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Abstract 

 

The Yellow Sea is an important region for aquaculture in China as the main production area for shellfish 

and seaweed. The aquaculture organisms sometimes can be the major group in a local ecosystem. e.g., 

in the Sanggou bay where about 84,500 tonnes of kelp (dry weight) and 100,000 tonnes of shellfish 

(wet weight) are produced annually from a surface area of ~144 km2 (Zhang et al., 2009; Mao et al., 

2018). To maintain the development of the aquaculture industry at such scales and to minimize the 

negative impact on the natural ecosystem, the knowledge of the biological processes at different scales 

is necessary for decision-makers in the formulation of policy and management strategies. However, a 

comprehensive description of the biogeochemical process in the aquaculture-affected regions can be 

highly complicated. Observations are often limited in time and space to fully describe the environmental 

variations in the aquaculture areas. Numerical models are capable of resolving the ecosystem processes 

at an often sufficient spatial and temporal scale, but with an increasing complexity from current models 

describing the physical environment to ecosystem models trying to describe complicated and often less 

known processes. 

In this thesis, we have implemented a hydrodynamic model based on the Regional Ocean Modelling 

system (ROMS) to provide the background physical information for aquaculture related applications, 

the Yellow Sea Model. We have collected various observations to validate the model, and the results do 

reproduce reasonably well the ambient environment in aquaculture areas. The tide is the dominating 

current component in the Yellow Sea, moving the water back and forth continuously. The tide also 

provides energy on the shallow shelves creating usually well mixed water masses. In the summer, a 

tidal mixing front is established around the 20-50 m isobaths bordering on the Yellow Sea bottom cold 

water mass below the seasonal thermocline in the central Yellow Sea. An associated frontal jet flows 

along the tidal mixed front, transporting water masses along the shelf breaks. The tidal current also 

make the tidal mixing front oscillate laterally creating temporal temperature variations in the farm 

regions of bottom cultured scallops. The assessment index derived from these temperature oscillations 

is correlated to a massive scallop mortality found in the past years. 
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Our model results are also applied to study the baroclinic tides in the northern Yellow Sea, with a semi-

diurnal internal tide being present in the stratified waters in the tidal mixing front region. The baroclinic 

flow associated with this internal tide contributes to enhance the total current in the bottom layer, thus 

potentially being important for material transportation to farmed scallops. The baroclinic signals are 

mostly coherent with the barotropic tides, indicating a local generation and a rapid dissipation.  

Finally, we have established an ecosystem model for the integrated culture of Pacific oyster Crassostrea 

gigas and kelp Saccharina japonica in Sanggou bay based on a box model concept. The growth of 

oysters and kelp is simulated at the individual level based on the dynamic energy budget theory. The 

hydrodynamic information is included as forcing data to compute volume transportation and nutrient 

exchange. The model is validated with individual growth data recorded in the aquaculture field and 

water quality data for nutrients from cruises and mooring devices. The model results show that the 

intensive aquaculture of these low-trophic species is dominant in the local ecosystem and dramatically 

impacts the phytoplankton population and nutrient flux. The bay acts as a nitrogen sink during the rapid 

growth stage of kelp from early spring until the harvest in May. The model enables a stocking density 

adjustment of the culture organisms, thus providing a tool to predict the dynamic process under different 

scenarios. The model results support that the actual aquaculture stock density, with 50 oyster ind./m2 

and 4 kelp ind./m2, is a balanced choice of production and cost based on decades of practical experience. 

  



7 | P a g e  

 

List of Publications 

 

Fan Lin, Lars Asplin, Paul Budgell, Hao Wei, Jianguang Fang (2019): “Currents on 

the Northern Shelf of the Yellow Sea”, Regional Studies in Marine Science, 

32, 100821. https://dx.doi.org/10.1016/j.rsma.2019.100821 

Fan Lin, Lars Asplin, Hao Wei: “Summertime M2 Internal Tide in the Northern 

Yellow Sea”. Frontiers in Marine Science, (accepted)  

Asplin L., Lin F, Budgell WP, Strand Ø (2021): “Rapid temperature variations of the 

water at the Northern Shelf of the Yellow Sea and implications for sea 

ranching”, Aquaculture Environment Interaction, 13: 111-119. 

https://doi.org/10.3354/aei00394  

Lin, F., Du, M., Liu, H., Fang, J., Asplin, L., Jiang, Z. (2020): “A physical-biological 

coupled ecosystem model for integrated aquaculture of bivalve and seaweed in 

Sanggou Bay”, Ecological Modelling, 431, 109181. 

https://dx.doi.org/10.1016/j.ecolmodel.2020.109181  

 

 

 

 

 

 

 

 

 

 

 

 

 

The published papers are reprinted with permission from [Elsevier]. All rights reserved 

The published papers are reprinted with permission from [Inter-Research]. All rights reserved 

The published papers are reprinted with permission from [Frontiers]. All rights reserved   



8 | P a g e  

 

1 Introduction 
 

General Background 

As reported by “The State of World Fisheries and Aquaculture 2020”, the world aquaculture production 

attained another record high of 114.5 million tonnes (live weight) in 2018, with a total sale value of 

$263.6 billion. China is the leading global aquaculture producer, with 47.6 million tonnes of cultured 

animals (60.3% of global total) and 18.6 million tonnes of cultivated aquatic plants (57% of global total) 

in 2018 (Figure 1). Although the growth rate of the culture production started to slow down in 2017, 

China has maintained the position of the world's largest producer since 2001 (FAO. 2020).  

 

Figure 1 The aquaculture production for animals and aquatic plants from China and at a global view. Data from FAO Fishery 

Yearbook (2012, 2020). 

If we focus on the marine aquaculture production (20 million tonnes) in China in 2018, about 71% of 

the production is filter-feeding bivalves and about 11% is seaweed. The top three cultured bivalves are 

oysters, clams, and scallops, and more than half of them are harvested from the Yellow Sea and the 

Bohai Sea (Figure 2). Besides the bivalves, the total mariculture production around the Yellow Sea and 

Bohai Sea (from Tianjin, Hebei, Liaoning, and Shandong provinces) summed up to about 9 million 

tonnes, which is about 44% of the domestic mariculture production in 2018.  
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Figure 2 Top three cultured shellfish in China, the summed production (fresh weight) of oyster (5 million tonnes), clam (4 

million tonnes), and scallop (2 million tonnes) accounted for 77% of the total mariculture shellfish production (14.4 million 

tonnes) in 2018. Data from the <China Fishery Statistical Yearbook 2019>. Photos from unsplash.com 

The vast aquaculture production in China is supported by several factors, including a favorable natural 

environment and social & economic demand. The mariculture in China is characterized by low-trophic 

species cultured with long-line rafts, and the culture method requires a large sea surface area and 

massive labor input during the process. An accumulated sea surface area of 13,782 km2 (3% of the total) 

was used by mariculture on the Chinese side in the Yellow Sea in 2018 (China Fishery Statistical 

Yearbook 2019). About 4.9 million people rely on fishery and aquaculture for their livelihood in China 

(FAO. 2018). 

The mariculture in the Yellow Sea is concentrated around coastal bays or islands, and most of these 

areas are intensively cultured (Figure 3). The aquaculture activities with massive artificially cultured 

biomass and extensively spatial occupation have already become a non-negligible component in the 

local ecosystem. The impact on the regional ecosystem in the Yellow Sea at different temporal-spatial 

scales has drawn more concern recently (Yuan et al. 2010; Li et al. 2018; Zhao et al. 2019; Liu et al. 

2021). For the sustainable development of the aquaculture industry, it is essential to understand the 

aquaculture involved ecosystem processes at different scales, establish methods for the carrying 

capacity estimation of cultured organisms within the local environment, and provide suggestions for 

mariculture spatial planning with sufficient scientific evidence.  
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Figure 3 The Integrated-Multi Trophic Aquaculture in Sanggou Bay, the primary culture species are kelp and oyster. Daily 

management is being conducted for the inspection of the culture organism conditions. Photo provided by Fang Jianguang.   

The two major objectives of my PhD project are: (1) To establish and validate a high-resolution 

numerical current model which can provide physical information to the aquaculture-dominated 

ecosystems in the Yellow Sea and particularly on the northern shelf where previous knowledge has been 

limited, and (2) to apply the current model results to explain environmental interactions on aquaculture 

as well as providing input to biological models. To achieve these objectives, the Yellow Sea Model 

(YSM) model has been implemented from the NorKyst800 current model operating along the 

Norwegian coast (Asplin et al. 2020). The hydrodynamic results have been applied to study the 

hydrological features including the summertime thermal front jet and the internal tidal dynamics on the 

northern shelf of the Yellow Sea, which can be barely found in literatures. In addition to the 

oceanographic studies, the model results were also used to investigate the potential reason for recently 

massive mortality of bottom cultured scallops and correlated the event with ambient water temperature 

variations.  An ecosystem model was set up for the large-scale multi-trophic aquaculture in Sanggou 
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bay to quantify the aquaculture-environmental interactions, with hydrodynamic information supplied 

as boundary conditions. The output tends to suggest that the model can be a useful tool for carrying 

capacity estimation and provide supportive information for aquaculture management. China and 

Norway have been collaborating scientifically for 40 years in the Bei Dou project and in the past years 

this collaboration has mostly focused on aquaculture related issues. We want to eventually establish the 

scientific framework and construct essential tools to support the sustainable aquaculture management 

along the coast of the Yellow Sea, which can be universally applied to aquaculture productions with 

different species, culture methods, or culture environment. 

 

 

Figure 4 Location and topography (Etopo1) of the Yellow Sea and Bohai Sea. This phD project focused on two aquaculture 

areas: (1) The Integrated Multi-Tropic Aquaculture (IMTA) in Sanggou bay, and (2) the bottom aquaculture around Changshan 

islands. 
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The Yellow Sea  

The Yellow Sea is a semi-enclosed marginal sea located between the mainland of China and the Korean 

Peninsula and adjacent to the West Pacific through the East China Sea. It covers approximately 458,000 

km2 with an average depth of about 44 m (Wei et al. 2010). The topography of the Yellow Sea is shown 

in Figure 4, with a trough located in the center and surrounded by a gradually sloping bottom towards 

the coast. The innermost part of the Yellow Sea is separated by the strait between the Shandong 

Peninsula and the Liaodong Peninsula, named the Bohai Sea, with an average depth of only 18 m. The 

second longest river in China, the Yellow River, flows directly into the Bohai Sea bringing sand and 

silt. A recently reported annual sediment load of 0.3 Gt/yr. is given (Wang et al. 2007), which is a large 

reduction from a previous estimate of 1.05 Gt/yr. (Milliman and Meade. 1983). It is still “one of the 

largest sources of sediment load from upland sources in the world” (Hwang et al. 2014). A fraction of 

this sediment load is resuspended and being transported as far as 700 km from the river mouth and 

reaches the southern part of the Yellow Sea, contributing to the formation of the intertidal flat along the 

Chinese coast. The boundary between the Yellow Sea and the East China Sea connects the Yangtze 

River mouth and the Jeju island with the southwestern tip of the Korea Peninsula. The total freshwater 

discharge of the five major rivers (Yellow, Yangtze, Geum, Han, Amarok) is estimated to be 1.031× 

1012 m3/year, from which the Yangtze River has accounted for more than 89% playing a vital role in the 

biogeochemical process in the southern part of the Yellow Sea.  

A defining feature of the Yellow Sea hydrodynamics is the macro-tidal energy input, especially along 

the coast. The tides in the Yellow Sea have been extensively studied with observations and numerical 

simulations. The tidal wave travels cyclonically in the Yellow Sea and loses energy due to the bottom 

friction (Kang. 1984). Co-tidal and co-range charts of semi-diurnal and diurnal constituents (Yanagi 

and Inoue. 1994) show four amphidromic points for the semi-diurnal constituents formed by reflecting 

waves. For the diurnal constituents, there are two amphidromic points in this region. The tidal range 

decreases northward along the Korean coast, especially for the M2 tide. The maximum tidal amplitudes 

will approach 10 meters in the Gyeonggi bay (on the north-western part of the Korean coast) during 

perigean spring tides due to the resonant oscillation caused by the local bathymetry (Choi and Kim. 

2006). The total tidal currents exceed 1.0 m/s near the coast and get gradually weaker offshore (Larsen 

et al. 1985). The residual currents are relatively weak and reported to be 0.02-0.08 m/s (Yanagi and 
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Inoue. 1994). 

The climate in the Yellow Sea is controlled by the East Asian monsoon system (Hwang et al. 2014). 

The monsoon is caused by the temperature and humidity difference between the interior landmass and 

the West Pacific. Typically, there are four distinct seasons in this temperate zone, but the winter 

(December-February) and summer (June-August) govern the Yellow Sea's hydrodynamics. The 

precipitation over the Yellow Sea and the East China Sea from 1979 to 2007 is reported with monthly 

mean daily rates around 1.1 mm/day in December and 5.5 mm/day in July, and the annual daily mean 

rate ranging from 2.9 to 3.8 mm/day (Hwang et al. 2014). The annual mean air temperature reported 

for the Korean side of the Yellow Sea ranges between 10°C -16 °C. In winter, the mean January 

temperatures range from -5°C to 5°C, while in the summertime, the mean air temperature can be from 

20°C to 26°C during August (UNEP, 2005). The monsoon wind regime leads to opposite winds in winter 

and summer. During winter, strong northerly winds and a negative surface heat flux contribute to the 

vertical mixing and adds to the continuous tidal mixing. This homogenized cold-water column lasts 

until spring. In the summer, the south-southeasterly wind is much weaker, and the solar radiation leads 

to well-defined stratified water in the central Yellow Sea. Tidal mixing dominates the coastal regions, 

resulting in homogeneous waters being separated from the interior by a tidal mixed front (Simpson & 

Hunter. 1971). Remnant cold water from last winter will stay below the seasonal thermocline 

throughout the summer season, known as the Yellow Sea Bottom Cold Water (YSBCW). The temporal 

evolution of the bottom water temperature of the Yellow Sea and Bohai Sea is demonstrated with the 

model result shown in Figure 5, and the associated vertical temperature structure of the selected section 

is presented in Figure 6. 

The seasonal circulation in the Yellow Sea is the combination of tidal currents, seasonal wind-driven 

currents, and large-scale geostrophic flow. In winter, the strong winds and the cold air jointly contribute 

to forming a well-mixed water column. Episodic northerly winds with a speed of more than 10 m/s 

force a southward surface current. A bottom compensation flow transports warm and saline Pacific 

water into the central Yellow Sea, known as the Yellow Sea warm current (Lie et al. 2001). Both the 

Chinese coastal current and the Korean coastal current flow southward along the thermohaline front 

between the cold Yellow Sea water and the warm water from the West Pacific near Jeju island (Yuan et 

al. 2008; Yuan and Hsueh. 1998; Lie et al. 2013). The Yangtze River's freshwater discharge is minor 
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during winter and flows southward along the Chinese coast, reaching the Taiwan strait.  

 

Figure 5 Bottom water temperature distribution from YSM results for different months. The section in Dec is where the 

vertical temperature will be presented in the next figure. The black contours represent the 40 m and 60 m isobaths.  
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The summertime is characterized by the YSBCW in the central basin below the seasonal thermocline, 

about 10-20 meters under the warm surface water. This cold-water mass is often surrounded by the tidal 

mixing front, where cooler surface patches can be observed from satellite images. This relatively 

shallow region is maintained by a balance between the tidal mixing power and the buoyancy force from 

solar radiation. The tidal mixing front forms roughly between the 20-50 m isobaths and separate the 

coastal mixed warm water and the central stratified water. The circulation in summer turns to flow 

cyclonically along the mixing front. The Korean coastal current flows northward, and the Chinese 

coastal current flows southward (Yuan et al. 2008; Isobe. 2008; Ichikawa and Beardsley. 2002). This 

cyclonic gyre has been identified from satellite-tracked drifter data (Beardsley et al. 1992; Pang et al. 

2004). Unlike winter, the Yangtze River has maximum freshwater discharge in summer, the momentum 

drives the diluted water to disperse eastward, affecting the southern Yellow Sea. 

 

Figure 6 Vertical temperature structure for the section labeled in the previous figure for each month presented. Unit for the 
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vertical axis is meter and positive downward. 

The Yellow Sea has been studied extensively from a variety of disciplines, and most hydrodynamic 

mechanisms of the Yellow Sea have been well explained with in-situ observations, floaters, satellite 

data, and numerical model results (Larsen et al. 1985; Yanagi and Inoue. 1994; Lie et al. 2001; Yuan et 

al. 2008). Li and Yuan (1992) described the formation and maintenance mechanisms of the YSBCW 

with theoretical models and made a comparison with observed temperature patterns. Su and Huang 

(1995) employed numerical models to study the vertical circulations within the YSBCW, predicting a 

two-layer circulation structure separated by the thermocline. Xia et al. (2006) described the summertime 

circulation structure with a three-dimensional hydrodynamic model in the Yellow Sea, illustrating the 

basin-scale circulation. Ichikawa and Beardsley (2002) have reviewed the studies regarding the general 

circulation in the Yellow Sea and the East China Sea, highlighting the issues remained to be solved 

including the mechanisms of Yellow Sea warm current and the Chinese coastal current. Wang et al. 

(2014) studied the seasonal southward migration of the YSBCW with a particle dispersion method. The 

thermal fronts on the shelves are of particular interest. These are commented in e.g., Liang et al. (2018) 

illustrating that they can have a significant effect on the phytoplankton growth and biological production 

(Li et al. 2006; Chen. 2009; Sun & Cho. 2011; Xin et al. 2015).  

Besides the large-scale and relatively “periodical” mechanisms, there are also studies on the internal 

waves in the Yellow Sea (Hsu et al. 2000; Liu et al. 2009; Liu et al. 2019). The stratified water bodies 

in the YSBCW and the tidal mixing front provide conditions for the generation and propagation of 

internal waves. Internal solitary waves (ISW) have been detected from synthetic aperture radar images 

propagating within the southern Yellow Sea and along the coast (Alpers et al. 2005; He et al. 2008; Hsu 

et al. 2000; Teixeira et al. 2006; Warn-Varnas et al. 2005; Zhao et al. 2014). Liu et al. (2019) have 

studied the M2 internal tide in the Yellow Sea with a numerical model, estimated the energy contribution 

of the M2 internal tide to be about 0.8% of total tidal dissipation, which is negligible on the scale of the 

entire Yellow Sea. Compared to those studies in the South China Sea, the internal waves in the northern 

Yellow Sea have received less attention because of the seasonality of the stratification and minor 

contribution to ocean mixing in this shallow sea. However, in aquaculture areas on the northern shelf, 

where internal tides are generated locally around the islands, the impact on local hydrodynamics still 

needs to be clarified. 
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Part of this thesis (papers I and II) addresses especially tidal dynamics in the northern Yellow Sea to 

fill gaps in the knowledge of hydrodynamic processes of importance for aquaculture.  

 

Aquaculture Environmental Interaction 

 

The geographic location and environmental characteristics of the Yellow Sea makes it important in East 

Asia. It supports a wide variety of marine living resources, and a total of 113 families (321 species) of 

fish have been recorded (Liu and Ning. 2011). The human population density around the Yellow Sea is 

more than 200 inhabitants/km2 (FAO, 2018). Besides the global environmental change, anthropogenic 

activities impose pressure on the Yellow Sea large marine ecosystem (Zhang et al. 2019). The 

environmental impact and sustainable development of mariculture in China have become more in focus 

during recent years. Although non-fed species such as seaweed have been identified to remove nutrients 

from Chinese coastal waters (Xiao et al. 2017), the anthropogenically introduced biomass may lead to 

a cumulative effect on the marine ecosystem at a large scale. Several ecosystem problems have been 

reported in the Yellow Sea, including a change in abundance and species composition, an increased 

frequency of harmful algal blooms, and loss of habitats (Zhang et al. 2019).  

There is a trend of the dominant algae turning from diatoms to dinoflagellates in recent years, potentially 

resulted from the increased eutrophication and decreased ratio of Si:N (Zhang et al. 2019). The change 

in the biomass and composition of phytoplankton and zooplankton may lead to further problems as they 

are fundamental groups in the marine food chain (Zhang et al. 2019). There are also reports on the 

miniaturization of planktons in the Yellow Sea, the decrease of zooplankton with size larger than 505 

µm and phytoplankton larger than 77 µm were detected on the Chinese side of Yellow Sea (Zhang et al. 

2019), which can potentially be connected to the intensive shellfish aquaculture. With field observations, 

Li et al. (2017) have drawn the conclusion that intensive aquaculture is ‘likely’ to have a negative impact 

on the local environment around Weihai coastal areas besides eutrophication and ocean acidification. 

The results-oriented analysis provides a good scientific hypothesis and motivates researchers to 

understand the mechanisms of the observed phenomenon. 

We usually focus on the cultured organism growth and their interaction with the environment in 
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aquaculture systems that can be manipulated with management strategies. Regarding this aspect, 

carrying capacity (CC) is a fundamental concept with a broadly description as “the maximum level of 

use an area can tolerate before unacceptable degradation occurs” (Weitzman and Filgueira. 2020). 

Typically, carrying capacity can be measured as a function of different aquaculture related parameters 

depending both on the relevant carrying capacity type and/or the management objectives. According to 

different management objectives, a comprehensive and widely accepted four-pillar approach has been 

applied defining the carrying capacity into four categories (Inglis et al. 2000; McKindsey et al. 2006), 

namely physical, production, ecological, and social carrying capacities. 

The physical carrying capacity of a site is often represented as the geographic area that is both available 

and suitable for aquaculture (Whitzman and Filgueira. 2020). Instead of providing the evaluation of 

“physically limited production numbers”, it is useful in determining the area availability and suitability 

for aquaculture activities. The physical carrying capacity is measured largely by the physical factors 

(water depth, temperature, salinity, flow condition, substrate type, and oxygen concentration) which 

drives the suitability to satisfy the specific requirement of the cultured species (McKindsey et al. 2006). 

It is usually the basic component in site selection for the early stage of aquaculture planning. 

The definition of production carrying capacity is straightforward as it mostly describes the stocking 

density at which production biomass is maximized (McKindsey et al. 2006). As a practical application 

of carrying capacity, the production carrying capacity has been well-studied and most relevant for 

economic evaluation and farm management (Ross et al. 2013). The stocking density automatically 

served as the basic parameter for the evaluation of production CC, and it is highly linked to the 

hydrodynamics, food supply, and physiological characteristics of the culture organisms (Ferreira et al. 

2013).  

The ecological carrying capacity describes the maximum density of cultured species that does not cause 

unacceptable impacts on the natural environment (McKindsey. 2013). The ecological CC requires the 

knowledge and information on ecosystem processes at different production stages, which naturally 

make the evaluation of ecological CC at the ecosystem scale and requires to resolve the aquaculture-

environmental interaction (including physical, chemical, and biological process) at different spatial and 

temporal scales. Ecosystem models integrating physical, chemical, and physiological processes with 
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many spatial-temporal scales are necessary tools for ecological carrying capacity estimations. However, 

regarding the systematic complexity, the actual estimation of ecological CC is usually based on models 

with limited interaction processes and essential assumptions and simplifications (Filgueira et al. 2013).  

The social carrying capacity, which falls into the category of social sciences, does not have an agreed-

upon definition yet (Weitzman and Filgueira. 2020). Dalton et al. (2017) argues the definition of social 

carrying capacity as “the level of aquaculture beyond which environmental and social impacts exceed 

acceptable levels, measured by community or stakeholder satisfaction, desirability, or preferences”. 

