Sea, surrounded by Mainland China and the Korean Peninsula, is a characteristic continental shelf sea (Figure 1). It plays an important role in the environment of China and the Korean Peninsula. The bathymetry of the Yellow Sea is generally shallow and complex. The southwestern Yellow Sea is listed as a marginal sea with various contributions from land, rivers, and tides, which has been the focus of multi-disciplinary research in recent years.



Over the past 15 years (from 2007 to 2021), successively occurrences of Ulva prolifera green tides have become a striking recurrent phenomenon in the southwestern Yellow Sea. The average distribution area and the cover area were reported to be 37,000 km2 and 450 km2, respectively, in recent ten years. The general consensus is that the green tide originates from the coast of Subei in late spring. It migrates northward with the ocean current [1,2,3] and lands on the Lunan coast over long-distance migration every summer. The Ulva prolifera green tides have had detrimental effects on the local marine environment and ecosystem [4]. According to the previous studies, Ulva prolifera has wide adaptability to temperature and salinity [5,6,7]. The freshwater from the Changjiang River and local rivers provide abundant nutrients into the southwestern Yellow Sea and is also suitable for the growth of Ulva prolifera. Dissolved inorganic nitrogen (DIN) has been suggested to play a crucial role in the bloom of Ulva prolifera [8,9,10,11]. Chen et al. [12] found that the nutrient distribution and structure in the Jiangsu coast was affected by the land-based load, and the ratio of nitrogen to phosphorus could affect the bloom of Ulva prolifera significantly. Wang et al. [13] suggested the phosphate limitation on the initial growth of Ulva prolifera seedling can occur in the southern Yellow Sea. Later, Sun et al. [14] confirmed that the DIN was the most critical nutrient controlling the magnitude and time of the green tide rather than phosphorus, based on a dynamic growth model. According to the observations, the DIN concentration in the southwestern Yellow Sea is lowest in the winter and reaches its highest value in April [7,11,15], which implies that overwintering banks of nutrients might be an important population trigger of Ulva prolifera [16,17].



However, effective solutions for preventing the harmful algal bloom have not been found so far [17,18]. According to the local news, the worst Ulva prolifera green tides in last 15 years occurred in the summer of 2021. The maximal distribution area and the maximal cover area have been over 60,000 km2 and 1700 km2, respectively. The amount of the Ulva prolifera was about 2.3 times that of 2013, which was reported to be the worst year previously.



Thus, based on observational data and numerical modelling, the hydrographical features of the southwestern Yellow Sea from the winter 2020–2021 to summer 2021 were compared with the long-term averaged status. Section 2 comprises a description of the methodology and data used in this study. Section 3 addresses the model results about the inter-annual variation of the green tides. Section 4 is a summary of the study.




2. Data and Methodology


2.1. Observation Data


The water depth in the nearshore region of Subei is quite shallow, and the observation data are relatively scarce. Supported by the Project on Coastal Investigation and Research (i.e., Project 908) of China, four cruises in four seasons were conducted during 2006 and 2007, mostly covering the Subei coast region. The measured salinity data were reported by Zhang et al. [19]. The digitalized isohaline was compared with the simulated sea surface salinity.



Merged satellite and in situ global daily sea surface temperatures (MGDSSTs) of the Japan Meteorological Agency, with a resolution of 0.25° × 0.25°, were used to validate the simulated sea surface temperatures of the present model.



Furthermore, in late April of 2021, four GPS-tracked ARGOS surface floats were deployed in the southwestern Yellow Sea to measure the currents off the Subei coast. The floats were released along the edge of the Subei Bank to track the movement of the Subei coastal current. The trajectories of four surface ARGOS drifters were used to check the simulated circulation.




2.2. Numerical Modeling


Based on the Princeton Ocean Model (POM), we established a high-resolution regional circulation model over the Bohai Sea, the Yellow Sea, and a part of the East China Sea. The model, with a horizontal resolution of 1/12° × 1/12°, covered (Figure 1) the domain of 27° N–41° N, 117° E–128° E. The vertical sigma coordinates were layered in the following proportions from top to bottom: 0.000, −0.003, −0.006, −0.013, −0.025, −0.050, −0.100, −0.200, −0.300, −0.400, −0.500, −0.600, −0.700, −0.800, −0.900, and −1.00. The model topography was based on the 1′ × 1′ Shuttle Radar Topography Mission (SRTM) database. The minimum and maximum depths in this model were set to 10 m and 4000 m, respectively.



