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Abstract  

Climate change is driving dramatic transformations in the natural environment of 

coastal marine areas. The consequential shifts in seawater temperature, ocean 

acidification, rising sea levels, and resulting damage to marine ecosystems have drawn 

considerable attention from scientists, policymakers, and the broader public. These 

changes not only impact marine life directly but also have indirect consequences, 

altering weather patterns, affecting coastal communities, influencing economies, and 

impacting global biodiversity. 

Dissolved oxygen (DO) serves as a critical indicator for sustaining the health of marine 

ecosystems. Nonetheless, reports of declining DO levels have been reported in 

numerous oceans, shelf seas, and lakes worldwide since 1950s. Hypoxia, defined as 

DO below 3 mg/L, is considered to be strongly associated with the amplified frequency 

of extreme rainfall events driven by climate change, which poses a mounting threat to 

marine ecosystems on a global scale. However, in many estuarine and coastal waters, 

DO levels are intricately linked to the interaction of complex physical and biochemical 

processes. This complexity poses a significant challenge in assessing DO dynamics 

and maintaining a balanced aquatic ecosystem, presenting an ongoing issue within 

oceanography. 

The Ariake Sea and the Yatsushiro Sea are semi-enclosed coastal water areas 

characterized by features resembling a Region of Freshwater Influence (ROFI). In 

recent years, the Ariake Sea and Yatsushiro Sea have faced pronounced water quality 

deterioration, including hypoxia and red tides, significantly impacting local fisheries. 

After 2000, the decline of cultured Nori (seaweed) has emerged as a crucial concern 

in Ariake Sea fisheries, while clam farming has become a focal issue in Yatsushiro Sea 

fisheries since 2010. An increasing number of studies have substantiated that hypoxia, 

as a significant contributor to the degradation of marine ecosystems in both bays, has 

shown a steady increase in both its duration and spatial extent over time. 

However, a comprehensive analysis of the duration and spatiotemporal distribution of 

hypoxia attributed to climate change remains incomplete. Two primary reasons 

contribute to this: firstly, conducting long-term assessments of hypoxia development 
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through field observations faces challenges due to inadequate data support; and 

secondly, the complexity of the physical ecology of estuaries makes models limited in 

their practical application and requires that these models have the ability to 

comprehensively analyze and simulate hydrodynamic and ecological processes. 

In this study, we utilized numerical models that involved coupling a general three-

dimensional (3-D) hydrodynamic coastal model with a lower-trophic ecosystem model. 

We aim to find out the potential causes behind seasonal hypoxic events and to evaluate 

the long-term responses to climate change. The study within this thesis is structured 

across seven chapters, outlined as follows: 

Chapter 1 outlines the research background, objectives, and overall study outline. 

Chapter 2 provides an overview of the present conditions and challenges faced by the 

Ariake/Yatsushiro Sea, exploring the impact of climate change on shallow sea aquatic 

environments and ecosystems through literature review. 

Chapter 3 presents the evaluation of the impacts of extreme summer precipitation 

events on the marine environment of the Ariake Sea. It aims to illuminate the 

relationship between salinity stratification and variations in DO levels. This study 

particularly focused on investigating the influence of the historic 2020 Kyushu Floods, 

one of the largest rainfall events in recent history, on the development of hypoxia. 

Findings suggest that large-scale effluent events could exacerbate salinity stratification, 

leading to hypoxic conditions. 

Chapter 4 shows the influence of summer effluent on bottom hypoxia within the 

Yatsushiro Sea. Results highlighted that the 2020 Kyushu Floods induced severe 

hypoxia across extensive areas. Persistent low DO levels in the southern region may 

be attributed to limited flow velocity and restricted water exchange. 

Chapter 5 explores the correlation between river discharge and the duration of hypoxia 

in the Ariake Sea during the summer rainy season. The analysis provides insights into 

varying effluent scales on environmental dynamics. The study also assessed the 

stratification of the Ariake Sea due to freshwater inflow using a stratification index. 

The results indicate that the duration of hypoxia displayed a strong positive correlation 
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between hypoxia duration and effluent volume near the river mouth, supported by 

notably high correlation coefficients.  

Chapter 6 provides a comprehensive analysis of long-term water quality changes in 

the Ariake Sea, emphasizing trends of increasing hypoxia across spatial scales. The 

investigation explores climate change impacts on critical variables—temperature, 

salinity, DO, and nutrient levels. Findings over the past three decades highlight distinct 

responses in environmental factors to climate change, resulting in notable shifts in 

temperature patterns and altered precipitation trends. 

Chapter 7 summarizes the conclusions obtained from this study and future work. 
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Chapter1 

Introduction 

1.1 Research Background 

1.1.1 Response of shallow coastal seas to climate change  

Since the Industrial Revolution, the influence of human activities on the natural 

environment has steadily increased. Life on Earth is currently undergoing one of the 

most momentous decades in terms of climate change (Thornton et al., 2014). The 5th 

and 6th assessment reports (AR5 and AR6) of the Intergovernmental Panel on Climate 

Change (IPCC) have offered a more precise insight into the considerable and 

progressively irreversible harm inflicted upon terrestrial, freshwater, coastal, and open 

ocean ecosystems due to climate change (IPCC, 2014 and 2023). The World 

Meteorological Organization (WMO) projects a probability that global average 

temperatures will surpass pre-industrial levels by more than 1.5°C for at least one year 

within the next five years (IPCC, 2018). Global warming plays a crucial role in driving 

changes within the climate system, resulting in the intensification and increased 

complexity of climate events (AghaKouchak et al., 2020). For instance, each 

additional 0.5°C of global warming brings about noticeable increases in the intensity 

and frequency of hot extremes, such as heatwaves, heavy precipitation, as well as 

agricultural and ecological droughts in certain regions (IPCC, 2018). The latest AR6 

report (IPCC, 2023) indicates that global surface temperatures are projected to 

continue rising at least into the middle of this century under all considered emission 

scenarios (Fig. 1.1a and b), while precipitation is expected to increase in high-latitude 

regions, the equatorial Pacific, and certain monsoon areas, but decrease in some 

subtropical and limited tropical regions under scenarios SSP2-4.5, SSP3-7.0, and 

SSP5-8.5 (Fig. 1.1c). 
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Figure 1.1 Annual Mean Surface Temperature Changes: (a) Comparison of Observed 
and Simulated Changes in Annual Mean Surface Temperature, (b) 
Simulated Annual Mean Temperature Changes (°C), and (c) Precipitation 
Changes (%). (source: IPCC, 2023) 

As the greatest carbon sink on the Earth, the ocean absorbs the excess heat and energy 

released from the continuously increasing greenhouse gas emissions trapped in the 

Earth's system. The UN Climate Change has shown that human-driven global warming 

has become the primary driver of transformation in the marine environment, including 

ice-melting, sea-level rise, marine heatwaves, and ocean acidification (United Nations 

Environment Programme, 2023). These changes will ultimately have lasting impacts 

on marine biodiversity, as well as the livelihoods of ocean and coastal communities. 

Simultaneously, human activities are altering rainfall patterns and increasing the 

occurrence of extreme precipitation events as a result of climate change. The AR6 
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report indicates that since 1950s, the average precipitation on a global scale may have 

already increased, and the rate of increase has been even more rapid since the 1980s 

(IPCC, 2023). These alterations in precipitation patterns not only have significant 

impacts on terrestrial agriculture and ecosystems but also affect the salinity 

distribution in the near-surface ocean and the balance of coastal marine ecosystems. 

The shallow coastal sea, as a vital link connecting the ocean and continent, not only 

provides humans with ample fish resources but also plays a pivotal role in preserving 

the aquatic ecological environment. Globally, shallow coastal seas are the primary 

source of fish caught by humans, accounting for 90% of global fish catches (Simpson 

& Sharples, 2012). In recent years, the excessive development of the marine economy 

in coastal regions has posed significant challenges to the offshore environment and 

ecosystems. This development has led to issues like overfishing, resulting in the 

depletion of fish stocks, the influx of excess nutrients leading to eutrophication, and 

the gradual emergence of hypoxia (Kwiatkowski et al., 2020). Consequently, these 

alterations render coastal marine environments exceptionally vulnerable and highly 

responsive to the impacts of climate change, such as rising sea levels and the increasing 

occurrence of extreme precipitation and storm surges (Thornton et al., 2014). 

1.1.2 The role of DO in aquatic ecosystems 

Dissolved oxygen (DO), as a pivotal component of aquatic systems, plays a crucial 

role in the aquatic ecological environment. Primarily, it serves as the essential oxygen 

source that enables aquatic organisms to respire and sustain their existence. 

Furthermore, DO actively engages in redox reactions within the water, facilitating the 

decomposition of organic waste, the breakdown of pollutants, and the preservation of 

the chemical equilibrium of the aquatic ecosystem. DO in seawater primarily 

originates from two main sources: the atmosphere and the process of photosynthesis 

carried out by phytoplankton, as shown in Fig. 1.2. Presently, there is a global decline 

in DO levels, resulting in significant harm to aquatic life. Declines in DO concentration 

linked to climate change and human activity are among the most significant changes 

in coastal and ocean waters (Thornton et al., 2014). 

Global warming is considered to be the primary cause of DO depletion in open oceans 
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(Schmidtko et al., 2017; Kwiatkowski et al., 2020). The susceptibility of diverse 

aquatic environments to external stressors varies depending on their geomorphology 

and circulation (Diaz, 2001). In most estuaries and coastal waters, however, DO 

depletion is a complex interaction that can be understood as a coupled response of 

physical factors and biochemical factors, such as warming caused by climate change, 

leading to the increase in biological metabolism and reduction of DO solubility 

(Scanes et al., 2020; Zhang et al., 2022), eutrophication that triggers the excessive 

production of organic matter to consume oxygen in the water (Hagy et al., 2004; 

Murphy et al., 2011), and stratification primarily due to large amounts of freshwater 

inflow, which inhibits water exchange and leads to reduced oxygen levels in deeper 

water (Wiseman et al., 1997; Tishchenko et al., 2013; Yu et al., 2015). Additionally, 

wind stress somewhat promotes DO transport by generating waves and eddies (Ni et 

al., 2016). Marine organisms, particularly benthic species, are highly susceptible to 

changes in oxygen levels due to their limited contact with atmospheric oxygen supply 

and oxygen depletion in underlying sediment (Diaz and Rosenberg, 1995; Coley et al., 

2007). 

 

Figure 1.2 Conceptual diagram of oxygen dynamics in shallow water. 
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1.1.3 The Ariake/Yatsushiro Sea: a region of freshwater influence 

The Ariake Sea, as the object of this study, is an estuary or bay-type freshwater 

influence area (ROFI) surrounded by Fukuoka, Saga, Nagasaki, and Kumamoto 

Prefectures, all of which are located in Kyushu Island, western Japan (Fig. 1.2). It is 

one of the most important shallow seas for fisheries and seaweed production in western 

Japan (Yagi et al., 2011). Simultaneously, it is the largest bay in Kyushu, about 100 

kilometers long, with an average width of 18 kilometers and a depth of 20 m. Due to 

its large length-to-width ratio and shape formation, the oscillation period of the inner 

parts of the bay resonates with the semidiurnal tide in the outer sea (Tabata et al., 2015). 

Therefore, the Ariake Sea is also considered to have the largest tidal range in Japan, 

with a tidal range of 3-6 m and extensive mudflats account for 40% of the total area of 

tidal flats in Japan. Since the tidal flats provide a unique ecosystem for a large amount 

of marine and amphibious life, the environment in the Arisaka Sea allows a wide range 

of marine products to be harvested. It provides approximately 50% of the total 

production in Japan, especially the cultivation of Nori (seaweed). Moreover, the Ariake 

Sea is well-known for its fishery products, which has been dubbed the “Sea of Treasure” 

due to its abundant fishery resources (Jia et al., 2018). 

There are eight A-class rivers as the main freshwater source flows into the Ariake Sea, 

which supplies large amounts of nutrients and suspended sediments to the bay. The 

Chikugo River, as the largest freshwater source inflow to the bay, connects to the 

northern part of the Ariake Sea. High concentration of suspended clay and silt in the 

Chikugo River, shallow depth and large tidal amplitude generate high turbidity and 

low transparency in the inner area of the bay (Azhikodan & Yokoyama, 2018). And 

the off-Kumamoto area, which is in the middle and eastern part of the bay, is 

surrounded by the two main rivers, the Midori River and Shira River respectively, the 

tidal flat here is mostly sandy (Hayami et al., 2015; Tsutsumi, 2006).  

Isahaya Bay is located in the western part of the Ariake Sea and has been once known 

as one of the largest tidal flats in Japan. However, its topography was changed with 

the reclamation project of the construction of the 7 km long Isahaya Sea dike in 1997. 

The main purposes of the dike were to reclaim land for farming and for flood 

prevention. Since then, the fishery in the Ariake Sea has been on the decline and the 
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water quality of the regulating reservoir in the bay has deteriorated dramatically (Jia 

et al., 2018). In 2015, compared to 1989 figures, there was a 27% reduction in the total 

catch (from 58,477 to 15,612 tons) and a 20% decrease in fish catch (from 12,294 to 

2,498 tons) (Sasaki, 2017). Many studies indicated that the decrease in fisheries is 

likely to be related to the reclamation project, which also caused the deterioration of 

the sea floor environment. 

The Yatsushiro Sea is located between Kumamoto and Kagoshima Prefectures and is 

connected to the southern part of the Ariake Sea. Similar to the Ariake Sea, it is a 

typical semi-enclosed sea area affected by ROFI. The Kuma River is the only A-class 

river that flows into the bay. In recent years, the Yatsushiro Sea has witnessed a 

substantial surge in red tide occurrences, coinciding with escalating water 

temperatures (Takikawa et al., 2005). Moreover, the bay has experienced a marked 

decline in annual catches of Manila clams and various groundfish species like Nibe 

Croaker and Sole (Ministry of the Environment, 2017). 

 

Figure 1.3 Location map of Ariake/Yatsushiro Sea and its major tributaries. Blue and 
green letters represent class A and class B rivers, respectively. The red 
dots show the observational stations and the pentagram shows the 
Kumamoto climate observation station. 
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1.2 Objectives 

The Ariake/Yatsushiro Sea, one of Japan's largest bays, serves as a critical marine 

ecosystem and plays a vital role in supplying fisheries resources. Nevertheless, in 

recent years, the bays have faced significant water quality issues and a decline in 

fishery production. These challenges are primarily driven by human activities such as 

overfishing and excessive nutrient loading, as well as climate change like global 

warming and increased extreme precipitation. Currently, studies on the water quality 

of the Ariake/Yatsushiro Sea predominantly rely on field measurements, while there is 

a relative dearth of research concerning climate-induced alterations in this region. 

Given the complex and changing estuarine conditions caused by climate change, 

conventional field measurements have limitations in capturing the complex and 

dynamic processes and predicting future changes. In contrast, modeling provides a 

practical approach to simulating complex dynamic processes and provides valuable 

insights into the complex interactions between climate factors and their effects on the 

marine ecosystem.  