However, the definition is kind of ambiguous as the quantification of social impacts can be extremely 

difficult, and the relevant scale of the social carrying capacity will be highly dependent on the objectives 

and system characteristics specific to each case. Social carrying capacity for aquaculture gained 

popularity just recently and the relevant models or tools are poorly developed (Weitzman and Filgueira. 

2020). Generally, assessing the social carrying capacity of an area requires addressing the interests of 

all stakeholders (McKindsey et al. 2006; Byron & Costa-Pierce. 2013). Although the social CC is the 

least well-studied carrying capacity component, it still can be considered as most critical for the 

aquaculture management (Weitzman and Filgueira. 2020). It is reported by Banta & Gibbs (2009) that 

social impacts and conflicts are limiting factors in development scenarios. Additionally, the diversity in 

social systems also adds complexity in social CC evaluation. 

From the description above, we see that the physical, production, ecological, and social carrying 

capacities are defined with progressive complexity. The assessment or application of either capacity 

often needs to be determined by objectives and stakeholder expectations of the aquaculture scenarios. 

Although the carrying capacity assessment is highly customized regarding each specific case, the 

universal steps can be common. We first need to identify the indicators according to the scenarios of 

the local ecosystem or social system, as to measure the impact from aquaculture activities. And the 

critical conditions which defines the carrying capacity should be determined. Then the relationship 

between the aquaculture activity and the indicators needs to be quantified with proper methods, e.g., in-

situ observations or ecosystem models, etc. The final step is to estimate the carrying capacity with 

expressible aquaculture parameters (stocking density, harvestable biomass, number of fish cages, etc.) 

within the acceptable threshold determined by the critical conditions (Weitzman and Filgueira. 2020).  
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The aquaculture in China usually covers a large area of the sea surface and the biomass of culture 

organisms are overwhelmed in the local environment (illustrated in Figure 3). Management tools are 

essential for aquaculture sustainability when the farming activity defines the local ecosystem at a bay 

scale. Previously, several studies on aquaculture-environmental interactions have been conducted along 

the coast of the Yellow Sea based on numerical simulations. Shi et al. (2011) have parameterized the 

kelp growth and hydrodynamic drag from aquaculture facilities and established a three-dimensional 

physical-biological coupled model to seek an optimal culture density in Sanggou Bay. Xuan et al. (2019) 

examined the impact of intensive surface aquaculture facilities on the local circulation in the same bay. 

They found a reduced surface flow and intensified bottom flow at the open boundary of the bay. Zhao 

et al. (2019) have evaluated effluents from fish farms with numerical hydrodynamic modelling along 

the coast of Qingdao and claimed that there is a negligible sedimentation. Another example is the 

occasionally harmful algal blooms of Ulva prolifera happening in the Yellow Sea originating from the 

seaweed Porphyra yezoensis aquaculture in the East China Sea. Through a complex biogeochemical 

process, these blooms cause an ecosystem disaster that cost $100 million to repair (Hu et al. 2010).  

Part of the thesis (papers III and IV) addresses environmental interaction and carrying capacity within 

the Yellow Sea. Based on results from the Yellow Sea Model an estimation of environmental stress on 

bottom cultured scallops has been developed, as well as developing an ecosystem model for the 

aquaculture suitability assessment and production carrying capacity estimation in Sanggou bay. 

 

Synthesis Layout 

The purpose of the work has been to both understand and provide detailed information of the 

hydrodynamics of particularly the northern Yellow Sea and to investigate interactions between the 

environment and aquaculture. Thus, this dissertation is organized into two parts. 

The first part (papers I and II) establishes the numerical model of the Yellow Sea and Bohai Sea and 

investigates the hydrodynamic features that may have a particular impact on aquaculture. The Regional 

Ocean Model system (ROMS) is implemented for the Yellow Sea and the Bohai Sea to provide 

hydrodynamic information with realistic forcing. The model results are validated at the northern shelf 

of the Yellow Sea against various observations. The hydrological and thermohaline dynamics are 
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presented from the model results (paper I). Details on the current structure induced by the barotropic 

tide and the dynamics of the thermal front jet has been firstly described with high-resolution 

hydrodynamic simulations together with in-situ observations on the northern shelf of the Yellow Sea. 

Also, the internal tidal pattern and dynamics are investigated in paper II. The existence of the YSBCW 

and the tidal mixing front allows the propagation of internal waves, from which the internal tide can be 

captured by the model setup. We have reconstructed the internal tide generation and propagation pattern 

in the weakly stratified tidal mixing front in the northern Yellow Sea and evaluated its short-term impact 

on the local current system. We have demonstrated the importance of the current modification from the 

internal tides on the local flow field with up to 30% of the magnitude, which hasn’t been previously 

described. 

The second part (papers III and IV) focuses on applying the hydrodynamic results on aquaculture. 

There are two cases presented, one for the bottom culture of Japanese scallops in the open sea, and the 

other for the suspended Integrated Multi-Trophic Aquaculture (IMTA) covering a coastal bay. For the 

bottom culture case (paper III), the environmental conditions are essential since the organisms rely on 

food being brought to their locations with a favorable surrounding water quality. Recently, several 

reports of massive mortality events have aroused public attention on the suitability of the bottom culture 

method regarding the physiological features of the Japanese scallops. Our results are the first attempt 

to construct a spatial-temporal variability map of the ambient water temperature for cultured scallops, 

which can be utilized for selection of sites in tidal mixing front areas (risk assessment and physical 

carrying capacity). For the IMTA case (paper IV), an ecosystem model is established incorporating 

hydrodynamic data, individually based models, and population dynamics for Sanggou bay. The culture 

organism growth and their interaction with the local environment is assessed. The carrying capacity 

estimation method is discussed with the model results. The application of the high-resolution current 

model results as a boundary condition for the ecosystem modelling regarding integrated multi-trophic 

aquaculture to discuss the aquaculture-environmental interaction process hasn’t been presented before. 

 

2 Summary of the papers 
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Paper I: Currents on the northern shelf of the Yellow Sea 

 

The Regional Ocean Model System (ROMS) is implemented for the Yellow Sea and the Bohai Sea 

(hereafter YSM). The model has 787×826 horizontal grid nodes with a resolution of approximately 1 

km, and there are 40 vertical σ levels with an enhanced resolution near the surface and the bottom. 

Realistic forcing, including the tides, the atmospheric forcing, and the ocean current & water properties, 

are applied to the model. Various observations, including satellite data and in-situ moorings, are used 

for model validation, and our first objective was to quantify the quality of the model results. The 

comparison of the current time series and bottom temperature evolution shows good agreement between 

model and observation. The averaged root-mean-square error for the measured and simulated current 

speed is about 0.08 m/s at the calculation depths, 13% of the average current magnitude. The simulated 

bottom temperature resembles the observed values quite well during the warming and cooling process 

of the water body at the mooring locations. 

Results from the study agree with previous reports in the literature. Details on the tidal current, 

seasonality of water temperature, wind-driven current, and particle dispersion results are discussed. 

Seasonal dynamics occur in the Yellow Sea as the East Asian monsoon system dominates the regional 

climate. The winds continually change in the model domain, creating episodic currents in the upper part 

of the sea lasting from hours to a couple of days in all seasons. The barotropic tide is the dominant 

current component throughout the year and provides a continuous source for vertical mixing in the 

shallow region. A seasonal thermocline is formed during summer at a depth around 15~20 m in the 

central part of the Yellow Sea, resulting from the balance between the solar radiation induced buoyancy 

flux and tidal mixing. The remnant cold water from the previous winter stays below the seasonal 

thermocline, known as the Yellow Sea bottom cold water (YSBCW). This cold-water mass is 

horizontally separated by the tidal mixing front, typically around the 20-60 m isobaths. The thermal 

front associated current, formed from the balance between horizontal density induced pressure gradient 

and the Coriolis force, is vital for the westward transport in the frontal region during summer. The 

physical information from the YSM is used for ecological studies. Model improvements should be 

sought to produce even more realistic results. Testing internal model formulations as turbulence sub-

models and the vertical grid arrangement can make the model perform better.  
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Paper II: Summertime M2 internal tides in the northern Yellow Sea 

 

The summertime Yellow Sea bottom cold water (YSBCW) is a typical thermal structure of this marginal 

sea with a central trough. YSBCW is surrounded by the tidal mixing front, which locates between the 

20 - 60 m isobaths with relatively homogeneous water inshore and stratified water offshore. The 

stratified waters then enable the generation and propagation of baroclinic waves, including the internal 

tides. In this paper, we combined results from the YSM and the observations to investigate the dynamics 

of the internal tides in the Yellow Sea and focused on the dominating M2 component. During the summer 

of 2017, an RDI ADCP was moored at the bottom on the northern shelf of the Yellow Sea near the 

Changshan islands. The vertical pattern of a mode-1, semi-diurnal internal tide is captured by the 

moored ADCP as well as the simulation results. With further analysis of the observation and model 

results, we present the internal tidal dynamics and energetics in the northern Yellow Sea and discuss 

how these physical processes may potentially affect the local ecosystem by enhanced or reduced water 

transport being about 30% of the external semi-diurnal tidal flow component.  

Our results demonstrate that the internal tide is mostly locally generated with a rapid decay away from 

its source. The most substantial generation area for the semi-diurnal internal tide is along the Korean 

coast. The Changshan islands are also an area with internal tide generation, although with less energy 

than further east, but with evident potential influence on the bottom aquaculture. 

 

Paper III: Rapid water temperature variations at the northern shelf of the 

Yellow Sea 

 

The northern shelf of the Yellow Sea is an important area for the bottom aquaculture of Japanese 

scallops Patinopecten yessoensis with economic importance (Zhou. 2012). The Japanese scallops grow 

from juveniles to market size during a regular 3-year culture period, in which various environmental 

changes may occur. The high mortality of the bottom culture scallops reported recently relates to the 

bottom water temperature variability in summer (Zhao et al. 2019). The YSM results are applied to this 
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region for the short-temporal-scale temperature variations and the potential impact on cultured bivalves 

to support risk assessment and sustainable management of scallop sea ranching.  

The research focuses on the scallop bottom culture area near Zhangzidao island. The time series of 

modelled bottom temperature is extracted and analyzed within the region. The water temperature from 

another intensive aquaculture region in Sanggou Bay is also presented for comparison. A simulation 

with tidal forcing only is conducted to illustrate the contribution from tidal currents to the bottom 

temperature variation. The temperature difference can typically be larger than ~10 oC in the seasonal 

thermal front region in late summer. Current oscillations from the semi-diurnal tide (mainly the M2 

constituent), with an additional oscillation of an around two-week period and a current magnitude of 

only 0.01-0.02 m/s, move the thermal front back and forth in the scallop culture area, exposing the 

organisms for a relatively large temperature variation. 

The spatial influence of these bottom temperature oscillations was quantified with an index by 

multiplying the temperature difference between the maximum temperature and minimum temperature 

of the first half of the wave period with the time between the two in days and then adding up these 

values at each grid square in the numerical model domain, thus representing the aggregated effect of 

the local temperature variation. The geographical distribution of this index identifies “critical areas” 

and discusses the impact of the rapid temperature oscillation on the sea ranching of scallops. A high 

index value was found in 2014 within the bottom culture area when high scallop mortality was reported. 

The hydrodynamic data can provide essential information for developing sustainable scallop bottom 

aquaculture within the region when combined with scallop physiology studies. 

 

Paper IV: A physical-biological coupled ecosystem model for integrated 

aquaculture of bivalve and seaweed in Sanggou Bay 

 

In this paper, our study region is in the Sanggou bay, where oyster and seaweed aquaculture cover about 

two-thirds of the bay area during the production seasons. The nutrient cycle and individual growth of 

the integrated-cultured bivalves and seaweed (IMTA) are studied with an ecosystem model, coupling 

individual-based models and the local hydrodynamic information. The individual growth model of 
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Pacific oysters Crassostrea gigas is implemented with the dynamic energy budget (DEB) theory. The 

individual model of kelp Saccharina japonica is based on a typical exponential growth formula with 

local validation. The model is computed based on a box model concept, where we assume that the 

physical properties are homogeneous within each box. The hydrodynamic model provides the external 

water mass and nutrient content (nitrogen) exchange with water quality modules. The growth of oysters 

and kelp are simulated under different aquaculture density combinations, and the feedback to the local 

nutrient conditions is also discussed. 

Validated with several observations, including organism growth, phytoplankton biomass, and dissolved 

inorganic nitrogen concentration, the ecosystem model reproduces the seasonal circulation and general 

spatial patterns well. Different aquaculture arrangements are represented with species combination and 

culture density adjustment in each box of the model. The interaction between the integrated aquaculture 

system and the local environment in Sanggou bay can be evaluated with the model-defined ecological 

dynamics. A present combination of 50 oysters/m2 and 4 kelp/m2 based on decades of aquaculture 

practice seems to be a balanced optimal choice of ecological impact and economic demand. 

 

3 Prospects 

 

China has been the world's leading seafood producer for many years, and domestic aquaculture 

production has exceeded the capture production since 1993 (FAO FishStat). Obviously, the need for a 

healthy and sustainable aquaculture in China is absolutely necessary to keep up with an increasing need 

for food supply. As an important shellfish producing area, the Yellow Sea and Bohai Sea will continue 

to contribute a considerable amount of bivalve biomass to the consumers. The high aquaculture yield 

has brought increased concerns of the pressure on the coastal ecosystem and sustainability worldwide 

(Milewski. 2001; Cao et al. 2007; Ferreira et al. 2007; Whitmarsh and Palmieri. 2008; Galparsoro et al. 

2020). Although the Chinese aquaculture consists primarily of low-trophic species, especially bivalves 

and seaweed, the overwhelming biomass produced may still affect the ecosystem at the population level, 

e.g., a phytoplankton abundance decline, a biodiversity loss, or an occurrence of ecological disasters 
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such as harmful algal blooms (Hu et al. 2010; Zhang et al. 2019). Therefore, policymakers and 

aquaculture practitioners need solid science-based information and comprehensive knowledge of the 

ecosystem at different scales to apply sound management strategies. The Chinese government has 

already committed to regional legislations for aquaculture functional zoning to seek sustainable 

development. Therefore, the aquaculture industries are facing challenges from both the requirement on 

ecosystem sustainability and the pressure of government policies. For instance, the massive mortality 

of bottom cultured scallops in the northern Yellow Sea was firstly reported in 2014, and the occurrence 

of such event became more frequent in recent years (Zhao et al. 2019), which greatly affected the 

development of the related aquaculture companies. In Sanggou bay, with respect to the environmental 

regulations, the long-line rafts within 2 km from the coast have been removed since 2018, providing 

more coastal space for the public. To achieve a sustainable development of aquaculture in balance with 

the demand from different stakeholders (industry, individual, government, etc.), we need a long-term 

input from scientific-research, enterprise participation, and policy support. 

Sustainable development of aquaculture can be different from area to area by many reasons, e.g., 

difference in geographical conditions, hydrological conditions, culture method, market demands, or the 

legislative systems. The general framework to achieve sustainability is still similar, namely, to conduct 

the aquaculture development and management under the limits of the various carrying capacity indexes.  

Sanggou bay has been an experimental field for low-trophic aquaculture studies with participation from 

researchers globally (Hawkins et al. 2002; Nunes et al. 2003; Duarte et al. 2003; Zheng et al. 2012) and 

is suitable for demonstrating a sustainable aquaculture system and what activities are needed to monitor 

this. Aquaculture have been practiced in Sanggou bay for decades and has witnessed a change from 

monoculture to polyculture. Ever since the first carrying capacity related project was conducted in the 

bay (Fang et al. 1996), the integrated multi-trophic aquaculture (IMTA) has become the major 

aquaculture method and continues to improve with the progress of various scientific studies (Shi et al. 

2013; Lu et al. 2015; Zeng et al. 2015; Xuan et al. 2019). The recent adoption of the “MOM” system in 

Sanggou bay monitoring the sediments (Zhang et al. 2020) showed a similar good status as 10 years 

ago (Zhang et al. 2009), indicating that the aquaculture in the bay is sustainable regarding this. Currently, 

the “eco-farming” method has been demonstrated and promoted in the bay (Mao et al., 2019), implying 

a reduced stocking-density that achieves better individual quality and a higher economic profit and 
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serves as an excellent example of a fruitful collaboration between science and industry.  

Our work contributes to the scientific part under the big scope of sustainable development of 

aquaculture, focusing on providing effective model results. Application of the hydrodynamic models 

within this thesis helped to clarify the background environmental conditions at specific aquaculture 

regions in the northern Yellow Sea. The temperature index derived with the simulation results impelled 

the stakeholders to reconsider the risk-assessment and site-selection for bottom scallop sea-ranching 

during the planning stage. The stock-density and production relation presented from the ecosystem 

model of the low-trophic multi-culture in Sanggou bay also caused some thoughts on harvestable 

biomass and individual product quality for large-scale aquaculture, which contributes to the 

demonstration of “eco-farming” method. Local stakeholders including aquaculture industries and the 

local government are strongly interested in the simulation results with higher spatial resolution and 

more detailed biological process, which requires the input for both model optimization, experimental 

study, environmental monitoring effort, and continuous production records. 

To further contribute to the sustainable development of aquaculture around the Yellow Sea, more effort 

is required to improve the model capabilities and strengthen the cooperation with physiological and 

ecological studies. Both the hydrodynamic and ecosystem model need further validation and 

improvements to support the general aquaculture management. The performance of model application 

greatly depends on the model construction, e.g., the theoretical basis, the rationality of model 

assumptions, the spatial-temporal resolution, etc. Processes or dynamics that are not included in the 

model setup or equations will not be revealed in the model results, especially for the deterministic 

models. Therefore, the major objectives of specific applications should be clarified prior to the model 

construction to make sure the necessary components and processes are included. 

A better resolving of the ecological processes regarding the culture organisms will be important for the 

ecosystem modelling. The individual based models (IBM) which can better describe detailed feedbacks 

of culture organisms facing environmental variations are expected. This requires the further 

development and involvement of the individual growth theory based on the physiological and ecological 

studies in the laboratory or in the field. We also need a proper introduction of the population dynamics 

to enhance the model performance. The reasonable parameterization of the intra-species competition 
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helps to better predict the distribution of individual qualities. The correlation of the massive mortality 

event of bottom cultured scallops and the ambient water temperature variation motives the clarification 

of the corresponding physiological mechanisms. Which may eventually provide useful information for 

the mitigation management with developing regional suitability assessment index incorporating the 

scallop physiological knowledge, feed availability, and environmental variation. Mortality of the culture 

organisms is another key parameter that requires optimized expression, it covers various factors 

including starvation, unsuitable environmental, predator feeding, etc. and determines the population 

size as harvestable individuals. Data from physiological laboratory experiments, field experiments, and 

actual production are necessary to formulate expressions for the population dynamics. 

Further concerns will also be laid on the environmental feedback to the large-scale and regular 

aquaculture around the Yellow Sea. The aquaculture facilities and high yield at regional scale, e.g., 

Sanggou bay, may affect both the hydrodynamics and the ecosystem composition. The intensive 

shellfish aquaculture farms distributed along the Yellow Sea coast may result in a top-down controlled 

ecosystem at regional scale, with support from previous reports on the miniaturization of planktonic 

groups (Zhang et al. 2019). In addition to the physiological knowledge attained from experiments, the 

ecosystem scale evaluation from modelling systems, we will also work on the setup and maintenance 

of long-term monitoring system in the aquaculture environment for the efficient supplement of 

observation data. 

The work done in this thesis will be the foundation of our future work, we expect the follow-on research 

projects can provide solid multi-disciplinary scientific support for the sustainable aquaculture 

development & management and related legislation in China. 
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a b s t r a c t

The currents of the northern shelf of the Yellow Sea are investigated using observations of current
and hydrography and numerical current model results. The Regional Ocean Model System (ROMS)
with a horizontal resolution about 1km is implemented for the Yellow Sea and the Bohai Sea, and the
results are produced for the year 2014 and 2015. Observations from bottom moored ADCP profilers
and CTD on the northern shelf of the Yellow Sea are used for validation of the model. The comparison
of current time series and bottom temperature evolution show good agreement between model and
observation. Barotropic tides are the dominant current component throughout the year on the shelf
and consistently mixing the water column in the shallower parts. A thermal front and associated jet
exists during the summer creating a robust current structure on the western part of the shelf. The
winds in the region are changing constantly creating episodic currents in the upper part of the sea
lasting from hours to a couple of days.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

This study aims at investigating the currents at the northern
shelf of the Yellow Sea (YS). This refers to the coastal water
south of the Liaodong Peninsula towards Korea Bay including the
Zhangzidao Islands. The bottom depths are shallower than 40–
50 m. This area has great importance for aquaculture of especially
bottom cultured scallops (Mao et al., 2019). According to the
Chinese Fishery Statistical Yearbook 2018, Liaoning province have
produced about 472,230 metric tons of cultured scallops, which
accounts for about 23% of the total domestic production. The
bottom cultured scallops usually take about 3 years to grow up
to market level, and recent frequent high scallop mortality within
this region has drawn more attention for researchers to studies of
ecology and carrying capacity (Zhao et al., 2019). Regarding the
sustainable development of the scallop industry on the northern
shelf of YS, the understanding of the physical environmental
variation and the related driving forces will be crucial.

The Yellow Sea at large is relatively thoroughly investigated.
As a semi-enclosed sea in the Western Pacific, surround by the
mainland of China and the Korean peninsula, it covers an area of
approximately 40,000 km2 with an average depth of about 44 m
(Wei et al., 2010). Recent overviews by Hwang et al. (2014) and
Tak et al. (2016) illustrates the general forcing and responses of

∗ Corresponding author.
E-mail address: lars.asplin@imr.no (L. Asplin).

the water masses in the Yellow Sea. Other studies have illustrated
the water masses, especially the Yellow Sea Bottom Cold Water,
and general circulation (Li and Yuan, 1992; Su and Huang, 1995;
Ichikawa and Beardsley, 2002; Xia et al., 2006; Wang et al.,
2014; Zhu et al., 2018). The thermal fronts on the shelves are of
particular interest, and is commented in e.g. Liang et al. (2018)
and in studies illustrating that these can have a major effect on
the phytoplankton growth and biological production (Chen, 2009;
Li et al., 2006; Xin et al., 2015; Sun and Cho, 2010).

The conditions at the northern shelf have received less focus,
although similarities with other shelf areas around the Yellow Sea
are apparent. Zhuang et al. (2017) analyzed the tidal and mean
current characteristics with moored current profiling data near
Zhangzidao island during June-November in 2009. They found
a barotropic diurnal and semi-diurnal tide at the observation
location and that the summer stratification has an impact on
the vertical structure of the residual currents. Qi et al. (2013)
implemented a numerical current model based on FVCOM to
simulate the tidal current on the northern shelf near Zhangzidao
island. The model result and the observation have showed a major
regular semi-diurnal pattern around the island with counter-
clockwise rotated tidal current. The tidal residual current has
been evaluated to be around 0.08–0.12 m/s around the islands
and reduced to about 0.01–0.02 m/s further from the coast. Li
and Zhai (2018) studied the subsurface-water pH and aragonite
saturation from cruise data during 2011–2013, and identified the

https://doi.org/10.1016/j.rsma.2019.100821
2352-4855/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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contributions from various biogeochemical processes within the
north YS cold water mass.