The boundary conditions were determined by the simulated results of a 1/12° × 1/15° Eastern Asian Marginal Seas data assimilation model [20]. The monthly mean results from 2001 to 2020 were averaged as the climatological open boundary of the present study. The eight main tidal components (M2, S2, K1, O1, N2, P1, K2, and Q1) also were considered from the open boundary. The tidal harmonic constants were decided by the results of the NAO.99b model [21].



The surface wind stress was determined by the monthly forcing of the ERA5 dataset with a high horizontal resolution of 0.25° × 0.25°. The long-term averaged values were calculated during the same 20-year period described in the previous paragraph as the climatological forcings. The surface heat flux was calculated using a bulk formula [22]. The net heat flux was expressed as the sum of shortwave radiation, longwave radiation, sensible heat flux, and latent heat flux, and all of these components followed the empirical formulas of Hirose et al. [20]. The penetration of the shortwave radiation was also considered, and the water quality was type II [23].



The freshwater flux was estimated with the precipitation (P) and evaporation (E) as well as the river runoffs (R), as P + R − E. Precipitation (P) data were also obtained from the long-term averaged monthly ERA5 dataset. The corresponding evaporation (E) was obtained when calculating the latent heat flux as mentioned above. The amounts of the freshwater from Changjiang River were retrieved from the climatological monthly transports at Datong station, which are reported by the Chinese River Sediment Bulletin. The multi-year mean discharges from Subei local rivers were retrieved from the Jiangsu Province Water Resources Bulletin, which are represented by the Guanhe River and the Sheyang River in this study [24]. The discharges of the Guanhe River and Sheyang River and their seasonal variations were also allotted based on the work of Yang [24]. There were no other relaxations for temperature and salinity in the present model.



The model was first integrated with the climatological fields for 4 years. An additional two-year calculation was conducted due to the overwinter effects, using the above last month’s status for the restart conditions. The experiment that used the climatological meteorological forcings and boundary conditions was named Exp.C (referring to climatological meteorological forcings). To investigate the environmental features in the winter 2020–2012, a comparative experiment was designed (Table 1). The realistic monthly meteorological forcings and boundary conditions were employed and named Exp.R (referring to realistic forcings). Exp.R was established under the daily meteorological forcings from January 2020 to June 2021, and the Changjiang River discharges were also changed to the realistic monthly discharges. The values and their comparisons to meteorological values during the interested period are listed in Table 2.




2.3. Passive Tracer


Salinity distribution can present the pathway of the Changjiang River qualitatively. To quantitatively discuss the roles of the Changjiang River discharges, the passive tracer was continuously released in the numerical experiments from December to the following June at the Changjiang River estuary. The initial value of the passive tracer was 0, which means the nutrient content from the Changjiang River was 0 at the beginning. The tracer concentration at the estuary was set to 1, which was dimensionless and represented the nutrient concentrations inputted from the Changjiang River. According to Zhang et al. [11], the area south of 35° N and west of 122° E is one in which the Ulva prolifera was rapidly developed. Therefore, the persisted tracer content in the upper layer (within 5 m depth) of the region 32–35° N, 119–122° E was also calculated, following Formula (1):


   T c  =  ∫  c   d v  



(1)




where Tc is the content of tracer in the upper layer, and c is the tracer’s concentration.





3. Results


3.1. Model Validations


The simulated sea surface temperatures (SSTs) in Exp.C were compared with MGDSSTs. The basic features of the SST in summer and winter were well-represented (Figure 2). Our model successfully reproduced the surface cold patch off the Subei coast in the summer and the intrusion of the high temperature water in the winter. There were slightly larger differences in the nearshore region (shallower than 10 m) between the simulated SST and MGDSSTs. This may have been due to the lower horizontal resolution of MGDSSTs. Furthermore, shown in Figure 3, the root-mean-square errors between simulated SST and MGDSSTs were 0.99 °C in the summer and 1.15 °C in the winter after interpolating the MGDSSTS to the model grids.



