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Shallow coastal waters (SCWs) have attracted wide attention in recent years due to their strong carbon sequestration capacity. However, the complex carbon dioxide (CO2) dynamics in the water column makes it difficult to estimate the air–water CO2 fluxes (FCO2) accurately. We developed a numerical model of CO2 dynamics in water based on field measurements for a typical stratified semi-enclosed shallow bay: the Yatsushiro Sea, Japan. The developed model showed an excellent ability to reproduce the stratification and CO2 dynamics of the Yatsushiro Sea. Through numerical model simulations, we analyzed the annual CO2 dynamics in the Yatsushiro Sea in 2018. The results show that the effect of stratification on the CO2 dynamics in seawater varies greatly depending on the distance from the estuary and the period. In the estuarine region, stratification manifests itself throughout the year by promoting the maintenance of a high partial pressure of CO2 (pCO2) in surface waters, resulting in surface pCO2 being higher than atmospheric pCO2 for up to 40 days during the flood period (average surface pCO2 of 539.94 µatm). In contrast, in areas farther from the estuary, stratification mainly acts to promote the maintenance of high pCO2 in surface waters during periods of high freshwater influence. Then changes to a lower surface pCO2 before the freshwater influence leads towards complete dissipation. Finally, we estimated the FCO2 of the Yatsushiro Sea in 2018, and the results showed that the Yatsushiro Sea was a sink area for atmospheric CO2 in 2018 (−1.70 mmol/m2/day).
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1 Introduction

The ocean, which stores and sequesters large amounts of CO2 in the form of dissolved inorganic carbon (DIC), can buffer the increase in atmospheric CO2 concentration (McLeod et al., 2011; Le Quéré et al., 2016). Some studies have indicated that the global ocean hosts a substantial reservoir of CO2 that is 50 times greater than that in the atmosphere and is considered an extremely significant net sink of atmospheric CO2 (Raven and Falkowski, 1999). Meanwhile, shallow coastal waters (SCWs) comprising estuaries, shallows, intertidal flats, seagrass, salt marshes, and mangroves have recently attracted extensive scientific attention due to their valuable potential role in climate change mitigation and adaptation. Several studies have demonstrated that SCWs with vegetation such as seagrass, mangroves, and salt marshes contribute more than 50% of the total oceanic carbon storage despite making up only 0.5% of the ocean area, owing to them having the highest carbon burial rates in the ocean (average: 138–226 g C/m2/year), about 3 to 4 orders of magnitude higher than those in open ocean sediments (0.018 g C/m2/year) (Duarte et al., 2005; Donato et al., 2011; Fourqurean et al., 2012; Chen et al., 2013; Murdiyarso et al., 2015; Alongi et al., 2016; Kuwae et al., 2016; Nakayama et al., 2020), and being considered as established ‘blue carbon’ (BC) ecosystems (McKee et al., 2007; Lo Iacono et al., 2008; Nellemann, 2009; Duarte et al., 2010).

Recent studies related to the role of SCWs in climate change mitigation and adaptation are beginning to estimate the amount of atmospheric CO2 uptake taking place through air-water CO2 gas exchange ((1) in Figure 1) (Maher and Eyre, 2012; Bauer et al., 2013; Tokoro et al., 2014; Kubo et al., 2017). However, different from terrestrial ecosystems, submerged carbon burial ((2) in Figure 1) is not directly linked to the removal of atmospheric CO2 due to the water column which, within complex carbon dynamics, separates the atmosphere from benthic systems. Since the level of the atmospheric pCO2 fluctuates slightly, FCO2 is determined by the level of pCO2 in surface water (Wanninkhof, 1992). However, the pCO2 in surface water fluctuates significantly within short time scales due to the complex distribution and dynamics of DIC in the water column. Therefore, we need to understand the full suite of dynamics of pCO2 and DIC in the water column in order to improve the accuracy of FCO2 estimation.




Figure 1 | Schematic diagram of CO2 dynamics in shallow coastal waters.



Here, we discuss the fundamental processes that critically affect the distribution and dynamics of DIC and surface pCO2 in SCWs. Surface water DIC and pCO2 would be reduced, since allochthonous organic carbon (Corg) and inorganic (Cinorg) ((3) in Figure 1) and DIC inputs ((4) in Figure 1) are low. Net autotrophic ecosystems (i.e., seagrasses, phytoplankton) would reduce surface DIC and pCO2, then show a net uptake for atmospheric CO2 through photosynthesis ((5) in Figure 1) (Maher and Eyre, 2012; Tokoro et al., 2014; Nakayama et al., 2020). Respiration will increase DIC and pCO2 ((6) in Figure 1). The formation of calcium carbonate minerals will decrease DIC by calcification ((7) in Figure 1) and increase DIC by dissolution ((8) in Figure 1). Additionally, the reactions of the DIC cycle ((9) in Figure 1) can change the pCO2 in surface water and therefore affect the net exchange of CO2 with the atmosphere (Howard et al., 2017; Macreadie et al., 2017; Howard et al., 2018). According to these processes, the DIC in bottom water is generally much higher than that in surface water and will usually mix with surface water by upwelling ((10) in Figure 1). However, stratification ((11) in Figure 1) occurs seasonally in SCW regions, mainly in summer (Wakeham et al., 1987; Wiseman et al., 1997), which can hinder the upwelling of bottom water with a high DIC concentration to suppress increases in DIC and pCO2 in the surface water. In addition, unlike the effects of stratification on bottom DIC behavior, the sinking of particle organic carbon (POC) ((12) in Figure 1) from seawater surface is not hindered by stratification (Koné et al., 2009).

Stratification controls DIC and the vertical distribution of other water properties (i.e., water temperature, salinity, nutrients, phytoplankton, and dissolved oxygen) (Sylaios et al., 2006; Boldrin et al., 2009; Howarth et al., 2011). Water temperature negatively correlates with CO2 solubility, and DIC in seawater shows a strong dependence on salinity in several shallow coastal regions (Bakker et al., 1999; Eyre, 2000). Phytoplankton in surface water can reduce pCO2 through photosynthesis, and nutrients enhance the growth of phytoplankton and other net autotrophic ecosystems. Moreover, stratification suppresses the upwelling of suspended particles from bottom waters; improves transparency, thereby promoting photosynthesis; and decreases the amount of pCO2 in the surface water (Chen et al., 2008). Furthermore, despite the controversy, studies have shown that the mineralization rate is low under hypoxic conditions caused by stratification (Hartnett et al., 1998; Koho et al., 2013). These results indicated that stratification appears to be a critical environmental parameter for the distribution and dynamics of DIC and pCO2 in SCWs, thereby strongly affecting the FCO2. Moreover, many studies have reported the potential relationship between CO2 dynamics and stratification in coastal seawater, but since these studies only measured CO2 data in surface seawater, the interaction between CO2 dynamics and stratification in the detailed water column is still unclear (Shim et al., 2007; Zhai and Dai, 2009; Wang and Zhai, 2021). For this purpose, fully understanding the effects of stratification on submerged carbon biogeochemical processes and air–water CO2 exchanges in SCWs is highly significant for helping us to understand the role of SCWs in climate change mitigation.