In our study, we focus on the most important current com-
ponents acting on the northern shelf of the Yellow Sea. We use
information from observations by current meters and CTD-sondes
when available, although most information is from numerical
current modeling and various model results archives. We show
that the model results are in good agreement with the available
observations. The tidal current is the most important current
component in the area. The wind is creating a relatively high
frequent current confined to the upper ∼10 m with periods or
unidirectional flow being hours to a few days. A frontal jet asso-
ciated with the temperature distribution on the shelf is apparent
in late summer and capable of moving water of the same order
of magnitude as the whole water mass of the western part of the
shelf for that period.

2. Materials and methods

2.1. The current model

The regional Ocean Modeling System (ROMS) is a free sur-
face, terrain following, primitive equations, hydrostatic ocean
model on an Arakawa-C grid (Haidvogel et al., 2008; Shchepetkin
and McWilliams, 2005). ROMS is widely used in coastal studies,
e.g. along the Norwegian coast (Albretsen et al., 2012). Our imple-
mentation of the ROMS for the Yellow Sea is named the Yellow
Sea Model (YSM). The YSM covers the Yellow Sea and Bohai Sea
with the horizontal grid size being latitude by longitude (∼1
km), and there are 40 vertical layers derived with the stretching
factors 7.0, 2.0 and a minimum depth of 15 m giving enhanced
resolution near the surface and the bottom. The model grid is
rotated counter-clockwise to have one open boundary towards
the border between the Yellow Sea and the East China Sea.
The model bathymetry is interpolated from SRTM30-plus shuttle
radar altimetry supplemented with side-scan sonar survey data
and the GEBCO 30" database (Becker et al., 2009) and smoothed
with a low-pass filter (Fig. 1). The model is configured with
3rd-order upstream horizontal advection of tracers and 4th-order
centered advection for momentum with the Generic Length Scale
k-kl vertical mixing scheme (Warner et al., 2005).

Atmospheric forcing is obtained from the European Center for
Medium-Range Weather Forecast ERA-Interim Reanalysis
datasets (Dee et al., 2011), including 10 m wind velocity, surface
specific humidity (derived from 2 m dew point temperature), sur-
face air temperature (2 m), downward long wave and shortwave
radiation, precipitation and mean sea level pressure. Accumulated
data such as radiation and precipitation are 12-hourly data with
spatial resolution of 0.75◦, and the rest are 6-hourly data at
spatial resolution of 0.25◦. Atmospheric forcing is interpolated to
the model grid, and the net heat flux is computed from a bulk
formulae by Fairall et al. (1996).

Open boundary data includes tide, daily mean elevations, daily
mean vertical momentums, temperature and salinity. The mean
values are obtained from the HYCOM daily global ocean reanalysis
and were interpolated to the YSM grid. Eleven tidal components
(M2, K2, S2, N2, K1, P1, O1, Q1, MN4, M4 and MS4) from the
Oregon State University global inverse tidal model of TPXO7.2
(Egbert and Erofeeva, 2002) were specified at the open bound-
ary. Open boundary data are imposed with a radiative-nudging
scheme and a quadratic bottom drag was employed with the
friction coefficient of 0.0025 applied to the entire model domain.

The model was run for 29 months from August 2013 to De-
cember 2015. The initial conditions were interpolated from the
HYCOM reanalysis mentioned above. Model results were stored
as hourly and daily mean values and are validated against the
observed current and temperature.

2.2. The observations

Observations include in-situ measurement of current and hy-
drography. A Nortek ADCP Aquadopp Profiler (1.0 MHz, bin size
1.0 m, 20 bins) was moored at the bottom near the Zhangzidao
Island. The accuracy of the instrument is 1% measured value
+/−0.5 cm/s for current profiling, +/−0.1 for the integrated tem-
perature sensor and 0.5% of maximum range for the pressure
sensor. The instrument was deployed twice at different periods
and different locations in 2015 (Fig. 1). First deployment was from
March to April and the second from September to December. The
instrument was moored at the sea floor and measuring upwards
with a range of approximately 20 m. Instrument depths were 52
m in the first period (ADCP A) and 39 m in the latter (ADCP B).
The bottom temperature and pressure time series were recorded
with integrated sensors.

On July 8th, 2015, nine stations of vertical temperature profiles
were measured with a Seabird SBE 19plus V2 profiler CTD. Geo-
graphical locations of the measurement sites are shown in Fig. 1.
The initial accuracy the CTD is 0.005 for temperature and 0.1% full
scale range for pressure sensor.

3. Results

The total current at a location will be assembled as a sum of
current components from specific forcing agents plus potentially
some non-linear contributions. Usually it is meaningful to analyze
currents based on individual components created by the separate
forcing mechanisms like tide and wind etc., which is what we do
in the following.

3.1. The tidal current

The tidal current at the northern shelf is strong with an am-
plitude in surface elevation of around 2 m. A number of tidal
constituents are identified as active, but the main is the semid-
iurnal M2 component from the moon. A total of 11 constituents
are included at the open boundary of the numerical model simu-
lation.

Horizontal current components from the current meter loca-
tions near the Zhangzidao island (ADCP A and B) at approximately
10 m above the bottom show a good agreement between ob-
served and modeled current (Fig. 2) with values varying between
+/−0.4–0.6 m/s. The correlation coefficient for the modeled and
observed u and v component at ADCP A and ADCP B are 0.92, 0.96,
0.94 and 0.97 respectively. The corresponding root-mean-square
errors are 0.08 m/s, 0.07 m/s, 0.07 m/s and 0.10 m/s for each
component. The largest root-mean-square error for the presented
time series is about 19% of the observation maximum value. In
general, the numerical model results resemble the observations
realistically. The velocity basically follows the spring–neap cycle
of the tidal period. The maximum current magnitude is larger at
ADCP B, i.e. at a shallower depth closer to the coast. In the model,
the u component is slightly underestimated and the v component,
on the contrary, is slightly overestimated.

The tidal ellipses extracted from time series of the numerical
model results illustrates a variety of eccentricities, from high (flat)
to low (circular), typically determined by the topography (Fig. 3).
In areas near islands and the coast the tidal motion will be more
back and forth, while at the open shelf the tidal ellipses are less
eccentric.

If we compute the tidal ellipse from the M2 constituent hor-
izontal flow in the vertical, we will discover any baroclinicity.
A baroclinic tidal signal will be possible if the water column is
stratified, and we will present results from three locations T1–T3
(Fig. 1) where T1 is offshore and in a stratified water mass, T2
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Fig. 1. The northern shelf of the Yellow Sea and the locations of the observations (blue triangles for current observations, red dots for ctd profiles) and the locations
for extraction of vertical tidal ellipses (green stars). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 2. Observed (red line) and modeled (blue line) current components (m/s) at the locations ADCP A (March 2015) and ADCP B (October 2015).. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

is weakly stratified and T3 nearly homogeneous. We will show
results from both summer season and winter season, where the
latter represents homogeneous water at all three locations. The

stratification is mainly due to vertical variation of water tem-
perature (Fig. 4). The tidal ellipses show little vertical variation
for the two innermost locations T2 and T3 both in winter and



4 F. Lin, L. Asplin, W. Paul Budgell et al. / Regional Studies in Marine Science 32 (2019) 100821

Fig. 3. Tidal ellipses on the northern shelf of the Yellow Sea for the M2 constituent from the numerical model results. The arrow inside the ellipses indicate current
direction for the same phase (red color indicates anticyclonic rotation, blue color cyclonic rotation). The tidal ellipses derived from depth averaged observed velocity
is shown in red for the two current meter locations ADCP A and B near the Zangzidao islands. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

summer, while at the offshore location T1 there is a reduction in
the upper 10–20 m during summer when there is a two layered
water column. For all locations there is a reduction of ellipse size
towards the bottom due to bottom friction.

3.2. Seasonality of water temperature and the thermal front jet

Observations and numerical model results from the locations
of ADCP A and B (locations shown in Fig. 1) illustrate the annual
cycle of water temperature at a single point (Fig. 5). Minimum
water temperature appears in the early spring and maximum in
late autumn. At these locations the minimum value is around
3–4 ◦C and maximum around 18–20 ◦C. The observed water
temperature is in agreement with the numerical model results
with a correlation coefficient and root-mean-square error of 0.96
and 0.27 ◦C at ADCP A and 0.98 and 0.40 ◦C at ADCP B. Closer
to the coast, the maximum summer bottom temperature and
minimum winter bottom temperature from the model results are
above 25 ◦C and less that −1.5 ◦C respectively, indicating a large
interannual difference.

To illustrate the warming of the shelf water through the sum-
mer season, numerical model results of bottom water tempera-
ture are extracted for the days May 1, June 1, July 1, August 1,
September 1 and October 1 (Fig. 6). In May most of the bottom
water is cold and less than 6–8 ◦C but the beginning of a warming
is seen near the coast. One month later, the water temperature at
the shelf has increased to around 15 ◦C for most areas shallower
than 30 m. Such an increase continues through the summer and
early autumn, but restricted to depths shallower than ∼40 m at
least for the western part of the shelf. In October the bottom
water temperature has started to decrease after a maximum in
September.

From a vertical section of temperature observation at June
8. 2015 (location in Fig. 1) a thermal front is found around the
locations of the 30–40 m isobaths (Fig. 7). The upper warm
layer is about 15 m deep and relatively homogeneous with at
temperature just above 20 ◦C. The thermocline of the numerical
model is shallower and only ∼5–10 m, but the structure of the

surface and bottom thermal front is similar between the two
results, as well as the location of the fronts at around the 30–40
m isobaths.

Observations of salinity from the same vertical section indi-
cated little vertical variations and values around 32. The quality
of the observations turned out to be poor with much noise, and
values are not presented.

Monthly mean values from our numerical model results of
current at 20 m depth illustrate the evolution of a frontal jet
system along the shelf (Fig. 8). The strongest flow appears in
August and September with an almost continuous jet from the
longitude of 123 ◦E extending about 200 km westward to the tip
of the Liaoning Peninsula.

A closer look on the vertical structure of the jet along a cross
section stretching south-south east offshore starting at 122 ◦E for
August 25th, 2015 shows a strong bottom thermal front, a weaker
surface front and a jet flowing westward (into the page, negative
values) extending vertically down to 30–40 m depth (Fig. 9). The
width of the jet is ∼40 km but the core is only ∼20 km wide.
The internal radius of deformation at this latitude and based on
the present vertical density stratification is ∼5 km. The jet does
not extend all the way to the bottom, although the iso-therms are
forming a distinct bottom front.

3.3. Wind driven current

Calculating mean winds for 2014 and 2015 for the two seasons
extracted from the ERA archive we find that the summer circu-
lation and winter circulation differ with southerly and relatively
weak mean wind in the months May to August and stronger
northerly mean wind during September to April (Fig. 10).

The wind driven currents are created by wind episodes of
shorter duration, and to examine this we have extracted a time
series of the wind component in the North-South direction ap-
proximately at the location of the ADCP A current meter at the
southern part of the shelf (Fig. 11). The values are from January
2011 until March 2016 and are based on 3 hourly winds from the
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Fig. 4. Vertical distribution of tidal ellipses from the M2 constituent horizontal flow for three locations T1, T2 and T3 (locations shown in Fig. 1) with corresponding
vertical temperature (◦C) and salinity profiles in the lower panels. In the upper panels the red color illustrate results for the summer period and blue results for the
winter period. In the lower panels, solid lines are results for the summer period and dashed lines results for the winter period. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Water temperature (◦C) near the bottom at the location ADCP A (top) and ADCP B (bottom) for January to December 2015. The blue line represents the
numerical model results while the red line is observations by the current meter. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Values from the ERA-Interim atmospheric archive at the ADCP A location of the north-south
component of the wind at 10 m height.

Episodes Mean duration Max duration Mean speed Max speed

Northerly 175 13 h 60 h 5.1 m/s 19.2 m/s
Southerly 28 8 h 30 h 3.7 m/s 12.7 m/s

ERA archive. The seasonality with southerly winds during sum-
mer (positive NS component) and northerly during the winter is

apparent. Maximum values are above 10 m/s in both directions.
There are not many periods of calm winds, but an on-going
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Fig. 6. Evolution of the bottom temperature (◦C) between May 1 and Oct 1, 2015, from model results. The contour lines of 30 and 40 m depths are shown.

Fig. 7. Along section of temperature (◦C) on June 8, 2015, from the numerical model results (top) and observations (bottom).
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Fig. 8. Monthly mean current (m/s) at 20 m depth from the numerical model results for May to October, 2015.

Fig. 9. Vertical view of the daily mean velocity (color) across the section and the temperature (contours) along the section on August 25th, 2015. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)



8 F. Lin, L. Asplin, W. Paul Budgell et al. / Regional Studies in Marine Science 32 (2019) 100821

Fig. 10. Mean winds (m/s) for the summer period (left) and the winter (right) extracted from the ERA-Interim 3 hourly wind archive.

Fig. 11. North-South component of wind (m/s) at 10 m from the ERA-Interim archive at the location of the ADCP A current meter.

fluctuation of episodes. Maximum wind speeds are moderate and
never reaching a value to be classified as a storm.

If we count the duration of the episodes with absolute wind
value larger than 10 m/s, we find that this occur about 7 times
more frequent for winds from the north (winter) than from the
south (summer) (Table 1). Northerly winds with speed larger
than 10 m/s occur 175 times during the ∼5 years period and the
mean duration of such episodes is 13 h and maximum duration
60 h. This indicates such an episode almost weekly. The similar
numbers for winds from south are 28 episodes, lasting on average
8 h and with maximum duration of an episode being 30 h.

To illustrate the effect of a wind episode on the current,
we choose a situation from March 31, 2015, when there was a
northerly wind lasting for ∼20 h. The situation on March 31 at
12 o’clock shows a northerly wind covering the northern part
of the Yellow Sea and even stronger in the Bohai Sea (Fig. 12).
The corresponding surface current after a 24 h lowpass filter (4th
order Butterworth) has been used to remove the main tide, is
westward and with speed between 0.1 and 0.2 m/s with higher
values towards the west on the shelf (Fig. 13).

If we look at a time series of the surface current components at
the location of the ADCP A current meter between March 30 and
April 3, 2015, we find that the east–west current component on
March 31 adds on to the tide to create a surface current of more
than 0.4 m/s (Fig. 14). The 24 h lowpassed current component,
mainly consisting of the wind driven part, is westward with

a maximum current speed of ∼0.17 m/s. On April 2 the wind
direction changes to more southerly, and another episode with
current towards north-east is created. Later the same day and the
next, a southerly current is apparent again. The absolute value of
the lowpassed surface current has a maximum of around 0.2 m/s.

The vertical profile of lowpass filtered current speed illus-
trates the vertical extension of the wind driven flow component
(Fig. 15). For the three times where we have identified different
wind episodes, i.e. March 31, April 2 and April 3, 2015, the current
speed has maximum around 0.2 m/s at the surface and is rapidly
decreasing downwards to approximately 20 m depth.

3.4. Particle dispersion

In order to illustrate the water mass transport capacity of
the different current components, a simple particle dispersion
calculation has been performed. We have chosen four time pe-
riods where two periods consist of mainly wind driven flow
component, one period with mainly tidal flow component and
one period with the thermal front jet component. Particles are
seeded one in each grid square and advected with the current
without additional dispersion. We use 121 particles and let them
drift horizontally for 25 h (Fig. 16). For the wind driven flow
experiments, March 31 and April 1, 2015 are used, and we use
24 h lowpassed current. In the first period the particles drift
initially to the west and then to the north. The net movement
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Fig. 12. Wind (m/s) at 10 m height from the ERA-Interim archive on March 31.
2015, at 12 h.

of the particles are 5–10 km in 25 h. Particles seeded on April 1
are subject to a current generated by a northerly wind, and will
drift towards the south and with a net dispersion distance also
of 5–10 km. The third period illustrates the particle dispersion
by the tidal flow, and we subtracted the 24 h lowpassed current
from the total current with the main tidal flow remaining. We
have also chosen a period with a relatively strong tidal flow with
current amplitude of approximately 0.5 m/s. During the 25 h drift,
the net movement of the particles are modest while the total drift
is much larger with the maximum distance of the particles away
from the initial location being 5–10 km. For the dispersion of the

particles by the thermal front jet, we have chosen September 1–
2, 2015, and the 24 h lowpassed filtered current at 20 m depth.
The particle dispersion for those captured in the relatively narrow
jet is stable towards the west, and after 48 h around 30 km is
covered.

4. Validation of the numerical model results

Numerical current model results validation is an exercise that
should be as extensive as possible and also one that never ends
(Dee, 1995). A numerical current model might perform good
while standard statistical error metrics as root-mean-square or
cross-correlation still can be large (Ziegeler et al., 2012). The
Yellow Sea Model is implemented from the ROMS current model
which has been extensively applied for coastal seas worldwide,
e.g. the NorKyst800 model system for the Norwegian coast (Al-
bretsen et al., 2012) or TFOR for the Taiwan Strait (Xinyou et al.,
2016). These implementations has proven to produce realistic
results and useful applications (Asplin et al., 2013; Johnsen et al.,
2014; Sandvik et al., 2016; Xinyou et al., 2016).

The horizontal current speed at 10 m above the bottom is in
good agreement with the independent observations (least corre-
lation coefficient is 0.92 and largest rms error is 0.10 m/s). The
20 m measurement range of the ADCP limits the observations
to the lower part of the water column, where the tidal flow is
dominating. Potential erroneous bathymetry in the model can
be responsible for the small deviations in both modeled ele-
vations and currents compared to the observations. Improving
the bottom depth in the model domain will be important when
developing the model further.

Model results of temperature distribution resembles the ob-
servations in both variability on longer and shorter time scales.
For the temporal development of temperature measured by the
current meters (Fig. 5), the least correlation coefficient is 0.96 and
the largest root-mean-square error is about 0.40 ◦C.

We find that the numerical model underestimates the mixed
surface layer (Fig. 7), which is previously reported for the ROMS
model and the GLS turbulence formulation (Robertson and Hart-
lipp, 2017). To simulate the mixing of the upper layer water
masses and the sharp transitions is generally challenging for
numerical models. The action of surface waves, which is not
included in the model, might also represent a mixing agent of

Fig. 13. 24 h low-pass filtered surface current (m/s) from the numerical model results on March 31, 2015 at 12 h.
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Fig. 14. Time series of the components of the surface current (m/s; EW = red lines, NS = blue lines) at the location of ADCP A from the numerical model results
between March 30 and April 3, 2015. Solid lines show the 24 h low-passed values. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 15. Vertical profile of 24 h lowpassed current speed (m/s) for three time periods at the location of ADCP A.

importance and one possible explanation of an underestimated
mixed layer depth. Still in spite of a slightly misplaced thermo-
cline, the frontal structure and the lateral position of the bottom
and surface fronts are reasonably reproduced (Fig. 7).

An advantage with numerical model results is the huge tem-
poral and spatial information provided. The more details included

in the model results, the more likely is a small offset in time and
space. Since all motion in the ocean is assembled by numerous
waves with potentially different phase velocities and amplitudes,
as well as an in principle chaotic sub-grid scale turbulent motion,
small errors in the numerical simulation and parameterization
of these can lead to small displacements, typically as seen in
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Fig. 16. Trajectories of particles dispersed in the horizontal current at four different episodes. Upper left panel shows 25 h drift on April 1, 2015, with a south-easterly
wind episode dominating the lowpassed surface current. Upper right panel shows 25 h of drift om April 2, 2015, and a northerly wind episode. Lower left panel
shows trajectories of 25 h drift using the tidal current during a spring tide period and lower right panel shows trajectories from 25 and 48 h drift of particles at
20 m depth on September 1–2, 2015, using 24 h lowpassed current illustrating the effect of the thermal front jet on dispersion. The blue dots represent the initial
particle location and the red dots the locations after 25 h drift. The magenta dots represents locations after 48 h drift. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

the present comparison between the model results and the ob-
servations. Overall, we find that the numerical model delivers a
reasonably adequate set of results resembling the same variability
as the available observations, and the results will prove useful as
information to explore the dynamics and the ecosystems of the
Yellow Sea.

5. Discussion

The Yellow Sea is of great ecological importance for ma-
rine fishery and the huge aquaculture along its coast, and the
northern shelf is an important area for scallop aquaculture (Mao
et al., 2019). To understand variability of both natural and farmed
ecosystems, it is crucial to understand the variability of the en-
vironmental conditions. Water temperature determine the phys-
iology of living organisms and water current determine food
availability, water exchange and potential dispersion of diseases.
We have investigated the currents of the northern shelf of the
Yellow Sea using mainly results from a current model with ad-
ditional information from a few observations. The observations
are a necessary supplement to validate the model results while
the latter give us a sufficient information to understand the huge
spatial and temporal variability going on.

The tidal current is strong and the dominating current com-
ponent in the area. The semi-diurnal component is the strongest,
meaning the flow will be high frequent and unidirectional for
less than 6 h at a time. We find the tidal current to be mostly

barotropic, but in the stratified deeper parts there is a minor
change of the size of the ellipses vertically (Fig. 4).

We are satisfied with the fact that the model results by and
large resembles the observed tides, including the sea surface
height (results not shown) since this current component supplies
most of the energy to the area.

Around the islands in the western part of the shelf, there will
be strong influence on the tidal current from the topography
(Qi et al., 2013), but our numerical model set up with 1 km
grid resolution is not designed to fully confirm this although our
model results (not shown) have an intensified circulation around
these islands.

The thermal front jet is a seasonal current system occurring
only in the late summer (Fig. 8). The mechanism is similar to what
described by Simpson and Hunter (1974) and Simpson (1981)
from the Irish Sea, where the surface buoyancy input and the
tidal mixing is controlling the water column structure with a front
being established at a critical bottom depth. From studies at the
northwest European shelf, Hill et al. (2008) found a thermal-wind,
geostrophically balanced jet along the front. Xia et al. (2006), Shi
et al. (2016) and Liang et al. (2018) showed similar frontal jets
on shelf areas in the Yellow Sea, and our results agree with these
reports.

Being forced by a thermal wind relation at the thermal front,
the front jet is a persistent feature and a geostrophic balance is a
preferred state of the nature and the way to spend the minimum
energy (Gill, 1982). This current will be limited to the area of the
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thermal front though, extending only 20–40 km across (Fig. 9).
The shelf area inside of the thermal front, e.g. where the water
column is vertically mixed, is not directly affected by this current.
The strong tidal current moves the whole shelf water mass back
and forth within mainly the M2 tidal period (∼12.4 h) including
the front. However, this movement will mainly be along the front
in the area where it is at the strongest, i.e. south-west of the
Zangzidao islands (Fig. 3).

The vertical temperature structure of the water column re-
veals both a surface temperature front and a bottom front similar
to what is reported from the northwest European shelf (Hill et al.,
2008). They especially highlighted the importance of the bottom
temperature front, and on the northern shelf of the Yellow Sea
with an extensive bottom aquaculture of e.g. scallops, water tem-
perature and its variations will affect the organism growth. Thus,
a precise description of such temperature variations is important
in ecosystem models.

We expect the thermal front to be affected by various instabil-
ity mechanisms, forced by tide, wind or surface heat flux (e.g. Wu
et al., 2018). Such instabilities, waves or meandering is beyond
the scope for the present work.

The wind driven current will be strongest at the surface and
have a logarithmic (i.e. rapid) decrease towards the depth. The
duration and strength of the winds determine the strength of the
current. Vertically the wind driven current is limited as shown
by the classical Ekman theory (Ekman, 1905) with the magnitude
of the vertical turbulence coefficient determining the limiting
Ekman depth. Typically an Ekman depth is in the range 10–30
m (e.g. Pollard et al., 1973; Madsen, 1977; Stigebrandt, 1985;
Lentz, 1992) but the uncertainty is due to the generally unknown
turbulence structure. Our model results seems to represent a
vertical current structure as anticipated from theory and previous
reports (Fig. 15). It is worthwhile to note that a proper description
of the strong current shear in the upper few meters require
a sufficient number of vertical coordinates, and that the wind
driven current component will not directly affect the flow on the
deeper parts of the shelf.