The digitalized isohalines in the southwestern Yellow Sea in each seasons were overlaid on the simulated results of Exp.C (Figure 4). It should be noted that the digitalized isohalines were based on observations during a particular period. The simulated salinities represent the climatological distributions. Therefore, more attention should be paid to the pattern of simulated isohalines instead of the reproduction of isolated low-salinity water patches. The low-salinity water (<30 PSU) of Changjiang diluted water occupies most of the southwest Yellow and East China Seas in the summer (Figure 4c). Though with a significantly reduced range, it retreats to the coast with large horizontal gradients in other seasons. The 30 and 31 PSU isohalines in individual seasons were also found to be in good agreement with observations. All the characteristics, including the seasonal evolutions of the isohalines (Figure 4a–d), were well-simulated by Exp.C, implying that the present model is able to capture the essential mass transportations in this area.



Four ARGOS surface drifts (Figure 5a) were deployed off the Subei coast since late April of 2021. For comparison, in the realistic case of Exp.R, eleven modeled drifters (Figure 5b) were released at the sea surface. The initial locations of the simulated drifters followed those of the ARGOS drifts. Simulated circulation was represented by the pathway of the modeled surface drifters. The trajectories of the modeled drifters, which were deemed to be Lagrangian particles, were calculated by the fourth-order Runge–Kutta scheme [25]. The positions of the drifters were calculated every 3 computational hours until end of June 2021. Figure 5 suggests that the pattern of the modeled drifter trajectories successfully reproduced the observed ones of ARGOS surface drifters. The characteristics of the ARGOS trajectories were well-simulated by this experiment, once again showing that the present model can capture the realistic features of regional circulation.




3.2. Hydrography in the Summer of 2021


The simulated tracer distributions at the surface until late April are shown in Figure 6. In Exp.C, a part of the Changjiang River water drifted northward, which could reach 33 °N in late April. A relative high concentration surface patch was identified off the Subei coast (Figure 6a), which was reported as the first observed region of Ulva prolifera in several years (Bulletin of China Marine Disaster). In the meantime, as listed in Table 2, the discharges of the Changjiang River were significantly increased since late 2020 compared with the climatological ones. Correspondingly, the simulated tracer concentration in Exp.R showed a large positive anomaly distribution along the Subei coast. In other words, the larger Changjiang River input in the winter 2020–2021 and spring of 2021 significantly contributed to the nutrient enrichment off the Subei coast, which led to the most massive outbreak of the Ulva prolifera green tides in the southwestern Yellow Sea the in summer of 2021.



The tracer content results showed that in late April,    T c    was found to be 1.20 × 1010 m3 in Exp.C, which was almost 5% of the total Changjiang input, while in Exp.R,    T c    approached 1.56 × 1010 m3 in late April, which was more than 6% of the total Changjiang input during this month. The northward transportation proportion of Changjiang water also was increased. Thus, we checked the wind distribution in the winter of 2020–2021 (Figure 7). In the winter of 2020–2021, the southerly anomaly led to a much weaker north–south component of wind (Figure 7b). Thus, the weakened southward wind-driven current was at a disadvantage in competition with the northward tidal residual current [26,27]. The counter-wind transport caused by the northward tidal residual current was dominant during this winter. Thus, there was more remaining winter freshwater from Changjiang at the Subei coast in the spring 2021. Compared with the climatological status, it increased by about 30%.



Until June, the remaining tracer content from the Chanjiang River was found to be significantly increased (Figure 8a) compared to that at the end of April, which provided necessary nutrient supplements for the population of Ulva prolifera. The passive tracer concentration in early summer of 2021 presented a stronger positive anomaly related to the long-term averaged case (Figure 8b). Without considering the biological absorption process, the passive tracer content results suggested that until late June,    T c    was 4.79 × 1010 m3 and 5.21 × 1010 m3 for Exp.C and Exp.R, respectively.



The climatological wind during spring over the southwest Yellow Sea distributed northwestward (Figure 9a). It can be seen that there was a clear easterly wind anomaly during spring of 2021 (Figure 9b). The enhanced westward wind component contributed to the shoreward transport of Ulva prolifera, which led to its landing along the Lunan coast over long-distance migration.