In this study, our primary objective was to evaluate the problem of declining water 

quality in the Ariake/Yatsushiro Sea, with a specific focus on the impact of extreme 

rainfall on DO levels. To achieve this, we employed a coupled numerical model, 

utilizing Delft3D, to simulate and analyze the impact of these weather events 

Furthermore, we analyzed water quality changes in the Ariake Sea spanning the last 

three decades and clarified the relationship between the effluent scale and the 

development of hypoxia. The specific aims of this study are detailed in the following 

points: 

(1) To evaluate the impact of extreme summer precipitation, notably the 2020 

Kyushu Floods, on hypoxia in the Ariake/Yatsushiro Sea, focusing on the 

vulnerability of DO levels to effluent events. 

(2) To investigate the impact of stratification on hypoxia development and 

elucidate the relationship between river discharge and the duration of 

hypoxia in the Ariake Sea floor during the summer rainy season. 

(3) To conduct a comprehensive analysis of long-term water quality alterations 
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in the Ariake Sea, emphasizing the impact of climate change, specifically 

addressing the escalating trend of hypoxia across diverse spatial scales. 

1.3 Outline of the Thesis 

The structure of this thesis is shown in Fig. 1.4. 

 

Figure 1.4 Thesis structure. 
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Chapter 2 

Literature Review 

2.1 Potential Mechanisms of Hypoxia in Shallow Coastal Water 

Dissolved oxygen (DO) concentration is a crucial indicator for assessing the well-

being of aquatic ecosystems and is traditionally defined by a threshold of 2 mg/L, 

which serves as a fundamental benchmark for identifying oxygen-depleted conditions. 

When the DO concentration falls below 2 mg/L, it is classified as hypoxia (Diaz & 

Rosenberg, 1995). Ritter and Montagna (1999) and Tokunaga et al. (2009) defined 

hypoxia as 3 mg/L through the assessment of long-term changes in DO concentration, 

which is better adapted to the local ecosystem dynamics. Worldwide recognition of 

DO deterioration has risen since the middle of the 20th century (Diaz & Rosenberg, 

2008). There are increasing reports of hypoxic events from marine ecosystems around 

the world. e.g., Baltic Sea (Conley et al., 2002), Gulf of Mexico (Turner et al., 2005), 

Texas-Louisiana Shelf (Wiseman et al., 1997), Chesapeake Bay (Hagy et al., 2004) 

and East China Sea (Chen et al., 2007). In Japan, hypoxia has been identified as a 

significant environmental issue in the semi-enclosed shallow bays since the 1970s 

(Suzuki, 2001), e.g., Tokyo Bay (Kodama & Horiguchi, 2011), Ise Bay (Fujiwara et 

al., 2002) and Mikawa Bay (Suzuki & Matsukawa, 1987). However, the dominant 

factors triggering hypoxia can exhibit considerable variation due to the complex 

estuary morphology and circulation (Rabouille et al., 2008). As shown in Fig. 2.1, 

numerous external factors and processes can contribute to and exacerbate the 

occurrence of hypoxia in coastal waters, including warming, stratification, nutrient 

loading, land-use changes, overfishing, and wind (Jackson et al., 2001; Levin et al., 

2009; Hallett et al., 2018; Wang et al., 2022). 
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Figure 2.1 Conceptual diagram of key climatic drivers and their effects on the primary 
and secondary environmental stressors of the estuaries. (Dashed boxes 
indicate drivers and effects whose direction and/or magnitude of change is 
less certain or considered to be less significant) (Hallett et al., 2018) 

Rising surface water temperatures and the frequent occurrence of extreme warming 

events caused by climate change are some of the causes of coastal hypoxia. From a 

biochemical control perspective, water temperature plays a crucial role in regulating 

the metabolism of aquatic organisms and influencing the biological population 

distribution of aquatic communities. During summer, increased water temperatures 

can foster the growth of fish and plankton, consequently increasing the consumption 

of DO (Roman et al., 2019). From a physical control perspective, the rise in water 

temperatures may result in a decrease in the DO saturation of the water, diminishing 

its capacity to DO effectively (Du et al., 2018). In addition, warmer water temperatures 

leading to thermal stratification can impede or disrupt the typical mixing or circulation 

of water (Wang et al., 2017). Thus, the intricate interplay between biochemical controls 

and physical factors bears substantial implications for the dynamics of DO in marine 

ecosystems. 

Salinity-driven stratification induced by freshwater inflow plays a pivotal role in the 

development of hypoxia in the majority of coastal seas. As freshwater, often rich in 

nutrients, enters coastal areas, it establishes a stratification gradient, resulting in 

distinct layers with varying salinity levels. This stratification creates relatively stable 
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water layers, hindering the replenishment of upper oxygen to the lower layers 

(Wiseman et al., 1997; Murphy et al., 2011). Simultaneously, organic matter, such as 

decomposing phytoplankton and detritus, tends to sink into the lower layers, 

contributing to oxygen reduction in the bottom layers (Wiseman et al., 1997). Limited 

vertical mixing leads to oxygen consumption surpassing replenishment, resulting in 

reduced oxygen levels and the establishment of hypoxic or anoxic conditions.  

Meanwhile, nutrient loads typically associated with river inflows play a pivotal role in 

marine ecosystems. On one hand, the increase in nutrients stimulates the growth and 

subsequent decay of phytoplankton, resulting in excessive oxygen consumption 

(Malone et al., 1988). On the other hand, the excessive input of nitrogen and 

phosphorus contributes to a reduction in oxygen content in the bottom water body 

Kemp et al., 2009). Under hypoxic and anoxic conditions, the denitrification process 

in the nitrogen cycle intensifies, and organic phosphorus is more readily released from 

the sediment. Therefore, the development of hypoxia is intricately linked to nutrient 

cycling in the ecosystem (Kemp et al., 2005).  

Certain factors have been identified as contributors to the distribution of DO. For 

instance, upwelling-favorable winds can induce upwelling, bringing deep water to the 

surface and altering the distribution of water temperature, salinity, and DO (Feng et 

al., 2014). Additionally, storm surges play a crucial role in enhancing turbulent mixing 

and disrupting stratification, thereby facilitating improved oxygen transport (Li et al., 

2006).  

These factors collectively contribute to the development of hypoxia, exhibiting 

varying degrees of dominance in complex coastal physical environments and 

ecosystems. Therefore, conducting in-depth research on the factors that significantly 

influence hypoxia is crucial, serving as a foundation for the development of adaptive 

policies. 

2.2 Challenges in the Ariake/Yatsushiro Sea 

Since the 1990s, the Ariake Sea has grappled with severe environmental and 

ecosystem challenges, culminating in substantial reductions in yield and ecosystem 

collapse. These challenges include weakened water purification ability, sediment 
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accumulation on the seafloor, frequent occurrences of red tides, and the development 

of hypoxia (Nakata et al., 2009; Wang et al., 2017). These environmental disturbances 

had profound effects on fisheries, notably manifesting in the slowed growth and 

increased mortality of benthic communities, with the Manila clam (Ruditapes 

philippinarum) being particularly affected (Tsutsumi, 2006; Tsutsumi et al., 2015). 

A contributing factor to these challenges may arise from coastal development activities, 

particularly the reclamation and dam construction in Isahaya Bay, part of the Ariake 

Bay estuary, further exacerbating these issues (Tsutsumi, 2006; Wang et al., 2017). The 

reclamation of Isahaya Bay directly led to the reduction of tidal flats, disrupting the 

living environment for benthic organisms. Additionally, it resulted in a decrease in tide 

and tidal current, altering sediment quality, intensifying stratification, and causing a 

reduction in dissolved oxygen levels (Hodoki & Murakami, 2006; Wang et al., 2017; 

Kim et al., 2018). 

Climate change could be a significant factor contributing to the alterations in the 

Ariake/Yatsushiro Sea. In recent decades, there has been a notable increase in the 

occurrence of large-scale red tide events, inflicting considerable damage on cultured 

Nori (Tsutsumi, 2006). Concurrently, bottom hypoxia in the inner bay of the Ariake 

Sea has extensively expanded (Wang et al., 2017). These phenomena typically emerge 

after the rainy season. Heavy rainfall, leading to significant inflows of freshwater, 

triggers stratification and hinders the exchange of water columns, ultimately resulting 

in hypoxia (Stanley & Nixon, 1992). Moreover, the excessive loading of nutrients can 

further augment the proliferation of red tide events (Tsutsumi, 2021).  

The ecological and environmental issues confronting the Ariake/Yatsushiro Sea have 

garnered considerable attention. However, the intricate nature of its aquatic 

environment necessitates extensive and sustained investigation for a comprehensive 

understanding. Hence, a thorough examination of the long-term changes in the Ariake 

Sea becomes imperative to formulate a more holistic approach to safeguarding and 

restoring the ecological equilibrium of marine ecosystems. 

2.3 Application of Numerical Models  

Currently, the primary approaches for investigating physical and ecological processes 
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in coastal oceans encompass field monitoring, numerical simulation, and remote 

sensing technology. Numerical simulation stands out for its capacity to deliver high 

spatial and temporal resolution, along with the flexibility of processing at various 

scales through multi-scenario simulations. Developing numerical models serves as a 

pivotal tool in enhancing the comprehension of the intricate physical and ecological 

processes within complex coastal waters. Through the simulation and analysis of 

diverse interactions in marine systems, models offer an effective means to unveil the 

complexities inherent in both the physical dynamics and ecosystem interactions of 

coastal waters.  

This study employed the open-source numerical simulation software package, Delft3D, 

which incorporates the FLOW and WAQ modules developed by Deltares. Delft3D is 

a robust and efficient modeling tool for simulating hydrodynamics and water quality 

in coastal and estuarine waters and has been successfully applied to multiple aquatic 

systems (Bai et al., 2022), such as Yangtze Estuary and Breton Sound Estuary (Chen 

et al., 2015; Wang et al., 2017). 

In previous research, Wang et al. (2017) utilized the general hydrodynamic model 

calculated by Delft3D for numerical experiments on nonlinear tides and fine-grained 

sediment transport in the Ariake Sea and Yatsushiro Sea. This confirmed the nonlinear 

characteristics of tides. Tadokoro et al. (2020) employing a general 3D hydrodynamic 

model and a 1D DO transport model, evaluated the effects of thermal stratification and 

DO in the Ariake Sea. The study concluded that temperature changes are a significant 

factor influencing thermal stratification and changes in dissolved oxygen distribution. 

They explored the effects of temperature and river flow changes on dissolved oxygen 

distribution under specific conditions after global warming through numerical 

experiments. The results indicated that rising air temperatures, increasing river 

temperatures, and elevated ocean temperatures exert the most significant impact on 

hypoxic waters. In the Yatsushiro Sea, the dynamics of seawater carbon dioxide (CO2) 

have been assessed using Delft3D, demonstrating the model's proficiency in 

simulating CO2 pressure (Xiong et al., 2022). 
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Chapter 3 

Assessing the Impact of the Historic 2020 Kyushu Floods on 

Stratification and Hypoxia Development in the Ariake Sea 

3.1 Introduction 

Dissolved Oxygen (DO) plays a vital role in the material circulation of marine 

ecosystems. According to the latest special report of the IPCC, oxygen depletion has 

emerged as a significant concern attributed to both human activities and climate-

related threats (IPCC, 2018). Hypoxia can be defined as DO less than 3 mg/L and 

occurs as a combined result of biochemically controlled DO consumption and 

physically controlled limited oxygen replenishment (Du et al., 2018). The altered 

precipitation patterns due to climate change significantly affect river regimes across 

various basins, particularly the intensity of summer river flows (Abeysingha et al., 

2020; Kundzewicz et al., 2015), and stand as one of the primary causes of oxygen 

depletion in most coastal areas (Rabalais et al., 2010).  

Extreme rainfall events, a consequence of climate change, have become more frequent 

in recent years, causing significant negative impacts on coastal economies and marine 

ecosystems (Easterling et al., 2000). The IPCC 2018 Special Report suggests a high 

probability of increased mean precipitation in the mid-latitude land areas of the 

Northern Hemisphere since 1951 due to climate change (IPCC, 2018). The intensified 

and prolonged rainfall from extreme rainfall events presents considerable challenges, 

including flooding, soil erosion, and infrastructure damage (Wang et al., 2017; Osburn 

et al., 2019). Heavy rainfall often triggers substantial runoff, carrying pollutants, 

sediments, and nutrients from the land surface into coastal and marine environments. 

This influx exacerbates water quality deterioration along coastal waters, intensifying 

issues like eutrophication and hypoxia (Tishchenko et al., 2013; Sinha et al., 2017). 

Simultaneously, it can arouse soil erosion, impacting agricultural lands and various 

ecosystems (Knapp et al., 2008). 

The Ariake Sea is one of the most important shallow coastal areas for fisheries and 

seaweed production, generating 40% of the total cultured Nori (seaweed) in Japan, and 
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is considered one of the Regions of Freshwater Influence (ROFIs). The eight main A-

class rivers, serving as the primary sources of freshwater inflow, play a critical role in 

the marine environment and benthic ecosystem of the bay. The Chikugo River is the 

largest river at the head of the bay, with a watershed area of approximately 2,863 km2. 

The Chikugo River basin accounts for 42% of the total combined watershed area of 

major rivers flowing into the Ariake Sea and contributes an average annual discharge 

of 94 m³/s into the bay. Over the last 50 years, the Chikugo River, classified as one of 

the A-class rivers, has exhibited a consistent upward trend in its annual maximum daily 

discharge (Fig. 3.1). In the 2020 Kyushu Floods, particularly, the large-scale effluent 

caused by heavy rainfall occurred from July 5 to July 7 in the Chikugo River basin. 

The water level obtained at the Senoshita Observatory located downstream of the river 

(6.95 m at 13:00 on July 7) became the highest water level in the past years and the 

estimated maximum daily discharge reached 6,590 m3/s, which exceeded the past 20 

years (MLIT, 2020). Large-scale effluent may be extremely detrimental to the coastal 

physical environment and the bottom fauna habitats of the bay. According to the 

records of the Kyushu Regional Agricultural Administration Office (2019), the influx 

of freshwater caused the development of density stratification and the occurrence of 

the hypoxic water mass for a long period in the Northern Ariake Sea and Isahaya Bay. 

Extreme rainfall events have resulted in a significant influx of freshwater into the 

Ariake Sea, potentially causing a decrease in surface layer salinity and an increase in 

water column stability (Yano et al., 2014). Concurrently, this large-scale freshwater 

influx has induced density stratification, a significant factor contributing to the 

development of hypoxia in the bottom layer (Scully, 2013). 

This study aims to assess the effects of extreme rainfall events on hypoxia in the Ariake 

Sea, utilizing numerical models calculated by Delft3D. Additionally, the results are 

compared with five other cases to elucidate variations in hypoxia resulting from 

different flood patterns. The objective is to lay the groundwork for informed coastal 

area management and to devise strategies for adapting to climate change. 
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Figure 3.1 The annual maximum discharge and annual average discharge in the 
Chikugo River over the past five decades. 