Field measurement is generally considered one of the most effective methods for determining the biogeochemical distribution and dynamics of seawater. Recently, researchers have conducted several field measurements to assess the DIC and pCO2 dynamics in the water column of SCWs in order to estimate their contribution to atmospheric CO2 removal (Koné et al., 2009; Chen et al., 2013; Kubo et al., 2017). However, these field measurements were conducted in surface seawater on a monthly or annual scale, but the complicated vertical distribution and dynamics of DIC and pCO2 caused by short-term temporal events (namely, stratification) in the water column, which could be considered to affect the entire carbon absorption and storage cycle, are still unknown. Thus, field measurements conducted under several different stratification conditions are needed in order to clarify the DIC and pCO2 vertical distribution and dynamics in SCWs. However, in the case of research on the characteristics of water quality dynamics in SCWs focusing on stratification and upwelling, the use of a tiny spatiotemporal scale is necessary, and it is hard to achieve this in field measurements. For this situation, three-dimensional (3D) numerical simulation is an effective measure that complements field measurement data and enables further analyses to be made. One study confirmed the advantages of the application of a 3D numerical model for the reproducibility of DIC and pCO2 dynamics in the water column of SCWs (Sohma et al., 2018). Still, the model they developed was based on measurement data from surface seawater (Kubo et al., 2017), and the effects of stratification were not considered. Therefore, a 3D numerical model that can accurately describe the DIC and pCO2 dynamics under the influence of stratification could enable us to better understand the carbon cycle in SCWs and improve the accuracy of FCO2 estimation.

This study has three primary objectives: (1) to examine the vertical distribution and dynamics of DIC and pCO2 under different stratified conditions in the Yatsushiro Sea, Japan, by conducting field measurements under the three most representative stratification conditions within the hourly scale; (2) to develop a high vertical resolution hydrodynamic-ecological 3D numerical model that can accurately describe the vertical distribution and dynamics of DIC and pCO2 under stratified conditions in the bay; (3) to analyze the CO2 dynamics and the corresponding influence mechanism of the bay and estimate the 2018 FCO2 through the numerical simulation results.



2 Materials and methods


2.1 Study site and field measurements

The Yatsushiro Sea, which was selected as the target area for this study, is located in the western part of Kyushu Island, Japan (Figure 2). It is a highly enclosed inlet compared to other bays in Japan, and is characterized by a large tidal range and vast tidal flats and brackish water areas. Therefore, a unique ecosystem has developed in the bay’s shallow waters, with high biodiversity and rich biological productivity. The northern part of the bay has a solid inner bay character and tidal flats, while the southern part of the bay, south of the central part, has a rapid seawater exchange and a reef-like seafloor that gradually becomes more pelagic. The southern part of the Yatsushiro Sea and the sea area around the Amakusa Islands have been selected by the Ministry of the Environment as “a sea area of high importance from the viewpoint of biodiversity.” The bay is located along the coast of Kumamoto Prefecture, where the Tsushima Warm Current, a branch of the Kuroshio Current, flows. In particular, the southwestern part of the Amakusa Islands surrounding the bay is a significant habitat for reef-building corals in western Kyushu. The fifth nature conservation survey conducted by the Ministry of the Environment confirmed the existence of seagrass beds covering an area of about 1,141 ha.




Figure 2 | The location of the study site (right) and the domain of the numerical model (bottom left). The field measurement points are shown in the map on the right ((1) is the location of the field measurement we conducted, while St.11 to St.19 are the measurement locations of the data from MLIT), schematic diagram of the Yatsushiro Sea subdivision (A1 to A4 separated by red lines) and the location of the wind observatories (red dots).



The area of the bay is about 1,200 km2. The basin area of the rivers flowing into the bay is approximately 3,000 km2. Forty-seven rivers (one first-class river, forty-six second-class rivers) flow into the Yatsushiro Sea with a total watershed area of 3400 km2, of which one first-class river, the Kuma River, has a catchment area that makes up about 60% of the total. The inflow of fresh water during the rainy season from June to August lowers the salinity throughout the sea area. In the inner part of the bay, the salinity decreases significantly due to the increased inflow of rivers such as the Kuma River.

The Yatsushiro Sea is considered to be a unique coastal area in terms of physical conditions such as flow, topography, and ecosystem. Since there is a lack of knowledge about blue carbon ecosystems (i.e., phytoplankton, seagrasses such as eelgrass, and corals) inhabiting the bay at the same time, new research results on air-sea CO2 flux, pCO2 in seawater, and related environmental factors in the bay are expected.

We conducted field measurements of the CO2 dynamics in seawater at point (a) (32°27′30” N, 130°27′37” E, mean water depth: 20 m), which was the first attempt to investigate the seawater CO2 dynamics in the Yatsushiro Sea. The measurement point is relatively close to the estuary of the Kuma River, where strong salt stratification is expected during flooding. The three measurement dates were all during spring tides and showed weak stratification (26 August 2018), mixed conditions (7 December 2018), and strong stratification (2 August 2019). CTD measurements and water sampling were conducted during a half-tide period (approximately 6 h) from high tide (9:00 am) to low tide (3:00 pm). CTD measurements included vertical profiles of the water temperature, salinity, and water density. Water samples were used for the analysis of DIC and TA. CTD measurements were conducted approximately every 20 min using a multi-item water quality meter (ProDSS, YSI). Water samples were collected at high tide, 1.5 h after high tide, at the full ebbing tide, 1.5 h before low tide, and at low tide, with 30 samples collected for each measurement. The samples were collected in 250 mL Duran bottles, and the DIC and TA were fixed by injecting mercury dichloride solution (250 mL). The values of DIC and TA were analyzed using a flow-through carbonate analyzer (MDO-02, made by Kimoto Electronics Co., Ltd.) and a total alkalinity titrator (ATT-15, made by Kimoto Electronics Co., Ltd., Osaka, Japan) owned by Kitami Institute of Technology. From the obtained DIC, TA, salinity, and water temperature, pCO2 was calculated from the semi-empirical equations for carbon-based chemical equilibrium (Zeebe and Wolf-Gladrow, 2001). The equation used in this study was the one developed in the ‘seacarb’ package in the R software (Lavigne and Gattuso, 2010).

The results of these three measurements were used for the calibration and validation of model values near the estuary of the Kuma River. In addition, St.11 to St.19 are the locations of the regular sites used for the environmental measurement of the water quality of the Yatsushiro Sea by the Ministry of Land, Infrastructure, Transport, and Tourism (MLIT) of Japan (Figure 2). The measurements included the vertical distribution of the water temperature, salinity, and seawater density at each site. In principle, the measurement frequency was twice a month (canceled in exceptional cases). The measurement results were used to calibrate and validate the simulation results of the CTD profiles in the whole area of the bay in this study.



2.2 Description of numerical model

Delft3D is an open-source 2D/3D numerical simulation software package that was developed by WL Delft Hydraulics (currently known as Dertares) (Lesser et al., 2004; Deltares, 2017). The software is a flexible framework for simulating water flow; water quality; waves; ecology; sediment transport in fluvial, estuarine, and coastal environments; and the interactions between the various processes.

In this study, the FLOW and WAQ modules in Delft3D (version 4.04.01) were utilized as the modeling tools. This framework has been effectively implemented to simulate ocean circulation, stratification, and water quality in various coastal waters (Niu et al., 2016; Alosairi and Alsulaiman, 2019). There have been several successful cases where the CO2 cycle was simulated in surface water by applying the Delft3D-WAQ module (Menshutkin et al., 2014; Chen et al., 2019).


2.2.1 Hydrodynamic model Delft3D-FLOW

The mathematical principle of the hydrodynamic model Delft3D-FLOW is mainly to solve the Reynolds-Averaged Navier–Stokes (RANS) equations for incompressible fluids under shallow water assumptions using the finite difference method.

In this study, we refined the resolution of the vertical direction to further improve the accuracy of the vertical direction based on a general 3D coastal current model developed by Yano et al. (Yano et al., 2010) in order to simulate the effects of stratification more accurately. The computational domain of this model, which covers both the Ariake Sea and the Yatsushiro Sea (Figure 2).