Altogether, these results suggest that the nutrient contents from the Changjiang River were increased in the winter 2020–2021 and spring 2021 due to the increase of discharges. Additionally, the southerly wind stress anomaly during winter 2020–2021 also favored the upwind transport of Changjiang water. According to the tracer content, overall, the remaining freshwater coming from the Changjiang River, which persisted in the upper layer of 32–35° N, 119–122° E region during spring 2021 (April, May, June), exceeded the climatological value by nearly 20%. At the same time, the stronger easterly wind component during spring of 2021 was conducive to the landing of Ulva prolifera along the Lunan coast. It should be pointed out that these experiments did not consider the nutrient concentration from Changjiang River in the individual years. Further quantitative investigations remain to be conducted in the future.





4. Concluding Remarks


The most massive outbreak on record of the Ulva prolifera green tides in the southwestern Yellow Sea occurred in summer of 2021. The environmental factors were investigated based on observations and simulations.



The results suggested that the enhanced discharges of the Changjiang River and the southerly wind stress anomaly in winter 2020–2021 were crucial for the outbreak of the Ulva prolifera green tides in the southwestern Yellow Sea, which could remarkably contribute to the nutrient enrichment off the Subei coast. The remaining freshwater coming from the Changjiang River, which persisted on the coast of Subei in the spring 2021, exceeded the climatological value by nearly 20%. We demonstrated that these large amounts of nutrient inputs, as an effective supplement, were the reason the green tides sharply emerged as an extensive outbreak in 2021. Subsequently, the strong easterly wind anomaly during spring of 2021 led to shoreward transport, which was helpful for the large number of Ulva prolifera to land off the Lunan coast.
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Figure 1. Model domain with geography and bathymetry (unit: m). 
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Figure 2. Simulated summer sea surface temperature of (a) Exp.C and (b) MGDSSTs; simulated winter sea surface temperature of (c) Exp.C and (d) MGDSSTs (unit: °C). 
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Figure 3. Validations of simulated surface temperature with MGDSSTs. Black and blue dots represent summer and winter values, respectively (unit: °C). 
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Figure 4. Simulated climatological salinity at 10 m of Exp.C in (a) winter, (b) spring, (c) summer, and (d) autumn (unit: PSU). The solid line is the simulated isohaline, and the dashed line is the observed isohaline digitalized from the work of Zhang et al. [19]. The blue and yellow lines represent the 30 and 31 PSU, respectively. 
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Figure 5. Observed (a) and simulated (b) trajectories of surface ARGOS drifters released in late April 2021 off the Subei coast. Star markers represent the released locations. 
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Figure 6. Simulated distribution of the passive tracer (a) in Exp.C and (b) anomaly distribution in Exp.R at the sea surface in late April with the bathymetry. 
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Figure 7. (a) Climatological winter wind distribution and (b) wind anomaly in the winter of 2020–2021 at 10 m above the southwestern Yellow Sea. 






Figure 7. (a) Climatological winter wind distribution and (b) wind anomaly in the winter of 2020–2021 at 10 m above the southwestern Yellow Sea.



[image: Jmse 09 01167 g007]







[image: Jmse 09 01167 g008 550] 





Figure 8. Simulated distribution of the passive tracer (a) in Exp.C and (b) anomaly distribution in Exp.R at the sea surface in late June with the bathymetry. 
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Figure 9. (a) Climatological spring wind distribution and (b) wind anomaly in the spring of 2021 at 10 m above the southwestern Yellow Sea. 






Figure 9. (a) Climatological spring wind distribution and (b) wind anomaly in the spring of 2021 at 10 m above the southwestern Yellow Sea.



[image: Jmse 09 01167 g009]







[image: Table] 





Table 1. List of experiments.






Table 1. List of experiments.





	Experiments
	Discharges
	Forcings and Boundary Conditions





	Exp.C
	Climatological monthly discharges of Changjiang River and Subei local rivers
	Climatological meteorological forcings and boundary conditions



	Exp.R
	Realistic monthly discharge of Changjiang River and climatological discharge of Subei local rivers
	Realistic daily meteorological forcings and boundary conditions
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Table 2. Changjiang discharges (108 m3).






Table 2. Changjiang discharges (108 m3).





	Time
	December 2020
	January 2021
	February 2021
	March 2021
	April 2021
	May 2021
	June 2021





	Monthly Changjiang discharge (related to meteorological values)
	436.6 (+10.5%)
	407.1 (+31.4%)
	326.6 (+9.3%)
	530.3 (+16.9%)
	686.9 (+10.7%)
	1122 (+24.6%)
	1216 (+15.8%)
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