3.2 Hydrodynamic Model 

This study utilized a generalized coastal three-dimensional hydrodynamic model 

developed by (Yano et al., 2010) and executed through the Delft3D-FLOW module. 

The Delft3D-FLOW module is a multi-dimensional (2D or 3D) hydrodynamic and 

transport simulation program designed to compute non-steady flow and transport 

phenomena. It considers tidal and meteorological influences on a curvilinear, 

boundary-fitted grid, or spherical coordinates. Its applications include assessing 

hydraulic structure stability, salt intrusion, pollutant dispersion, and sediment transport. 

In this section, we elucidate the mathematical principles supporting the Delft3D-

FLOW module and outline the basic structure of the calculation area. 

3.2.1 Hydrodynamic equations 

The fundamental mathematical principle behind the hydrodynamic model Delft3D-

FLOW involves solving the Navier-Stokes equations for incompressible fluids, 

utilizing the finite difference method under shallow water assumptions (Deltares, 

2017). In this section, we present the continuity equation and momentum equations to 

elucidate this process. 

The continuity equation and momentum equations for three-dimensional flow are 
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given by: 
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where x and y represent the horizontal coordinate system, while z denotes the vertical 

coordinate system (with upward direction as positive), t stands for time, and v signifies 

the flow velocity vector (= (U, V, W)). Here, U(x, y, z, t), V(x, y, z, t), and W(x, y, z, t) 

denote the flow velocity components in the x, y, and z directions respectively. The 

pressure is denoted by p(x, y, z, t), and the density by ρ(x, y, z, t). Additionally, terms 

such as 𝜏''  (x, y, z, t), etc., represent stress tensor. 𝑔 is acceleration due to gravity 

(m/s2). f is Coriolis frequency (1/s) and is defined by:  

𝑓	=2𝜔 𝑠𝑖𝑛 f (3.5)	 

where ω is the angular velocity of Earth’s rotation (= 7.292 ×10-5 s-1) and ϕ is the 

latitude.  

3.2.2 Heat flux models  

Delft3D-FLOW models the heat exchange at the free surface by considering the 

distinct effects of solar (short wave) and atmospheric (long wave) radiation, as well as 

heat loss due to back radiation, evaporation, and convection. Within the literature, 

there exists significant variability in empirical formulations used to calculate these 

heat fluxes across the sea surface. The differences in these formulations primarily stem 

from variations in the dependency of heat exchange on meteorological parameters like 

wind speed, cloud cover, and humidity. Fig. 3.2 schematically illustrates the radiation 

process along with the mechanisms of heat flux at the water surface.  
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Figure 3.2 The heat flux mechanisms at the water surface 

The total heat flux (Qtot) through the free surface is defined by: 

                          Qtot =Qsn +Qan −Qbr −Qev −Qco                                 (3.6) 

where Qsn is net incident solar radiation (short wave), Qan is net incident atmospheric 

radiation (long wave), Qbr is back radiation (long wave), Qev is evaporative heat flux 

(latent heat) and Qco is convective heat flux (sensible heat). The unit is J/m2/s.  

3.2.3 Coordinate system 

In this model, the horizontal grid takes the form of a rectangular grid with a Cartesian 

frame of reference (Deltares, 2017). The vertical grid system employs a σ-coordinate 

system, comprising layers bounded by two σ-planes. These planes, while not strictly 

horizontal, conform to both the bottom topography and the free surface (Fig. 3.3). The 

σ-grid is fitted to both the bottom and the dynamic free surface, enabling a smooth 

representation of the topography. Consequently, although the number of σ-layers 

remains consistent across the domain, their thickness varies in relation to the depth 

(Deltares, 2017).  
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Figure 3.3 Definition of water level (ζ), depth (h) and total depth (H) 

The σ coordinate system is defined as: 

𝜎 = 		 +./
01	/

= +.	3
4

(3.7)	 

where z is the vertical coordinate in physical space, ζ is the free surface elevation above 

the reference plane (at z = 0) and d is the depth below the reference plane. H is the 

total water depth, given by  

𝐻	 = 	𝑑	 + 	𝜁 (3.8)	 

The values of σ are set at 𝜎 = 0 for the free surface and 𝜎 = −1 at the bottom (Deltares, 

2017). Previous research verification indicates that simulation results remain highly 

consistent even with an increase in the number of σ-layers beyond ten. Consequently, 

in this model, the number of σ-layers is fixed at ten, distributed as 5% × 3, 10% × 4, 

and 15% × 3 from surface to bottom. 

3.2.4 Basic setting of the hydrodynamic model 

This study employed a generalized 3D hydrodynamic model developed by (Yano et 

al., 2010) to simulate the physical conditions within the Ariake Sea. The simulation 

domain encompassed both the Ariake Sea and the Yatsushiro Sea, employing a 

horizontal resolution of 10’’ (Dx =250 m), as shown in Fig. 3.4. The calculation period 

for each year spanned from April 1st to October 31st, with a time step of 2 minutes. 
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Figure 3.4 Calculation domain and open boundaries of the hydrodynamic model. Red 
and blue letters represent class A and class B rivers, respectively.  

The physical parameters within this model include constants, roughness, viscosity, and 

others. The roughness formula employed in this model utilizes Chezy, with values of 

80 m1/2/s in both the u-direction and v-direction. Additionally, the SGS (Sub-Grid 

Scale) model assesses horizontal eddy viscosity and eddy diffusion coefficients for the 

horizontal direction. Meanwhile, for the vertical direction, the model incorporates the 

k-ε model, determining the coefficients by transport equations for both turbulent 

kinetic energy and turbulent kinetic energy dissipation to evaluate vertical turbulent 

eddy viscosity and eddy diffusivity. 

The heat flux model employs the Murakami model, which defines parameters such as 
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relative humidity, air temperature, and net (short-wave) solar radiation. The data, 

encompassing temperature, humidity, radiation, and wind, are sourced from the 

Kumamoto observatory within the AMeDAS Observatory under the Japan 

Meteorological Agency. 

The open boundaries, positioned outside the inlet to the Ariake Sea and along the line 

connecting Kabashima Suido and Akune (Fig. 3.4), represent cross-sections 

characterized by non-zero flow. Consequently, values for the concentration of state 

variables need to be specified at each time step (Deltares, 2017). To establish these 

boundaries, the amplitude and phase were fine-tuned exclusively for the four primary 

tidal components (M2, S2, K1, O1), out of a total of 40 tidal components, based on the 

existing harmonic constants at both ends. These harmonic constants, originally 

outlined by Yano et al. (2010), are referred to for guidance. The specific amplitudes 

and phases at the open boundary ends are detailed in Table 3.1, with linear 

interpolation applied between these ends. 

Table 3.1 The amplitudes and phases at both ends of the open boundary. 
Station/tidal components 

Akune Amplitude (cm) Phase (°) 

M2 71.7 211 

S2 31.4 229 

K1 22.9 209 

O1 17.7 185 

Kabashima Suido Amplitude Phase (°) 

M2 86 219 

S2 36 240 

K1 25 205 

O1 19 186 

 

This study accounts for freshwater inflows from eight A-class rivers (Chikugo River, 

Yabe River, Kase River, Rokkaku River, Kikuchi River, Shira River, Midori River, 

Kuma River), nine B-class rivers (Kashima River, Shiota River, Seki River, Tsuboi 

River, Hikawa, Otsubo River, Sashiki River, Yunoura River, Mizumata River), and the 
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north-south drainage gates of Isahaya Bay. To include downstream discharge from the 

observatory, adjustments will be made to the observed discharge using the following 

equation: 

𝑄(5.67899) =	𝑄: ×
;!
;"
	 (3.9)  

where Q is the discharge of A-class rivers, Q0 is the discharge from the observatory, 

A1 and A2 are observatory catchment area and total river area, respectively (Fig. 3.5).  

 

Figure 3.5 Simplified diagram of the river area. 

The discharge (Q0) from A-class rivers utilized the hourly discharge data obtained from 

the observatory nearest to the estuary, sourced from the Hydrological Water Quality 

Database of the Ministry of Land, Infrastructure, Transport, and Tourism. In the case 

of B-class rivers, the discharge estimation relied on the catchment area ratio in 

proximity to the nearby A-class rivers. 

3.3 Ecosystem Model 

The lower-trophic ecosystem model, simulated by the Delft3D-WAQ module, solves 

equations governing transport, physical, (bio)chemical, and biological processes. 

Substance transport relies on results generated by the hydrodynamic model simulated 

through the Delft3D-FLOW module, which produces a communication file. During 

the coupling process, temporal and spatial distributions of hydrodynamic results—
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such as temperature, salinity, velocity, and turbulence dispersion coefficients—are 

integrated. Additionally, shear stress, temperature, and salinity coupling outcomes are 

represented as segment functions, necessitating manual input as parameters. These 

functions include time and space-varying values for all computed units and serve as 

forcing functions (Deltares, 2020a). 

In this study, to configure the Ecosystem model, we obtained monthly monitoring data 

on dissolved oxygen concentrations in first-class rivers from the water quality 

observation station within the Ministry of Land, Infrastructure, Transport, and Tourism 

(MLIT) Water Information System. Subsequently, hourly DO concentrations were 

derived through interpolation methods. The calculation of nutrient inflow load (L) for 

each A-class river involved formulating L-Q equations using water quality data 

encompassing organic and inorganic nutrients spanning from 2001 to 2016, as 

elaborated in the study by Tadokoro & Yano (2019). 

3.3.1 Mass transport balances 

The movement of water from one computational cell to the next contributes negatively 

to the mass balance in the first cell and positively in the second. This method inherently 

conserves mass. Through combining computational cells in one, two, or three 

dimensions, various water systems can be accurately represented, allowing for the 

transportation of substances across these cells and, consequently, throughout the entire 

water system. The Delft3D-WAQ module addresses this simplified representation for 

each computational cell and state variable. 
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where 𝑀<
# is the mass at the beginning of a time step, 𝑀<

#1=# is the mass at the end of 

a time step and .=>
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0
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, .=>
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0
A
, .=>

=#
0
C
 are changes by transport, processes and sources, 

respectively. 

It is necessary to take the advection-diffusion equation into account, which is defined 

by: 

𝑇'#
; = 𝑣'# × 𝐴 × 𝐶'# (3.11)		
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𝑇'#
D = −𝐷'# ⋅ 𝐴 ⋅

EF
E'
M
'G'#

(3.12)		

where 𝑇'#
;  and 𝑇'#

D  are advective transport and dispersive transport (g/s), 𝑣'#  is 

velocity at x = x0 (m/s), A is the area perpendicular to the x-axis at x = x0 (m2), 𝐶'# and 
EF
E'
M
'G'#

 are concentration (g/m3) and concentration gradient at x = x0. 

Here, a finite volume transport method is applied to solve the convection-diffusion 

equation. The precision of this method correlates with the dimensions ∆x, A (= ∆y × 

∆z), and ∆t. By introducing terms for transport in the y- and z-directions, a three-

dimensional model is derived. Upon revisiting the asymptotic limit, this process results 

in a three-dimensional advection-diffusion equation.  
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If the functions S and fR are added as shown in the above equation, the so-called 

convection diffusion reaction equation appears: 
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= 𝑆 + 𝑓J(𝐶, 𝑡) (3.14)		

where 𝐶 represents the concentration of the state variable (g/m3), while 𝑣𝑥, 𝑣𝑦, 𝑣𝑧 

denote the velocity components (m/s). Additionally, 𝐷𝑥, 𝐷𝑦, 𝐷𝑧 stand for the dispersion 

coefficients (m2/s), and 𝑡 represents time. The function 𝑆 denotes the substance source 

entering the water system via river discharge and ocean water from the outer boundary, 

while function fR encompasses physical, (bio)chemical, and biological processes 

(Deltares, 2020a). 

3.3.2 Boundary conditions 

In this study, constant boundary conditions are employed for the model boundaries. 

The solution to the convection-diffusion equation necessitates an open boundary, 

demanding the specification of concentration and dispersion coefficients for all 

substances across all time steps at these boundaries. The flow information is 

automatically derived from Delft3D-FLOW. When water crosses the boundary, it's 

assumed that the concentration outside the modeled area is influenced by previous 
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outflows. In cases where flow changes and reintroduction of inflow occurs, like in tidal 

estuaries, it's presumed that a portion of previously outflowed water re-enters. 

As the inflow progresses, boundary conditions might grow increasingly effective. The 

Thatcher-Harleman time lag method utilizes internal concentrations, starting from the 

latest outflow concentration when there's outflow, to reach the specified boundary 

concentration within the user-defined time lag. Accurate specification of the Thatcher-

Harleman time lag (T) is essential, especially if the model domain is relatively small 

to the boundaries, as boundary conditions exert a significant impact on simulation 

results (Deltares, 2020a).  

3.3.3 Processes of water quality modeling 

In this study, we simplified the Generical Ecological Model (GEM) by assuming the 

decomposition rate of dissolved organic matter to be identical to that of inorganic 

matter immediately after production. The model variables encompass living organic 

matter (Algae), dissolved organic matter (DOM), particulate organic matter (POM), 

dissolved inorganic nutrients (NH4-N, NO3-N, and PO4-P), and dissolved oxygen (DO) 

concentrations (Fig. 3.6). 

The module integrated three pivotal phytoplankton-related processes: production, 

respiration, and mortality, along with two nutrient cycles involving nitrogen and 

phosphorus. Furthermore, it accounted for two fundamental DO processes: exchange 

across the sea surface due to reaeration and oxygen consumption by sediment. 

Therefore, DO was associated with production through reaeration and photosynthesis, 

as well as consumption through decomposition, nitrification, and sediment oxygen 

consumption. 

Typically, a comprehensive ecological model incorporates multiple phytoplankton 

species (e.g., Scodium algae) to account for seasonal changes in biological populations 

(Tanaka & Odagiri, 2010). However, this model's simulation period exclusively 

considers the summer season. To streamline the model, our study focuses solely on 

one primary phytoplankton species within the ecological model. 
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Figure 3.6 Conceptual diagram of the lower-trophic model 

3.3.4 Phytoplankton processes 

In the Delft3D-WAQ module, phytoplankton processes are composed of gross primary 

production, respiration and mortality. The general mass balance for phytoplankton is 

given by: 

K ALG 
K#

= loads+ transport− settling+ resuspension+ gross primary production−

respiration	 − mortality																			(3.15)                                                   

Phytoplankton generates oxygen in proportion to the gross production of organic 

matter. Respiration encompasses both growth respiration and maintenance respiration. 

Algal mortality is proportional to biomass concentration and the overall mortality rate. 