The ERA interim atmospheric archive resemble the large-scale
atmospheric system in the Yellow Sea area as part of the East
Asian monsoon system described in e.g. Hwang et al. (2014).
The winds from the ERA-Interim archive reveal conditions on
the Northern shelf that are variable, almost always windy and
with a strong seasonality, but still with sufficient short time
variability that wind driven current episodes of relatively uniform
direction will be lasting for only hours to days before changing.
Thus, the variability of the wind driven flow is almost on the
same periodicity as the tide or slightly longer, and we find that
the wind driven flow component in one directions typically is
replaced by a similar flow episode hours to a few days later.

The current of the northern shelf of the Yellow Sea is deter-
mining the residence time of the water masses. How long the
water resides in an area will be important for many reasons,
e.g. to determine food availability for bottom cultured scallops,
to estimate dispersion of water borne diseases or dilution of
pollutants etc. The tide will move and stir water within a ra-
dius of 5–10 km (Fig. 16). Thus the tide is less important as a
long distance transportations mechanism, but excellent for local
transportation and very reliable as a stirring or mixing agent.
Similar advection distances for the upper layer water masses due
to the wind is also the case, mostly since the winds are not very
persistent and rather fluctuate on times from hours to a few
days. The thermal front jet on the other hand, is a persistent
current and potentially capable of transporting water off the shelf
towards the west. This current appears only in late summer so the
gross effect might still be limited although seasonally important.
With a monthly mean current speed of 0.10–0.15 m/s and the

width of the jet being 20–40 km, the capacity of transporting
water westward from the shelf is apparent. As an example we
consider the shelf area from Dalian and 100 km eastward and
40 km offshore and the upper 30 m of the water column. This
volume consist of about 1011 m3 of water. Assuming the thermal
front jet to be 20 km wide, 25 m deep and have a mean current
speed westward of 0.1 m/s for August and September, the volume
transported by this current is also about 1011 m3. Theoretically
the thermal jet is then capable of flushing the whole western part
of the shelf in the late summer months.

Climate change is an important issue, and the future climate
will change also in the Yellow Sea. Parameters like the wind,
precipitation/river runoff and temperature might be altered (IPCC,
2014). The various current components on the northern shelf of
the Yellow Sea could indirectly be affected, and especially the
wind driven current in the case that the atmospheric wind fields
change. The tidal current will be unaltered in a climate change,
thus the most important current component on the shelf will be
less affected. A warming of the water will be on a long spatial
scale, but the vertical stratification might change to a warmer
surface layer and larger vertical gradient than today. The thermal
front will probably remain at the same locations or at a slightly
shallower depth contour if the energy needed to vertically mix
the water column increases. The speed of the thermal front jet
might also alter slightly. However, without any further studies,
which apparently should be made, we cannot see now that a pos-
sible future climate change will affect the currents dramatically
in this area.

6. Concluding remarks

We have implemented a high-resolution current model of the
Yellow Sea based on the ROMS model and with an extensive set
of forcing and open boundary conditions. The model results com-
pare well with the available observations and we are confident
that the information provided by the model will be useful for
particularly supplying information of the physical environment
to ecological studies.

Although we are satisfied with the model performance per se,
improvements should be sought producing even better results.
One obvious way to improve the performance is to have a better
bottom topography. Usually the forcing of the model is a criti-
cal factor for performance, and potentially atmospheric forcing
of higher spatial resolution and possibly more precise radiation
balance might also improve the results. Testing of internal model
constructions as turbulence sub-models (which ROMS has a num-
ber to choose from) and the arrangement of the vertical grid, can
also make the model perform better. A dynamical coupling to
a specific surface wave model will also potentially improve the
simulation of the surface mixed layer.
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The summertime M2 internal tide in the northern Yellow Sea is investigated with moored
current meter observations and numerical current model results. The hydrodynamic
model, which is implemented from the Regional Ocean Model System (ROMS) with
1 km horizontal resolution, is capable of resolving the internal tidal dynamics and the
results are validated in a comparison with observations. The vertical pattern of a mode-1,
semi-diurnal internal tide is clearly captured by the moored ADCP as well as in the
simulation results. Spectral analysis of the current results shows that the M2 internal
tide is dominant in the northern Yellow Sea. Analysis of the major M2 internal tide
energetics demonstrated a complex spatial pattern. The tidal mixing front along the
Korean coast and on the northern shelf provided proper conditions for the generation
and propagation of the internal tides. Near the Changshan islands, the M2 internal
tide is mainly generated near the local topography anomalies with relatively strong
current magnitude, equal to about 30% of the barotropic component, thus modifying
the local current field. These local internal tides are short-lived phenomena rapidly
being dissipated along the propagation pathway, restricting their influence within a few
kilometers around the islands.

Keywords: northern Yellow Sea, internal tides, current modification, tidal mixing front, energetics

INTRODUCTION

Waves in the ocean are a dominant part of the dynamics. Especially visible are wind driven high
frequency surface waves and low frequency tides. Less visible though are internal waves, existing in
stratified water masses. However, internal waves are a potential source for ocean mixing and can
be important for material transportation. When tidal currents flow over steep topography such as
ridges or continental shelf breaks, internal waves with tidal frequency can be generated, known as
internal tides. Our present work originates from an observation of currents in the water column
near Changshan islands, and the results reveal a clear two-layered oscillation superposed on the
strong semi-diurnal tide which characterizes the currents in the region. This internal wave will
obviously modify the total current in the area. Knowledge of the currents here is particularly useful
since this is an important area for scallop aquaculture.

The Yellow Sea (Figure 1A) is the marginal sea between the mainland of China and the Korean
peninsula. According to Egbert and Ray (2001), Yellow Sea is estimated to have the most intensive
tidal energy dissipation due to friction from shallow topography estimated to be about 150 GW
annually. Affected by strong tides and the East Asian monsoon system, the hydrodynamics of the
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Yellow Sea have high spatial-temporal variability (Hwang et al.,
2014). The competition between the solar radiation induced
buoyancy and the endless tidal mixing power, creates the featured
summertime “Yellow Sea bottom cold water” (YSBCW) located
in the central region of the Yellow Sea surrounded by the
tidal mixing front (Lin et al., 2019). The tidal mixing front is
usually located between the 20–60 m isobaths with relatively
homogeneous water inshore and stratified water offshore (Tana
et al., 2017; Zhu et al., 2017; Lin et al., 2019). The stratified
waters enable the generation and propagation of baroclinic
waves, including the internal tides. Compared to the research
conducted in the South China Sea, where the Luzon strait act
as a powerful wave generator of internal waves with amplitude
up to hundred meters (Jan et al., 2008; Shang et al., 2015; Yan
et al., 2020), internal dynamics in the Yellow Sea have been
less investigated. For a coastal region with activities such as
fishing and aquaculture, knowledge on the coastal circulation and
internal tidal-induced hydrodynamics will be important.

Previous literature on the internal tides in the Yellow Sea is
mainly derived from observations and mainly for the southern
part where the water depth exceeds 80 m, and the stratification
is established throughout the year (Lee et al., 2006; Liu et al.,
2009; Wei et al., 2013). Liu et al. (2019) have studied the
characteristics of the M2 internal tide in the Yellow Sea at
basin scale with a numerical model, concluding with complicated
spatial interference wave patterns and strong seasonality. During
summer, the M2 internal tide is generated from multiple sources
and the baroclinic kinetic energy is present as the stratification
is established around the YSBCW. The major baroclinic energy
input is distributed in the southern Yellow Sea near the Yangtze
River estuary and the shelf break near Jeju Island. In winter, the
spatial coverage of the internal tides usually become very limited
(Liu et al., 2019). There were also few reports of the internal
tides in the northern Yellow Sea from in-situ observations. Guo
and Hu (2010) reported the observed regular oscillation of the
isotherms at the semi-diurnal frequency off the Qingdao coast,
which is originated from the M2 internal tide. Wang et al. (2020)
identified the mode-1, semi-diurnal internal tides with moored
current profiler and temperature/conductivity sensors off the
coast of Shandong Peninsula and concluded with a significant
internal tidal induced cross-shore advection of the coastal mass
transport. However, knowledge and data regarding the internal
tides on the northern shelf of the Yellow Sea can barely be found.

During the summer of 2017, an RDI ADCP profiling current
meter was placed at the bottom on the northern shelf of the
Yellow Sea near the Changshan islands (Figure 1C). From these
observations, a clear mode-1 vertical baroclinic oscillation with a
semi-diurnal period was seen, indicating a semi-diurnal internal
tide passing the mooring location. In our study, we combined
results from a numerical current model and the observations to
investigate the dynamics of the M2 internal tides on the northern
shelf of the Yellow Sea in summer (Figure 1B). The objective
of this study is to clarify the generation, propagation, and
dissipation characteristic of the internal tides and to demonstrate
their impact on local hydrodynamics in the northern Yellow
Sea. We find that the mode-1, semi-diurnal internal tide will
increase the total current in the bottom layers in the Changshan

islands area where the water masses are stratified during summer.
The internal waves are generated locally and with limited
regional propagation. The content of this paper is organized as
follows: The model setup, observation, and the analysis method
are described in section “Materials and Methods.” In section
“Results,” the results including the current observations, the
simulated internal tide field, and corresponding energetics, are
given. In section “Discussion,” the model performance will be
evaluated and the internal tidal dynamics in the northern Yellow
Sea will be discussed. Finally, a conclusion will be summarized in
section “Conclusion.”

MATERIALS AND METHODS

Model Setup
The model implemented for this study is based on the Regional
Ocean Modeling System (ROMS), which is a free surface, terrain-
following, primitive equations, hydrostatic ocean model on an
Arakawa-C grid (Shchepetkin and McWilliams, 2005; Haidvogel
et al., 2008). A detailed description of the model implementation
for the Yellow Sea can be found in Lin et al. (2019). The model
covers the Yellow Sea and the Bohai Sea with the horizontal
grid size being ∼1 km with 40 vertical layers derived with the
stretching factors 7.0 and 2.0, and with a minimum depth of 15 m,
giving enhanced resolution near the surface and the bottom. As
the horizontal wavelength of internal tides is usually far larger
than the water depth on the northern shelf, a hydrostatic model
is applicable to resolve the internal tides with the 1 km model
horizontal resolution. The model bathymetry is interpolated from
SRTM30-plus shuttle radar altimetry supplemented with side-
scan sonar survey data and the GEBCO 30" database (Becker
et al., 2009). The model is configured with the Generic Length
Scale k-kl vertical mixing scheme (Warner et al., 2005).

A full model set up with realistic forcing and boundary
conditions was conducted. The atmospheric forcing is taken
from the European Centre for Medium-Range Weather Forecast
ERA-Interim Reanalysis datasets (Dee et al., 2011), with the
net heat flux computed from a bulk formulae by Fairall et al.
(1996). The daily mean values of elevation, momentum, water
temperature, and salinity were obtained from the HYCOM daily
global ocean reanalysis and interpolated to the model grid as
open boundary conditions. Eleven tidal components from the
Oregon State University global inverse tidal model of TPXO7.2
(Egbert and Erofeeva, 2002) were specified at the open boundary.
Open boundary data are imposed with a radiative-nudging
scheme and a quadratic bottom drag was employed with the
friction coefficient of 0.0025 applied to the entire model domain.
A simulation of the period from August 2013 to December 2018
was conducted, and the results from the summertime of 2017 will
be used in this study.

Additionally, two simulations were conducted covering the
period July–August 2017 in order to investigate the spatial-
temporal characteristics of the dominant M2 internal tide of the
northern Yellow Sea. The first is a barotropic simulation with
homogeneous water which eliminates the baroclinic component
and with the M2 tide as the only forcing at the open
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FIGURE 1 | Domain and topography of the Yellow Sea model. (A) Model domain covering the Yellow Sea and Bohai Sea. (B) Major results will be presented from
the northern Yellow Sea where the ADCP mooring site is shown as the red dot in (C). All the subfigures share the same color scale as shown in (A).

TABLE 1 | The configurations of the model simulations used in the study.

Model
configuration

Fully forced M2 barotropic M2 baroclinic

Simulation
period

Aug,2013–
Dec,2018

Jul–Aug,2017 Jul–Aug,2017

Tidal forcing 11 components
TPXO 7.2

M2 component M2 component

Vertical
homogeneity

Stratified Homogeneous Stratified

boundary. The second simulation is conducted with the same
forcing setup but with the monthly mean stratification extracted
from the climatological simulation results. The results will be
used to demonstrate the internal tidal dynamics. The model
configurations are listed in Table 1.

Observations
An RDI acoustic doppler current profiler (1.0 MHz, bin size
2.0 m, 20 bins) was moored at the bottom near Changshan
islands from July 10 to August 24, 2017. The accuracy of
the instrument is 1% measured value ± 0.5 cm/s for current
profiling, ± 0.1 for the integrated temperature sensor, and 0.5%
of maximum range for the pressure sensor. The deployment
location is shown in Figure 1C. The instrument was moored
at the seafloor measuring upwards with a range of about
40 m. The sampling interval was set to 10 min. The water

depth at the mooring location is approximately 40 m, and
the water pressure time series was recorded with an integrated
pressure sensor.

The horizontal baroclinic current velocity u
′

(z, t) will be
extracted from both the observation and simulation results, by
subtracting the depth-averaged barotropic component from the
total current as:

u
′

(z, t) = u (z, t)−
1
h

∫ 0

−h
u (z, t) dz

where h is the water depth and u (z, t) is the total velocity. A 4-h
lowpass filter is applied to eliminate higher-frequency signals.

Harmonic analysis will be applied to both the barotropic
and baroclinic flows to obtain the current ellipses of the M2
component. Spectral analysis is also applied to the horizontal
baroclinic current velocity at different depths to demonstrate the
vertical power spectrum distribution.

Generation and Energetics of the
Internal Tides
The generation of internal tide requires a stratified water column
and a barotropic tide that manages to perturb this stratification.
In a situation with a sloping bottom, generation of internal
tidal waves from the M2 constituent can be described by a
functional relation between the M2 tidal wave frequency (ω),
the local inertial frequency (the Coriolis parameter, f), the
local buoyancy frequency (N), and the local slope of bottom
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topography (s, dimensionless) defined as vertical depth change
over unit horizontal grid length (Thorpe, 1998; Cacchione et al.,
2002). The inertial frequency can be calculated as f = 2�sin (ϕ),
where� is the angular velocity of Earth rotation and ϕ is the local
latitude. On the northern shelf of the Yellow Sea, the local inertial
frequency is within the range of 1.36–1.48× 10−5 s−1.

A characteristic angle of the M2 internal tide (β) can be
expressed as:

β =

√
ω2 − f 2

N2 − ω2 (1)

and the functional relation between this characteristic angle and
the topographical slope is calculated as:

γ =
s
β

(2)

A critical slope is when γ < 1, subcritical for γ = 1, and
supercritical for γ > 1. In areas around a critical slope, the internal
wave beam angle matches the topographic slope and internal tide
generation is most favorable. The generated internal waves can
propagate to shallower regions with subcritical slope or being
reflected at the supercritical slope (Thorpe, 1998; Cacchione et al.,
2002).

Liu et al. (2019) have computed the seasonal M2 internal tide
energetics in the whole Yellow Sea using an energy conversion
rate (C) from barotropic to baroclinic motion calculated as:

C = W · p′ (3)

where W is the vertical barotropic velocity induced by horizontal
barotropic flow over topography:

W = −∇H
[(
h + η

)
UH
]
. (4)

Here UH is the horizontal barotropic flow, h is the bottom
depth, and η is the sea surface elevation. In this study, the
conversion rate will be calculated with the M2 baroclinic
simulation results, and will be integrated over the water depth
and averaged over 32 semi-diurnal tidal cycles in the simulation
period from July 26 to August 10, 2017.

The perturbation pressure p′ is derived from the perturbation
density ρ′. According to the definition of Kang and Fringer
(2012), the perturbation density can be calculated as:

ρ
′

= ρ (z, t)− ρ0 − ρb (z) (5)

where ρ (z, t) is the time-dependent density of the water column,
ρ0 is the reference density (ρ0 = 1,000 kg/m3), and ρb (z)
is the time-independent background density. The perturbation
pressure is then calculated as:

p
′

= g
∫ η

z
ρ
′

dz. (6)

In the expression for the energy conversion rate C, a positive
value means that W and p′ are in phase and the local barotropic
energy is transferred to baroclinic energy. A negative value of C
may imply a superposition of local and remote internal tides and
the barotropic-baroclinic conversion does not happen (Carter

et al., 2012; Kang and Fringer, 2012; Masunaga et al., 2017). This
metric has been widely used in previous studies to understand
the internal tidal dynamics in coastal regions (Kang and Fringer,
2012; Nash et al., 2012; Kumar et al., 2019; Liu et al., 2019).

The depth-integrated baroclinic energy flux can be computed
from current model results according to Kang and Fringer (2012)
as:

Fbc =
∫ η

−h
p′u
′

dz (7)

where u′ is the horizontal baroclinic current component. The
depth-integrated baroclinic energy flux will also be averaged over
32 semi-diurnal tidal cycles in the simulation period from July 26
to August 10, 2017.

Coherent-Incoherent Analysis of Tidal
Waves
According to Nash et al. (2012), a broadband internal tide can be
decomposed into two components, (1) the coherent component,
which is largely predictable and can be described by a series of
tidal frequency sinusoids, and (2) the incoherent component,
which is largely unpredictable and associated with intermittent
pulses of tidal-band energy that are arriving with different phases
and amplitudes. The coherent component of the internal tides is
often applied as a parameter to estimate the contribution of local
generation from the barotropic tides (Nash et al., 2012; Kumar
et al., 2019; Li et al., 2020).

The coherent-incoherent analysis can be applied to time series
from, e.g., observations or current model results. The harmonic
analysis based on the least-squares method will be used to
obtain the semi-diurnal internal tidal currents of the M2, N2,
S2 constituents, which will be tested as coherent variables that
are phase-locked with the local barotropic tides. A fourth-order
Butterworth filter will be applied to extract the baroclinic current
of the semi-diurnal frequency band (1.73∼2.13 cpd) from the
observation and the simulation results. The coherent internal
tidal current is then subtracted, and the remaining signal within
the semi-diurnal band can be defined as incoherent.

To demonstrate the baroclinic energy contribution of the
locally and remotely generated internal tides, the observed
and simulated currents with full forcing were decomposed to
coherent and incoherent components of the semi-diurnal tidal
constituents M2, S2, K2, and N2. The horizontal kinetic energy
is then computed as KE = 1

2ρ0
[
u2
+ v2], where u, v are the

horizontal velocity component and ρ0 is the reference density.

RESULTS

Currents Around the Changshan Islands
in the Northern Yellow Sea
The measured and modeled horizontal velocities at different
depths are shown to basically flow along the coastline isobaths
with the major oscillation direction about 30–210 degrees
(Figure 2). The model results compare reasonably well with the
observations in both magnitude and oscillation direction. The
observed current magnitudes are 0.69, 0.86, and 0.96 m/s for

Frontiers in Marine Science | www.frontiersin.org 4 December 2021 | Volume 8 | Article 798504



fmars-08-798504 December 13, 2021 Time: 12:54 # 5

Lin et al. Internal Tides Northern Yellow Sea

the depth of 5, 15, and 30 m, respectively. The corresponding
model results are 0.71, 0.91, and 1.08 m/s. The root-mean-square
error of observed and simulated currents are 0.09, 0.10, and
0.16 m/s for the presented layers. For both the observation and
the simulation, the flow becomes stronger toward the bottom.
This vertical structure indicates that the contribution from
baroclinic components of the current can be of importance in
the mooring region.

The mean density at the surface (Figure 3a) and bottom
(Figure 3b) water for July 2017, illustrates a thermal front
approximately located between the 20–60 m isobaths, since in
July the water temperature is sufficiently high for the temperature
to be the leading factor in the determination of water density.
Inshore of this front is homogeneous coastal water and offshore
is stratified water (Figure 3). The ADCP was moored near
the cold/heavy water boundary or the thermal front area. The
background stratification enables the propagation of baroclinic
waves with frequencies between the local inertial frequency (f )
and the buoyancy frequency (N).

To illustrate the vertical structure of the baroclinic flow, the
baroclinic current along the major axis 30–210◦ with the positive
values toward 30◦is extracted (Figures 4a,b). The data from
above 10 m is excluded due to the impact of the surface wind.
The vertical structure of the measured baroclinic velocity profile
is a typical mode-1 plane internal wave with a clear semi-diurnal
period, implying a dominating semi-diurnal internal tidal signal.
The current model results are comparable to the observation
with a similar vertical structure and current magnitude. The
amplitudes of both measured and simulated baroclinic currents
are around 0.2 m/s, indicating that the baroclinic component
speed is comparable to the barotropic.

The observed and simulated M2 current ellipses of both the
barotropic and baroclinic flow are presented in Figures 5A,B.
The modeled barotropic M2 tidal ellipse is a bit stretched along
the major axis in the numerical model results compared to the
observation, but the orientation of the ellipses matches well
and is roughly along the isobaths (Figure 5A). The magnitude
of the barotropic M2 tidal current is around 0.4 m/s, which
is comparable to both the observation and simulation results.
Figure 5B shows the baroclinic M2 tidal ellipse distribution
for both observation and simulation results. The baroclinic M2
currents have a nearly opposite phase between the surface and
bottom layers, representing the feature of the mode-1 wave.
The simulation results reproduce the baroclinic M2 ellipse for
the upper layers, while the current magnitudes are slightly
overestimated in the lower layers. The maximum baroclinic
M2 current speed is around 0.1 m/s for both observed and
simulated results.

To further investigate the baroclinic currents near the
mooring location, the vertical spectra is derived for the
water column between 5 and ∼35 m depth (Figures 6a,b).
The baroclinic vertical spectra computed from the ADCP
measurement (Figure 6a) is relatively complicated, with various
smaller energy contributions at different depths and frequencies.
However, for the whole water column, the energy is mainly
distributed around the semi-diurnal bandwidth, especially the
M2 tidal frequency. The modeled baroclinic signal (Figure 6b)

has a similar vertical structure for the whole water column, and
the energy is concentrated near the semi-diurnal M2 component.

The vertically averaged KE of the band-passed barotropic
and coherent/incoherent baroclinic tides are presented in
Figures 7A,B for the current observation. Figure 7A illustrates
that the barotropic tide is the dominant current component at the
mooring location. The variability of the coherent semi-diurnal
baroclinic tides is largely correlated with the variability of the
barotropic tide, as shown in Figure 7B. The incoherent baroclinic
KE during the observation period is much weaker compared to
the barotropic KE. The time-averaged semi-diurnal barotropic
KE is 67 J/m3 at the mooring site, and the corresponding
baroclinic KE is only 4 J/m3. The energy of the coherent
baroclinic tides is also much larger than the incoherent baroclinic
tide, and accounts for almost 83% of the total semi-diurnal
baroclinic KE. A similar analysis is also applied to the model
results (figure not shown). The model overestimates the semi-
diurnal barotropic motion, with a time-averaged KE being
80 J/m3, and the corresponding baroclinic KE is estimated to
be 10 J/m3. The fraction between coherent and incoherent semi-
diurnal baroclinic KE is consistent with the observations though,
being around 85%.