A Cartesian coordinate system with a resolution of 10” (Δx = 250 m) was used in the horizontal direction, while a σ-coordinate system with 17 layers (2% × 10 layers, 5% × 1 layer, 10% × 3 layers, and 15% × 3 layers from the surface to the bottom, respectively) was used in the vertical direction. Horizontal eddy viscosity and eddy diffusion coefficients were evaluated using the Subgrid scale (SGS) model, and vertical eddy viscosity and eddy diffusion coefficients were evaluated using the k-ϵ turbulent model and incorporated into the tidal flatness model (dry-wet model). The calculation time frame was from 1 January 2018 to 1 January 2019, with a time step of 3 min.

The open boundary was located on the line connecting Akune, Kagoshima Prefecture, and Kabashima Strait, Nagasaki Prefecture (Figure 2). The known harmonic constants at both ends of the open boundary are estimated from measured data from 1970 and 1891 for Akune and Kabashima Suido, respectively, and the amplitudes and phase lags of major four tide components (M2, S2, K1, and O1) were adjusted according to the existing harmonic constants at both ends by Yano et al. (Yano et al., 2010). The setting of harmonic constants using in this model were shown in Table 1. A constant value of 35.15 psu was used for the salinity in the open boundary condition, with the water temperature of sea surface and seabed were using a time series obtained from the daily sea surface temperature data and data at a depth of 50 m from the Fukuoka Regional Meteorological Observatory.


Table 1 | Harmonic constants of hydrodynamic model.



In this study, freshwater inflows from eight first-class rivers (Chikugo, Yabe, Kase, Rokkaku, Kikuchi, Shira, Midori, and Kuma) and nine major second-class rivers (Kashima, Shioda, Seki, Tsuboi, Hi, Otsubo, Sashiki, Yunoura, and Minamata) were considered (Figure 2). The flow rate of the first-class rivers was the hourly flow rate at the station nearest to the estuary in the non-tidal area obtained from the hydrological water quality database of the MLIT. To account for the inflow downstream of the station, the flow rate at the station was corrected by multiplying it by a factor calculated by dividing the station’s catchment area by the total area of the watershed. For second-class rivers, the calculation was based on the ratio of the catchment area to nearby first-class rivers.

The solar radiation, air temperature, humidity and wind data used in this model were a hourly time series, and were obtained from Kumamoto station and Yatsushiro station of Japan Meteorological Agency (JMA) Amedas, respectively. The wind speed was converted to equivalent sea breeze using Carruthers’ land boundary wind to sea breeze conversion coefficient (Arakawa et al., 2007).

In this model, we used the region-wide average salinity and water temperature of the calculated area as of December 31, 2017, obtained from the same model calculation in the previous year, i.e., 2017, as the initial constant conditions. Model calculations for both the hydrodynamic and ecological models used a cold start from January 1, 2018, with a stabilization period of approximately 2 weeks, which did not affect the model validation results since our calibration and validation of the models started in mid-January, but had a small effect on the CO2 flux calculations in January.



2.2.2 Ecological model Delft3D-WAQ

Delft3D-WAQ is a module of the ecological section that is used to simulate biological processes in water bodies and sediments and various processes of solute transport and transformation. The WAQ module mainly solves the advection–diffusion–reaction equations for each computational grid by combining the results of the FLOW module (e.g., the spatial and temporal distribution of salinity, water temperature, velocity, and turbulence dispersion coefficient). Therefore, the computational domain, resolution, number of layers in the σ-coordinate system, location of the freshwater inflow, and flow velocity are the same as those in the hydrodynamic model. In addition, all the physical conditions used for the FLOW module (e.g., the solar radiation, air temperature, humidity, wind, river inflow) were coupled into the WAQ module, and the start pattern (e.g calculation time frame and time step) were the same as the FLOW module. This ecological module offers the user a wide range of frameworks for choosing the substances and processes to be simulated, giving more flexibility in simulating physical, biochemical, and biological processes (Deltares, 2018). The structural diagram of the ecological model used in this study (Figure 3). The interaction of phytoplankton dynamics, nutrients cycling, and inorganic carbon cycling are considered in this model as the key process affecting the objective of this study (i.e., pCO2 dynamics in the water column).




Figure 3 | Structural diagram of the ecological model (modified from the generic ecological model developed by Blauw et al. (Blauw et al., 2008)).



The model settings of this ecological model were chosen mainly by referring to the settings of the generic ecological model (GEM) (Blauw et al., 2008), and the detailed model setup parameters are shown in Table 2. Considering the wide coverage of this model and the complex physical and biochemical processes in the target waters, we simplified the GEM by considering only one phytoplankton species (i.e., green algae) and assuming the decomposition rate of dissolved organic matter to be that of the inorganic matter immediately after production. This simplification has been proven to be reliable in previous simulation studies for anoxic states in the Ariake Sea (Tadokoro and Yano, 2019; Hao et al., 2021). Based on the simplified model, we added the processes of DIC, TA, and pH to simulate the CO2 dynamics in the water column.


Table 2 | Process parameters of the ecological model.



There are three main processes that are related to phytoplankton in Delft3D-WAQ: gross primary production, respiration, and mortality. Gross primary production is the total amount of energy produced through the process of photosynthesis. By capturing the energy from sunlight, primary producers can store it in organic compounds by converting carbon dioxide and water into organic compounds (Falkowski and Raven, 2013). In this model, three factors are chosen to affect the rate of gross primary production, temperature, availability of nutrients, and light. A higher temperature increases the rate of the chemical processes taking place within the algal cells. Thus, lowering the temperature limits the growth of algal biomass (Deltares, 2018). Phytoplankton require chemical elements to function, and the most vital aspects are nitrogen and phosphorus. The limitation factor is calculated according to the Monod equation for each nutrient, where the lowest value amongst these is used. The limitation of nitrogen is chosen to be dependent on the sum of the total concentration of ammonium and nitrate. The third factor, light, is necessary in order for the process of photosynthesis to take place. The extinction of light depends on the water depth and the concentration of absorbing substances within the water, which here are determined to be algal biomass, particulate organic matter (POM), humidity input from freshwater, and background absorption. The extinction of light is calculated according to Lambert–Beer’s law, where the light intensity is reduced exponentially along with the water depth in relation to the intensity at the surface. Dissolved inorganic carbon (DIC) is also regarded as a rate-limiting resource for phytoplankton, as indicated by the availability of CO2 and bicarbonate (HCO3) for photosynthesis (Verspagen et al., 2014). In this model, respiration is performed when the algal cell grows (increasing biomass) and to maintain the functions of the cell—i.e., the basal metabolism. The respiration rate necessary to keep the cell alive is related to the temperature. The mortality rate of algae is a function of temperature, where a higher temperature promotes a higher mortality rate. When algae die, a fraction of their biomass is directly released to the water as already dissolved inorganic matter. This process is called autolysis. However, the majority of the biomass stays intact and continues in the nutrient cycle as detritus, here referred to particulate organic matter.

This model simulates the simplified cycling of two types of nutrients: nitrogen and phosphorus. It includes three significant pools within the nutrient cycle: dissolved inorganic nutrients (NH4-N, NO3-N, and PO4-P), living organic matter (Algae), and POM. The uptake of nutrients is an equivalent result of the growth of algae. Hence, the consumed nutrient flux is proportional to the net primary production obtained using the N:C and P:C ratio in the algal biomass. Following the death of algae, the nutrients are either released back into the water body in the form of dissolved inorganic nutrients through autolysis or released back as detritus or dead organic matter. The release of nutrients by dead algae is equivalent to the N:C and P:C ratios within the algal biomass. Carbon, nitrogen, and phosphorus in the detritus are simulated as the state variables of particulate organic carbon (POC), particulate organic nitrogen (PON), and particulate organic (POP). POM comes from discharging rivers or the mortality flux of dead algae. The latter occurs through the process of mineralization, where microorganisms decompose POM into inorganic components. When algae and higher plants die, detritus is produced. Mineralization is the microbial decomposition of detritus into its fundamental inorganic components, such as carbon dioxide, ammonium, and phosphate. POM settles into the sediment during the settling process. In this case, the settling velocity is constant throughout time and unaffected by the bottom shear stress. Different forms of POM are subjected to the same settling velocity.