Sedimentation occurs only when the bottom shear stress falls below a critical value, 

hence relying on flow velocity and turbulence in the water. Here, net algae growth 

(gro) equals the difference between gross primary production (gpp) and respiration 

(rsp). The balance equations for state variables are as follows: 

																														𝑔𝑟𝑜	=	𝑔𝑝𝑝	–	𝑟𝑠𝑝																																																					(3.16)	

𝑔𝑝𝑝 = .𝑓nut	 ⋅ 𝑓7O ⋅ 𝑘PQ
(R.H:) ⋅ 𝑘SQH:0 ∙ 𝐶5TU (3.17)		

																														𝑟𝑠𝑝 = .∝S@⋅ 𝑔𝑝𝑝 + 𝑘PV
(R.H:) ⋅ W1 − 𝛼S@Y ⋅ 𝑘V8OWH: 0 ⋅ 𝐶5TU (3.18)		
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𝑚𝑟𝑡 = (𝑘PVR.H: ⋅ 𝑘V@PH: ) ⋅ 𝐶5TU																				 (3.19)		

where 𝑓nut  is the nutrient limitation factor, 𝑓7O is the light intensity limitation, 𝑘PQ is 

temperature constant for gross primary production, 𝑘SQH:  is Potential maximum 

production rate constant at 20℃ (day-1), ∝S@ is fraction of growth respiration, 𝑘V8OWH:  is 

potential maximum maintenance rate constant at 20℃ (day-1), 𝑘#X  is temperature 

constant for mortality and 𝑘V@P is respiration and potential maximum mortality rate 

constant at 20℃.  

In phytoplankton processes, amounts of nutrients, solar energy and temperature are the 

main limiting factors to affect the rate of gross primary production. Phytoplankton 

require chemical elements to function and the most vital elements are nitrogen and 

phosphorus. The absorption of light (extinction) depends on the concentration of 

absorbing substances, such as algal biomass, detrital organic matter, inorganic 

sediments and water. The more phytoplankton, the less solar energy available for each 

phytoplankton, until the energy of each phytoplankton cell is too small to sustain 

growth. A higher temperature increases the rate of the chemical processes within the 

algal cells, thus will lower temperature limits the growth of algal biomass (Deltares, 

2020b). 

The nutrient limitation factor considers only the most limiting nutrient: 

																															𝑓WYP% = 𝑚𝑖𝑛 [
𝐶W

𝐾Z,W + 𝐶W
,

𝐶Q\
𝐾Z,Q\ + 𝐶Q\

,
𝐶9O

𝐾Z,9O + 𝐶9O
]														(3.20) 	

where 𝐶], 𝐶Q\ and 𝐶9O are the concentration of ammonium plus nitrate, phosphate and 

dissolved inorganic silicate (g/m3), 𝐾Z,W , 𝐾Z,Q\  and 𝐾Z,9O  are their half saturation 

constant (g/m3). Here, the parameters refer to Yamaguchi & Hayami (2018) and only 

consider the limitation of N and P. 

Due to extinction, the light intensity within the water column diminishes compared to 

the intensity at the water surface. As Lambert-Beer’s law, light intensity follows an 

exponential decay function with depth, multiplied by the extinction coefficient. The 

depth-averaged light intensity (W/m²) is derived using Lambert-Beer’s law to account 

for light attenuation:  
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𝐼+ = 𝐼P^Q ⋅ 𝑒(._`∗+) (3.21)	 

where ec is extinction coefficient of visible light (m-1), 𝐼P^Q is light intensity at the top 

of a water layer (W/m2) and z is water depth (m). 

In this model, for algae cells to grow (increasing biomass) and sustain basic 

metabolism, respiration is essential. The respiration linked to cell growth directly 

correlates with gross primary production, employing a fraction 𝛼𝑔𝑟. Furthermore, the 

respiration rate necessary to maintain cell survival is believed to be temperature-

dependent (Deltares, 2020b). 

The mortality of algae correlates with temperature, increasing with higher 

temperatures. When algae die, a portion of their biomass is directly released into the 

water as dissolved inorganic matter in a process called autolysis. However, most of the 

biomass remains intact and continues to exist as particulate organic matter in the 

nutrient cycle (Deltares, 2020a). Furthermore, while zooplankton mortality is 

influenced by predation from zooplankton, shells, fish, and other aquatic life, this 

model solely represents a lower-trophic ecosystem and does not consider algae 

predation. 

3.3.5 Nutrient cycling processes 

This model simulates a simplified cycling of two types of nutrients: nitrogen and 

phosphorus. It includes three major pools within the nutrient cycle: dissolved inorganic 

nutrients (NH4+, NO3- and PO34-), living organic matter (Algae) and particulate organic 

matter (POM). The mass balances for these components are given by: 

Kbc&
K#

= loads + transport + nitrification − denitrification
−primary	production	

																									 (3.22)		

Kb4'
K#

= loads + transport − nitrification + mineralization
−primary	production + autolysis	

(3.23)		

Kdc'
K#

= loads + transport + mineralization
−primary	production + autolysis

																																 (3.24)		

Kdc>
K#

= loads + 	transport + mortality + mineralization − setting																	(3.25)		
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Nutrient cycling processes are crucial for marine ecosystems and are susceptible to 

seasonal and regional influences. In this model, nutrient cycling primarily involves 

four processes: nutrient uptake by algae, nutrient release from dead algae, 

decomposition of organic matter, and nitrification.  

(1) Uptake of nutrients by algae  

The uptake of nutrients involves using the C:N:P:O ratio to calculate nutrient 

consumption during photosynthesis. Consequently, in the model, the nutrient uptake 

rate was defined as the growth rate, obtained by subtracting respiration from 

photosynthesis and then multiplied by the elemental composition ratios N/C (sN) and 

P/C (sP). 

(2) Release of nutrients by dead algae 

The mortality of algae leads to the release of nutrients, which can occur in either 

organic form (detritus) or inorganic form. This process follows a linear formula and is 

contingent upon temperature-dependent mineralization processes. Moreover, nitrogen 

and phosphorus in the form of debris are represented as state variables PON and POP, 

respectively, with PO denoting organic particles. The fluxes of PON and POP resulting 

from the mortality of algae are determined proportionally based on the N:C and P:C 

ratios within the algae biomass. 

(3) Nitrification 

Nitrification is the microbial, stepwise oxidation of ammonium (including its toxic 

form, ammonia) into nitrate, a process reliant on the presence of oxygen. While several 

intermediate oxidation products emerge, the final step from nitrite to nitrate is deemed 

rate-limiting. Notably, the accumulation of intermediate products, such as toxic nitrite 

(NO2-), is negligible in systems with residence times longer than a few days (Deltares, 

2020b). This process exhibits high sensitivity to temperature, and the overall reaction 

equation is as follows:  

NHe1 + 2OH + HHO ⟹ NOf. + 2HfO1																																					(3.26)	 

Here, nitrification is modeled as the sum of a zeroth and a first-order process. The 
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nitrification rate is formulated as: 

                 		  𝑉WOP  = 𝐾:,nit + ( 𝑓 g ∙ 𝐾,,nit ∙ 𝐶hi' )																																				(3.27)  

𝐾,,nit = v𝐾,,nit20 ⋅ 𝐾#,nit
(R.H:)

0.0  if 𝑇 < 𝑇6
(3.28)	 

where 𝐾:,nit and 𝐾,,nit are the zeroth order nitrification rate and first order nitrification 

rate (day−1), 𝐾#,nit is temperature coefficient for nitrification and 𝐶hi' is ammonium 

concentration (gN/m3). It shows that if the water temperature drops below a critical 

value (=20°C), only the zeroth order flux remains. Moreover, the first order flux is 

related to water temperature and oxygen concentration, which here uses the oxygen 

limitation function (𝑓 g). 

𝑓 g = x

 0 				  if 𝐶^g ≤ 𝐶^g6
.F().F()*
F()(.F()

0  				 if 𝐶^g6 < 𝐶^g < 𝐶^g^
1			  if 𝐶^g ≥  𝐶^g^ 

(3.29)	 

where Cox is dissolved oxygen concentration for nitrification (gO2/m3), Coxc is critical 

dissolved oxygen concentration for nitrification (gO2/m3) and Coxo is optimal dissolved 

oxygen concentration for nitrification (gO2/m3). 

(4) Decomposition 

The decomposition of detrital organic matter involves a serial mineralization and 

conversion of six components, with each mineralization flux having a proportional 

conversion flux (Deltares, 2020a). This process is governed by the state variable 

balance equation: 

𝑑𝑒𝑐Ajk = .𝑘#,lm6
(R.H:) ∗ 𝑘lm6T,Ajk + W𝑘lm6i,Ajk − 𝑘lm6T,AjkY ⋅ 𝑓dec,nut	0 ⋅ 𝐶Ajk (3.30)		

where 𝑘#,lm6  is temperature constant for decomposition (m/day), 𝑘lm6T,Ajk  and 

𝑘lm6i,dc> are minimum and maximum first-order mineralization rate of POM (day-1) 

and 𝑓dec ,WYP is nutrient limitation factor for decomposition of POM. The first-order 

process is only active when the temperature exceeds a critical temperature (Tc).  
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3.3.6 Dissolved oxygen 

In this model, dissolved oxygen (DO) is associated with the processes: production by 

reaeration and photosynthesis, consumption by decomposition, nitrification and 

sediment oxygen consumption. Among these, plant photosynthesis, decomposition, 

and nitrification have been previously discussed. This section delves into the processes 

of reaeration and sediment oxygen consumption. The mass balance is defined by: 

KDc
K#

= loads + transport + reaeration + net	primary	production
−mineralization − nitrification

(3.30)		

(1) Reaeration 

The reaction rate has been expressed as a linear function involving the temperature-

dependent mass transfer coefficient in water and the disparity between the saturation 

level of dissolved oxygen and the present concentration, as depicted below: 

𝑟𝑒𝑎 = 𝑘q ⋅
F+,-.F+,

+
(3.31)	 

where 𝑘q  is reaeration transfer coefficient in water (m/day), 𝐶rj9  is saturation 

dissolved oxygen concentration (gO2/m3), and z is water depth. The reaeration transfer 

coefficient (m/day) is dependent on either the flow velocity or the wind speed, or 

dependent on both. It is given by: 

 𝑘q =  𝑘qH: ⋅  𝑘# 
(R.H:) (3.32)	 

 𝑘qH: = .q⋅t
.

4/
0 + (𝑑 ⋅ 𝑊H) (3.33)	 

where  𝑘qH: is reaeration transfer coefficient at reference temperature 20◦C (m/day), 

𝑘# is temperature coefficient for reaeration (m/day), v and W are flow velocity and 

wind speed respectively (m/s), a, b, c, d are coefficients with different values. The 

saturation concentration of DO is primarily influenced by water temperature and 

salinity. This model, based on Deltares (2020c), employs the following equation: 

𝐶rj9 = (𝑎Z − 𝑏Z𝑇 + (𝑐Z𝑇)H − (𝑑Z𝑇)f) .1 −
F67
X
0 (3.34)		

where 𝐶67 is chloride concentration (gCl/m3), T is water temperature (◦C), as, bs, cs, ds 



3.3 ECOSYSTEM MODEL  

 42 

are coefficients with different values referring to Weiss (1970) and Truesdale et al. 

(1955). Chloride concentration depends on salinity (Deltares, 2020b) and is defined 

by:  

𝐶67 =
,:::
,.v:w

𝑆 (3.35)	 

where S is salinity (kg/m3). Their relationship is shown in Fig. 3.7. 

 

Figure 3.7 Contour of saturated oxygen content by water temperature and salinity.  

(2) Sediment oxygen demand flux 

The sediment oxygen demand flux denotes the measured oxygen demand within the 

sediment. Within this model, SOD represents the potential oxygen demand contributed 

by BOD and COD components in the sediment. Based on laboratory experiments by 

Abe (2003), oxygen consumption is calculated. However, in reality, this value 

fluctuates based on factors such as water temperature. For this model, a functional 

formula affected solely by water temperature activity was utilized to determine the 

decay of SOD, given by: 
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𝑠𝑜𝑑 = .x-(0
+
+ 𝑘^6 ⋅ 𝑘Pl

(R.H:) ∙ 𝐶9^l0𝑂Hxy]` (3.38)	 

𝑂Hxy]` =

⎩
⎨

⎧ 0 W𝐶rj < 𝐶6@,9^lY
F+,.F*1,-(0

F(3,-(0.F*1,-(0
W𝐶6@,9^l ≤ 𝐶rj ≤ 𝐶^Q,9^lY

1 W𝐶rj > 𝐶^Q,9^lY

(3.39)	 

where 𝑓9^l is reference sediment oxygen demand (gO2/m2/day), 𝑘z` and 𝑘#0 are decay 

rate of SOD at 20 °C (day-1) and temperature coefficient SOD decay, 𝑂Hxy]` is oxygen 

function for decay of SOD, which depends on the relationship of oxygen concentration 

in surface water (𝐶rj) between critical oxygen concentration for SOD decay (𝐶6@,9^l) 

and optimal oxygen concentration for SOD decay (	𝐶^Q,9^l). 