To demonstrate the impact of the locally generated internal
tide on the current field in the region around the Changshan
islands, the simulated baroclinic current velocities at different
depths are shown in Figures 8A–D, together with the barotropic
flow shown in Figures 8E,F. The current is extracted from the
M2 baroclinic simulation on July 23, with a 6-h time difference
between the columns. Figure 8 clearly shows the M2 barotropic
current is dominant, although the internal tidal current cannot be
neglected around the Changshan islands. The statistics of the flow
speed are shown in Table 2. The internal tidal current is stronger
near the islands in the deeper part, close to the generation site
(Figures 8C,D). Furthermore, there is an apparent direction
change of the current, representing an opposite phase of the
internal tidal current. The statistics of the current speed at 15
m depth are similar to that of the deeper flows, but the current
field is more uniformly distributed for the upper layer (Table 2
and Figures 8A,B). The mean flow speed of the internal tidal
current accounts for about 30% of the barotropic current at each
presented layer, and the flow modification on the barotropic tide
will be more pronounced closer to the islands.

The M2 Internal Tide in the Northern
Yellow Sea
With the summertime stratification and strong tidal current in
the northern Yellow Sea, we expect favorable conditions for
generation and propagation of internal tides. A measure of where
internal tide generation might occur is the slope criticality (γ)
for the M2 internal tide (computed from Equation 2). The spatial
distribution of the critical slope values in the northern Yellow Sea
is shown in Figure 9A. The topographic angle is derived from
the model bathymetry, and the near bottom buoyancy frequency
is derived and averaged from the modeled density profiles for a
tidal period during July 26 to August 10, 2017. The critical slopes
(γ = 1) are mostly confined within the isobaths between ∼40
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FIGURE 2 | Current directions and magnitudes from the observed (top) and simulated (bottom) total current at different depths (5, 15, and 30 m below surface).

FIGURE 3 | (a) Surface and (b) bottom density (kg/m3) computed from the numerical model results for July 2017. The dashed lines represent the isobath contours
of 20, 40, and 60 m. The ADCP mooring site is shown with the red dot.

and ∼60 m, which overlap the location of the tidal mixing front
(Figure 3). Areas of supercritical slopes will reflect the waves,
while the waves can propagate in areas of sub-critical slopes
depending on the local stratification. The rugged topography
along the Korean coast has near critical or supercritical slope
values, acting as an internal tide generator. Near the Changshan
islands, there are also critical slopes that are eligible for emitting
M2 internal tides (Figure 9B). The depth-mean slope criticality

from the model shows that favorable generation sites for M2
internal tides are generally located between the depths of 40∼60
m (Figure 9C).

To visualize the internal tidal field, the vertical velocity
fields computed from the difference between the baroclinic and
barotropic M2 model results are presented in Figures 10A,B
with a 6-h time lag to represent the M2 internal tide at 10 m
depth. An opposite phase of the oscillation can be estimated
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FIGURE 4 | The filtered baroclinic current component below 10 m depth for (a) observation and (b) simulation at the mooring site from July 23 to August 10, 2017.
The component is computed along the major axis of the flow, which have the positive values at 30◦toward north-east.

FIGURE 5 | (A) The barotropic M2 tidal ellipse derived from the model results (black), the ADCP observation (blue), and the simulation results at the mooring site
(red) for 2017. (B) The vertical baroclinic M2 tidal ellipse derived from ADCP mooring results (blue) and the simulated ellipses (red) at given depths.
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FIGURE 6 | Spectral analysis results of (a) observed and (b) simulated baroclinic current at the mooring site. The diurnal constituents K1, O1, and semi-diurnal
constituents M2, S2 are represented with vertical dotted lines, and the inertial frequency (f ) is represented with the thick dotted line.

FIGURE 7 | Vertically averaged kinetic energy of the band-passed observed horizontal velocity. (A) The barotropic horizontal kinetic energy. (B) The coherent and
incoherent baroclinic horizontal kinetic energy.
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FIGURE 8 | Modeled M2 baroclinic flow for horizontal current fields (m/s) 6-h apart (at ebb tide and flood tide) at different depths. (A,B) Baroclinic current at 15 m
depth. (C,D) Baroclinic current at 30 m depth. (E,F) Barotropic flow. The baroclinic current component will add (or subtract) to the total current. The ADCP mooring
location is marked as a red dot.

TABLE 2 | Statistics of current speed around the Changshan islands in Figure 8.

Layer Moment Maximum speed (m/s) Mean speed (m/s) Standard deviation (m/s)

15 m baroclinic current High 0.42 0.05 0.03

Low 0.31 0.06 0.03

30 m baroclinic current High 0.24 0.06 0.03

Low 0.34 0.07 0.06

Barotropic current High 0.78 0.18 0.07

Low 0.84 0.18 0.07
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FIGURE 9 | (A) Criticality of the topography on the northern Yellow Sea shelf estimated from the mean simulated buoyancy frequency near the bottom between July
26 and August 10. Solid lines represent the isobath contours of 20, 40, 60, and 80 m. (B) Detailed view of slope criticality near the mooring ADCP (red dot). (C) The
depth-mean topographic criticality calculated for the northern Yellow Sea.

from the striped patterns, which indicates propagation pathways.
The internal tidal current is strong along the Korean coast with
favorable generation conditions and abundant barotropic energy
input (Figure 10). On the northern shelf near the Changshan
islands, the internal tide propagates mainly along the tidal mixing
front, passing the ADCP mooring. The horizontal wavelength
and phase speed can also be estimated from the M2 tidal period
and the distance between each stripe, varying from 8.5 to 20 km
and corresponding phase velocities between 0.19 and 0.45 m/s.

The depth-integrated energy conversion rate (C) from the
barotropic tide (BT) to the baroclinic tide (BC) is shown in
Figure 11A. A positive energy conversion is occurring along
the Korean coast, with typical conversion rates greater than 0.01
W/m2, making it a significant source for the M2 internal tide in
the northern Yellow Sea (Figure 11A). The positive conversion
rate is much weaker (between 0.005 and 0.01 W/m2) around
the Changshan islands (Figure 11B), and with areas of negative
conversion rates implying an energy transfer from BC to BT
(<−0.01 W/m2). The depth-binned accumulated conversion rate
(Figure 11C) shows that the positive conversion mainly occurs
below the depth of 35 m and with a maximum of around 50–60 m.

The time-averaged and depth-integrated baroclinic energy
flux Fbc is presented for the M2 baroclinic simulation in
Figure 12A. The M2 internal tides generally have a diverse
propagation pattern in the northern Yellow Sea. The Fbc
originated from the Korean coast is strong and generally directed
westward between 38.5 and 39.5◦N. The maximum flux is
approximately 45 W/m. When approaching the northern shelf of
the Yellow Sea and near the 50 m isobaths, the baroclinic energy
propagates northward onshore with gradually reduced energy.

A zoomed pattern of the Fbc around the Changshan islands is
shown in Figure 12B, and the baroclinic energy flux is much
weaker around the islands, with a maximum value of ∼10 W/m.
In the nearshore areas, almost no baroclinic energy is propagating
as the water is nearly homogeneous.

The time-averaged and depth-integrated coherent/incoherent
baroclinic energy flux and the corresponding flux divergence
derived from the M2 baroclinic model results are presented
for Changshan islands and the adjacent seas in Figure 13. The
locations with high values of the coherent baroclinic energy
flux and divergence (Figure 13A) coincide with the locations
where the barotropic energy converts into baroclinic energy
(Figure 11). Coherent baroclinic energy flux radiates away from
the generation sites around the island. The M2 internal tide
mainly propagates westward, and the energy flux damps quickly
after a few kilometers. The coherent M2 baroclinic energy flux
divergence is mostly negative around the Changshan islands,
indicating a net loss of coherent energy within the domain. The
incoherent baroclinic energy flux is almost an order of magnitude
smaller than the coherent ones (Figure 13B), implying the
internal tide generated at remote locations is weak in this region.

DISCUSSION

Model Performance
Numerical models are suitable to study and describe the
dynamics of internal tide in various regions of the world
(Kang and Fringer, 2012; Nash et al., 2012; Masunaga
et al., 2017; Liu et al., 2019; Davis et al., 2020). As the
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FIGURE 10 | Simulated vertical velocity difference (cm/s) at 10 m depth for (A) 13:00 July 28 and (B) 19:00 July 28, computed from baroclinic and barotropic
simulations forced with the M2 tidal component at the boundary. Solid lines represent the isobath contours of 20, 40, 60, and 80 m. The red dot represents the
ADCP mooring location.

FIGURE 11 | (A) Depth integrated and period averaged barotropic to baroclinic energy conversion (W/m2) in the northern Yellow Sea. Results were computed for
the results from July 26 to August 10 in 2017. (B) The detailed conversion rate near the ADCP mooring site (red dot). (C) Mean conversion rate for binned depths
within the domain in (A). Solid lines represent the isobath contour of 20, 40, 60, and 80 m.

horizontal scale of the internal tide in the Yellow Sea is
much larger than the regional depth, a hydrostatic model
is sufficient to describe the features of the phenomena.
The hydrodynamic model employed in this study has
previously been applied to describe the hydrodynamics in
the northern Yellow Sea by Lin et al. (2019) as well as in
numerous applications worldwide1. The model results from

1www.myroms.org

the Yellow Sea were validated against current and water
temperature observations and did reproduce the summertime
total current field and thermohaline structure reasonably well
(Lin et al., 2019).

In the present study, current observations from the summer
of 2017 were compared to model results focusing on the
baroclinic current features. The total horizontal current at
different layers calculated by the current model agrees well
with the observation results. The model results do reasonably
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FIGURE 12 | (A) The depth-integrated baroclinic energy flux (W/m) for the M2 semi-diurnal internal tide in the northern Yellow Sea averaged from July 26 to August
10, 2017. (B) Detailed view of the baroclinic energy flux near Changshan islands, with the ADCP mooring location shown as the red dot.

FIGURE 13 | (A) The coherent baroclinic energy flux (Fcoh, arrow W/m) and the flux divergence (∇H · Fcoh, W/m2) derived for 10 tidal cycles for the M2 internal tide
around the Changshan islands. (B) The incoherent baroclinic flux (Fincoh, arrow W/m) and flux divergence (∇H · Fincoh, W/m2) for the same region. ADCP mooring
location is represented as red dot.

reproduce the current magnitude and direction at all depths
(the averaged RMS error is 0.12 m/s). The barotropic tide is
dominant in this region, but the vertical current structure with
a stronger flow speed toward the bottom is apparent in both
the observation and simulation (Figure 2), demonstrating a
robust baroclinic signal at the observation site. This baroclinic
signal is a semi-diurnal mode-1 wave (Figure 4). With the
barotropic component removed, the model results resemble a
temporal-spatial baroclinic velocity pattern comparable to the
observation. The barotropic and baroclinic tidal ellipses of the
M2 component also compare well between the observation and
simulation results (Figure 5), indicating the dynamics of the

internal tides are reproduced by the model. The spectral analysis
results (Figure 6) illustrate that the M2 internal tide is dominant
in the entire water column but with a noisier pattern in the
observations. The simulated baroclinic spectrum demonstrates
a similar energy distribution concentrated around the diurnal
and semi-diurnal frequencies. The discrepancy between the
observation and simulation results is probably due to the
inaccuracy in the background model stratification and smoothed
bathymetry related to challenges in modeling turbulent mixing
and potentially inaccurate depth data for this region. Also, the
1 km grid size will somewhat smooth the model results compared
to the ADCP data.
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Nevertheless, the comparison of the model results and
observation shows that the hydrodynamic model is capable of
reproducing the internal tides in the northern Yellow Sea.

Generation and Propagation of the
Internal Tide in the Northern Yellow Sea
The focus of this study is to investigate the generation and
propagation mechanism of the internal tides in the northern
Yellow Sea. The current system in the Yellow Sea is dominated
by the barotropic tides (Ichikawa and Beardsley, 2002; Xia et al.,
2006; Hwang et al., 2014; Lin et al., 2019), with the main being
the M2 component for which the current amplitude is ∼0.5 m/s
on the northern shelf (Lin et al., 2019). We concentrate on the
M2 internal tide since it is the dominating baroclinic component
and can propagate with respect to the frequency restriction. Liu
et al. (2019) have studied the seasonal and spatial distribution of
the M2 internal tides in the entire Yellow Sea and concluded with
multiple sources and a complex interference internal tidal field
in the summer. They focused on the southern Yellow Sea where
the stratification is well established with the year-round buoyancy
flux input from the Yangtze River estuary. In the northern Yellow
Sea, the water depth is relatively shallow (<80 m), and the
most intensive stratification is found at the seasonal thermocline
above the YSBCW, where the buoyancy frequency can be around
2 × 10−3 s−1 (Lin et al., 2019), allowing the propagation of
high-frequency internal waves. In the tidal mixing front along the
shelf break, a typical depth-averaged buoyancy frequency is about
4.3 × 10−4 s−1, satisfying the generation and propagation of the
semi-diurnal internal tides with a frequency of about 2.2 × 10−5

s−1 (Figure 9). Hence, the M2 internal tide in the northern
Yellow Sea is mainly generated from the rugged topography
within the tidal mixing front along the coast.

The various internal tidal wavelengths and the interference
patterns computed from the M2 internal tidal current field
at 10 m depth (Figure 10) are consistent with previous
studies (Liu et al., 2019). The relatively strong internal tidal
signal appears to be within the tidal mixing front, coinciding
with the generation pattern presented in Figure 9. A high
BT-BC energy conversion (Figure 11A) occurs along the
Korean coast where the tidal current is strong and supplies
abundant kinetic energy (Lin et al., 2019). The negative
conversion around this region may probably be caused by
a remotely generated internal tide being superposed with
locally generated ones, which does not refer to energy
conversion from baroclinic tide to barotropic tide (Kang
and Fringer, 2012; Masunaga et al., 2017). The detailed
conversion pattern around the Changshan islands (Figure 11B)
illustrates that the positive conversion here can be the
source of the internal tidal signal captured at the current
meter mooring location. The depth accumulated BT-BC
conversion for the presented area (Figure 11C) implies that
most internal tides inshore of 35 m isobath have been
propagating from the deeper part, probably generated at the tidal
mixing front nearby.

The depth-integrated and period-averaged baroclinic energy
flux (Figure 12A) demonstrates a specific pattern of the

internal tidal propagation for the simulation period. Because
of the shallow bathymetry in the Yellow Sea (average depth
of 44 m), the total baroclinic energy is non-comparable to
that of the deep seas such as the South China Sea or
Monterey Bay (Jan et al., 2008; Kang and Fringer, 2012).
From the results of Liu et al. (2019), the most active region
for baroclinic energy propagation is near the Yangtze River,
with a typical energy flux of more than 100 W/m. In the
northern Yellow Sea, baroclinic energy from the internal tide is
mainly propagating westward from the Korean coast between
the latitude of 38.5∼39.5◦N. The maximum magnitude is around
45 W/m, and this is damped rapidly. The baroclinic energy
flux is much weaker near the Changshan islands (Figure 12B),
mainly due to less barotropic kinetic energy available. The
relatively strong baroclinic energy flux in this region originates
between the 40∼50 m isobaths near the islands, suggesting
that the M2 internal tidal signal captured by the ADCP is
probably generated locally. This can also be confirmed from
the spatial pattern of the coherent and incoherent baroclinic
energy flux (Figures 13A,B). Coherent energy flux is dominant
on the northern shelf, implying the baroclinic energy of the
internal tide is mainly generated from local barotropic tides
(Figure 13A). The coherent flux generally becomes stronger
when propagating away from the islands and is damped toward
the islands. The complicated and shallow topography around
the Changshan islands makes the local generated internal tide
a short-lived phenomenon limited to the neighboring area.
The incoherent energy flux (Figure 13B) is about an order
of magnitude smaller than the coherent energy flux, which is
consistent with the results from the current observations from
the ADCP (Figure 7).

From the perspective of the entire Yellow Sea, the internal
tidal induced mixing only accounts for a small amount
(∼0.8%) of the total tidal mixing. However, it can be
important when discussing the enhanced turbulent mixing
near the pycnoclines (Liu et al., 2019). When it comes to
the northern shelf of the Yellow Sea where most regions
either consist of homogeneous water or are located in the
mixing front, the impact on currents is more prominent.
The barotropic tide is most important for local water mass
transportation (Lin et al., 2019), but in areas around the
Changshan islands where locally generated internal tides are
strong, the barotropic current will be modified by the internal
tide. Typically, the internal tide will have a first mode or
two-layer structure with the flow in the direction of the
barotropic tide in the lower layer and the opposite direction
in the upper layer (Figure 8). The interface of this two-
layer structure is usually at a depth of approximately 25 m
(Figure 4) and may vary with the background stratification
caused by the barotropic advection and spring-neap tidal
cycles. Generally, the internal tidal current is stronger at the
bottom (Figures 8C,D) and at about 30% of the speed for
the barotropic M2 component. This superposed barotropic
and baroclinic current may strengthen the bottom material
transport within the northern shelf horizontally during each
tidal oscillation. The vertical shear imposed by the internal
tide may also enhance the turbulent mixing across the water
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column in the tidal mixing front. Thus, promoting the material
exchange in this aquaculture region on the northern shelf
of the Yellow Sea.

CONCLUSION

The barotropic tide is important for the currents in the Yellow
Sea and dominates the dynamics on the northern shelf. Our study
using data from a current meter mooring and a regional current
model, shows that also the semi-diurnal internal tide can be
important in the northern Yellow Sea. The results indicate that:

• A mode-1, semi-diurnal internal tide is generated in the
tidal mixing front of the northern shelf of the Yellow Sea.
• The current of the internal tide is in the same direction as

the barotropic tide in the lower layer, adding to the total
current toward the bottom.
• The internal tide is mainly generated locally and with a

limited regional propagation.
• The shelf break areas toward the Korean coast are the most

prominent locations for generation of the internal tide.
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1.  INTRODUCTION

The northern shelf of the Yellow Sea is a shallow
shelf area extending approximately 200 km in the
along-shore direction and 20−50 km in the cross-
shore direction, with a mean depth of approximately
40 m. The currents are dominated by the tidal flow,
with smaller contributions from wind-driven flow
and a seasonal thermal jet (Lin et al. 2019). The water
masses are seasonally heated and cooled, creating a
large amplitude between the warmest water in sum-
mer and coldest in winter, with a typical range of bot-
tom water temperature from <5 to >20°C. Due to
mixing energy input from the tide combined with the
shallow sloping bathymetry, a thermal front in the
along-shore direction is established during the
spring and summer (Simpson & Hunter 1974, Hill
et al. 2008), and the water temperature difference

across this front can be several degrees (Lin et al.
2019).

The northern shelf area is important for aquacul-
ture, where sea ranching of the Japanese scallop
Patinopecten yessoensis has been of particular eco-
nomic importance (Zhou 2012). Ranching is carried
out by releasing juveniles to bottom habitats, where
the scallops usually reach market size after 3 yr. Mor-
talities of scallops in sea ranching within this region
have been related to large bottom-water tempera-
ture variations in summer (Zhao et al. 2019). The
water masses on the shelf oscillate back and forth
over many km, mainly due to the various components
of the tidal forcing (Lin et al. 2019). In areas with
large horizontal bottom temperature gradients, e.g.
in the region of the seasonal thermal front, periodi-
cally large variations of water temperature will occur
and potentially expose individual scallops to water
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temperature amplitudes of several degrees at tidal
and longer frequencies (Lin et al. 2019). Previous
records of massive mortality of cultured scallops
have mostly been related to temperature extremes,
reproduction processes, overcrowding and invaders
or pathogens (Strand & Brynjeldsen 2003, Xiao et al.
2005, Shumway & Parsons 2016). Knowledge is lack-
ing on how temperature variations at short temporal
scales impact bivalves. However, recent experimen-
tal studies have shown that physiology, metabolism
and immune functions in P. yessoensis are affected
by acute temperature changes assumed to represent
the temperature gradients on the northern shelf
(Jiang et al. 2016, 2018a,b, Gao et al. 2017). Such
temperature stress may act as a major factor in caus-
ing the observed mortality of scallops, but more
information on spatial and temporal temperature
variability is needed to understand its role in explain-
ing the mortality.

The objective of our study was to demonstrate that
high-resolution temporal and spatial bottom temper-
ature variability based on numerical current model
results for the Yellow Sea can be used to support risk
assessment and sustainable management of scallop
sea ranching on the northern shelf areas. The numer-
ical model results we used have previously been val-
idated for the northern shelf of the Yellow Sea and
were found to be reasonably accurate (Lin et al.
2019). We identified the semidiurnal
tidal current and a fortnightly oscillat-
ing current as being responsible for the
variable bottom temperatures. From
the time series of oscillating bottom
temperatures, we created a spatially
varying index representing the aggre-
gated temporal temperature variation
at the shelf area of relevance for scal-
lop sea ranching. This index can be
used to identify site and area suitabil-
ity for sea ranching of scallops as well
as help to explain differences in scal-
lop mortality between years.

2.  MATERIALS AND METHODS

2.1.  The current model

We used the Regional Ocean Model-
ing System (ROMS) for our study
(Shchepetkin & McWilliams 2005,
Haidvogel et al. 2008). ROMS is solv-
ing the primitive hydrostatic equations

including a free surface. The numerical grid has ter-
rain following vertical coordinates and a rectangular
Arakawa-C grid horizontally. Internationally, ROMS
has been widely used in coastal studies, including
along the Norwegian coast (Albretsen et al. 2012,
Asplin et al. 2020). Our implementation of the ROMS
for the Yellow Sea is a transfer of the model imple-
mentation along the Norwegian coast; it is named the
Yellow Sea Model (YSM) and covers the Bohai Sea
and the Yellow Sea. The horizontal grid size of the
model is 1 km and there are 40 vertical terrain fol-
lowing layers. The resolution near the surface and
the bottom is in dm and at the bottom is in m. The
actual spacing is dependent on water depth. The
model grid is rotated and has an open boundary
towards the border between the Yellow Sea and the
East China Sea. Bottom topography is interpolated
from SRTM30-plus shuttle radar altimetry and the
GEBCO 30’ database (Becker et al. 2009) (Fig. 1).
Horizontally, the model uses a 3rd order upstream
horizontal advection scheme for tracers and a 4th order
centered advection scheme for momentum. Vertically,
the model uses the Generic Length Scale k-kl vertical
mixing scheme (Warner et al. 2005).

The atmospheric forcing component of the model is
from the European Centre for Medium-Range
Weather Forecast ERA-Interim Reanalysis data sets
(Dee et al. 2011). The forcing contains wind velocity

Fig. 1. The northern part of the Yellow Sea. Lines represent bathymetry every
10 m between 20 and 50 m depths. Colored dots: time series locations; P1:
location of the current observations; P2: location of more detailed analysis of
the bottom temperature variations. Zhangzidao Island is between P1 and P2
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at 10 m height, surface-specific humidity derived
from 2 m dew point temperature, surface air temper-
ature at 2 m, downward longwave and shortwave
radiation, precipitation and mean sea level pressure.
Accumulated data such as radiation and precipita-
tion are specified at 12 h intervals while the rest are
at 6 h intervals. The atmospheric forcing was origi-
nally on a 3 km grid and is interpolated in the model
grid. Net heat flux is computed from bulk formulae
by Fairall et al. (1996).