The main processes of inorganic carbon balance are air–water CO2 exchange, the mineralization of organic carbon to inorganic carbon, and primary algal production. The reaeration of carbon dioxide proceeds proportionally to the difference between the saturated CO2 concentration and the actual dissolved CO2 concentration. The reaeration quantity per day was equivalent to the FCO2 diffused across the air-water interface. CO2 in surface water tends to be saturated relative to the atmospheric CO2 concentration. However, CO2 production and consumption processes in the water column counteract the saturation, resulting in either a CO2 excess or a CO2 deficit. The saturation concentration of CO2 in the water column is primarily a function of the atmospheric pCO2, the water temperature, and the salinity. However, the pCO2 in the atmosphere is assumed to be constant. In Delft3D-WAQ, the calculation of the saturation concentration is performed as a separate process, which has been implemented with two alternative formulas (Weiss, 1974; Golterman, 1982). In this study, we applied Weiss’ formula. The pH, the carbonate speciation (CO2, pCO2, H2CO3, HCO3−, and CO32−), and the saturation states of calcium carbonate (calcite and aragonite) in the water column and the sediment bed could be calculated from the TA and the DIC according to the carbon chemical equilibrium. Salinity and temperature from the hydrodynamic model are necessary inputs.




2.3 Model calibration and validation

In this study, the calibration and validation of the model were carried out in two steps. The first step involved calibrating and validating the hydrodynamic and ecological model parameters for the easily stratified area near the Kuma River estuary using the results of three field measurements of CO2 dynamics in seawater at different stratification periods implemented at point (a) in Figure 2. The second step involved calibrating and validating the simulation results of the horizontal and vertical distribution of CTD for the whole area of the Yatsushiro Sea for the whole year of 2018 using CTD measurement data from the central route of the bay (the line from St.11 to St.19 in Figure 2) from the MLIT. In the first validation step, we performed a comparative validation of the water temperature, salinity, density, DIC, TA, and pCO2, containing statistical analysis and contour plot comparison. In the second step, we calibrated and validated the water temperature, salinity, and seawater density. In addition, we applied the concept of density stratification index (SI) proposed in (Simpson et al., 1990) for quantifying the strength of density stratification. Based on the process of calibrating and validating the SI, we improved the simulation accuracy of the hydrodynamic model for the stratification state of the whole area of the bay. The equation for calculating the SI is shown in Equation (1) (Simpson et al., 1990):

 

where ρ = ρ (z) is the water density profile over the water column of depth H, bar is depth averaging, g is the gravitational acceleration, and z is the vertical coordinate.

To quantitatively evaluate the model performance, three performance metrics were selected: the root mean square error (RMSE), the Pearson’s correlation coefficient ®, and the refined Willmott index (dref). A “good” model has a low RMSE. The Pearson’s correlation coefficient r was used to evaluate the model performance. A value of 1 shows a good correlation between measurements and simulation, whereas values near 0 suggest weaker and often inconsequential correlations. The refined Willmott index dref is a modeling efficiency index that ranges from −1 to 1. A value that is closer to 1 suggests that the model is performing better. The equation for calculating the dref is shown in Equation (2) (Willmott et al., 2012). To verify the model’s reproducible performance of the CTD distribution and CO2 dynamics in seawater in the vertical direction, we also used contour plots to compare the simulation results with measurements.

 

where mi: simulated values, oi: measured values,   : mean of simulated values,   : mean of measured values, n: the number of measurement data.



2.4 Model-based simulation of CO₂ dynamics in SCWs

We applied the developed hydrodynamic-ecological model to simulate the CO2 dynamics in the whole area of the Yatsushiro Sea for the entire year of 2018. Based on the simulation results, we analyzed the dynamics of CO2 in the bay in horizontal and vertical directions at different periods and the corresponding influence mechanism. In addition, we also analyzed the changes in the CO2 dynamics in seawater during the flooding period, which is the period where there are large fluctuations in stratification conditions, and the corresponding influence mechanism by comparing the vertical dynamics of the areas in the Yatsushiro Sea that are more and less influenced by freshwater inflow during the flooding period.

Finally, we used the model to estimate the FCO2 between seawater and the atmosphere in the Yatsushiro Sea during the full year of 2018. The FCO2 was calculated using the block volume method shown in Equation (2) with the pCO2 in seawater, atmospheric pCO2 (pCO2air), the solubility K0, and the exchange coefficient k. pCO2air was set based on observation data from the JMA (at Ayari). It was indicated that the atmospheric CO2 concentration (ppm) was numerically almost equal to the pCO2 in the atmosphere (µatm). Therefore, the annual average measured value of 412 ppm for 2018 was converted to 412 µatm and assumed to be constant throughout the year.

 

When the FCO2 is negative, it represents absorption from the atmosphere to seawater, while when it is positive it represents emission from seawater to the atmosphere. The solubility K0 (mol/m3/atm) was determined from the empirical equation based on the water temperature and salinity (Weiss, 1974). The exchange coefficient k was obtained from Equation (4) (Wanninkhof, 1992).

 

where U10 is the wind speed (m/s) at a height 10 m above the sea surface, Sc is the Schmidt number of CO2, and Sc is derived from the empirical equation (Wanninkhof, 1992).

Due to the large area of the Yatsushiro Sea, it was difficult to obtain very accurate wind speed data for the calculation of FCO2. Figure 2 shows the wind observation stations around the bay. In order to estimate FCO2 more precisely, we divided the bay into four areas (see A1 to A4 in Figure 2) near four wind observation stations by referring to the results of water quality and environmental characteristics analysis of the bay (Sonoda et al., 2013), then calculated the FCO2 using wind data obtained from Misumi Wind Obs., Matsushima Wind Obs., Yatsushiro Wind Obs., Minamata Wind Obs. (Figure 2) for areas A1, A2, A3, A4 separately.Also, the wind speed data was converted to equivalent sea breeze using the same method in Section 2.2.1.

In addition, U10 was corrected in height by a power law from the data of each observatory shown in Equation 5 (Ishizaki and Mitsuta, 1962).

 

where UZ is the wind speed (m/s) at altitude Z (m) and n is a constant determined by the surface conditions at the observation site.




3 Results and discussion


3.1 Field measurement results and model calibration and validation near the estuary

The results of the three field measurements we implemented at point (1) were used for the calibration and validation of the numerical model simulation results near the estuary of the Kuma River. The final statistical validation results are displayed in Table S1. Among these, salinity, σt, and water temperature were used for the verification of the hydrodynamic module. There was a strong correlation between the simulated CTD results and the measured values (r > 0.9). The highest correlation was found for water temperature (r > 0.97), but its RMSE was relatively high, probably since the measurement site was located near the estuary of the Kuma River and was thus strongly influenced by the freshwater inflow. The river temperature data input to the model was obtained from the prediction of the L–Q equation based on the temperature and flow of the previous years, which contained some errors. The RMSE of both σt and salinity showed low values (0.95 kg/m3 and 0.92 psu). The dref values for each variable indicated that the model had a good performance (>0.6) for the hydrodynamic simulation of this region. In general, the model’s hydrodynamic simulation performance in the Kuma River estuary was in an acceptable range overall, where the performance of the variation trend was better than the numerical fitting performance. Otherwise, since we changed the grid and increased number of layers of the hydrodynamic model developed by Yano et al., we validated the tidal level results at two sites (Misumi Tide Obs. and Yatsushiro Tide Obs. in Figure 2), which showed a good fit, as shown in Figure S2.