3.3.7 Overview of parameters  

Section 3.3 delineates the fundamental processes within the lower-trophic ecosystem 

model. Beyond the previously mentioned processes, additional phenomena such as 

denitrification, phosphate adsorption, autolysis, and various others occur. Table 3.2 

offers an overview of the state variables and parameter inputs employed in the trophic-

ecosystem model, established based on the DO model settings proposed by Tadokoro 

& Yano (2019). 
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Table 3.2 State variables and parameter input used in trophic-ecosystem model. 
Description Symbol Value Unit Reference 

State Variables     
Ammonium CNH4 * gN/m3  
Nitrate CNO3 * gN/m3  
Ortho-phosphate CPO4 * gP/m3  
Particulate organic carbon CPOC * gC/m3  
Particulate organic nitrogen CPON * gN/m3  
Particulate organic phosphorus CPOP * gP/m3  
Particulate organic carbon in 

sediment Cs,C * gC/m2  

Particulate organic nitrogen in 
sediment Cs,N * gN/m2  

Particulate organic phosphorus 
in sediment Cs,P * gP/m2  

Dissolved oxygen 
concentration CDO * gO2/m3  

Algae biomass CALG * gC/m3  
     

Fluxes     
Net algae growth gro * gM/m3/day  
Gross primary production gpp * gM/m3/day  
Algae respiration rsp * gM/m3/day  
Algae mortality mrt * gM/m3/day  
Decomposition of POM dec * gM/m3/day  
Settling flux set * gM/m3/day  
Autolysis of algae mortality aut * gM/m3/day  
Nitrification nit * gM/m3/day  
Reaeration rea * gO2/m3/day  
Sediment oxygen demand sod * gO2/m3/day  
     

Limiting factors     
Nutrient limitation factor for 

algae growth fnut * -  

Radiation limitation factor for 
algae growth fli * -  

Nutrient limitation factor for 
dec. of POM fdec,nut * -  

Oxygen limitation factor for 
nitrification fox * -  

     
Parameters and constants     
Algae     

Potential maximum production 
rate at 20oC kgp

20 1.5 day-1 (D) 

Potential maximum respiration 
rate at 20oC kmain

20 0.041 day-1 (Y) 

Potential maximum mortality 
rate at 20oC kmrt

20 0.2 day-1 (Y) 

Temperature factor for primary 
production ktp 1.06 - (Y) 
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Table 3.2 Continued 
Description Symbol Value Unit Reference 
Temperature factor for respiration ktm 1.07 - (Y) 
Temperature factor for mortality ktm  1.07 - (Y) 
Half saturation constant for 

nitrogen for algae growth  Ks,n 0.005 gN/m3 (G) 

Half saturation constant for 
phosphorus for algae growth Ks,ph 0.001 gP/m3 (G) 

 Light intensity at water surface I 
0 *** W/m2  

 Optimum light intensity for 
algae I opt 96.898 W/m2 (Y) 

 Attenuation coefficient ec 1.5 m-1 (C) 
     

Particulate organic matter     
 Fraction of autolysis a aut 0.3 - (B) 
 Maximum mineralization rate at 

20oC of POC 
kminmax, 

POC 0.24 day-1 (C) 

Minimum mineralization rate at 
20 oC of POC 

kminmin, 
POC 0.22 day-1 (C) 

Maximum mineralization rate at 
20 oC of PON 

kminmax, 
PON 0.24 day-1 (C) 

Minimum mineralization rate at 
20 oC of PON 

kminmin, 
PON 0.08 day-1 (B) 

Maximum mineralization rate at 
20 oC of POP 

kminmax, 
POP 0.24 day-1 (C) 

Minimum mineralization rate at 
20 oC of POP 

kminmin, 
POP 0.08 day-1 (B) 

 Temperature factor for 
decomposition ktdec 1.047 - (G) 

 Upper limit stoichiometric 
constant PON fsU,N 0.15 gN/gC (D) 

Lower limit stoichiometric 
constant PON fsL,N 0.1 gN/gC (D) 

Upper limit stoichiometric 
constant POP fsU,P 0.015 gP/gC (D) 

Lower limit stoichiometric 
constant POP fsL,P 0.01 gP/gC (D) 

 Settling velocity of POM ws 0.432 m/day (Y) 
 Critical shear stress for POM t c 0.3 N/m2 (D) 
 Fraction of ammonium in 

nitrogen uptake fuptN * -  

 Critical ammonium 
concentration Cc,NH4 0.01 gN/m3 (D) 

 N:C ratio in algae biomass sN 0.16 gN/gC (D) 
 P:C ratio in algae biomass sP 0.02 gP/gC (D) 
 Potential maximum elution rate 

at 20oC K1,mel
20 0.03 day-1 (D) 

 Temperature factor for elution Kt,mel 1.09 - (D) 
 Potential maximum nitrification 

rate at 20oC K1,nit
20 0.02 day-1 (Y) 

 Temperature factor for 
nitrification Kt,nit 1.03 - (Y) 
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Table 3.2 Continued 

Description Symbol Value Unit Reference 
Dissolved oxygen     
 Critical concentration of DO for 

nitrification Ccr,DO 1 gO2/m3 (D) 

 Optimal concentration of DO for 
nitrification Cop,DO 5 gO2/m3 (D) 

 O:C ratio in POC sO 2.67 gO2/gC (D) 
 O:N ratio in NO3 sNO 4.571 gO2/gN (D) 
 Reaertion factor ka 0.7 day-1 (Y) 
 Saturation dissolved oxygen 

concentration CDOs * gO2/m3  

 Chloride concentration Ccl * gCl/m3  
 Specified SOD fsod 1.5 gO2/m2/day (C) 
 Potential maximum SOD rate at 

20oC Koc 0.5 gO2/m3/day (C) 

 Temperature factor for SOD Ktd 1.07 - (C) 
 Critical concentration of DO for 

SOD Ccr,sod 0 gO2/m3 (D) 

 Optimum concentration of DO 
for SOD Cop,sod 0.5 gO2/m3 (C) 

     
Physical input data     
 Salinity S ** ppt  
 Water temperature T ** oC  
 Water depth D ** m  
 Shear stress t ** N/m2  
* : Calculated in Delft3D-WAQ 
** : Calculated in Delft3D-FLOW 
*** : Observation data 

(B) : Blauw, et. al.(2009) 
(C) : Calibrated 
(D) : Delft3D-WAQ 
(G) : Gurel, et. al.(2005) 
(Y) : Yamaguchi, et. al.(2018) 
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3.4 Model Accuracy Verification 

The numerical models utilized in this study have demonstrated good reproducibility at 

the tidal level (Yano et al., 2010), as well as in salinity, temperature, and bottom DO 

(Tadokoro and Yano, 2019). For accuracy verification, we compared the 

reproducibility of salinity, temperature, and bottom DO at St.6 throughout the summer 

months of June, July, and August. The simulated water temperatures corresponded 

well with observed values at most wave crests (Fig. 3.8a). However, the simulated 

values at the wave troughs tended to exceed the observed values (Fig. 3.8b). This 

discrepancy might be attributed to lower surface winds inputted into the model 

compared to the actual sea breeze (Stoffelen, 1998). Meanwhile, the simulated salinity 

accurately mirrored the decrease in surface salinity resulting from freshwater influx 

(Fig. 3.7c and Fig. 3.7d). The simulated DO generally followed a similar trend to the 

observed values, particularly when influenced by flood events (Fig. 3.8e). 

Additionally, we utilized three performance metrics—Willmott's skill parameter (d), 

Root Mean Squared Error (RMSE), and Mean Absolute Error (MAE) (Willmott, 

1982)—to quantitatively evaluate the model's performance. Willmott's skill parameter, 

which falls between 0 and 1, signifies the level of agreement between the simulation 

and observation, with values closer to 1 indicating stronger agreement. Typically, skill 

values above 0.5 denote excellent model performance. The results indicated strong 

agreement between the model predictions and observed data, with Willmott's skill 

parameter ranging from 0.73 to 0.90. Both RMSE and MAE also demonstrated 

minimal error, as detailed in Table 3.3.  
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Figure 3.8 Time series of hourly observed and simulated data for a) surface 
temperature, b) bottom temperature, c) surface salinity, d) bottom salinity, 
and e) bottom DO during the summer of 2004 at St.B6. 

Table 3.3 Willmott’s skill parameter (d), Root Mean Squared Error (RMSE), and Mean 
Absolute Error (MAE) for environmental variables with N Samples. 

Variable d RMSE MAE N 

Surface Temperature (℃) 0.90 0.68 0.53 2052 

Bottom Temperature (℃) 0.90 0.36 0.28 2052 

Surface Salinity (psu) 0.86 1.04 0.77 2042 

Bottom Salinity (psu) 0.82 0.42 0.36 2058 

Bottom DO (mg/L) 0.73 0.51 0.40 2049 



3.5 RESULTS AND DISCUSSION 

 49 

3.5 Results and Discussion 

3.5.1 Stratification and hypoxia due to the 2020 Kyushu Floods 

On July 4, 2020, the cumulative rainfall in the entire Chikugo River basin exceeded 

500 mm, resulting in the highest water level measured by the Senoshita observatory 

downstream of the river in recent years. Fig. 3.9 displays the river discharge 

hydrograph of A-class rivers during the summer of 2020 (June, July, and August). 

During the 2020 Kyushu Floods, the Chikugo River experienced a prolonged effluent 

period lasting approximately 40 days, with a maximum hourly discharge reaching 

8,000 m3/s. This discharge accounted for roughly half of the total peak discharge 

observed in A-class rivers, excluding the Kuma River and the Honmyo River. Notably, 

the hydrograph reveals multiple lower peak discharges alongside the main peak 

discharge during this period. Fig. 3.10 illustrates the weather conditions observed at 

the Kumamoto observatory during the summer of 2020. After a prolonged effluent 

period from June 25 to August 4, Typhoon 2009 (MAYSAK) approached Kyushu on 

September 2, resulting in strong winds of up to 11.8 m/s on September 3. 

 

Figure 3.9 River discharge hydrograph of the A-class rivers, excluding the Kuma R. 
and Honmyo R. in the summer of 2020. 
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Figure 3.10 Solar radiation (red) and air temperature (yellow) (upper) and wind speed 
(below) at the Kumamoto observatory in the summer of 2020. 

Heavy rainfall resulted in a substantial influx of freshwater into the Ariake Sea, 

potentially reducing salinity levels and causing density stratification (Yano et al., 

2014).  Fig. 3.11 describes the time series vertical distribution of salinity and DO at 

St.1 during the 2020 effluent period. As the influx of freshwater persisted, reaching its 

peak flow on July 6, a noticeable intensification of stratification occurred within the 

water column (Fig. 3.11a). This heightened stratification furthered the development of 

hypoxia throughout the water body, ultimately culminating in the establishment of 

anoxia (DO < 0.5 mg/L) at the bottom layer (Fig. 3.11b). This prolonged hypoxic state 

endured for over two months, with August exhibiting a larger and more vertically 

distributed hypoxic water mass compared to other months within the summer period 

(June to August). Besides, increased freshwater inflows significantly impacted the 

dynamics of salinity, particularly affecting nutrient transport in the bay's interior areas 
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(Murphy et al., 2011).  

The interaction between tidal currents and density gradient leads to periodic variations 

in stratification. Strong tidal flow and turbulent mixing disrupt stratification and 

promote the vertical exchange of oxygenated water from the surface to the bottom, 

which in turn enhances the diffusion and distribution of DO, and thereby effectively 

mitigates the occurrence of hypoxia and anoxia (Kim et al., 2018). The dissipation of 

contiguous hypoxia occurred in September, which coincides with the period prone to 

typhoons (Fig. 3.10b). As a result, the influence of typhoons on the mixing and 

circulation patterns of the water column can be cited as a contributing factor, along 

with the intensified mixing of water bodies during spring tides, which assists in the 

alleviation of hypoxia. 
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Figure 3.11 Isopleths of a) salinity and b) DO in 2020 at St.1. The red isolines in b) 
represent DO = 3 mg/L. 
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3.5.2 Effects of river discharge on the hypoxia 

To assess the influence of various effluent patterns on hypoxia development during the 

summer rainy season (June to August), we designed six cases, considering alterations 

in effluent volume and peak discharge. Details of these distinct effluent patterns are 

outlined in Table 3.4. 

Table 3.4 Calculation results of hypoxia for six flood patterns, which are extracted in 
the past 20 years (from 2000 to 2020) and observation points are at Sta.B3, 
Sta.B6 and Sta.KS73-1. 

Case Year 
Qmax 

(m3/s) 
Total volume of 
effluent (106m3) 

Normalized total 
volume of effluent 

Duration of hypoxia (day) 

Sta.B3 Sta.B6 Sta.KS73-1 

1 2020 16,457.33 8,263.50 11.77 59.6 45.5 60.4 

2 2018 16,000.46 2,925.55 4.17 23.9 6.8 20.0 

3 2017 9,571.35 1,493.07 2.13 6.0 0 5.5 

4(a) 2009 
(1st) 10,410.90 1,672.60 2.38 0.2 0 0 

4(b) 2009 
(2nd) 9,608.09 2,394.19 3.41 5.8 0 4.9 

5 2006 8,789.71 6,800.86 9.68 46.4 22.3 42.4 

6 2004 3,936.39 702.27 1.00 0.3 0 0 

 

The total effluent volume is calculated by aggregating the hourly river discharge from 

all A-class rivers (excluding Kuma River and Honmyo River) throughout the effluent 

period. This calculation is normalized based on the minimum value recorded in case 

6. Hypoxia duration specifically denotes the persistence of hypoxic conditions within 

the bottom layer. Notably, this study conducts a comparison of hypoxia extents 

between 2006 and 2020 (Case 5 and Case 1), with the summer of 2006 being notable 

for recording unprecedented hypoxic events (Hamada et al., 2007).  

Fig. 3.12 illustrates the relationship among the normalized total effluent volume, 

hypoxia duration, and peak discharge Qmax as detailed in Table 3.4. Notably, while 

case 1 and case 2 exhibit similar peak discharge values, their total effluent volumes 
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differ considerably. This discrepancy results in a prolonged duration of continuous 

hypoxia in case 1 compared to case 2, despite both cases showing extended hypoxia 

periods. Case 1 and case 5 suggest that the hypoxia development during the summer 

of 2020 might surpass the severity observed in the past 20 years. Comparing case 2, 

case 3, and case 6, it becomes evident that longer hypoxia durations correlate with 

larger effluent volumes. Additionally, the hypoxia development appears to intensify 

with increased peak discharge Qmax. Additionally, the nearshore areas (St.KS73-1) and 

the region of the Isahaya Sea dike (St. B3) exhibit increased vulnerability to freshwater 

influence compared to central regions, consequently resulting in extended periods of 

hypoxia. 

 

Figure 3.12 Relationship of normalized total effluent volume and duration of hypoxia 
at the bottom layer as well as the peak discharge in each case. 

3.5.3 Tempo-spatial distribution of hypoxia 

Seasonal hypoxia has been consistently observed in the inner areas of the bay since at 

least 2001  (Tsutsumi, 2006). In recent years, this phenomenon has shown an increased 

tendency to expand across the entirety of the Ariake Sea, attributed to the effects of 

climate change. The dynamics of DO in summer are notably sensitive to warming 

temperatures and increased freshwater inflow, exacerbating the deterioration of the 

marine environment. These factors intensify stratification and amplify nutrient loading, 
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contributing to the degradation of water quality. 

Figure 3.13 illustrates the most severe hypoxic conditions at the bottom following each 

effluent scenario. Across all cases, the most intense hypoxia was consistently observed 

in the northern region of the bay and the inner areas of Isahaya Bay. As the magnitude 

of the effluent increased, there was a discernible trend of the hypoxic area gradually 

expanding towards the central Ariake Sea. Particularly noteworthy was the emergence 

of large-scale anoxic water masses in the head of the bay and the inner sections of 

Isahaya Bay. As depicted in Fig. 3.14, the dissipation of hypoxia is determined by the 

threshold of DO > 3mg/L at Sta.B3. In cases with large-scale effluent, the dissipation 

requires an extended duration due to vertical mixing induced by wind and the gradual 

return to regular river discharge levels. Additionally, the impact of spring tides 

contributes to the dissipation process by facilitating the transfer of oxygen from the 

surface to the bottom (Hamada et al., 2007). 

 

Figure 3.13 Spatial distribution of the bottom DO at the worst situation after the 
effluent in each case. The red line is 3 mg/L.  
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Figure 3.14 Spatial distribution of the bottom DO when dissipation occurs in each 
case. Red line is 3 mg/L. 

3.6 Conclusions 

The coupling of the hydrodynamic model and lower-trophic ecosystem model in the 

Ariake Sea enabled an exploration of the relationship between effluent patterns and 

DO dynamics. This study revealed several results:  

(1) The duration and peak discharge of effluent strongly influence the 

development of hypoxia in the bottom layer. 