At the open boundary, information of the tide, the
daily mean sea surface elevation and daily values of
currents, temperature and salinity in the vertical are
specified. The values are taken from the HYCOM
daily global ocean reanalysis (www. hycom .org).
Eleven tidal components (M2, K2, S2, N2, K1, P1, O1,
Q1, MN4, M4 and MS4 constituents) were taken
from the Oregon State University global in verse tidal
model TPXO7.2 (Egbert & Erofeeva 2002) and were
specified at the open boundary. Open boundary data
enter the domain using a radiative-nudging scheme.
A quadratic bottom drag with a friction coefficient of
0.0025 is applied to the entire model domain.

The model results are based on a simulation with
realistic forcing from August 2013 to December 2015.
The initial conditions were interpolated from the
HYCOM reanalysis. We store the model results as
hourly and daily mean values. The model was also
run for 2017 with only the tidal forcing activated, iso-
lating this current component. The reason for select-
ing this period is an overlap with available current
observations.

2.2.  The observations

Current observation data are from
moored acoustic Doppler current pro-
filers (ADCPs) from 2 periods. From
September to December 2015, current
was measured by a Nortek ADCP 1
MHz Aquadopp Profiler (www. nortek
group.com) with 1 m bin size and 20
bins, located near Zhangzidao Island
at Site P1 (Fig. 1), measuring upwards.
The accuracy of the instrument was
1% measured value ±0.5 cm s−1 for
current profiling, ±0.1°C for the inte-
grated temperature sensor and 0.5%
of maximum range for the pressure
sensor. In July and August 2017, an RDI
ADCP 300 KHz profiler (http:// www.
teledynemarine. com/ adcps/ marine-

measurements/) was moored at another location near
Site P1. The accuracy of the current for the RDI instru-
ment was 0.5% of the measured value ±0.5 mm s−1.
The ADCP measured the whole water column with a
vertical bin resolution of 2 m.

3.  RESULTS

The typical seasonal cycle of temperature for the
water masses on the northern shelf of the Yellow Sea
has a large amplitude, with maximum water temper-
ature occurring in September and minimum in March.
At Site P2 (Fig. 1), the time series of modelled surface
and bottom temperature for 2014 and 2015 illustrate
that the water masses are homogenized during late
fall and winter and stratified during summer (Fig. 2).
The depth at this location is 32 m. In areas on the
shelf with depths shallower than 15−20 m, the water
will be mostly homogeneous all year due to vertical
mixing from the strong tide.

The spatial temperature difference is also high in
late summer with a strong offshore gradient of the
bottom temperature (Fig. 3). The temperature differ-
ence from the deeper outer part of the shelf to the
shallower inner part is typically ~10°C in mid-Sep-
tember. The areas along the thermal front will be
vulnerable to temperature variations if the water
masses oscillate in the cross-front direction.

To illustrate the temporal variability at various
locations at the shelf, we extracted time series of bot-
tom water temperatures from 4 locations in the
region of the thermal front (Shelf W, P1, P2 and Shelf
E; Fig. 1), one from a location near the coast, one in

Fig. 2. Time series of water temperature at the surface (red line) and the bottom 
(blue line) from Site P2, west of Zhangzidao Island
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the open sea and one across the sea in the Sanggou
Bay, which is another intensive aquaculture area.
After reducing the diurnal and semidiurnal tidal sig-
nals with a 48 h, 4th order Butterworth filter, we see
the strong seasonal signal with bottom water temper-
atures higher than 20°C in late summer and lower
than 5°C in the winter (Fig. 4). The 4 locations on the
northern shelf vary similarly throughout the season,
but the 2 westernmost locations (P2 and Shelf W; red
and green colored lines in Fig. 4) experience some
large oscillations in August and September before

the water temperature reaches its
maximum value. The amplitude of
these oscillations is several degrees
Celsius and a period of approximately
2 wk is apparent. At the 2 easternmost
locations (Shelf E and P1; black and
blue lines in Fig. 4) such oscillations
are less pronounced. The strongest
seasonal signal oc curs at the location
close to the coast (red dotted line in
Fig. 4), whereas the seasonal signal is
much reduced offshore (blue dotted
line in Fig. 4). On the other side of the
sea in the other large aquaculture area
at Sanggou Bay, the temperature vari-
ation is also relatively strong (black
dotted line in Fig. 4).

A closer view of the bottom temper-
ature at Site P2 (Fig. 1) illustrates the
oscillations with temperature ampli-

tudes of several degrees (Fig. 5). Both the full tempo-
ral resolution with hourly values from the numerical
model results and the 48 h low-pass filtered values
are presented. The difference between these 2 time
series is shown as a black line in Fig. 5, illustrating
the variability due to the strong high frequency tidal
flow only. Superposed on the high frequency oscilla-
tions of the semidiurnal tide (M2, ~12.4 h) we have
4−5 low-frequency oscillations of ~2 wk period and
amplitudes up to more than 2°C in the late summer in
both 2014 and 2015.

Fig. 3. Bottom water temperature on 15 September 2014, from the numerical
current model results. Black lines: isobaths for 20, 30 and 40 m depths; black 

dots: locations where time series were extracted (see Fig. 1)

Fig. 4. Time series of bottom water temperature from locations at the northern shelf of the Yellow Sea and at Sanggou Bay. The
positions are marked on the map in Fig. 1, and the line colors are similar to the colors of the dots. Black dotted line: Sanggou 

Bay location; red dotted line: location near the coast; blue dotted line: location offshore in the ocean
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The temperature oscillations with the longer period
must be due to a slowly oscillating current compo-
nent superposed on the higher frequency tidal flow.
From a 7 d low-pass filtered time series of the bottom
current component along the North−South direction,
we indeed find small amplitude oscillations (1−2 cm
s−1) with a typical period of ~2 wk (Fig. 6). The time
series are from the 2 locations on the shelf (Sites P1
and P2 in Fig. 1) as well as the observed bottom cur-
rent near Site P1. The currents are from a depth
above the frictional bottom layer. The time period
covers 2014 and 2015 for the model results and late

fall 2015 for the observations. The modelled current
has a net southerly component and there is a sea-
sonal signal with a stronger southerly flow during
summer.

In order to further investigate the nature of these
long period current oscillations, the YSM was run for
2017 with only tides as forcing, i.e. other forcing
mechanisms such as wind, radiation, runoff and a
daily open boundary forcing were omitted. The cur-
rent components along the x- and y-directions of the
model grid after 7 d low-pass filtering reveal current
oscillations with a near 14 d period and a magnitude

Fig. 5. Time series of bottom temperature (blue line), the low-passed values (red line) and the difference between the 2 (black 
line) at Site P2, west of Zhangzidao Island

Fig. 6. Time series from the model results of 7 d low-passed north−south current component close to the bottom at Sites P1 and 
P2. The black line is a similar current component from the observations near P1
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around 1−2 cm s−1 (Fig. 7). Observations from this
location (red line) also reveal similar oscillations and
amplitude, although they are not directly compara-
ble since the numerical model results lack all the
available forcing.

Based on the numerical model results, we can spa-
tially quantify the influence of both the low-fre-
quency bottom temperature oscillations and the
(mostly) semidiurnal tidal oscillations in late summer.
From individual oscillations, we multiply the temper-
ature difference between the maximum and mini-
mum temperatures in the first half of the wavelength
with the time between the 2 in days and sum these
values at each grid square in the numerical model
domain. We call this index ‘dt*days’ (with units [°C
day]), and it will represent an aggregated value of
the temperature oscillation effect at that location.
Hence, this can be viewed as a measure of an envi-
ronmental stress on the organisms. The period 1 July
to 30 September is when the thermal front along the
shelf is well established. The geographical distribu-
tion of the ‘dt*days’ index shows that the highest val-
ues mainly appear at locations with bathymetry
between 20 and 40 m, where the thermal front is
located (Fig. 8a−d). We split the index values be -
tween those generated by oscillations from the semi-
diurnal tide (Fig. 8c,d) and those generated by longer
period oscillations (Fig. 8a,b). Obviously, the semidi-
urnal tides generate higher values of the index com-

pared to those of the longer period oscillations. We
also find differences between years in the ‘dt*days’
index, mostly attributable to the influence of the
long-period oscillations.

Spatially aggregated values of the ‘dt*days’ index
as an average for the 2 summer periods for the whole
domain shown in Fig. 8 reveal relatively similar val-
ues (Table 1). The index is nearly twice as high from
the semidiurnal oscillations compared to the longer
period oscillations. The mean values for the whole
shelf area do not differ appreciably between the
summers of 2014 and 2015. This is not the case, how-
ever, if we perform this calculation only for the scal-
lop ranching area marked by the black rectangle in
Fig. 8a. For this area, which is located close to the
thermal front, we find larger variability between
years and especially in the values from the long-
period oscillations.

4.  DISCUSSION

We have shown that the bottom water temperature
can oscillate by several degrees in amplitude and last
many weeks in areas along the northern shelf of the
Yellow Sea. This occurs mostly in late summer when
the thermal front is established. The period of oscilla-
tions is either semidiurnal or approximately 14 d. The
reason for these temperature fluctuations at specific

Fig. 7. Time series of 7 d low-passed current component close to the bottom at Site P1 from the model results of the tides only
simulation of 2017. Red line: similar current component from observations, including additional forcing compared to the model 

results
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locations is the combination of an oscillatory current
and a spatial temperature gradient. Thus, both the
semidiurnal tidal flow (i.e. the M2 component) and
the low frequency and much weaker fortnightly
oscillating flow will move water of different tempera-
ture back and forth.

It is well known that on shallow shelves with a
strong tidal flow, a thermal front can be established
with vertical homogeneous water in the onshore
direction or towards shallower depths and a thermal
stratification offshore or towards deeper water
(Simpson & Hunter 1974, Hill et al. 2008). This is also
the case on the northern shelf during the summer

with an along-shore thermal front mainly following
the 20−30 m isobaths (Lin et al. 2019). The sea ranch-
ing areas near Zhangzidao Island were situated in
the middle of the frontal zone in September 2014.

The movement of the water from the semidiurnal
tide will typically be 5−10 km back and forth (Lin et
al. 2019). Longer oscillations will move the water
back and forth 5−10 km given that the water speed is
0.01−0.02 m s−1 and the period of the oscillation is
around 14 d. Thus, the total area affected can have a
radius of 10−20 km depending upon the phases of
the 2 oscillations.

The low frequency oscillation appears in both the
numerical model results and the observations. Even
though the current speed is low, its duration of flow
in the same direction makes it important. After run-
ning the numerical model forced by tides only, the
oscillations appear year-round and are a permanent
phenomenon (Fig. 7). In the results of the sim -
ulation including all forcing mechanisms, we find
an even longer seasonal signal (Fig. 6). This might
be of importance. The origin could be variations
in stratification or the seasonality of the winds;
however, this is beyond the scope of the present
investigation.

Fig. 8. Geographical distribution of the ‘dt*days’ index for the period 1 July to 30 September in (a,c) 2014 or (b,d) 2015, based
on (a,b) low-passed bottom temperature time series or (c,d) original bottom temperature time series. Lines: isobaths for 20, 30 

and 40 m depth; black rectangle: production area for Japanese scallops

Time                     De-tided        Hourly tidal          Sum 
                              (°C day)            (°C day)           (°C day)

Summer 2014        14 (35)               24 (49)             38 (84)
Summer 2015        15 (24)               25 (45)             40 (69)

Table 1. Spatial mean values of the ‘dt*days’ index for the
whole northern shelf area and scallop ranching area (in
parenthesis) based on the bottom temperature low-passed
time series (long period) and the pure tidal component 

(semidiurnal)
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The 14 d signal in the current field could be pro-
duced by nonlinear advection processes that gener-
ate compound shallow water tidal constituents at the
sum (quarter-diurnal MS4) and difference (fort-
nightly MSF) of the lunar M2 and S2 tidal frequen-
cies (Godin 1972). The spring−neap modulation of
the semi-diurnal tide can produce fortnightly varia-
tions in the strength of vertical mixing (Haas 1977,
Budgell 1982) which can lead to fortnightly varia-
tions in bottom temperature. The circulation is also
affected in an indirect manner on a 14 d time scale by
spring−neap variations in frontal structure caused by
changes in vertical mixing (Li & Zhong 2009).

We found differences between the summers of 2014
and 2015 in the ‘dt*days’ index, but mostly these
appear in space. When considering the whole north-
ern shelf, the difference between 2014 and 2015 is
small (Table 1). However, inside the scallop produc-
tion area (Fig. 8a) the index is more than 20% higher
in 2014 compared to 2015. This difference is mostly
due to the contribution from the long period oscilla-
tions. This can be interpreted as the location of the
seasonal thermal front varying between years. The
mechanisms behind the front are the tidal current,
bottom topography, atmospheric radiation (heat ex -
change) and other mixing agents like wind. Only the
last 2 will change between years; thus, the atmos-
pheric conditions will probably cause the interannual
differences of the thermal front strength and loca-
tion. The difference of the ‘dt*days’ index between
2014 and 2015 illustrates that there can be a tempo-
ral−spatial shift in the bottom temperature patterns
and magnitude. Experimental studies by Jiang et al.
(2016, 2018a,b) indicate that acute temperature vari-
ations are more critical to the scallops than variations
at longer periods. This factor will be affected by such
temporal−spatial shifts and influences how the risk of
scallop mortality should be assessed.

The spatial−temporal variability of the temperature
gradients shown in our study is crucial information
for designing experiments to better understand
stress responses of Patinopecten yessoensis and ulti-
mately the role of the temperature environment in
explaining their growth and mortality in sea ranch-
ing (Zhao et al. 2019). In previous studies, indices
typically representing the temperature environment
integrated over time (e.g. growing degree days) have
been used in assessing temperature-dependent
growth and development in several molluscan spe-
cies (Broell et al. 2017, Steeves et al. 2018). To our
knowledge, none of the previous studies used indices
involving representation of the degree of temperature
oscillations. The variability in the ‘dt*days’ index is

an approach normalizing the temperature environ-
ment assumed to detrimentally affect the scallops
over the spatial domain in the sea ranching area.
However, better understanding of physiological and
immunological factors affecting the mortality of the
scallops is needed to access thresholds for mortality
in sea ranching conditions (Jiang et al. 2018a,b).
Therefore, more research needs to be completed
before higher accuracy can be provided in develop-
ing temperature indices for risk assessment and site
or area selection for the scallop releases. Such
indices would clearly contribute to the development
of sustainable sea ranching and would likely provide
direct economic benefit to the aquaculture industries
in the area.

The results from the YSM reproduced the ambient
environment reasonably well. These results will be
available for further investigations. We believe that
this information, in combination with specifications
of the relationship between physical stress on the
cultured scallops and the effects on scallop growth
and survival, can be used to identify favorable sea
ranching conditions. Temperature variations extracted
from model results can provide crucial information
for further physiological study of high frequency stress.

Acknowledgements. The authors sincerely appreciate the
support from Sea Ranching Research Center of Zoneco, for
their help in making observations. The authors also thank
the European Center for Medium-Range Weather Forecasts
for the atmospheric data, the international team of GEBCO
for bathymetry data and NOPP for HYCOM data. This
research was supported by the Research Council of Norway
(249056/H30), Environment and Aquaculture Governance
(MFA, CHN 17/0033) and Horizon 2020 IMPAQT project
(774109). This research was also supported by the Key Pro-
gramme for International Cooperation on Scientific and
Technological Innovation, Ministry of Science and Technol-
ogy (2017YFE0118300).

LITERATURE CITED

Albretsen J, Aure J, Sætre R, Danielssen DS (2012) Climatic
variability in the Skagerrak and coastal waters of Nor-
way. ICES J Mar Sci 69: 758−763

Asplin L, Albretsen J, Johnsen IA, Sandvik AD (2020) The
hydrodynamic foundation for salmon lice dispersion
along the Norwegian coast. Ocean Dyn 70: 1151−1167

Becker JJ, Sandwell DT, Smith WHF, Braud J and others
(2009) Global bathymetry and elevation data at 30 arc
seconds resolution:  SRTM30_PLUS. Mar Geod 32: 
355−371

Broell F, McCain JSP, Taggart CT (2017) Thermal time
explains size-at-age variation in molluscs. Mar Ecol Prog
Ser 573: 157−165

Budgell WP (1982) The influence of the spring−neap tidal
cycle upon vertical stratification in Chesterfield Inlet,
Hudson Bay. Nat Can 109: 709−718



Asplin et al.: Temperature variations in the Yellow Sea 119

Dee DP, Uppala SM, Simmons AJ, Berrisford P and others
(2011) The ERA-Interim Reanalysis:  configuration and
performance of the data assimilation system. Q J R Mete-
orol Soc 137: 553−597

Egbert GD, Erofeeva SY (2002) Efficient inverse modeling of
barotropic ocean tides. J Atmos Ocean Technol 19: 183−204

Fairall CW, Bradley EF, Rogers DP, Edson JB, Young GS (1996)
Bulk parameterization of air−sea fluxes for tropical
ocean− global atmosphere coupled−ocean atmosphere re -
sponse experiment. J Geophys Res Oceans 101: 3747−3764

Gao G, Zhang J, Li M, Ma S, Guo X, Jiang W, Lv X (2017)
Effects of temperature fluctuation on physiological and
immune parameters of scallop (Patinopecten yessoensis).
Yuye Kexue Jinzhan 38: 148−154 (In Chinese)

Godin G (1972) The analysis of tides. University of Toronto
Press, Toronto

Haas LW (1977) The effect of the spring−neap tidal cycle on
the vertical salinity structure of the James, York and
Rappahannock Rivers, Virginia, USA Estuar Coast Mar
Sci 5: 485−496

Haidvogel DB, Arango H, Budgell WP, Cornuelle BD and
others (2008) Ocean forecasting in terrain-following coor-
dinates:  formulation and skill assessment of the Regional
Ocean Modeling System. J Comput Phys 227: 3595−3624

Hill AE, Brown J, Fernand L, Holt J and others (2008) Ther-
mohaline circulation of shallow tidal seas. Geophys Res
Lett 35: L11605

Jiang W, Li JQ, Gao YP, Mao YZ and others (2016) Effects of
temperature change on physiological and biochemical re -
sponses of Yesso scallop, Patinopecten yessoensis. Aqua-
culture 451: 463−472

Jiang W, Lin F, Fang J, Gao Y and others (2018a) Transcrip-
tome analysis of the Yesso scallop, Patinopecten yessoen-
sis gills in response to water temperature fluctuations.
Fish Shellfish Immunol 80: 133−140

Jiang W, Du M, Fang J, Gao Y and others (2018b) Response
of Yesso scallop Patinopecten yessoensis to acute temper-
ature challenge:  physiological and biochemical parame-

ters. J Oceanol Limnol 37: 321−329 
Li M, Zhong L (2009) Flood−ebb and spring−neap variations

of mixing, stratification and circulation in Chesapeake
Bay. Cont Shelf Res 29: 4−14

Lin F, Asplin L, Budgell WP, Wei H, Fang J (2019) Currents
on the northern shelf of the Yellow Sea. Reg Stud Mar Sci
32: 100821

Shchepetkin AF, McWilliams JC (2005) The regional
oceanic modeling system (ROMS):  a split-explicit, free-
surface, topography-following-coordinate oceanic model.
Ocean Model 9: 347−404

Shumway SE, Parsons GJ (eds) (2016) Scallops:  biology,
ecology, aquaculture and fisheries, 3rd edn. Elsevier Sci-
ence, Oxford

Simpson JH, Hunter JR (1974) Fronts in the Irish Sea. Nature
250: 404−406

Steeves LE, Filgueira R, Guyondet T, Chassé J, Comeau L
(2018) Past, present, and future:  performance of two
bivalve species under changing environmental condi-
tions. Front Mar Sci 5: 184

Strand Ø, Brynjeldsen E (2003) On the relationship between
low winter temperatures and mortality of juvenile scal-
lops, Pecten maximus L., cultured in western Norway.
Aquacult Res 34: 1417−1422

Warner JC, Sherwood CR, Arango HG, Signell RP (2005)
Performance of four turbulence closure models imple-
mented using a generic length scale method. Ocean
Model 8: 81−113

Xiao J, Ford S, Yang H, Zhang G, Zhang F, Guo X (2005)
Studies on mass summer mortality of cultured zhikong
scallops (Chlamys farreri Jones et Preston) in China.
Aquaculture 250: 602−615

Zhao Y, Zhang J, Lin F, Ren JS and others (2019) An ecosys-
tem model for estimating shellfish production carrying
capacity in bottom culture systems. Ecol Modell 393: 1−11

Zhou JH (2012) Preliminary study on structure and character-
istic of Yesso scallop industry in LiaoNing. MSc disserta-
tion, The Ocean University of China, Qingdao (in Chinese)

Editorial responsibility: Jonathan Grant, 
Halifax, Nova Scotia, Canada

Reviewed by: 3 anonymous referees

Submitted: June 12, 2020
Accepted: January 18, 2021
Proofs received from author(s): April 22, 2021





Contents lists available at ScienceDirect

Ecological Modelling

journal homepage: www.elsevier.com/locate/ecolmodel

A physical-biological coupled ecosystem model for integrated aquaculture of
bivalve and seaweed in sanggou bay
L.I.N. Fana,b,c, D.U. Meironga,b, L.I.U. Huia,b, F.A.N.G. Jianguanga,b, ASPLIN Larsd,
J.I.A.N.G. Zengjiea,b,⁎

a Yellow Sea Fisheries Research Institute, Chinese Academy of Fishery Science, Qingdao, China
b Laboratory for Marine Fisheries Science and Food Production Processes, Qingdao National Laboratory for Marine Science and Technology, China
cGeophysical Institute, University of Bergen, Norway
d Institute of Marine Research, Bergen, Norway

A R T I C L E I N F O

Keywords:
Sanggou bay
Bivalve-seaweed integrated aquaculture
Ecosystem model
Individual growth model
Carrying capacity estimation

A B S T R A C T

To understand the biological process in an aquaculture dominant coastal system and to provide a tool for further
aquaculture management, an ecosystem model has been implemented to study the aquaculture-environmental
interaction and the carrying capacity for Sanggou Bay. The model coupled the pelagic system, kelp growth dy-
namics, oyster energetics, and population dynamics with hourly hydrodynamic and water quality data. The study
area was divided into four boxes according to similarities in the hydrological environment and aquaculture layout.
Scenario simulations were conducted with different combinations of oyster and kelp seeding densities to examine
the environmental impacts and production under different aquaculture layouts. Results showed that the model
could capture the main characteristics of observed environmental variables and culture organism growth.
Increased seeding density of both oysters and kelp generally leads to increased production with diminished in-
dividual growth. Kelp aquaculture plays a leading role in the nutrient cycle in the bay, acting as a large reception
tank during the rapid growth period. The model results indicate that there is still potential to increase production
for both oyster and kelp in Sanggou bay. The current aquaculture practice seems to have the right balance of
carrying capacity, management efforts, and other costs under the existing production procedures. The ecosystem
model is a promising tool for further study with sustained observation effort and better boundary conditions.

1. Introduction

Aquaculture has contributed up to 46.8% of the world total seafood
supplement in 2016, of which China had produced 49.2 Mt of cultured
animals (fish, crustaceans, mollusks) and 14.5 Mt of cultured aquatic
plants. This is accounting for about 61.5% and 48.0% of the world total
production respectively (FAO, 2018). The high biomass produced from
aquaculture has brought increased concerns on the pressure of coastal
ecosystem and sustainability worldwide (Milewski, I., 2001; Cao et al.,
2007; Ferreira et al., 2007; Whitmarsh D. and Palmieri M.G., 2008;
Galparsoro et al., 2020). Integrated multi-trophic aquaculture (IMTA) is
considered as an effective method for aquaculture productivity and
sustainability. The theory behind IMTA is to recycle the nutrients and
waste through integrating cultured species at different trophic levels
(Chopin et al., 2001). Integrated aquaculture has been practiced in
China for centuries (NACA, 1989), and a thriving commercial-scale
IMTA of bivalves (currently Pacific oyster Crassostrea gigas) and

seaweed (kelp Saccharina japonica) has been operated since the mid-
1980s in Sanggou Bay, China. The bay has become a demonstration site
for domestic and global research projects related to carrying capacity
estimation and environmental impact assessment.