The biogeochemical variables (DIC, TA, and pCO2) were chosen for the verification of the ecological model. Regarding the value of DIC, it had a Pearson correlation value of 0.94, showing a very strong correlation, while the RMSE of 33.10 μmol/kg was at a low level (1.74%) relative to the mean of the measured DIC (1899.4 μmol/kg). The simulated TA also showed a very strong correlation for the measured data (r = 0.94), and the ratio of RMSE to the mean of the measured values was at a very low level (2.16%). While the value of r of pCO2 was lower (0.87) relative to the last two, but again showed a strong correlation, its RMSE value (65.56 μatm) was slightly higher (15%) relative to the ratio of the mean of the measured values, but still in an acceptable range (<30%). The reason for the large numerical errors in pCO2 while DIC and TA had good numerical fits was that pCO2 was calculated based on water temperature, salinity, DIC, and TA, and small errors in each of these were superimposed on the final pCO2 calculation, resulting in large errors in pCO2; this is a major challenge for pCO2 simulation in water bodies. Overall, the ecological model had a relatively good performance in simulating the CO2 dynamics in the Kuma River estuary region, as shown by the dref values (>0.6) of DIC, TA, and pCO2.

In addition, we visualized the contour plots of the measured and simulated results separately. The variables output from the hydrodynamic model (i.e., salinity, σt, and water temperature) are shown in Figure S2, while the output of the variables from the ecological model (i.e., DIC, TA, and pCO2) is shown in Figure S3.

Based on the vertical distribution of σt (Figure S2A), we confirmed that the field measurements were in the mixing period (7 December 2018), the weakly stratified period (26 August 2018), and the strongly stratified period (2 August 2019). In addition, the vertical distribution of salinity and water temperature show that the region also produces thermohaline stratification similar to the density stratification. As for the results of contour plots of DIC, TA, and pCO2 (Figures S3A, C, E), the CO2 dynamics in the water column shows a similar distribution state to that of density stratification.

The comparison of the simulated and observed values of σt shows that there were good fitting results for all periods (Figures S2A, B). The maximum error was only about 1 psu. And it had an excellent fitting performance for the periods in strong stratification. The bottom layer was basically consistent at 22 psu, and the error in the surface layer was about 1 psu. The other variables also showed a more excellent fit performance. However, in the simulation of pCO2 during weak and strong stratification (Figure S3F), the state of high pCO2 in the bottom layer under stratification was not well simulated. One of the more important reasons for this may be that the ecological module of the model did not consider the influence of zooplankton and benthic organisms, such as the process of their respiration, causing the increase in CO2 concentration in the bottom water column not to be represented. These advanced biological processes could be added gradually in subsequent modeling. Although the simulation results of pCO2 in the bottom layer were not satisfactory, the surface pCO2, which mainly controls the air–water CO2 exchange, showed a better fitting performance. Moreover, the overall CO2 dynamic stratification state was better simulated. In summary, the simulated performance of the ecological module for CO2 dynamics in the Kuma River estuary region was acceptable for our further analysis of the CO2 dynamics in stratified SCWs.



3.2 Model validation of the whole Yatsushiro sea

Based on the good model fit results near the estuary of the Kuma River ((1) in Figure 2), we adjusted the hydrodynamic conditions of the hydrodynamic module to optimize the applicability of the model regarding the hydrodynamic simulation of the whole area of the Yatsushiro Sea. The process was based on regular twice-monthly measurements of the bay central route (i.e., the line of nine measurement sites between St.11 and St.19 in Figure 2) implemented by the MLIT in 2018 to calibrate and validate the simulation results. The verified variables were salinity, σt, and water temperature. The validation results of the surface and bottom layers of the CTD results for each site are shown in Figure S4. As in Section 3.1, we calculated the r, RMSE, and dref values between the simulated and measured values for each site; the results are presented in Table S2.

Then, we checked the output of the contour plot, where the x-axis represents the distance between each measurement sites (St.11 to St.19 shown at the top of each figure). We selected the more representative ones among the many comparison results—that is, the results of three time points similar to the mixing period, weak stratification period, and strong stratification period in 3.1—to show. The results are shown in Figure S5.

In addition, we calculated the stratification index of field measurements and model calculations for each station separately according to Equation 1 and made a comparison plot between the simulated and measured values shown in Figure S6.

We also calculated r, RMSE, and dref for the comparison results of each station (Figure S6). The results show that the model performance for each site was within an acceptable range (Most of the r values were greater than 0.6, except for the salinity of St. 11 and St. 12). St.16, St.17, St.18, and St.19, which are farther from the Kuma River estuary and located in the southern part of the bay, showed excellent relations (r > 0.9). In contrast, St.13, St14, and St.15, which are located northward near the estuary of the Kuma River, performed relatively poorly. This is due to the fact that simulating areas with a large freshwater inflow, which is one of our main objectives in this study, is indeed a huge challenge. However, in general our results were still in an acceptable range (r > 0.6). In contrast, the fit performance of St.11 and St.12, located in the northernmost part of the bay, was poorer (r< 0.3), probably because the strength of the model lay in simulating the stratification phenomenon of seawater. The water depth in this region, being too small, makes it easy to produce results that exceed expectations.



3.3 Discussion of model calibration and validation

As for the calibration and validation of this model, our study was the first attempt to investigate the seawater CO2 dynamics in the Yatsushiro Sea, which has not been studied before, and these three samples were the only actual measurements of seawater CO2 in the Yatsushiro Sea, and our planned larger-scale field measurements were not successfully implemented due to some force majeure factors. Although we have only three carbonate measurements from one site, these three measurements are different from the conventional time scale of seawater carbonate measurements, which are often measured in days and sampled only on the surface of the seawater, but are precise measurements in the vertical direction in the water column over half a tidal period with a time interval of 1.5 hour. The three measurement periods were chosen to represent the different mixing states of the shallow seawater to a large extent, including the strongly stratified, weakly stratified and mixed periods, and to cover the seasonal factors.

Based on the validation of these three measurements, we were able to determine that the developed coupled hydrodynamic-ecological model has a relatively good performance in the Kuma River estuary area. In the subsequent analysis, we would like to extend the model to apply to the entire Yatsushiro Sea, although we were unable to calibrate and validate the CO2 in other areas of the Yatsushiro Sea due to the constraints of the lack of measured data. For this situation, we calibrated and validated the CTD field measurements at nine stations spanning the north and south of the Yatsushiro Sea in the vertical direction throughout the year, and we also quantified the stratification intensity and validated the simulated versus measured values for the stratification intensity as well. Through such a more rigorous, model calibration validation for the biogeochemical and mixing state of the whole area of the Yatsushiro Sea, we verified that the hydrodynamic module of the coupled model can accurately describe the biogeochemical and mixing states in the Yatsushiro Sea in 2018. Moreover, due to the ecological model we developed was based on the coupled hydrodynamic model output, and the parameters of the ecological model were calibrated and validated with three representative biogeochemical and mixed-state measurements in the Yatsushiro Sea. With this model development approach, it is reasonable to assume that combining the ecological model, which can accurately describe the CO2 dynamics in different mixing states in the Kuma River estuary, with the hydrodynamic model, which can accurately describe the biogeochemical and mixing states in the whole Yatsushiro Sea in 2018, can simulate the CO2 dynamics in the whole Yatsushiro Sea in an acceptable range, supporting our preliminary analysis of the horizontal and vertical CO2 dynamics of the entire bay.