(2) The historic extreme flood event in 2020 led to a longer duration of 

continuous hypoxia compared to the 2006 event, which previously held the 

record for the largest hypoxia occurrence post-2000. 

(3) The intensified peak river discharge and prolonged flood duration, 

attributed to climate change, may impact the marine benthic ecosystem by 

altering the tempo-spatial scale of hypoxia. Additionally, the effluent 

patterns displayed varying effects on hypoxia development across different 
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positions. 

However, this study solely delved into the impact of floods on water DO. Future 

investigations should encompass a combination of the hydrodynamic and hydrological 

models to examine the collective influence of factors like water temperature and 

rainfall on DO dynamics. This study will provide a comprehensive understanding of 

the ecological environment in the Ariake Sea, contributing to the formulation of 

strategies for optimizing fishery production. 
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Chapter 4 

Influence of Summer Effluent on the Bottom Water DO 

Variation in the Yatsushiro Sea 

4.1 Introduction 

In recent years, the degradation of water quality in the Ariake Sea and the Yatsushiro 

Sea, both situated in western Kyushu, has become an increasingly pressing concern. 

This decline has triggered a cascade of adverse effects, significantly impacting the 

fisheries within these coastal regions. Similar to the Ariake Sea, the Yatsushiro Sea 

experiences a notable decline in water quality due to substantial freshwater inflows, 

leading to a conspicuous salinity stratification that surpasses temperature stratification. 

Recent years have witnessed a deterioration in the Yatsushiro Sea's water conditions, 

resulting in an expanding impact on fisheries (Aoki et al., 2012; Sonada et al., 2013). 

Factors such as red tide, density stratification, acidification, and hypoxia have emerged 

as key influencers, with hypoxia believed to be a predominant contributor to this 

degradation. Over the past few decades, the annual catch yields of key species like the 

Manila Clam and benthic fish such as Nibe Croaker and Sole have experienced a 

significant decline in the bay (Ministry of the Environment, 2017). Starting in 2016, 

reports revealed a concerning downward trend in DO levels within certain sea areas, 

reaching as low as 4 mg/L by 2019 (Ministry of the Environment, 2016 & 2019). While 

the precise causes remain unclear, these changes signify an evolving marine ecological 

structure within the bay (Sonoda & Takikawa, 2016). 

In the previous chapter, our study focused on assessing the influence of heavy rainfall 

on the emergence of hypoxia within the Ariake Sea. As a continuation of this 

investigation, the present chapter employs the same numerical models to evaluate the 

repercussions of summer extreme rainfall events on the dissolved oxygen (DO) levels 

in the Yatsushiro Sea. 
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4.2 The Numerical Models  

4.2.1 Study area 

The Yatsushiro Sea, spanning 1,200 km2, forms a semi-enclosed coastal region linked 

partially to the Ariake Sea via three channels. It receives inflows from multiple rivers, 

notably the Kuma River, distinguished as the only A-class river contributing to the 

sea's northern domain. The Kuma River undergoes substantial seasonal fluctuations 

owing to shifting precipitation patterns, impacting the ecosystem dynamics of the 

Yatsushiro Sea. These fluctuations play a vital role in shaping water quality, nutrient 

distribution, and overall ecological balance within the sea (Aoki et al., 2014). 

Renowned for its unique tidal flats and extensive seaweed beds, the Yatsushiro Sea 

boasts high biological productivity. Additionally, serving as a prominent area for 

yellowtail aquaculture, the sea holds economic importance as a key producing region. 

However, mortality of aquaculture yellowtail due to Chartoella blooms has increased 

significantly in recent years (Nakashima et al., 2019). Recent surveys indicate a 

significant increase in the frequency of red tides (Takikawa et al., 2005). All these 

issues require a comprehensive and detailed investigation of the region's changing 

environmental dynamics. 

In this study, the Yatsushiro Sea is delineated into five distinct parts, as illustrated in 

Fig. 4.1, with St. 11 chosen as the observation point situated at the head of the bay 

(Y1), characterized by intense stagnation. Similarly, Y2 exhibits notable stagnation 

and stands out due to its direct connection to the Ariake Sea, receiving direct 

freshwater input from the Kuma River. Y1 and Y2, particularly susceptible to the July 

rainy season, experience decreased salinity and lower DO levels at the bottom due to 

the presence of a halocline (Sonoda et al., 2013). The heavy rainfall in June and July 

significantly augments nutrient influx throughout the entire sea area. Notably, from 

October to February, the region sustains heightened nutrient levels attributed to marine 

aquaculture and fish farming activities (Sonoda et al., 2013). 



4.2 THE NUMERICAL MODELS  

 64 

 

Figure 4.1 Sea area distinction of the Yatsushiro Sea. The red triangle indicates the 
observational point. The blue circle indicates Kumamoto Observatory. 

4.2.2 Hydrodynamic model and ecosystem model 

The numerical models employed in this study mirror those detailed in the preceding 

chapter, involving the coupling of a hydrodynamic model with an ecosystem model, 

as depicted in Fig. 4.2. The configuration of the general coastal 3-D hydrodynamic 

model remains consistent with that of the previous chapter. In the lower-trophic 

ecosystem model, we adjusted the empirical values for bottom oxygen demand to 

better align with the ecological characteristics of the Yatsushiro Sea, subsequently 

calibrating the model accordingly. 
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Figure 4.2 Coupling of the hydrodynamic model and lower-trophic ecosystem model. 

4.2.3 Model reproducibility 

Komori et al. (2021) established the strong reproducibility of the numerical model in 

simulating carbon dioxide dynamics within the Yatsushiro Sea. In this study, we further 

validated the performance of the model in the Yatsushiro Sea. Fig. 4.3a shows that the 

time series of calculated salinity can accurately simulate the trend of the surface 

salinity, especially during the flood period, which is responsible for driving a 

significant factor of circulation. In Fig. 4.3b, both time series of calculated DO and 

observations show lower DO at the bottom layer in July and August. However, the 

observed DO in June and October is much higher than the calculated values as the 

model does not consider over-saturation at the surface layer. Here, observational data 

was obtained from the Kumamoto Port and Airport Development Office, Kyushu 

Regional Development Bureau, Ministry of Land, Infrastructure, Transport and 

Tourism. 
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Figure 4.3 Time series of a) simulated salinity and observations at the sea surface and 
b) simulated DO and observations at the bottom layer at St.11 (the 
maximum depth is about 14m) in the summer of 2020. 

4.3 Results and Discussion 

4.3.1 Spatial distribution of bottom DO 

The rivers tend to exhibit strong seasonal variation due to the rainy season from early 

June to mid-July. A continuous inflow of freshwater may cause the change in density 

that is responsible for driving the circulation in the bay (Tishchenko et al., 2013). 

Concurrently, maintaining a balance in salinity levels is pivotal for stabilizing the 

water column (Simpson, 1997). During the 2020 Kyushu Floods, the Kuma River 

experienced peak discharge, reaching 11,000 m3/s on July 4, 2020, with the effluent 

period extending for 20 days. Sea surface salinity gradually decreased as the bay 
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received a large amount of freshwater from the river.  

Figures 4.4a and 4.4b portray the spatial patterns of sea surface salinity during peak 

discharge and DO levels at the bay's bottom layer on July 31, 2020, representing the 

lowest DO concentration following the effluent. The bay exhibited uniformly low DO 

levels (DO < 4 mg/L) except for Y5, while hypoxia was notably widespread across Y1, 

Y2, and a segment of Y3. Remarkably, regions susceptible to freshwater inflow, 

particularly Y1 and Y2, displayed consistently lower sea surface salinity compared to 

other bay areas during this period (Fig. 4.4d). 

The complete dissipation of hypoxia was observed on August 20, 2020 (Fig. 4.4e), 

coinciding with intensified vertical mixing and the subsequent replenishment of DO. 

Figures 4.4c and 4.4f illustrate surface horizontal flow velocities during the onset and 

dissipation of hypoxia, respectively. The escalated flow velocity throughout the region 

notably facilitated horizontal mixing processes. 

 

Figure 4.4 Spatial distribution of a) sea surface salinity at peak discharge, b) the 
bottom DO in the worst situation, c) horizontal flow velocity at sea 
surface when the lowest DO occurred, d) sea surface salinity at the worst 
case of the bottom DO, e) the dissipation of the bottom DO, and f) 
horizontal flow velocity at sea surface at the time of DO dissipation in the 
Yatsushiro Sea. 
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Additionally, wind dynamics played a significant role in wave formation and sea 

surface temperature alterations, considered another contributing factor to the 

dissipation of hypoxia (Tishchenko et al., 2013). The wind rose (Fig. 4.5) indicates the 

southwesterly wind prevailed in the week before the dissipation of the bottom hypoxia 

which strengthened the surface water flow and vertical circulation. 

 

Figure 4.5 Wind rose diagram at Kumamoto observatory from August 13, 2020 to 
August 20, 2020. 

Furthermore, the limited water exchange in the southern part of Y4, attributed to its 

semi-enclosed hydrogeomorphology, contributed to the persistence and difficulty in 

dissipating hypoxia (Kasai et al., 2007; Diaz & Rosenberg, 2008). Conversely, Y5 

experiences a significantly stronger exchange flux, influenced by the external ocean, 

rendering it less susceptible to the effects of hypoxia compared to other regions within 

the Yatsushiro Sea. 

4.3.2 Influence of the effluent on the hypoxia   

Fig. 4.6 presents the hourly and cumulative discharge data of the Kuma River during 

summers from 2017 to 2020. Notably, the Kyushu floods in 2020 led to a peak flow of 

approximately 11,000 m3/s, doubling the 2018 peak flow of approximately 5,600 m3/s 

and significantly surpassing peak flows in other years, which measured around 2,500 

m3/s in 2017 and 1,400 m3/s in 2019. Fig. 4.7a indicates that large-scale effluent caused 

salinity reduction and stratification at St.11 (Fig. 4.1) from July 4 to July 15, 2020.  
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Figure 4.6 Hourly and cumulative discharge of the Kuma River in summer from 2017 
to 2020. 

The onset of hypoxia emerged towards the conclusion of the effluent period and 

recurred subsequently (Fig. 4.7b). Furthermore, the low DO concentration (DO < 4 

mg/L) lasted for approximately one month. In contrast, during other years (2017, 2018, 

2019), the hypoxia development diminished as the effluent scale reduced. In the 

summer of 2018, severe hypoxia ensued after the peak river discharge, enduring for 

about ten days (Fig. 4.7d). However, the persistence of low DO is significantly less 

than the case in 2020. Despite a larger effluent scale in 2017 compared to 2019, 

hypoxia was observed towards the end of July 2019 (Fig. 4.7h). Throughout the 2019 

summer, four small-scale effluent events occurred from July to August, with the initial 

three concentrated in July (Fig. 4.6). Notably, a thermocline was evident between July 

22 and July 28, potentially contributing to an extended duration of hypoxia. 
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Figure 4.7 Isopleth of salinity (left) and DO (right) at St.11 (Fig. 4.1) in the summer 
of a, b) 2020, c, d) 2018, e, f) 2017 and g, h)2019. 

4.4 Conclusions 

In this chapter, we simulated the salinity and DO using the coupled hydrodynamic and 

ecosystem models and evaluated the impact of different scales of effluents on the 

development of hypoxia in the Yatsushiro Sea. The reproducibility of sea surface 

salinity and Bottom DO indicate the excellent performance of the numerical models 

though only one species of algae was considered in the model, which may decrease 

the accuracy of DO dynamic simulation. The Yatsushiro Sea was divided into five 

parts from its environmental characteristics to evaluate the spatial distribution of 

hypoxia. Furthermore, we evaluated the effect of effluent on the development of 

hypoxia by comparing the different scales of effluents in summer. The major results 

are as follows: 

(1) The spatial-temporal hypoxic scale of DO due to the large-scale effluent in 

the bay can be assessed. 

(2) Due to the 2020 Kyushu Floods, the worst hypoxia situation occurred in the 
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whole area of the Yatsushiro Sea except for Y5 on July 31. It took about 20 

days to dissipate completely. Y1 and Y2 are susceptible to hypoxia due to the 

large effluent. Moreover, the persistence of low DO in the southern part of 

Y4 may be due to the small flow velocity and the difficult water exchange. 

(3) The development of hypoxia is subject to the scale and duration of effluents. 

Large-scale and long-duration effluent can cause severe hypoxia and last for 

a long time. 

In both this chapter and the previous one, numerical simulations were employed to 

assess the impact of the 2020 Kyushu heavy rainfall on hypoxia development in the 

Ariake Sea and Yatsushiro Sea, respectively. Our findings indicate an exacerbation of 

hypoxia beyond historical records in both bays, significantly affecting the marine 

environment. The increase in frequency and intensity of extreme rainfall due to climate 

change exacerbates salinity stratification, stemming from substantial freshwater influx, 

consequently leading to reduced DO levels and heightened nutrient influx. Moreover, 

rising summer temperatures contribute to increased thermal stratification. In 

forthcoming research, we aim to evaluate the dominant factors driving hypoxia 

through extended numerical simulations, facilitating a comprehensive understanding 

of the evolving coastal marine environment. 
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Chapter 5  

Relationship between River Discharge and Hypoxia 

Duration in the Ariake Sea, Alongside Numerical 

Experiments on Nutrient Loads 

5.1 Introduction 

River discharge plays a significant role in shaping the environment and ecosystem of 

semi-coastal water areas. Tanaka et al. (2021) emphasized in their investigation of 

flood risks within river basins that the intensity and frequency of extreme effluents in 

each basin will increase in future climate scenarios. A large amount of freshwater 

inflow could alter estuarine circulation, affecting organic matter transport, while its 

nutrient content could lead to eutrophication and hypoxia, negatively impacting 

marine ecology (Tanaka M. & Odagiri, 2010). Additionally, substantial river flow 

volumes transport sediments, leading to alterations in the estuary's landform and 

morphology (Elias & Hansen, 2013). 

During the summer, especially in the rainy season, the Ariake Sea is significantly 

influenced by external factors, including increased temperature, freshwater, and 

nutrient loadings (Yano et al., 2014; Tadokoro et al., 2020). These effects result in 

diverse water environment issues, encompassing stratification, hypoxia, and 

ecological concerns like red tides and nori discoloration. In our previous chapter, we 

established that extreme rainfall could trigger stratification formation, ultimately 

leading to the development of hypoxia on a temporal-spatial scale in the Ariake Sea.  

This chapter aims to explore the correlation between the effluent volume caused by 

summer floods and hypoxia duration. Additionally, it assesses the vulnerability of 

hypoxia occurrence across various observation sites. Furthermore, this chapter 

evaluates the inflow of freshwater, accompanied by nutrient loadings, as an additional 

factor influencing the aquatic environment of the Ariake Sea through numerical 

experiments. 
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Figure 5.1 Conceptual diagram of physical process and biochemical process (Tanaka 
and Odagiri, 2010). 