Sanggou Bay (Fig. 1) is a shallow semi-enclosed bay located at the
east end of the Shandong Peninsula (37°01′ - 09′ N, 122°24′ - 35′ E). The
bay's total area is about 144 km2, with the topography deepening from
the central coast to outside, and the average depth of about 7.5 m. Tidal
currents, particularly the semi-diurnal constituents, dominate the flow
in the bay (Zhao et al., 1996). Nearly two-thirds of the bay area have
been occupied by bivalve and seaweed aquaculture, the annual pro-
duction of kelp is estimated to be up to 84,500 tons in dry weight (Mao
et al., 2018) and the annual production of shellfish is approximately
100,000 tons in wet weight (Zhang et al., 2009).

Fang et al. (1996) were the first to study the carrying capacity of
cultured kelp using the nitrogen budget and estimated water exchange
in Sanggou Bay, and the capacity was estimated to be about 54,000 Mt
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in dry weight. With the development of observation instruments and
computing capabilities, numerical models have gradually become main
tools to study the aquaculture sustainability. Jon Grant and Cedric
Bacher (2001) have implemented a finite element circulation model to
study the current modification by the culture structures for bivalves and
seaweed in Sanggou Bay, which brought in the consideration of local
hydrodynamics to the problem of carrying capacity. The simulation
concluded a 41% decrease in the water exchange due to the presence of
the aquaculture facilities, which may lead to an overestimation of
particle renewal time, and as a result, thus overestimating the carrying
capacity. Shi et al. (2011) have developed a three-dimensional physical-
biological coupled model for Sanggou Bay, with a parameterized sur-
face drag from culture structures. The kelp production, nitrogen budget,
and current field were simulated for different culture densities to seek
the optimum values for sustainable development.

From studies of carrying capacity of suspended oyster aquaculture in
Québec, Canada, an oyster individual growth model was integrated into
the ecosystem model, and hydrodynamic model results were used to
compute water exchange at the box boundaries (Grant et al., 2007). The
model results were useful in the management of sustainable development

of local oyster industries. Guyondet et al. (2010) have coupled the dy-
namic energy budget (DEB) of cultured oysters to a nested fine resolution
physical-biogeochemical model in the Gulf of Saint-Lawrence to study
the interaction of oyster farms with the larger scale coastal ecosystem.
Ren et al. (2012) have developed an ecosystem model for IMTA with
multiple biological modules, including finfish, seaweed, shellfish, phy-
toplankton, zooplankton, carnivores, and benthic detritivores in Wai-
hinau Bay and Pelorus Sound, New Zealand. In their study, hydro-
dynamic computed boundary volume fluxes drive the model defined
physiological processes. These numerical models above parameterized
the interactions between cultured organisms and the ecosystem compo-
nents, and predicting individual growth and population state of targeted
biological groups as well as the significantly correlated environmental
variables. Ecosystem models often have specific regional characteristics,
like the natural environment, the ecosystem compositions, the aqua-
culture method, and the bio-physiology of the cultured organisms. A
general frameworks should be modified with detailed localization, cali-
bration, and validation for use in solving specific problems.

The purpose of this study is to establish an ecosystem model to
examine the interaction between the integrated aquaculture of bivalve

Fig. 1. The domain of the ecosystem model, the model is divided into 4 boxes based on similarities in geographical and exist aquaculture practice. The black dots are
the sampling sites during 2011–2012, and the red star is the long-term sampling station for chlorophyll a and DIN since 2016. Culture organism were sampled at the
farms near the long-term sample station, which has been used in the validation of individual models.
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and seaweed and the local environment in Sanggou Bay. The model can
be a tool to study the biogeochemical flux variation due to different
culture management and to seek optimum aquaculture principles based
on carrying capacity estimation.

2. Methods

2.1. Model description

The ecosystem model for the co-cultured oyster and kelp in Sanggou
Bay is developed from several previous studies at the individual level for
organism growth (Zhang et al., 2016; Cai et al., 2018; Ren et al., 2008)
and at population level for biological group interaction (Grant et al.,
al.,2007; Ren et al., 2012; Filgueira et al., 2015). The model was estab-
lished based on a typical Nitrogen-Phytoplankton-Zooplankton-Detritus
(NPZD) model. Instead of zooplankton, Pacific oyster C. gigas is the
model grazer because of the dominant biomass. Kelp S. japonica is in-
troduced as an additional nutrient consumer. A concept diagram of the
model is shown in Fig. 2. The ecosystem model is deterministic, with no
random processes considered. It was simulated based on the box model
concept with the identical structure in each box. The environmental
terms including dissolved inorganic nitrogen (DIN), phytoplankton, and
pelagic organic matter (particle organic carbon, POC) are assumed to be
uniformly mixed in each box and properties can be exchanged with ad-
jacent boxes and the outer sea. A hydrodynamic model was incorporated
to compute the water volume exchange. The exchange of a given box at
each time step is determined by the inflow and outflow volume, as
ΔEx = × ×V V

V
( Ex Ex )in in out out , where ΔVin and ΔVout are the inflow and

outflow at each boundary, Exin and Exout are the concentration from
inflow box and the target box, respectively. The exchange at each

boundary is then summed up and divided by the target box volume V to
obtain the concentration variation. The state variables and differential
equations describing the aquaculture system are listed in Table 1. The
biological processes and their definitions are listed in Table 2. The
parameters and their sources are listed in Table 3. The detailed ex-
planation can be found from referred studies (Zhang et al., 2016;
Cai et al., 2018; Ren et al., 2008, 2012)

An Arrhenius relationship is used to describe the impact of the water
temperature on the growth and respiration of phytoplankton, as the
physiological rates increase exponentially with rising temperature until a
maximum and then decrease with further temperature increase
(Ren et al., 2012). The growth of phytoplankton is described by two state
variables: the phytoplankton carbon (CP) and nitrogen (NP). The uptake
of carbon (Ucp) and nitrogen (Unp,) is internally connected by the N-
quota (N:C ratio) to prevent the unrealistic absorption of carbon or ni-
trogen (Ren et al., 2012). The uptake of carbon is limited by temperature,
irradiance, and the N-quota, and the uptake of nitrogen follows the Mi-
chaelis-Menten equation (Caperon and Meyer, 1972) which is a well-
known model to describe the rate of enzymatic reactions. The biomass
loss of phytoplankton consists of three processes: their own respiration,
oyster grazing (Ubp), and natural sinking (Mp). The detailed para-
meterization of these biological processes is listed in Table 2.

The detritus in the model is described with the state variable par-
ticle organic carbon (POC). POC serves as food (Ubo) for cultured oyster
in the model. Meantime, the feces (OM) of oyster is also the source of
the POC. The sedimentation of POC and the exchange (ExPOC) between
boundaries also change the concentrations.

Dissolved inorganic nitrogen (DIN) is the nutrient flux tracking the
interaction among trophic groups within the system. Excretion of oy-
sters (Oexcr) is the biological source of DIN, while kelp (Unk) and

Fig. 2. Conceptual diagram of the ecosystem model implemented in Sanggou bay. The state variables are defined in Table 1 and the corresponding physiological rates
are listed in Table 2. The cultured organisms are Pacific oyster Crassostrarea gigas and kelp Saccharina japonica, the major pelagic variables are phytoplankton,
dissolved inorganic nitrogen (DIN) and detritus (represented by particle organic carbon). The bay is assumed to be vertically homogeneous, so the benthic processes
are not considered for now.
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phytoplankton (Unp) absorb DIN from the system. As the ecosystem is
dominated by kelp aquaculture, the DIN exchange with the outer sea is
crucial for the nutrient supplement.

The individual-based model applied in this study for oyster follows
Ren et al. (2008). The three state variables to describe the energetics of
the oyster are: reserves (E), reproduction reserves (ER), and biovolume
(V). The reserves are replenished with assimilated energy (pA)

deducting the metabolic expenditure (pC). Food availability and tem-
perature are the major factors that determine oyster growth. The tem-
perature limitation of the oyster is formulated as an Arrhenius re-
lationship that affects most of the physiological processes. The energy
uptake follows a type-II functional response to food density, which
assumes a deaccelerated rate with food density (Holling, C. S., 1959),
described as f = F/(F+FH), where F is the food concentration, and FH is

Table 1
State variable and differential equations of the model.

Oyster

Symbol Equation Description Source
E dE/dt = pA - pC Reserves (j) Ren et al. (2008)
ER dER/dt = (1- κ)pC - pJ Reproduction reserves (j)
V dV/dt = (κ pC - pM)+ / [EG] Biovolume growth (cm3)
N dN/dt = - (δr+δh) • N Population dynamics (No.) Ren et al. (2012)
Kelp
B d B / dt = growth – resp - erosion Kelp TDW (g) Cai et al. (2018)
L L= exp [ln (B•106.28 /3.35)] Kelp length (cm)
Nint d Nint / dt = Tissue nitrogen (µmol N/g TDW)
A dA/dt = - (δr+δh) • A Population dynamics (No.) This study
Ecosystem model
CP d CP / dt = Ucp - rp• f(T)p • CP – Ubp • N / Vbox - Mp +ExCP Phytoplankton carbon (mgC/ m3) Ren et al. (2012)
NP d NP / dt = (1-eup) • Unp - rp• f(T)p • NP – Qp • Ubp • N / Vbox - Qp • Mp + ExNP Phytoplankton carbon (mgN/ m3)
POC d POC/ dt = Om N/Vbox – Uoo N/Vbox –λ0 POC + ExPOC Detritus particle organic carbon (mgC / m3)
DIN d DIN / dt = Oexcr •N/ Vbox -Unp - Unk• A/Vbox + ExDIN Dissolved inorganic nitrogen (mgN/ m3)

Notes: The expression (x)+ is defined as: [x]+ = x for x > 0, [x]+ = 0 otherwise.

Table 2
Biological process.

Oyster

Symbol Description Formula Unit Source
f Function response of oyster F / (F + FH) – Ren et al. (2012)
Temp Temperature-dependence rate of

oyster
k0 • exp (TA/T0-TA/T) • [1+exp(TAL/T-TAL/TL)+exp(TAH/TH-TAH/T)]−1 –

Ubp Consumption rate of oyster on
phytoplankton

Temp• Umm• CP • V2/3 mgC d − 1

Ubo Consumption rate of oyster on
POC

Temp• Umm• POC • V2/3 mgC d − 1

pA Assimilation rate of oyster Temp•f •{pA}•V2/3 J d − 1

pC Catabolic rate of oyster Temp•[[E]/([EG]+κ •[E])]•([E]•{pA}• 2/3/[Em]+[pM]•V) J d − 1

pM Maintenance rate of oyster Temp•{pM}•V J d − 1

pJ Maturity maintenance rate of
oyster

min(V,Vp)•[pM]•(1− κ)/ κ J d − 1

Om Feces of oyster Uop + Uoo − pA/ μCJ mgC d − 1

Oexcr Oyster excretion {[pC−(1− κR)•dER/dt−μV•ρ•dV/dt]•Q+pA•(Qp−Q)+}/ μCJ mgN d − 1

Wo Individual wet weight of oyster V• ρ +(E+ER• κR)/ μE g
Kelp
growth Kelp growth rate μmax •f(T) • f(I) • f(N) – Cai et al. (2018)
resp Kelp respiration rate Rmax20 °C ×θ(T-20) –
erosion Kelp erosion rate Emax • P(T-Topt) –
I Irradiance at culture depth I0 •exp (-k •Z) µmol•m − 2•s − 1

f(I) Irradiance effect on kelp growth (I/Iopt) exp (1-I/Iopt) –
f(T) Temperature effect on kelp growth exp {−2.3• [(T-Topt)/(Tx-Topt)]2} –
f(N) Nutrient effect on kelp growth (Nint -Nimin)/(Kq+Nint-Nimin) –
φ External DIN absorption rate [(Nimax-Nint)/(Nimax-Nimin)] •VmaxN •[DIN /(KN+DIN)] µmol N/g TDW d − 1

γ Tissue assimilated DIN Nint • Growth µmol N/g TDW d − 1

Unk Individual external DIN absorption φ• B• (14/1000) mgN / ind This study
Phytoplankton
f(T)p Temperature effect rate of

phytoplankton
k0p • exp (TAp/T0p-TAp/T) • [1+exp
(TALp/T-TALp/TLp) + exp(TAHp/THp-TAHp/T)]−1

– Ren et al. (2012)

f (I)p Irradiance effect on carbon uptake
(1/H) • + dz

H
I

I XI0

–

Udinp Potential uptake of DIN by
phytoplankton

Unmaxp•(DIN/(DIN + Xpdin)) d − 1

Unp Total uptake of N by
phytoplankton

NP• f(T)p •Udinp/{1 + exp[(Qp − Qpmax)/Qpoff]} mgN d − 1

Ucp Total uptake of C by
phytoplankton

f (I)p•CP• f(T)p •Gpm•(1 − Qpmin/Qp)+ mgC d − 1

Qp Phytoplankton N quota NP/CP –
Mp Phytoplankton C sinking rate CP•[δpmin + δp•(Qpmax – Qp)+] mgC d − 1

Notes: The expression (x)+ is defined as: [x]+ = x for x > 0, [x]+ = 0 otherwise.
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the half-saturation coefficient for food uptake by oysters. The energy
acquired is then distributed according to the κ-rule (Kooijman, 2010): a
fixed fraction of κ is utilized in body maintenance (pM) and growth
which lead to a increase in biovolume, and the remaining 1-κ fraction is
allocated to reproduction. Detailed equations and definitions of the
state variables and biological processes can be found in Table 1 and
Table 2. The biological function of the oyster is to graze phytoplankton
and particle organic matter from the surrounding water and to excrete
nitrogen and feces into the system. The population dynamics of oyster
(N) is determined by culture harvest (δh) and natural mortality (δr).
When harvested, the oyster is removed from the system. The natural
mortality will lead to a continuous biomass loss during the simulation.

The growth of kelp is simulated with an individual growth model
from Zhang et al. (2016) and Cai et al. (2018). Three state variables
are used to describe kelp growth: the individual kelp biomass (B), kelp
length (L), and the tissue nitrogen content (Nint). The individual kelp
biomass variation is defined as growth minus respiration and erosion.

Growth of kelp is defined as a maximum growth rate (μmax) multiplied
by a limiting factors (from 0 - 1) due to water temperature, light in-
tensity, and nutrients concentration (Table 2). The temperature lim-
itation f(T) is an exponential function to produce a partial normal
distribution according to the optimum temperature for kelp growth
(Radach et al., 1993). For simplicity, only the nitrogen limitation f(N)
is considered (Cai et al., 2018), and is calculated by the Michaelis-
Menten equation. The light limitation f(I) is defined according to
Steele (1962) with the optimum light intensity Iopt. The kelp respira-
tion rate and erosion rate, limited by temperature, are parameterized
with a similar exponential form (Table 2). The uptake of external DIN
by kelp (φ) also follows a Michaelis-Menten function based on the
tissue nitrogen content. The population dynamics of kelp (A) is the
same as the oyster.

Currently, no stochastic processes (disease and disaster) are con-
sidered. As we assume a thorough vertical mixing in the bay, the
benthic processes are not considered in the model of this study.

Table 3
Parameters for the ecosystem model.

Parameter Description Value Unit Source

FH Half-saturation uptake of phytoplankton by oyster 4.3 μg/L Calibrated
TA Arrhenius temperature of oyster 5900 K Ren et al. (2008)
TL Lower boundary of tolerance range for oyster 283 K Ren et al. (2008)
TH Upper boundary of tolerance range for oyster 303 K Ren et al. (2008)
TAL Arrhenius temperature at lower boundary for oyster 13,000 K Ren et al. (2008)
TAH Arrhenius temperature at upper boundary for oyster 80,000 K Ren et al. (2008)
k0 Reference reaction rate for oyster at 291 K 1 – Ren et al. (2008)
Umm Oyster maximum surface area-specific clearance 0.045 m3 cm−2 d − 1 Ren et al. (2012)
{pA} maximum surface area-specific assimilation rate 560 J cm−3 d − 1 Poureau et al. (2006)
[pM] Volume-specific maintenance costs 24 J cm−3 d − 1 Poureau et al. (2006)
[EG] Volume-specific costs for oyster growth 2900 J cm−3 Ren et al. (2008)
[Em] maximum storage density 5900 J cm−3 Ren et al. (2008)
Vp Structural volume at sexual maturity 0.4 cm−3 Poureau et al. (2006)
κ Fraction of pC spent on maintenance plus growth 0.65 – Ren et al. (2008)
κR Fraction of reproduction energy fixed in eggs 0.7 – Ren et al. (2008)
μE energy content of reserves 4500 J g − 1 wet W Ren et al. (2012)
μCJ Ratio of carbon to energy content 48.8 J mgC−1 Ren et al. (2012)
μV Structure energy content 2700 J g − 1 wet W Ren et al. (2012)
ρ Biovolume density of cultured animals 1 g wet W cm−3 Ren et al. (2012)
Q N-quota of oyster 0.183 mgN mgC−1 Ren et al. (2012)
μmax Kelp maximum daily growth rate 0.115 d − 1 Calibrated
Rmax20 °C Kelp maximum respiration rate at 20 ° 0.015 d − 1 EPA, 1985
θ Empirical value for kelp respiration 1.02 – Cai et al.(2018)
Emax Daily mean erosion of kelp 0.006 d − 1 Cai et al.(2018)
P Empirical value for kelp erosion 1.05 – Cai et al.(2018)
Iopt Optimum irradiance for kelp photosynthesis 350 µmol•m − 2•s − 1 Cai et al.(2018)
Topt Optimum temperature for kelp growth 12 °C Cai et al.(2018)
Tmax Upper temperature limit above which growth ceases 20 °C Cai et al.(2018)
Tmin Lower temperature limit below which growth ceases 0.5 °C Cai et al.(2018)
Nimin Minimum internal quota for nitrogen 300 µmol g DW−1 Cai et al.(2018)
Nimax Maximum internal quota for nitrogen 1714 µmol g DW−1 Cai et al.(2018)
KN Half-saturation constant for nitrogen uptake 29 µmol L − 1 Cai et al.(2018)
VmaxN Maximum nitrogen uptake rate 246.72 µmol g DW−1 d − 1 Cai et al.(2018)
Kq Half-saturation constant for nitrogen assimilation 400 µmol N•gdw−1 Calibrated
Z Kelp aquaculture depth 0.2 m Zhang et al.(2016)
TAp Arrhenius temperature of phytoplankton 6800 K Ren et al. (2012)
TLp Lower boundary of tolerance range for phytoplankton 286 K Ren et al. (2012)
THp Upper boundary of tolerance range for phytoplankton 298 K Ren et al. (2012)
TALp Arrhenius temperature at lower boundary for phytoplankton 27,300 K Ren et al. (2012)
TAHp Arrhenius temperature at upper boundary for phytoplankton 80,300 K Ren et al. (2012)
k0p Reference reaction rate for phytoplankton at 292 K 1 – Ren et al. (2012)
Unmaxp Phytoplankton maximum uptake of DIN 0.5 d − 1 Ren et al. (2012)
Xpdin Half-saturation DIN for phytoplankton uptake 28 mgN m − 3 Calibrated
Qpmax Maximum phytoplankton N:C ratio 0.25 mgN mgC−1 Ren et al. (2012)
Qpmin Minimum phytoplankton N:C ratio 0.1 mgN mgC−1 Ren et al. (2012)
Qpoff Phytoplankton nitrogen uptake parameter 0.01 mgN mgC−1 Ren et al. (2012)
Gpm Maximum phytoplankton growth rate 1.6 d − 1 Ren et al. (2012)
XI Half-saturation light level 7 µmol m − 2d−1 Ren et al. (2012)
eup Uptake associated excretion of phytoplankton 0.005 – Ren et al. (2012)
δpmin Minimum phytoplankton sinking rate 0.1 d − 1 Ren et al. (2012)
δp Maximum phytoplankton sinking rate 0.25 d − 1 Ren et al. (2012)
δr Natural mortality of oyster/kelp 0.001 d − 1 Ren et al. (2012)
δh Harvest mortality of oyster/kelp 1 d − 1 Ren et al. (2012)
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2.2. Study area and hydrodynamics

The model is applied to Sanggou Bay, and the domain is separated
into four boxes according to hydrodynamic and aquaculture layout si-
milarities, as shown in Fig. 1. The volumes for Box 1 to 4 are 0.367 km3,
0.239 km3, 0.504 km3, and 0.352 km3; and the average depths for each
box are 6.3 m, 7.3 m, 8.0 m and 8.1 m, respectively. The aquaculture in
Sanggou Bay mainly takes place in Box 2, Box 3 and Box 4. Due to the
shallow water depth, little aquaculture can be found in Box 1, so we
neglect the culture activities there. The hydrodynamic properties of each
box are simulated with the Finite-Volume Coastal Ocean Model (FVCOM,
Chen et al., 2006), and the details are described by Xuan et al. (2019). In
brief, the model was implemented on an unstructured grid with the
horizontal grid resolution varying from 50 - 400 m in the study area, and
there are 20 vertical σ-layers. The model was forced by atmospheric data
from ECMWF ERA-interim (European Medium-Range Weather Forecast,
atmospheric reanalysis, https://ecmwf.int), tidal data from TPXO 7.0
(Egbert and Erofeeva, 2002), and the ocean current from the Hybrid
Coordinate Ocean Model (Bleck, 2002). The model was run for the period
from July 2010 to June 2011, and the results include hourly depth-
averaged current, water temperature, and salinity interpolated to a rec-
tangular grid with a horizontal resolution of 100 m. An offline coupled
water quality model was implemented to simulate the environmental
variables, including DIN, POC, and phytoplankton (Chlorophyll-a con-
centration) following Xuan et al. (2019). In this study, model current
results were used for the volume exchange estimation between boxes and
the outer boundary, and the water temperature time series were used for
estimation of physiological rates. The water quality model results were
used as the far-field boundary forcing of the ecosystem model.

2.3. Observations

The biophysical data for model validation and optimization is from
previous observational data and is summarized in Table 4. For the DEB
model of oyster, shell height (cm) and tissue wet weight (TWW) data
were recorded from 20 samples approximately twice a month from
August 2016 to February 2017. The sampling location is shown in Fig. 1
at the long-term station. The corresponding surface chlorophyll-a con-
centration and the water temperature were also recorded by a JFE
Advantec Infinity-CLW fluorometer with a time interval of 4 h. For the
individual growth of kelp, around ten samples were collected every
month from February 2018 to June 2018. The kelp samples are mostly
taken close to the long-term station, and the kelp length and tissue dry
weight (TDW) were measured each time. The water temperature and
DIN concentration in the kelp farming area were measured every
month. DIN from previous cruises during 2011–2012 was collected and
assigned to each box according to sampling sites (Fig. 1).

2.4. Model setup

Most of the parameters in the individual models and the ecosystem
model are taken from previous studies, and the values and sources are
listed in Table 3. In terms of the difference in geographical conditions,

some parameters (e.g., oyster half-saturation food uptake concentra-
tion, maximum phytoplankton/kelp daily growth rate, etc.) were cali-
brated and validated using previous local studies and observations.
Calibrated parameters were applied to all models for consistency.