However, the calibration and validation method of this model was still weak for simulating the CO2 dynamics in a highly heterogeneous shallow coastal water. In the future work, more extensive measured data on the CO2 dynamics of the Yatsushiro Sea with a large temporal and spatial scale are needed in order to improve the simulation performance of the model on the CO2 dynamics of the entire bay.



3.4 Simulation and analysis of CO2 dynamics in the Yatsushiro sea

We applied the verified model to simulate the CO2 dynamics of the Yatsushiro Sea for the whole year of 2018. The full-year 2018 Kuma River flow rate and the average density stratification index of the bay are shown in Figure 4A. We can see that the most critical driver of density stratification in the bay is the freshwater inflow from the Kuma River.




Figure 4 | Comparison plots of the flow rate of the rivers flowing into the Yatsushiro Sea in 2018 and stratification index (A) and the horizontal distribution of pCO2 for the four periods (B–E).



The horizontal pCO2 distribution of the bay is shown in Figure 4B for several more typical periods—namely, the period before the massive flooding of the Kuma River in July 2018 when it was less affected by freshwater inflow (30 May 2018), the period one week after the flooding (10 July 2018), the period three weeks after the flooding (24 July 2018), and the dry winter period (1 December 2018). The x- and y-axes in this figure represent the distance, while the z-axis represents the position in the σ coordinate system in a total of 17 layers. According to the vertical resolution of the model, the 1st and 17th layers are the surface and bottom layers of the water body, respectively, while the 14th layer is the part that accounts for 45% to 55% of the total water depth, which is considered to be the middle part of the water body.

As we can see, the density stratification peaks (9 July 2018, 18:00:00, SI = 232.26) about a week after the influx of large amounts of freshwater into the bay (Figure 4C). At the same time, with the higher CO2 concentration freshwater covering the surface of the seawater, the average pCO2 concentration of the whole bay reaches a peak (surface pCO2avg = 726.31 μatm). The bay during this period exhibits a source of atmospheric CO2 mainly due to the freshwater inflow.

After another two weeks or so, we can see that the pCO2 in the surface layer drops to a lower level (24 July 2018, 18:00, surface pCO2avg = 357.34 μatm), with only some high pCO2 remaining in the surface water near the estuary. In the middle and bottom layers, however, the pCO2 is higher than that in the surface layer. The main effect of stratification at that time is to inhibit the upwelling of water with a higher level of pCO2 in the bottom layer to the surface layer, combined with photosynthesis by phytoplankton in surface seawater, resulting in a sink of seawater for atmospheric CO2. In addition, we found that the pCO2 in the central part of the bay (the region between distance from 20 to 40 km of the y-axis in Figure 4) is always slightly higher than that in the southern and northern parts during the periods less affected by freshwater inflow (Figure 4B, E). The main reasons for this phenomenon are, on the one hand, that the south and the north are farther away from the Kuma River than the central part, which makes the impact of freshwater less. On the other hand, that the south is connected to the outer sea through the strait, while the north is connected to the Ariake Sea, which makes it easier for these two areas to reduce the impact of freshwater with high pCO2 through seawater exchange.

The vertical dynamics of the two sites before and after the flooding period with time are shown in Figure 5. pCO2 and phytoplankton biomass are examined. The two sites are St.13, near the estuary of the Kuma River (Figures 5A–C), and St.18, located in the southern part of the bay, far from the estuary (Figures 5D–F).




Figure 5 | Comparison of the flow rate of the rivers flowing into the Yatsushiro Sea and stratification index (A, D), pCO2 distribution (B, E), and algae biomass distribution (C, F) at St.13 (A–C) and St.18 (D–F) from 1 July 2018 to 1 September 2018.



By the distribution of phytoplankton biomass in St.18 (Figure 5C), we found that the phytoplankton biomass in this area was much higher around two weeks after the flood than before. In contrast, St.13 had a late start of phytoplankton proliferation due to the influence of freshwater residues. We suggest that during the period after the large-scale freshwater inflow, the bay was subjected to nutrient input from terrestrial sources, leading to a large phytoplankton bloom and thus making the period exhibit a strong sink of atmospheric CO2. This also resulted in the surface pCO2 concentrations in most areas of the Yatsushiro Sea during this period (St.18, 24 July 2018, 18:00, surface pCO2 = 307.83 μatm) (Figure 4D) being even lower than those before the flood (St.18, 30 May 2018 18:00, surface pCO2 = 376.61 μatm) (Figure 4B) and during the dry period (St.18, 24 July 2018 18:00, surface pCO2 = 352.54 μatm) (Figure 4E), except near the estuary.

At St.13, the influence of freshwater lasted for a long time, resulting in the surface pCO2 (surface pCO2avg = 539.94 μatm) being higher than the atmospheric pCO2 (412 μatm) for about 40 days starting from June 20. However, at St.18, which is farther from the estuary, the surface layer pCO2 decreased to a level below atmospheric pCO2 only about 10 days after the surface layer was covered by freshwater with a high pCO2 concentration. The surface pCO2 concentration at this point reached the lowest value (257.82 μatm) at 17:00 on 20 July 2018, which was much lower than that of the middle layer (441.96 μatm) and the bottom layer (360.08 μatm), showing an apparent layered state.



3.5 Correlation between Surface pCO2 and Stratification

Since stratification in the Yatsushiro Sea is mainly caused by freshwater inflow from the Kuma River, which in turn largely increases the pCO2 concentration in the surface layer, it is difficult to evaluate the relationship between stratification and pCO2 dynamics in isolation while ignoring the amount of pCO2 increase caused by freshwater inflow.

The correlation plot between SI and surface pCO2 from 1 February 2018 to 31 December 2018 is displayed in Figure 6A. As this simulation started on 1 January 2018, it took about 30 days for the simulated values to reach a more accurate value, so only the results after February 1 are analyzed here. The results show that the surface pCO2 of St.13 had a strong positive correlation with SI over nearly one full year (r = 0.87), while St.18, which is farther away from the estuary, did not show a significant correlation (r = 0.25). We speculate that this result may be due to the strength and duration of the freshwater influence.




Figure 6 | Linear correlation between surface pCO2 and stratification index (A) and surface salinity of St.13 and St.18 in 2018 (B).



The value of salinity in seawater can be used as an indicator of the influence of freshwater. Figure 6B shows the trend of the surface salinity values of St.13 and St.18 in 2018. We used a salinity value of 32 psu as a cut-off, and we considered a salinity below 32 psu as being more strongly influenced by freshwater. From this figure, we know that St.13 is under a strong freshwater influence for most of the year, except for the dry winter period (mid-October to mid-January). St.18 is only about 25 days after the massive flood in July, when the salinity was below 32 psu.

We divided St.18 into a freshwater-influenced period (7/7 to 7/29), freshwater-abated period (7/29 to 10/17), and dry period (10/18 to 12/31) according to the strength of the freshwater influence in order to explore the factors affecting surface pCO2 separately. In addition to the relationship between SI and pCO2, we also analyzed the correlation between water temperature, DIC, and algae together, where all the values except SI were surface values. The results are displayed in Figure 7.




Figure 7 | Multiple linear regression (Pearson’s correlation coefficients and p-values) (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001) at different periods of St.13 (D) and St.18 (A–C). The items involved in the analysis were pCO2, water temperature, salinity, DIC, TA, algae, and SI.