5.2 Data Compilation 

Data compilation involved the collection and structuring of climatic, hydrological, and 

water quality datasets spanning from 1992 to 2021. 

The climatic data, obtained at hourly intervals, includes air temperature, solar radiation, 

wind speed and direction, as well as humidity. These datasets were sourced from the 

Kumamoto climate monitoring station of the AMeDAS system of Japan 

Meteorological Agency (JMA). The river discharge (Q) data from 2001 to 2021 was 

obtained from the monitoring station closest to the estuary in the non-tidal zone of the 

Water Information System managed by the Ministry of Land, Infrastructure, Transport, 

and Tourism (MLIT). From 1992 to 2000, discharge calculations were performed 

using a rainfall-runoff model based on the 1K-DHM, as described in Tanaka et al. 

(2015). To account for downstream inflow, the station flow rate was corrected by 

multiplying it with a factor calculated by dividing the station's catchment area by the 

total watershed area. For B-class rivers, the calculation was based on the catchment 

area ratio to nearby A-class rivers (refer to Section 3.2). River salinity was assumed to 

be a constant at 0 psu, and the river water temperature was calculated by the empirical 

formula based on long-term observation and measured temperature data (Tadokoro 

and Yano, 2019).  

Nutrient calculations employed the L-Q equation, whereas DO measurements from the 

river were obtained at a water quality observatory situated near the selected 

hydrological observatory. 
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5.3 The Numerical Models 

The calculation area encompassed both the Ariake Sea and the Yatsushiro Sea, with 

the numerical model settings identical to those in chapter 3. In this study, the dataset 

used for model calculations spans 30 years, from 1992 to 2021. Notably, in 1997, the 

Ministry of Agriculture, Forestry, and Fisheries in Japan constructed the Isahaya Sea 

dike, a 7-kilometer-long barrier that partitioned the bay into two distinct areas. 

Periodically, the dike releases a certain amount of freshwater from reservoirs through 

gates situated at its southern and northern ends. Studies indicate that this construction 

has led to a reduction in tidal currents and DO concentrations, impacting both Isahaya 

Bay and the head of Ariake Bay (Tadokoro et al., 2020). After 2000, the decline in 

bivalve catches is attributed to oxygen depletion during summers, a consequence of 

ongoing reclamation activities (Hodoki & Murakami, 2006; Jia et al., 2018). 

To enhance the model's accuracy, we accounted for the influence of the Isahaya Sea 

Dike by using a grid without the dike in calculations before 1997. Concurrently, the 

model now integrates the Honmyo River as a significant contributor to freshwater 

inflow, as depicted in Fig. 5.2. 

 

Figure 5.2 The calculation domain of the numerical models, where the red grid within 
the red box represents the calculation grid with the dike, and the blue grid 
represents the calculation grid without the dike. The red dotted line 
indicates the open boundaries.
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5.4 Results and Discussion 

5.4.1 Stratification and hypoxia  

During the summer rainy season, the river discharge from the Chikugo River to the 

Ariake Sea exhibited a notable increase. In the past 50 years (1972-2021), there have 

been a total of 24 occurrences of small and medium-scale effluent with a peak 

discharge below 2,000 m3/s, while large-scale effluent with a peak flow rate exceeding 

4,000 m3/s has occurred 4 times, predominantly concentrated within the last decade. 

Previous studies have demonstrated that such large-scale effluent events can lead to 

severe stratification. This study utilized the density stratification index (SI) proposed 

by Simpson et al. (1990) to assess the strength of density stratification.  The equation 

for calculating the SI is presented in Equation (4.1):   

SI	=	 1
H∫ (	ρave-ρ)gz	dz

0
-H (5.1)		

where H is total water depth, ρ is the density at a given depth, ρave is the vertically 

averaged density, g is the gravitational acceleration, and z is the depth. The SI 

represents the potential energy (J/m3) needed to mix a water column, and a more 

considerable SI value indicates a stronger density stratification.  

In Fig. 5.3a, the hourly river discharge of the Chikugo River is depicted, showcasing 

both the large-scale effluent in 2020 and the small-scale effluent in 2002. Fig. 5.3b and 

5.3c compared the hourly SI and bottom DO, specifically at St.1. The strong 

stratification with a high SI reaching 600 J/m3 can be attributed to the substantial influx 

of freshwater, which created a density contrast through a rapid reduction in surface 

salinity. Consequently, water exchange was suppressed, leading to water column 

stratification. Alternatively, moderate stratification persisted during periods of low 

river discharge, and the duration of this stratification was significantly shortened. In 

the summer, a gradual decrease in DO levels usually coincides with the onset of 

stratification. Nevertheless, the influence of freshwater on DO concentration can 

experience a time lag effect due to fluctuations in freshwater inflow rate and the 

presence of turbulent mixing conditions (Garvine et al., 1992). 
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Figure 5.3 Time series of hourly a) river discharge of the Chikugo River, b) 
Stratification Index, and c) bottom DO in large-scale (2020) and small-
scale (2002) effluent events.  

Stratification duration determines the severity of hypoxia. As shown in Fig. 5.4b and 

d, sustained stratification occurred in early July, with hypoxia expanding upward from 

the bottom layer, accompanied by the emergence of anoxia. In a very small effluent 

scale (the peak discharge is only about 1000m3/s), the stratification was not obvious, 

there was only very slight hypoxia, and the low DO state (DO < 4mg/L) repeated 

periodically (Fig. 5.4a and c). Tidal interactions, combined with freshwater inflow, 

play a pivotal role in shaping the stratification patterns of estuaries and shallow coastal 

areas, which not only account for the periodic variations in DO but also actively 

influence the distribution of DO by modifying water mixing dynamics and facilitating 

oxygen exchange processes (Haas, 1977; Chen et al., 2015). 
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Figure 5.4 Isopleths of a) salinity in 2002, b) DO in 2002, c) salinity in 2020, and d) 
DO in 2020 at St.1. The red isolines in b) and d) represent DO = 3 mg/L. 

5.4.2 The key role of effluent in summer hypoxia 

The narrow and elongated distribution of the Ariake Sea, combined with its relatively 

narrow strait opening, hinders and complicates the seawater exchange at the strait 

entrance. As a typical Region of Freshwater Influence (ROFI), freshwater input from 

rivers acts as a non-uniformly distributed buoyancy source, creating and maintaining 

horizontal solid salinity gradients that give rise to a circulation pattern primarily 

governed by density differences (Simpson & Sharples, 2012). In contrast to surface 

heating, variations in freshwater input, tidal stirring, and wind forcing predominantly 

determine the hydrodynamic characteristics of the bay on various time scales. The DO 

levels in the Ariake Sea exhibit seasonal fluctuations, accompanied by hypoxia in 

summer and recovery in winter (Tsutsumi et al., 2015). During the summer, the 

frequent rainy periods bring about a significant rise in river discharge, becoming a 

primary factor contributing to hypoxia. Fig. 5.5 to Fig. 5.8 illustrate the correlation 
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between effluent volume and the duration of hypoxia at six stations from 1992 to 2021 

in four A-class rivers. Effluent volume refers to the cumulative volume of water 

inflowing during a single flood event caused by the rainy season, with the daily 

discharge exceeding or falling below the ordinary water discharge serving as the 

event's start or end. The duration of hypoxia represents the time in days during which 

bottom water experiences continuous hypoxia. In Fig. 5.5, the nearshore region (St. 

KS73) is more vulnerable to freshwater inflow and shows a stronger correlation (R = 

0.82) between hypoxia duration and effluent volume compared to St.3 (R = 0.53), 

which is situated further away in the central area of the sea. Furthermore, the 

construction of the dike promoted changes in water exchange within Isahaya Bay. Prior 

to dike construction, the Honmyo River actively facilitated water exchange, leading to 

a reduced occurrence of hypoxia in the bay. Additionally, the correlation between 

effluent volume and the duration of hypoxia is influenced not only by the river outflow 

but also by the relative positioning of the river in relation to the observation station. 

 

Figure 5.5 Correlation between the effluent volume of Chikugo R. and the duration of 
hypoxia at six stations over thirty years. Red solid lines indicate linear 
regression lines and blue oval in St.B3 indicates years without constructing 
the Isahaya dike. 
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Figure 5.6 Correlation between the effluent volume of Yabe R. and the duration of 
hypoxia at six stations over thirty years. Red solid lines indicate linear 
regression lines. 

 

Figure 5.7 Correlation between the effluent volume of Rokkaku R. and the duration 
of hypoxia at six stations over thirty years. Red solid lines indicate linear 
regression lines. 
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Figure 5.8 Correlation between the effluent volume of Kase R. and the duration of 
hypoxia at six stations over thirty years. Red solid lines indicate linear 
regression lines. 

The decrease in DO levels can be explained by the restricted replenishment due to 

stratification, as well as the depletion caused by an excessive influx of nutrients 

leading to biological activity (Wu, 2002). The freshwater inflows may increase the 

input of nutrients, providing crucial conditions for the growth of phytoplankton (Chen 

et al., 2018). The high temperature will increase the metabolic rate and growth rate of 

phytoplankton, which synergistically promotes their reproductive capacity with 

nutrients (Rabalais et al., 2010). Fig. 5.9 indicates the correlation of bottom DO with 

various environmental variables in summer (June, July, and August). The analysis of 

monthly average values from 6 sites over a 30-year period consistently indicates a 

strong correlation between bottom DO and various factors. Salinity demonstrates a 

positive correlation (R=0.50), while water temperature (R=-0.49) and nutrient loading 

(R=-0.58) display negative correlations. Notably, there is a significant positive 

correlation (R=0.73) between bottom DO and algae. However, due to the complex 

dynamic relationship between river discharge and DO, changes in river discharge may 

affect DO levels with a specific time lag (Justić et al., 1993). This lag effect may result 

in a lower correlation coefficient between river discharge and DO.  



5.4 RESULTS AND DISCUSSION  

83  

 

Figure 5.9 Correlation coefficients between monthly average DO concentration and 
various environmental variables across all stations in summer. The 
symbols indicate the statistical significance levels: ** for p-value < 0.01 
and *** for p-value < 0.001. 

5.4.3 Numerical experiments on nutrient loads 

As previously established, nutrients hold a pivotal position in the marine ecosystem 

cycle. They actively contribute to the photosynthesis of phytoplankton, promote plant 

growth, and simultaneously serve as significant contributors to the occurrence of red 

tide. Additionally, nutrient salts indirectly influence the levels of DO and pH in water 

by engaging in the mineralization of organic matter. In the lower-trophic ecosystem 

model, nutrient loading is one of the boundary conditions, but due to the absence of 

continuous measurements for river nutrient concentrations, we adopt the L-Q equation 

generally used to estimate water quality parameters to calculate river outflow nutrients. 

The selected rivers were eight A-class rivers flowing into the Ariake/Yatsushiro Sea: 

Chikugo River, Rokkaku River, Kase River, Yabe River, Kikuchi River, Shirakawa 

River, Midori River, and Kuma River. A comprehensive description of the flow 

observatories, water quality observatories, and calculation results can be found in 

Tadokoro & Yano (2019). 

In this study, we conducted a numerical experiment by modifying the equation 

coefficient (a) to increase nutrient loads from river inflow and then examined 

variations in DO levels under various magnified nutrient loading cases. The aim of this 

numerical experiment is to confirm the influence of modifications in nutrient loadings 

on hypoxia while simultaneously assessing the sensitivity of DO to these nutrient 

alterations. The nutrient loads (L) were calculated using the L-Q equation, which is 
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described by: 

𝐿 = 𝑎𝑄�																																																																			(5.1)		

where Q is river discharge (m3/s), the coefficients a and b are determined using the 

Least Squares Method. 

Table 5.1 Numerical experiments conditions and calculation results. 
Cases Coefficient a Average DO change Maximum DO change 

1 a - - 

2 1.25a -4.69% -11.80% 

3 1.5a -8.39% -25.86% 

4 1.75a -15.64% -43.31% 

5 2a -20.00% -55.66% 

 

Table 5.1 displays the coefficient settings for various cases in the numerical 

experiments and the rate of DO changes during hypoxia periods. For this numerical 

experiment, the cases were based on data affected by large-scale effluent during the 

summer of 2020. To minimize the influence of other factors such as water temperature, 

seasonal variations, wind, and currents, the hypoxia period assessed was defined as the 

first occurrence of hypoxia following the peak discharge.  

 

Figure 5.10 Time series of DO under different cases at St.1 in 2020. 

Fig. 5.10 illustrates that within the hypoxia cycle, heightened nutrient levels 

correspond to diminished bottom DO. This may be because eutrophication leads to 
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excessive growth of phytoplankton. Subsequently, the decomposition process 

following phytoplankton death consumes oxygen within the water body, making it 

difficult to replenish the DO at the bottom of the stratified water. Conversely, during 

non-flood periods, a moderate nutrient increase potentially stimulates phytoplankton 

photosynthesis, contributing to increased DO levels within the water body, particularly 

when the water column experiences efficient mixing.  

 

Figure 5.11 Spatial distribution of bottom DO under case 1 (left) and case 5 (middle), 
and DO change (right). 

In our spatial analysis, we contrasted the progression of hypoxia between case 1 and 

case 5, examining the relative degree of change (Fig. 5.11). Elevated nutrient loading 

resulted in the expansion of bottom hypoxia, notably observed through intensified 

hypoxic conditions in the central bay area compared to its head, with a subsequent 

decline spanning the entire sea area.  

5.5 Conclusions 

In our previous chapter, we showcased how the extreme rainfall in 2020 broke 

historical records, resulting in an unprecedented duration of hypoxia in the Ariake Sea. 

This revealed the spatial impact of freshwater inflow on DO dynamics. Nevertheless, 

the precise relationship between river discharge and hypoxia remains partially 

elucidated. In this study, numerical models were employed for the first time to 

calculate and assess the long-term trend of hypoxia, as well as the effects of intense 

rainfall on hypoxia duration in the Ariake Sea spanning 1992 to 2021. 

Our analysis was primarily focused on exploring the correlation between effluent 

volume and hypoxia duration, as well as evaluating the impact of freshwater inflow on 

salinity stratification using a stratification index. Furthermore, numerical experiments 
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were conducted to evaluate the impact of nutrient loads carried by freshwater inflow 

on the extent of the hypoxic zone. From this research, three key conclusions emerged: 

(1) The duration of hypoxia demonstrated a robust positive correlation with 

effluent volume near the river mouth, supported by notably high correlation 

coefficients (e.g., R = 0.82 for St.KS73). 

(2) Large-scale water discharge consistently induced stratification, contrasting 

with small-scale discharges, and emerges as the primary contributor to 

hypoxia formation. 

(3) Various factors contributed to changes in DO concentration, particularly an 

increase in nutrient loads, leading to the expansion of the bottom hypoxic 

zone during the summer rainy season in the Ariake Sea. 

Throughout this chapter, our 30-year simulation data has highlighted the crucial impact 

of summer effluent volume changes on the duration of hypoxia within the Ariake Sea. 