Validation runs were conducted for the individual models and the
ecosystem model, and the results were compared to observations. For the
oyster, observed chlorophyll-a and water temperature data from 2016 -
2017 were used as the external driving force for the DEB model with a
time interval of 4 h (∆ t= 1/6 day). The initial reserve energy for oyster
was set as 40 J, the reproductive reserve was set as 10 J. The initial bio-
volume was 0.6 cm3, with an initial oyster TWW being around 0.2 g. For
kelp, the individual model was forced with the observed interpolated DIN
and water temperature during 2017 - 2018, the monthly values were in-
terpolated to a time series with an interval of 6 h (∆ t = 1/4 day). From
Cai et al. (2018), the hourly averaged light intensity was set constant
(irradiance: 340 µmol

m s2 ). The initial kelp biomass tissue dry weight (TDW) is
set at 0.5 g for all boxes, and the initial tissue internal nitrogen (Nint) is set
as 1071 µmol

g DW
(Zhang et al., 2016). For the performance test of the eco-

system model, the initial values of phytoplankton, POC, and DIN con-
centration were set equal to box-averaged water quality model results. The
averaged culture density, which is necessary to represent the situation
with varieties of aquaculture companies and self-employed households, is
scaled as individuals per m2 for oyster and kelp. Currently, oyster culture
in Sanggou Bay starts around June and usually lasts for 12 months. Then
they are transferred to another region to fatten up to market size. Given
the existing aquaculture spatial distribution, oysters were cultured only in
Box 3 with a farm density of around 50 ind./m2. The kelp was cultured in
Box 2, Box 3 and Box 4 with the seeding starting in November and the
harvest starting in May. The culture density was estimated to be 4 - 5 kelps
per m2 (Mao et al., 2018). The individual model results were compared to
observations for performance evaluation. The ecosystem model results
were compared to data from the previous cruise and moored devices for
the magnitude and seasonal cycle of the environmental variables.

The ecosystem model equations were computed with the open-
source programming language Python 3.7 (https://www.python.org/) .

2.5. Scenario simulation

The ecosystem model was run for ten scenarios representing different
seeding combinations. Scenario III is the validation simulation that re-
presents the existing aquaculture practice. Scenarios I toVI aimed to
study the response of the phytoplankton and production with different
oyster seeding densities under a fixed amount of cultured kelp. Scenarios
III, VII, VIII, IX, X aimed to study the growth and environmental feedback
of different kelp seeding densities under a fixed number of cultured oy-
ster. The combinations are summarized in Table 5.

3. Results

3.1. Model validation

The comparisons of simulated and observed values of oyster TWW
are showed in Fig. 3, together with the time series of water temperature

Table 4
Observation information.

Year Measurement Frequency Method

2011–2012 Dissolved inorganic nitrogen (NH4, NO3, NO2) 2011.04; 2011.08; 2011.10;
2012.01

Water samples from cruise

2016.8–2017.2 Oyster shell length, shell height, DFW ~ twice per month 20 oyster samples per measure
2016.6–2017.8 Surface water temperature/Chlorophyll a Every 4 h JFE Advantec Infinity-CLW fluorometer hanged about 0.2 m below

surface
2018.2–2018.6 Kelp TDW, length, width Every month 10 kelp samples per measure
2017.11–2018.10 DIN (NH4, NO3, NO2), surface water

temperature
Every month Water samples in the kelp culture area
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and the chlorophyll-a concentration. Error bars represent the standard
deviation for each measurement of 20 oysters. The simulated oyster
growth starts in May, which is approximately the seeding time of the
sampled oysters. Both the observed and simulated oysters showed rapid
growth from August with suitable temperature and relatively abundant
food and tended to slow down after November as the environment
changes. As the oyster grows, the TWW tends to be diverse as a result of
individual differences. The most substantial standard deviation is 2.6 g,
which is about 27% of the mean value. The simulated results have re-
produced the growth situations, the root-mean-square error between
the observation and the simulations is 0.6 g. However, the simulated
growth of oyster slightly deviates from the observation after December
as it showed a continuous but small growth. The simulated oyster did
not spawn in the first year as the gonad index did not reach 35%. The
oyster spawned as the model ran to next August, and approximately a
40% weight drop was predicted as the gonad emptied.

The comparison of simulated kelp tissue dry weight and the ob-
served values are shown in Fig. 4, together with the corresponding
environmental data and the 6-hourly interpolated curve. The observa-
tions are mean kelp TDW (g) from 10 samples of the same farm. Error

bars represent the standard deviation for each measurement. Harvest of
kelp begins in May and lasts until late August. In the simulation, the
kelp was cultured to the end of November, with a computational time
step of 6 h. The simulated and observed kelp growth showed the right
consistency of the general trend of the TDW increase. The root-mean-
square error is 17.03 g for the modeled and observed values. Although
the model tends to underestimate the TDW during April when the kelp
starts to proliferate, a precise growth condition reproduction of the
cultured organism is difficult. The model is applicable to describe the
kelp growth with reasonable forcing and uncertainties.

Fig. 5 compares simulated phytoplankton biomass (converted to
chlorophyll-a with a ratio of phytoplankton carbon: Chl-a= 40) of each
box with the observed chlorophyll-a during 2016–2017 near the long-
term station. The ecosystem model reproduced the proper chlorophyll-a
content and the seasonal variation during the vigorous growth seasons
from May to October. However, when kelp was cultured, the Chlor-
ophyll-a development was not captured fully and underestimated in the
model. The magnitude of general Chlorophyll-a content, and the short-
term peaks and valleys induced by water exchange are well reproduced
in the model results.

Fig. 6 compares simulated DIN in each box with the observed values
averaged from sample sites during 2011–2012. A ratio of 14 is used to
convert the unit from mgN/m3 to μmol/L. Although the simulation
period is different from the observations, the simulated seasonal var-
iation confirms the trend. With the absence of kelp in July, the DIN in
each box is above 10 μmol/L. During winter, the simulated DIN re-
mained at a high level around 12.5 μmol/L, but the observed values
already dropped to around 7.5 μmol/L in January, indicating that the
kelp growth is underestimated in the model. When the kelp starts to
proliferate around March, the modeled DIN decreases sharply. As har-
vest starts in May, the kelp growth slows down, and the modeled DIN
stabilized at a low level around 2.5 μmol/L for Box 3 and Box 4. After
the kelp is harvested in June, the DIN in the ecosystem model rapidly
recovered for each box according to the outer boundary constraints.

Table 5
Scenarios of the ecosystem simulation.

Scenario Oyster (ind./ha; Box 3) Kelp (ind./ha; Box 2, Box 3, Box 4)

I 0 40,000
II 300,000 40,000
III 500,000 40,000
IV 700,000 40,000
V 1000,000 40,000
VI 1500,000 40,000
VII 500,000 50,000
VIII 500,000 60,000
IX 500,000 70,000
X 500,000 80,000

Fig. 3. Upper panel: environmental driving data (temperature and chlorophyll a) from observation during the simulation period. Lower panel: comparison of
observations (dots) and simulation (line) of tissue wet weight (TWW) of cultured Pacific oyster in Sanggou bay during the observation period in 2016/2017, where
errorbars are the standard deviation of observed TWWs.
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Fig. 4. Upper panel: environmental data (dissolved nitrogen and temperature) from observation (dots) and interpolated to a time sequence with Δt=1/4 day. Lower
panel: comparison of the simulated kelp tissue dry weight (solid line) and observed TDW from aquaculture in Sanggou Bay (dots) during the simulation period in
2018.

Fig. 5. Comparison of simulated Chlorophyll a concentration (lines) for Box 2 (red), Box 3 (blue) and Box 4(green) and the observed chlorophyll a (black dots) during
2016–2017 at the long-term station.
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The observed DIN for each box was averaged from water samples taken
from cruises in 2011–2012 (Fig. 1). The standard deviation was large
across each box.

With these limitations, the model properly reproduced the magni-
tude and seasonal cycle of the environmental variables.

3.2. Pacific oyster C. gigas

The individual oyster TWW growth under scenarios I~VI are shown
in Fig. 7, and the corresponding phytoplankton biomass in Box 3 is also
displayed. The simulation results illustrated that oyster growth decrease
with increased seeding density. The individual TWW at the end of the
culture period for scenarios II~VI are 7.81, 5.77, 4.63, 3.59, 2.64 g/
ind., respectively, and such decrease is non-linear. For Scenario I, there
is no oyster cultured. The presence of oyster imposed a feeding pressure
on the phytoplankton, and a significant drop of phytoplankton con-
centration is observed for scenarios II, III, IV, V, and VI. The available
phytoplankton (APn) for individual oyster under different scenarios can
be defined as

n
CP CP0 n , where CPn is the mean Chlorophyll-a averaged

from the culture period with the seeding density of n and CP0 is the
mean Chlorophyll-a for no oyster situation. The values of available
phytoplankton are 0.024, 0.017, 0.014, 0.011 and 0.008 μg Chl-a / (L
ind.) for scenarios II~VI, respectively. Regression analysis of the final
oyster TWW and the available phytoplankton for all seeding densities
showed a significant linear correlation with the r-value of 0.99 and p-
value of 7.6 × 10−7. Increased oyster numbers have diminished the
available phytoplankton resource for each individual, and lead to a
declined expectancy of oyster growth.

The harvested oyster TWW, oyster production (kg WW/ha), phyto-
plankton depletion rate (%), and the production efficiency (-) for each

seed density are shown in Fig. 8. The oyster production per ha is cal-
culated as Pn=Wn×N, whereWn is the oyster individual TWW, and N is
the harvested oyster numbers for initial seeding density n. The phyto-
plankton depletion rate is calculated as DR. = × 100%CP CP

CP
0 n

0
. The

production efficiency (PE) is defined as the summed seed TWW divided
by the final oyster production per ha. The simulated production after one
year is 1627, 2002, 2247, 2292, and 2744 kg WW/ha for scenarios II-VI.
Less culture density has led to better individual growth. However, the
production is increasing with the culture density under the pre-defined
constant mortality of 0.1%/day. The phytoplankton depletion increased
as more oysters are cultured in the box. The values are 43.2%, 52.4%,
58.2%, 64.0% and 70.0% for scenarios II-VI. As the least seeding density
simulated, 30 oysters cultured per m2 still lead to more than 43% de-
pletion of the phytoplankton. When seed density was increased by five
times, the phytoplankton depletion increased to 70%. The production
efficiencies are 8.8, 6.5, 5.2, 4.1 and 3.0 for scenarios II-VI.

3.3. Kelp S. japonica

The individual kelp tissue dry weight (TDW) growth under scenarios
III for Box 2, Box 3 and Box 4 are shown in Fig. 9, and the corre-
sponding DIN concentration is also displayed for each box. The kelp
grows differently in each box under different environmental conditions.
The maximum TDWs are 166.5, 210.8 and 229.2 g/ind. for Box 2, Box 3
and Box 4. Box 2 has less nutrients compared to the other two boxes;
the supply of DIN is insufficient to maintain a high growth since May.
The kelp in Box 3 and Box 4 maintain a relatively high growth until
June, and as Box 4 has the most abundant DIN supply, the final TDW of
kelp in Box 4 is higher than that in Box 3. Similar trends of kelp growth
and DIN variation were observed for scenarios VII - X, the maximum

Fig. 6. Comparison of simulated DIN (lines) for Box 2 (red), Box 3 (blue) and Box 4(green) and the corresponding observed DIN (dots) during 2011–2012 in the same
period of the year. The observed DIN is averaged for from the sample location within each box showed in Fig. 1. The standard deviation of observed dots is also
shown in the figure.
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Fig. 7. Model results for different oyster culture scenarios within Box 3, totally 6 scenarios are set with no oyster culture, 30 ind./m2, 50 ind./m2, 70 ind./m2, 100
ind./m2 and 150 ind./m2. Upper panel showed the individual tissue wet weight (g) time series of oysters for each scenario. The lower panel showed the corre-
sponding phytoplankton variation and the situation with no oyster aquaculture in Box 3.

Fig. 8. Upper panel: the individual oyster tissue wet weight (blue) and the production (red) per ha for each oyster culture density. Lower panel: the phytoplankton
depletion compared to no oyster scenario (dark red) and the production efficiency (green) for each oyster culture density.
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kelp TDW became smaller, and the mean DIN content level was lower
with increased kelp seeding density.

The kelp TDW production (ton/ha) for each box and the expected in-
dividual TDW (g) at harvest for different seeding density are shown in
Fig. 10. The kelp is harvested on the 15th of June, and the production is then
calculated through multiplying the individual TDW by harvested numbers.

The kelp production overall showed an increase trend with den-
sities. The increment is not uniform for each box. For Box 2, when
80,000 kelp were cultured per ha, the production increased to 6.39 ton/
ha against 5.23 ton/ ha with half seeding density at 40,000/ ha, and the
increase rate is 22.2%. The same operation in Box 3 lead to a 32.7%
production increase from 6.63 ton/ha to 8.80 ton/ha, and for Box 4,
this lead to a 43.8% increase from 7.2 ton/ha to 10.36 ton/ha.

3.4. DIN budget

The contribution of oyster, kelp, phytoplankton, and the current ex-
change to the DIN content in Box 3 for scenario III is illustrated in Fig. 11.
The amount from each contributor is computed from the ecosystem
model equation listed in Table 1 and then summed up for each month.

Fig. 11 shows that the kelp aquaculture plays a vital role in the simu-
lated DIN budget cycle for Box 3. When the oyster is in the appropriate
environment with exuberant physiological activties, the DIN excretion from
oyster peaked in September at 16.5 mgN/(m3 month). As the temperature
decreases and phytoplankton biomass drops, the DIN output of oyster de-
creases to a negeligible level around 0.33 mgN/(m3 month), and it starts to
rise again when the environment becomes suitable. Similar behavior for
DIN absorption is also presented for the phytoplankton, with a peak uptake
in August at 43.6 mgN/(m3 month), and decreases as the water cools later
on. The DIN concentration diffference between adjacent boxes determines
the DIN budget, which is induced by the water exchange. Before the kelp

seeding, Box 3 can be a pool that export DIN to other boxes with lower DIN
content. After the kelp aquaculture starts and the biomass increases rapidly,
the imported DIN is taken up by the cultured kelp, and the amount increases
like exponentially from December to June. Kelp is also aquacultured in Box
2 and Box 4, indicating that the additional DIN mainly comes from outside
the bay. In June, the monthly uptake of DIN by kelp exceeds 0.5 g/m3,
suggesting that the cultured kelp absorbs a considerable amount of nutrients
from adjacent seas.

4. Discussion

An ecosystem model, which consists of the individual-based models
for Pacific oyster C. gigas and kelp S. japonica, has been implemented
based on previous literature (Pouvrou et al., 2006; Ren et al., 2008; Wu
et al., 2009; Ren et al., 2012; Zhang et al., 2016; Cai et al., 2018). The
individual model were validated by observations and the results agree
reasonably well. The simulated DIN and phytoplankton reproduced the
observed values in magnitude and seasonal cycle. The model performed
well for describing the ecosystem with aquaculture being a significant
component, and can be used to study different aquaculture scenarios.

4.1. Performance of the ecosystem model

Ecosystem models are practical tools to study the dynamics and
characteristics of a particular ecosystem, shown in several applications
(Grant et al., 2007; Shi et al., 2011; Filgueira et al., 2014). Reid et al.
(2018) reviewed the various models and their performance testing
method for IMTA in open waters.Furthermore, they stated that the as-
sessment of nutrient transfer and growth in IMTA systems requires
careful consideration for many aspects, including environmental con-
ditions, ecological transfer efficiencies, and timing of production cycles.

Fig. 9. Upper panel: individual tissue dry weight of kelp in each box from scenario III since November when the kelp is seeded. Lower panel: The corresponding DIN
concentration during the simulation in each box for scenario III.
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We have used hourly hydrodynamic model results for the computation
of the water exchange between each box. The tidal induced short-term
environmental variation is introduced to the ecosystem model, and the
enhanced temporal resolution helps to reconstruct the dynamic en-
vironment. Still, there are necessary assumptions on the physiological
process, population dynamics, and environmental-organism interac-
tions during the model operation, so the validation of model results to
synchronous and systematical observations are required to optimize
model performance. For our case, the spatial scale of the ecosystem
model is tens of kilometers with complicated aquaculture activities. As
there are numbers of aquaculture companies and self -employed
households, the distribution of facilities and aquaculture management
lacks uniformity. Due to the difficulties in obtaining synchronized ob-
servations, the accurate reproduction of past facts is extremely difficult.

The ecosystem model results for the seasonal phytoplankton and
DIN (Fig. 5 and Fig. 6) have reproduced the general cycle and eligible
magnitude from observations. This indicates the model's critical bio-
logical processes are sufficiently describing the major ecosystem char-
acteristics. The phytoplankton biomass was underestimated during
winter. An explanation is that temperature restriction omits low-tem-
perature tolerant species, resulting in an extremely low phytoplankton
reproduction during winter seasons. It is also possible that the ob-
servations were made near the outer boundary (Fig. 1), where the outer
boundary condition does not capture the winter phytoplankton abun-
dance in the Yellow Sea. The discrepancy of simulated DIN and phy-
toplankton probably resulted from a robust outer boundary constraint
or the averaged spatial data. The model's assumptions may be in-
sufficient to interpret the complicated natural variability.

Individual models are essential components of the ecosystem model,
and reasonably parameterization of the physiological process of

cultured organisms under different environmental conditions is of vital
importance for the overall performance of the ecosystem model. The
individual model we applied for oyster is implemented with the dy-
namic energy budget (DEB) theory (Kooijman, 2010), and the DEB
model is apply well for bivalve (Duarte et al., 2003; Pouvreau et al.,
2006; Ren et al., 2008). Indeed, the validation results (Fig. 3) prove that
the model correctly described the growth of oysters in a given en-
vironment. The deviation between the observed and modeled oyster
growth can be aroused from uncertainties in the environmental forcing.

The dynamic growth model for kelp was based on an exponential
growth formula (Gregor et al., 2018), which requires a careful selection of
parameters such as the basic daily growth rate. There are recent pub-
lications on the modeling of kelp in Sanggou Bay with different daily
growth rates (Zhang et al., 2016; Cai et al., 2018). In our model, the daily
growth rate was calibrated from the observations and set to be μmax=
0.115 / day. Different model parameterization for the specific species and
region may be due to differences in the mathematical expressions, en-
vironmental data quality, or the sample quality. Pertinent environmental
data with good quality (temporal and spatial) is required for further
coupling of useful models for production prediction (Gregor et al., 2018).
The individual kelp growth model showed good agreement with the ob-
servations in the given period, but whether it is sufficiently representative
for Sanggou Bay still requires more data for validation and optimization.

4.2. Aquaculture management with the ecosystem model

Using the ecosystem model as a tool, we can investigate the carrying
capacity of the cultured organism for each model box within Sanggou
Bay. Currently, there are no unified criteria on how to define the car-
rying capacity for a specific environment. Filgueira et al. (2014)

Fig. 10. Upper panel: the kelp harvest production in each box for different seeding densities. Lower panel: the individual TDW of kelp (with dots) when harvested in
each box for different seeding densities.
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implemented a fully spatial ecosystem model in Richibucto Estuary for
oyster Crassostrea virginica aquaculture and used the phytoplankton
depletion as an indicator for carrying capacity. Zhao et al. (2019) im-
plemented a coupled SCAMOD for the bottom cultured scallop Patino-
pecten yessoensis and estimated the carrying capacity based on the
economic benefit evaluation. For Pacific oyster aquaculture in Sanggou
Bay (Fig. 8), the simulated production per ha increase as seeding den-
sity increases, indicating a higher available physical carrying capacity.
The phytoplankton depletion increased proportionally with the oyster
biomass growth, illustrating an enhanced transfer from phytoplankton
biomass to the oyster. Equally, less cultured oyster leads to a higher
production efficiency during the simulation period as individual oyster
occupies more resource. For the practical aquaculture, there is a re-
quirement for harvest size at the end of the year. The ecosystem model
provides predictions for oyster growth and offers options for appro-
priate culture densities. Around 50 oysters cultured per m2 based on the
practical experience is close to the optimal solution under the current
condition.

Kelp is the main seaweed cultured in Sanggou Bay, and the growth
and culture carrying capacity are different from that of the oyster. From
the kelp simulation scenarios, the kelp biomass increases slightly for
each culture density in Box 2, indicating that the kelp biomass is getting
close to the carrying capacity limited by the nutrient supply since May.
In Box 3 and Box 4, the kelp production maintained a certain growth
with increased culture numbers, with abundant DIN, and the increment
is much higher with doubled kelp seed density. These results indicate
there is still allowance to the carrying capacity. Nevertheless, under
fixed mortality, increased kelp numbers in the aquaculture farms will
lead to smaller individual sizes. When kelp grows to a certain extent,

the effect of respiration, and erosion increases, and it starts to produce
spores. Such a process, which is not fully resolved in the model, will
affect the kelp quality. In actual aquaculture production, the limitation
of kelp production is not only from physiological and ecological pro-
cesses but also from the limitation of the physical living space. The
current kelp aquaculture around 40,000 ind./ha based on decades of
accumulated experience, is a balanced choice of production, individual
quality, moderate management efforts, and less seed cost. The model
results of predicted kelp growth and production could help farmers in
make decisions based on environmental conditions, market demand,
and policy requirements.

4.3. Model limitations and future improvements

Although our model followed the observations to a reasonable ex-
tent, it is based on a relatively crude spatial scale at tens of kilometers
and several assumptions and simplifications. The model application
requires uniform aquaculture layout covering a typical surface more
than tens of kilometer square, which makes Sanggou Bay an ideal site
due to its homogeneous and dense aquaculture distribution. A fully
spatial-coupled ecosystem model (e.g., Filgueira et al., 2014) will better
reproduce the spatial distribution and the impact of scattered aqua-
culture layout. However, such a model usually requires more stringent
boundary conditions and validation data, and the model configuration
is often specific to a localization and less general. It is reasonable to
choose a more effective simulation method based on actual aquaculture
and environment conditions.

The lack of synchronized and continuous observations during the
ecosystem model simulation periods hinders the further calibration and

Fig. 11. The monthly DIN budget per m3 computed for Box 3 under scenario III for current exchange, kelp absorption, phytoplankton absorption and oyster
excretion.
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optimization of the model. However, to obtain continuous data is not
easy, as this depends significantly on the sampling difficulty, mea-
surement accuracy, and local aquaculture production processes.
Sustaining data acquisition and continuous monitoring are required for
model optimization. The improvement of the individual models relies
on the progress of the physiological and ecological research describing
the process of nutrient absorption kinetics, filter-feeding dynamics, and
population dynamics.

5. Conclusion

The Sanggou Bay provides an excellent site to apply model study on
the ecosystem controlled by commercial-scale aquaculture. The present
ecosystem model generally reproduced seasonal variation of the dis-
solved inorganic nitrogen and phytoplankton concentrations. The pre-
dicted oyster and kelp growth validated well with observations.
Scenario simulations showed that 50 cultured oysters per meter square
is the optimal choice which comply with the current practical aqua-
culture. The model also concluded that the nutrient source for the kelp
aquaculture in the bay was mainly from the adjacent sea. Moreover, in
the region with inadequate nutrient supply, the kelp production was
approaching the carrying capacity. The model can be a useful tool for
integrated aquaculture management and spatial planning.
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