During the freshwater-influenced period (Figure 7A), the density stratification of St.18 was highly developed (SI > 100), with pCO2 showing a strong positive correlation with SI (r = 0.82). During the freshwater-abated period (Figure 7B), St.18 maintained a strong stratification (SI > 80) in the first half of the period and the SI had a strong negative correlation with pCO2 (r = −0.87). During the dry period (Figure 7C), although pCO2 showed a strong positive correlation with SI (r = 0.84), the effect of SI on pCO2 was very limited due to the very weak stratification during this period (SI< 10). In addition, regardless of the period, we found that surface DIC was negatively correlated with SI and showed a solidly negative correlation (r< −0.9) in the more stratified periods (Figures 7A, B). They had a strong negative correlation (r = −0.89) even throughout the whole year of St.13. In general, it can be concluded that in stratified waters, stratification is the main factor affecting pCO2 in surface waters, with a positive correlation occurring during the freshwater-influenced period and a negative correlation occurring during the freshwater-abated period.

The natural fluctuation of pCO2 in coastal water is related to biological processes such as respiration and photosynthesis (Shamberger et al., 2011; Buapet et al., 2013; Saderne et al., 2013; Edman and Anderson, 2014). In contrast, during periods of oligotrophy and low seawater temperatures, when biological activity is suppressed due to insufficient nutrient supply or low-temperature conditions, the temperature is likely to be the main factor affecting the distribution of pCO2 in the water column (Bates et al., 1998; Borges et al., 2006). In general, phytoplankton in the surface layer reduces pCO2 through photosynthesis—for example, from July to October when stratification is strong (Figures 7A, B), both showed very strong negative correlations (r = −0.96 and r = −0.94). However, the correlation between phytoplankton and pCO2 was not significant for other periods, partly because of the low number of phytoplankton and partly because phytoplankton in the water column provide easily degradable organic carbon through respiration over time. The increase in temperature between July and October reduced pCO2, which was strongly related to the influx of nutrients. Phytoplankton proliferated rapidly and had more intense biological processes under the combined effect of high nutrient levels and suitable temperatures. After October, the water temperature changed to a strong positive correlation with pCO2 (r = 0.7).



3.6 CO2 flux of the Yatsushiro sea

From the results of the air–water CO2 exchange fluxes by month (Figure 8), the response of FCO2 to stratification and freshwater inflow varies depending on the distance from the estuary of the Kuma River. The A2 area, because it is located near the estuary, always has the highest absolute value of FCO2, regardless of whether it is in the absorption or emission phase. A4 area is a sink for atmospheric CO2 at all times of the year because it is the furthest from the estuary and can easily exchange seawater with the outer ocean.




Figure 8 | Monthly air–water CO2 fluxes for the four areas and the whole bay (A1 to A4, Whole bay), and the stratification index of the Yatsushiro Sea.



From the numerical results, the highest CO2 release flux (19.47 mmol/m2/day) is at A2 in July, while the highest absorption (−7.11 mmol/m2/day) is at A2 in December. It can be seen that the Yatsushiro Sea is a sink area for atmospheric CO2 (−1.7 mmol/m2/day) throughout the year, except for June and July, when there is a large inflow of freshwater, which is the source of atmospheric CO2. Even in the A4 area, which is the least affected by freshwater and closest to the outer sea, its sink intensity decreases to very low in June and July (−0.73 and −1.04 mmol/m2/day). This result shows that freshwater inflow plays a critical role in influencing the FCO2 of the bay. Due to the respiration of terrestrial organic carbon and the terrestrial input of freshwater CO2, most inland waters and estuaries are substantial CO2 contributors to the atmosphere (Borges and Abril, 2011; Chen et al., 2013; Raymond et al., 2013; Hotchkiss et al., 2015). The Yatsushiro Sea, on the other hand, experiences relatively less influence from human activities (the population of the basin is 170,000), which may result in the bay having biogeochemical processes that are more distinct from them, leading to the bay being a sink for atmospheric CO2 throughout the year.

In this work, we only estimated the flux of air-water CO2 exchange in the whole Yatsushiro Sea with the simplified ecological model developed this time, and did not quantify the flux of CO2 within the water column. It is expected that, like other shallow coastal waters where blue carbon ecosystems grow, in the Yatsushiro Sea, most of the CO2 that sinks into the seawater will be absorbed and fixed in the sediment by the biological processes of blue carbon ecosystems such as seagrass beds, corals and marine phytoplankton. In addition, the lateral carbon fluxes between the Yatsushiro Sea and the outer sea are of equal interest. Continuing field measurements of CO2 dynamics and blue carbon ecosystems in the Yatsushiro Sea in subsequent studies, coupling the effects of higher ecosystems such as seagrass beds and coral reefs into this ecological model as well, continuing to optimize the accuracy of the model and attempting to quantify carbon fluxes within the Yatsushiro Sea taking into account stratification effects is essential to further understand the contribution of stratified shallow coastal waters with growing blue carbon ecosystems to the reduction of atmospheric CO2.




4 Conclusions

In this study, we chose the Yatsushiro Sea, where CO2 dynamics have never been studied before to conduct the first field measurements of CO2 dynamics. We found that pCO2 is stratified in the vertical direction with density stratification at the estuary of the Kuma River.

Based on the field measurement results, we considering the influence of stratification, developed a high-resolution 3D hydrodynamic-ecological numerical model that can accurately reproduce the CO2 dynamics of the estuary area of the Kuma River, then extended the application of the ecological model by coupling it with the hydrodynamic model that can also well reproduce the CTD profiles and the mixing states of the whole Yatsushiro Sea. In terms of the hydrodynamic module, the model not only fits the estuarine measurement results very well (dref > 0.6) but also performs very well in the calculations for the whole domain of the bay (dref between 0.18 and 0.92). In addition, the fit of the parameter SI, which evaluates the strength of water density stratification, also has an excellent performance (dref between 0.23 and 0.76). In the ecological module, the model can basically reproduce the CO2 dynamics in the estuary region of the Kuma River (dref > 0.6), and more measured CO2 dynamics data are needed to improve the model on CO2 dynamics of the whole bay. Also, the biological processes are still need to be improved in subsequent studies.

Using this model, we simulated the CO2 dynamics of the bay in 2018 and preliminary analyzed the interaction between seawater CO2 dynamics and stratification in the bay. The results show that the CO2 dynamics of the bay has substantial fluctuations in both the horizontal and vertical directions. Depending on the distance from the estuary and the outer sea in the horizontal direction, the surface pCO2 varies greatly depending on the strength and duration of the freshwater influence. In the vertical direction, stratification strongly contributes to the maintenance of high pCO2 concentrations in the surface water during the freshwater influence period. During the dissipation period of freshwater influence, stratification causes the pCO2 concentration in the surface water to be much lower than that in the middle and bottom of the water.

Finally, we used the model to estimate the annual pattern of FCO2 in the bay in 2018. The results show that the Yatsushiro Sea becomes a source of atmospheric CO2 in June and July when the freshwater inflow is high and a sink of atmospheric CO2 at all other times. And the Yatsushiro Sea was a sink area for atmospheric CO2 in 2018 (−1.70 mmol/m2/day).
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Supplementary Figure 1 | Hydrodynamic model validation (tide level), (A) for Misumi Observatory, (B) for Yatsushiro Observatory.

Supplementary Figure 2 | Comparison of contour plots of σt (A, B), salinity (C, D), and water temperature (E, F) for each mixing state at the measurement point ((1) in Figure 1) located at the estuary of the Kuma River. Measurement results (top, (A, C, E)) and numerical model results (bottom, (B, D, F)).

Supplementary Figure 3 | Comparison of contour plots of DIC (A, B), TA (C, D), and pCO2 (E, F) for each mixing state at the measurement point ((1) in Figure 1) located at the estuary of the Kuma River. Measurement results (top, (A, C, E)) and numerical model results (bottom, (B, D, F)).