However, the spatial variations in the hypoxic zone remain unexplored. In our future 

research, our focus will shift towards understanding the spatial trends of hypoxia, 

aiming to achieve a more comprehensive understanding of hypoxia development in 

the Ariake Sea. 

  



REFERENCES  

87  

References 

Chen, N., Krom, M. D., Wu, Y., Yu, D., & Hong, H. (2018). Storm induced estuarine 

turbidity maxima and controls on nutrient fluxes across river-estuary-coast 

continuum. Science of The Total Environment, 628–629, 1108–1120. 

https://doi.org/10.1016/j.scitotenv.2018.02.060 

Chen, X., Shen, Z., Li, Y., & Yang, Y. (2015). Tidal modulation of the hypoxia adjacent 

to the Yangtze Estuary in summer. Marine Pollution Bulletin, 100(1), 453–463. 

https://doi.org/10.1016/j.marpolbul.2015.08.005 

Elias, E. P. L., & Hansen, J. E. (2013). Understanding processes controlling sediment 

transports at the mouth of a highly energetic inlet system (San Francisco Bay, 

CA). Marine Geology, 345, 207–220. 

https://doi.org/10.1016/j.margeo.2012.07.003 

Garvine, R. W., McCarthy, R. K., & Wong, K.-C. (1992). The axial salinity distribution 

in the delaware estuary and its weak response to river discharge. Estuarine, 

Coastal and Shelf Science, 35(2), 157–165. https://doi.org/10.1016/S0272-

7714(05)80110-6 

Haas, L. W. (1977). The effect of the spring-neap tidal cycle on the vertical salinity 

structure of the James, York and Rappahannock Rivers, Virginia, U.S.A. 

Estuarine and Coastal Marine Science, 5(4), 485–496. 

https://doi.org/10.1016/0302-3524(77)90096-2 

Hodoki, Y., & Murakami, T. (2006). Effects of tidal flat reclamation on sediment 

quality and hypoxia in Isahaya Bay. Aquatic Conservation: Marine and 

Freshwater Ecosystems, 16(6), 555–567. https://doi.org/10.1002/aqc.723 

Jia, R., Lei, H., Hino, T., & Arulrajah, A. (2018). Environmental changes in Ariake Sea 

of Japan and their relationships with Isahaya Bay reclamation. Marine Pollution 

Bulletin, 135, 832–844. https://doi.org/10.1016/j.marpolbul.2018.08.008 
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Chapter 6 

Long-term Developments in Seasonal Hypoxia and 

Response to Climate Change in the Ariake Sea 

6.1 Introduction 

The degradation of water quality may cause serious damage to the fisheries. Especially, 

since hypoxia usually occurs within the bottom water, it is very harmful to the benthic 

species and even the entire ecosystem (Tsutsumi et al., 2015; Kodama & Horiguchi, 

2011). Numerous studies have established that changes in precipitation patterns, as one 

of the consequences of climate change, are driving the change in the river and marine 

systems (Tanaka et al., 2021).  

Previous studies have highlighted that large river discharges due to heavy rainfall led 

to a decrease in salinity and the formation of a halocline, which inhibited the vertical 

transfer of dissolved oxygen (DO) from the surface to the bottom, thus promoting the 

persistence of hypoxia. In Chapter 5, we assessed the correlation between effluent 

volume and hypoxia duration, revealing a high correlation. However, these results are 

derived from observational points situated in the northern part of the Ariake Sea. The 

extent of change in the hypoxic area throughout the entire bay remains undetermined.    

In this chapter, our assessment focuses on the trends in seafloor DO over the past 30 

years (1992 to 2021) at a spatial scale. We also specifically analyzed the correlation 

between river outflow and sea hypoxia area. Additionally, we employ the same 

numerical model to investigate potential causes behind seasonal hypoxia throughout 

these three decades. 

6.2 Methodology 

In continuity with the methodology outlined in earlier chapters, the numerical model 

adopted in this section remains consistent with the model previously detailed in 

Chapter 3. This model, coupled with a general coastal 3D hydrodynamic model and a 

lower-trophic ecosystem model, serves as the foundational tool for our analysis. 

Building upon the established framework, the setup and configuration of these 
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numerical models, as well as the meticulous methods employed for compiling data. 

6.3 Results and Discussion 

6.3.1 River discharge and hypoxia 

To clarify the impact of river discharge on the long-term trend of hypoxia, this section 

specifically focuses on presenting time series graphs depicting the long-term river 

discharge and hypoxic area. The time series plot in Fig 6.1a shows a rising trend in the 

annual maximum discharge of the Chikugo River during the summer rainy season. 

Especially, the annual maximum discharge in 2020 reached approximately 5224.70 

m3/s and the total effluent volume reached roughly 4 km3 during the effluent period 

from 11 June 2020 to 3 October 2020, which is 2.3 times the average effluent volume 

in 30 years (from 1992 to 2021). Fig. 6.1b shows the time series of the hypoxic area at 

the bottom layer. The hypoxic area here refers to the most severe single-day area of 

hypoxia after the effluent, which occurred during the neap tides and indicated an 

overall upward trend.  

 

Figure 6.1 Time series of a) annual maximum discharge of Chikugo River and b) the 
bottom hypoxic area when it reaches its largest extent following the 
effluent. The red dashed line represents the linear trendline, and the gray 
area represents the 95% confidence interval. 
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Fig. 6.2 indicates the relationship between effluent volume and peak discharge, as well 

as the persistence of hypoxia and hypoxic area. Effluent volume, derived from the 

Chikugo River and hypoxia duration refers to the average duration of hypoxic 

conditions across six observation points. Previous studies have established a strong 

correlation between hypoxia duration and river discharge. However, the addition of 

multiple correlations in this section aims to assess hypoxia development from both 

duration and hypoxic area. Compared to peak discharge, the effluent volume had a 

stronger correlation with hypoxia duration and the extent of the hypoxic area. 

Regarding spatial distribution, moderate hypoxia exhibited a higher frequency 

compared to other scales while concerning the duration, hypoxia tended to concentrate 

within short-duration hypoxia. In addition, there was also a high correlation between 

hypoxic area and hypoxia duration, with a correlation coefficient of 0.76. 

 

Figure 6.2 Multiple linear regression for hypoxic area (km2), hypoxia duration (day), 
maximum daily discharge (m3/s), and effluent (km3). The symbols indicate 
the statistical significance levels: *** for p-value < 0.001. 

6.3.2 Long-term trend in hypoxia 

Intense summer rainfall, resulting in substantial freshwater inflow, frequently 

exacerbates hypoxia, demonstrating a distinct seasonal pattern. Fig. 6.3 illustrates the 
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trend in the bottom DO levels resulting from climate change, with hypoxic and anoxic 

areas steadily expanding to varying extents. In contrast to the comparatively modest 

growth observed in the simulations for the period from 1992 to 2010, with an average 

annual increase of 3.52 km²/yr, the trend of growth in the hypoxic area from 2010 to 

2021 exhibited a notably steeper incline, averaging 22.5 km²/yr. The anoxic area has 

increased from virtually non-existent to approximately 100 km2 presently. On the other 

hand, several significant hypoxic events (notably occurring in 1993, 1997, 2006, and 

2020) were accompanied by substantial effluent volume ranging from 2 to 4 km3 from 

the Chikugo River. Simultaneously, the frequency of extremely severe hypoxic events 

was also on the rise. 

Fig.  6.4 further indicates the long-term change in the hypoxic area during neap tides 

following the largest summer flood events from 1992 to 2021. The head of the Ariake 

Sea is profoundly influenced by tidal dynamics, resulting in intense mixing during 

spring tides, which mitigates the conditions for hypoxia formation. Conversely, during 

neap tides, the interaction of limited mixing and high stratification promotes the 

development of hypoxia. Long-term numerical simulations of DO reveal a declining 

trend, accompanied by the extension of hypoxic area from the head to the central areas. 

Moreover, the sustained depletion resulting in anoxia appears to be a novel feature of 

nearshore waters in recent years.  

 
Figure 6.3 Interannual variability of the hypoxic area at the bottom during 1992-2021. 

The dotted lines represent the trend lines for the period from 1992 to 2009 
and the dashed lines represent the trend lines for the period from 2010 to 
2021. 
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Figure 6.4 Spatial distribution of bottom DO levels during the neap tide period 
following the largest summer flood events over a thirty-year span from 
1992 to 2021. 

6.3.3 Response to the climate change 

The rising water levels caused by global warming have become a global issue that 

affects ecosystems and human societies in coastal areas, with model predictions 

indicating that tidal dissipation will decrease as the water levels rise (Green, 2010). 
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Changes in stratification resulting from shifts in precipitation patterns will alter the 

ROFI environment. Changes in salinity directly affect the biodiversity and distribution 

of marine environments and coastal ecosystems (Aladin et al., 2009; Des et al., 2021). 

The decline in salinity, influenced by freshwater input, represents not only a short-term 

alteration but also a seasonal fluctuation. This change is one of the environmental shifts 

in the Ariake Sea, consequently affecting its ecosystem. Aoki et al. (2015) indicate that 

algae blooms in the Ariake Sea coincide with declining salinity, which is directly 

correlated with increased river discharge and present a spatial differentiation.  

Fig. 6.5 shows the changes in environmental variables during the summer of 1992-

2021, encompassing salinity, water temperature, river discharge, wind speed, DO, and 

nutrient loading (NH4+ and NO3-). Compared to the bottom layer salinity, the surface 

salinity showed an overall decreasing trend (with slopes of 0.03 and 0.06 in July and 

August, respectively), while the water temperature exhibited an overall increasing 

trend. In addition, another notable trend is the decline in DO, which can be attributed 

to the adverse effects of temperature and freshwater inputs. As water temperatures rise, 

oxygen solubility decreases, leading to lower DO levels. Additionally, increased 

freshwater inputs from sources such as rivers can dilute the water and reduce the 

concentration of DO. Another factor that restricts DO levels is the persistent rise in 

nutrient influx from freshwater sources, which amplifies the declining trend of DO 

levels.  

In addition, Fig. 6.5g demonstrates an increasing trend in wind speed. This could be 

attributed to climate change, as global warming can lead to alterations in weather 

patterns, including the intensity and frequency of winds. The rise in wind speed can 

enhance the mixing within water bodies, consequently influencing the distribution of 

environmental variables and transport processes (Nakata et al., 2009). All these 

changes indicate that climate change significantly impacts the Ariake Sea. Shifts in 

precipitation patterns will alter the morphology of river mouths and river runoff, as 

well as nutrient inputs (Hoitink et al., 2017). These alterations have had a noticeable 

impact on the biological and chemical characteristics of the water, including changes 

in salinity, temperature, and DO levels. 
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Figure 6.5 Time series of monthly averaged environmental variables from 1992 to 
2021 for six observational stations: a) surface salinity, b) bottom salinity, 
c) surface temperature, d) bottom temperature, e) river discharge, f) 
bottom DO, g) wind speed and h) N-loading in June, July, and August. 
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6.4 Conclusions 

This study employed numerical models to assess the long-term trend of hypoxia and 

the influence of heavy rainfall on hypoxia duration in the Ariake Sea spanning from 

1992 to 2021. An assessment of environmental drivers, including salinity, water 

temperature, wind speed, and nutrient loading, was conducted. The results indicate: 

(1) Hypoxia displayed an expanding spatial trend, stretching from the Ariake 

Sea's head towards its central regions due to climate-induced shifts. The 

model analysis illustrated a substantial 1.7 times increase in the hypoxic area, 

with anoxic regions expanding from negligible to covering approximately 

100 km². 

(2) A numerical analysis of various environmental factors highlighted diverse 

responses to climate change within the Ariake Sea region. These responses 

suggested potential declines in both physical attributes and water quality 

parameters, indicating significant alterations in the local ecological 

communities. 

This detailed understanding of climate change's impact on coastal environments yields 

valuable insights, laying a foundation for devising practical adaptation strategies and 

environmental policies. 
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Chapter 7 

Conclusions 

Climate change has led to a surge in extreme rainfall occurrences, amplifying their 

frequency and magnitude. This surge significantly harms marine ecology and coastal 

economies. Notably, the post-2000 decline of seaweed in the Ariake Sea has brought 

widespread attention to the environmental degradation within the region. Similarly, 

the Yatsushiro Sea has witnessed a substantial decline in fish production over the past 

decade. 

Previous studies primarily relied on on-site water quality monitoring to investigate the 

Ariake Sea. While crucial for comprehending environmental characteristics, this 

approach falls short in aiding the development of effective improvement measures. 

Monitoring during the summer rainy season proves challenging, impeding accurate 

assessments of extreme event impacts. 

To address this, this study employed a coupled 3D hydrodynamic and ecological model, 

boasting proven reproducibility. This model facilitated the analysis of DO dynamics, 

especially during hypoxic events triggered by extreme rainfall. By utilizing this model, 

hypoxia duration was calculated, and its vertical and spatial distribution within the 

Ariake and Yatsushiro Seas was assessed. Additionally, for the first time, our model 

evaluated long-term trends in ecological variables (e.g., water temperature, salinity, 

DO) spanning over 30 years in the Ariake Sea. 

Key findings from the study include: 

(1) Extreme summer rainfall intensified freshwater inflow into the Ariake Sea, 

inducing severe water column stratification that obstructs DO exchange. The 

2020 Kyushu floods resulted in more prolonged hypoxia compared to the 

2006 record event. Similarly impacting the Yatsushiro Sea, the 2020 extreme 

rainfall led to historically prolonged hypoxia, affecting almost all areas. 

(2) Hypoxia duration strongly correlated with effluent volume near the Ariake 

Sea estuary (e.g., R = 0.82 for St.KS73). The correlation remained significant 
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albeit lower in the central region (R = 0.56 for St.3). Furthermore, the scale 

of effluent volume had an impact on the hypoxic area, exhibiting a 

correlation coefficient of 0.69. 

(3) Long-term analysis revealed a deteriorating trend in summer bottom DO at 

spatial scales, particularly during large-scale effluent events. Notably, 

hypoxia area have surged 1.7 times, with anoxic regions expanding from 

negligible to covering approximately 100 km². After 2010, this surge 

accelerated significantly. 

(4) Over three decades, environmental responses to climate change have led to 

noteworthy shifts in temperature patterns and precipitation trends. Summer 

water temperatures rose by 0.035 °C annually, while surface salinity declined 

at 0.1 psu per year. This change has escalated extreme rainfall frequency and 

intensity, resulting in a 50% average annual increase in river flows between 

1992 and 2021, along with amplified nutrient loads. 

The escalation and prevalence of hypoxia pose a growing challenge in global coastal 

waters. Current water quality management strategies may prove insufficient in 

addressing deteriorating water quality due to climate change. Innovative, integrated 

basin-wide hydrology and water quality management strategies have the potential to 

mitigate hypoxia within the Ariake Sea. In further studies, it is necessary to combine 

hydrological models with numerical models for accurate simulations to provide an 

adequate basis for fisheries and human development adaptation. 

 