Supplementary Figure 4 | Comparison of σt (A), salinity (B), and water temperature (C) at surface layer (A-1, B-1, C-1) and bottom layer (A-2, B-2, C-2) between the simulation and field measurement at each station (St.11 to St.19 are the results of each station respectively).

Supplementary Figure 5 | Comparison of contour plots of σt (A, B), salinity (C, D), and water temperature (E, F) for each mixing state at each point located on the central line of the Yatsushiro Sea (St.11 to St19 in Figure 1). Measurement results (top, (A, C, E)) and numerical model results (bottom, (B, D, F)).

Supplementary Figure 6 | Comparison of stratification index between the simulation and field measurement at each station (St.11 to St.19 are the results of each station respectively).
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Maximum mineralization rate at 20°C of PON KdecrrN 0.24 day" )
Minimum mineralization rate at 20°C of PON KaecLN 0.08 day" (B)
Maximum mineralization rate at 20°C of POP kaecrrp 0.24 de\y’l ©)
Minimum mineralization rate at 20°C of POP kdecL,p 0.08 day" (B)
Temperature factor for decomposition B 1.047 - (®)]
Upper limit stoichiometric constant PON faun 0.15 gN/gC (D)
Lower limit stoichiometric constant PON fan 0.1 gN/gC (D)
Upper limit stoichiometric constant POP fur 0.015 gP/gC (D)
Lower limit stoichiometric constant POP far 0.01 gP/gC (D)
Settling velocity of POM Wy 0.432 m/day (Y)
Critical shear stress for POM Ts 0.3 N/m?* (D)
Nutrients

Fraction of ammonium in nitrogen uptake Jopny * -

Critical ammonium concentration Conna 0.01 gN/ m’ (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 20°C Os 0.03 day‘l (D)
Temperature factor for elution Bs 1.09 - (D)
Potential maximum nitrification rate at 20°C O 0.02 day™ ()
Temperature factor for nitrification Bs 1.03 - (Y)
Dissolved oxygen

Critical concentration of DO for nitrification Cer.00 1 £0,/m’ (D)
Optimal concentration of DO for nitrification Cop.0o 5 gOzlm3 (D)
O:C ratio in POC So 2.67 g0,/gC (D)
O:N ratio in NO; sNo 4571 20,/gN (D)
Reaeration factor of O, Kooz 0.7 day'I (Y)
Saturation dissolved oxygen concentration Cpos * 20,/m’

Chloride concentration Cl * ¢Cl/m*

Specified SOD Dsodo 15 g0,/m’/day ©
Potential maximum SOD rate at 20°C oy 0.5 gOzlmj/day ©)
Temperature factor for SOD B 1.07 - ©)
Critical concentration of DO for SOD Cersod 0 g0,/m’ (D)
Optimum concentration of DO for SOD Copaca 0.5 £0,/m’ (©)
Dissolved inorganic carbon

Reaeration factor of CO, Kecoz 1 day™ ()
Saturation carbon dioxide concentration Ccozs * gCOZ/mJ

Atmospheric partial pressure of CO, PCO%r o Hatm

Total alkalinity *

Alkalinity Alka % gHCO,/m’ (D)
pH

Simple calculation of pH PH_simp *

Minimum allowed calculated pH PpH_min 1 - (D)
Maximum allowed calculated pH pH_max 14 - (D)
Physical input data

Salinity N i ppt

Water temperature T > °c

Water depth D W m

Shear stress # o N/m®

* : Calculated in Delft3D-WAQ (B) : Blauw, et. al. (2008)
** : Calculated in Delft3D-FLOW (C) : Calibrated
***: Observation data (D) : Delft3D-WAQ

(G) : Gurel, et. al. (2005)
(Y) : Yamaguchi, et. al. (2018)





OEBPS/Images/fmars-09-991802-g008.jpg
110

Xapu| uonesyiens

o o o o o o
0w v T M N

351

o
©

(el
N

o el
N -

(Aep/zwy/oloww) €094

0
5
0
5

bt v

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Jan





OEBPS/Images/fmars.2022.991802_cover.jpg
& frontiers | Frontiers in Marine Science

Interaction between seawater
carbon dioxide dynamics and
stratification in shallow coastal
waters: A preliminary study
based on a weekly validated
three-dimensional ecological model





OEBPS/Images/M3.jpg





OEBPS/Images/im1.jpg





OEBPS/Images/fmars-09-991802-g004.jpg
4000 ; : 400
A H = Kuma River
2018/05/30 2018/07/10 12018/07/24 = Hi River
3500 1 mmm Minamata River 350
= Sashiki-Yunoura River
3000 i W= Ohtsubo River 300
H —— Stratification Index 5
2500 | i 2503
= i 2018/12/01 | £
E2000 | { 2002
o i | 2
1500 1505
: : @
1000 100
500 50
> e 3\\’ 0> o> oS> 4> @0 oS o> RN ol e
Ritie (2 42 2 420 42 420 o 420 Nie Aol Kie it
2 20 2 20 BN BN o Py 20 o Py N 20
2018/5/30 18:00 2018/7/10 18:00
B (¢
600
500

pC0. (74 atm)

300

200

2018/7/24 18:00 2018/12/1 18:00

600

o
S
3

pC0. (1 atm)

300

200

40,000
)

50,000





OEBPS/Images/table1.jpg
Harmonic constants

Location Akune Location Kabashima

components amplitude (m) Phase (°) components amplitude (m) Phase (°)
M2 0717 2111 M2 0.86 219
s2 0314 229 s2 0.36 240
K1 0229 208.6 K1 025 205
o1 0177 185.4 o1 0.19 186
P1 0.074 203.9 Pl 0.083 202
N2 0.132 213.4 N2 0.147 213.4
K2 0.087 239 K2 0.098 258
SA 0216 162.6 SA 0216 162.6
SSA 0.044 3523 SSA 0.044 3523
QL 0.042 171.9 Q1 0.042 171.9
MU2 0.031 226.1 MU2 0.031 226.1
NU2 0.027 2126 NU2 0.027 2126
T2 0.026 252 T2 0.026 252
2N2 0.022 208.5 2N2 0.022 2085
L2 0.02 194.4 L2 0.02 194.4
1 0015 230.2 Il 0.015 230.2
MM 0014 327 MM 0.014 327
M4 0011 3317 M4 0.011 3317
MS4 0.011 352 M$4 0.011 35.2
001 0.009 246 001 0.009 246
M1 0.009 196.3 Ml 0.009 196.3
R2 0.009 2259 R2 0.009 2259
LABDA2 0.008 2022 LABDA2 0.008 2022
ROL 0.007 186.1 ROL 0.007 186.1
PSI1 0.007 180.4 PSIL 0.007 180.4
M3 0.007 255.9 M3 0.007 255.9
MF 0.005 2074 MF 0.005 2074
oP2 0.005 253.3 op2 0.005 2533
MP1 0.004 165.3 MP1 0.004 165.3
S1 0.004 88.3 S 0.004 88.3
SO1 0.004 3026 SO1 0.004 302.6
2MS6 0.004 113.4 2MS6 0.004 113.4
25M2 0.004 482 25M2 0.004 48.2
MK3 0.003 2346 MK3 0.003 2346
FI1 0.003 198.2 FIl 0.003 1982
MO3 0.002 163.3 MO3 0.002 163.3
M6 0.002 729 M6 0.002 72.9
MSF 0.002 101 MSF 0.002 101
SK3 0.002 355.2 SK3 0.002 355.2

PI1 0.001 261.4 PIl 0.001 261.4





