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Urban bays have been considered to have a high CO2 absorption function due to the high nutrient load and resultant primary production. It is expected to enhance the function by promoting a blue carbon policy co-beneficial with strengthening ecosystem services such as fisheries. Estimates of CO2 absorption in urban bays have been based mostly on fragmentary information from shipboard observations, and an evaluation based on continuous observation of water quality is necessary considering the large spatiotemporal variability of such bay environment. In particular, Tokyo Bay has a specific feature of water pollution problem of hypoxia and anoxia leading to emitting high CO2. Bottom hypoxic and anoxic waters develop from early summer to autumn in the central part of the bay and enclosed areas such as navigation channels and borrow pits. It is known that pCO2 becomes very high in these waters, and their upwelling (called blue tide in the bay from the discoloration of the sea surface) is thought to cause high CO2 emissions; however, the actual situation is unknown. We developed a practical method for continuous estimation of pCO2 by appropriately combining continuous observation of water quality using sensors and measurements of carbonate parameters by water sampling. The results show that a highly reproducible and practical method for continuous estimation of pCO2 was possible by combining in situ salinity and pH meters and the total alkalinity and calc. pH measured by a total alkalinity titrator for water samples. This method was then applied to the duration of blue tide that occurred in the head of the bay in the summer and autumn of 2021. The pCO2 in the surface water was found to increase significantly and exceed 2000 µatm due to the upwelling of anoxic bottom water containing high pCO2. Mean CO2 emissions of approximately +2150 and +1540 µmol m-2 h-1 were observed at two stations during the upwelling period. The mean values rose to +2390 and +2190 µmol m-2h-1 with the blue tide and lowered to +810 and +1120 µmol m-2 h-1 without it, suggesting that high CO2 emissions may occur due to upwelling, especially with blue tides.
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1 Introduction

The enhancement of carbon removal was mentioned as a mitigation measure for climate change in the Paris Agreement in 2015. Blue carbon, defined as carbon sequestered and stored by marine ecosystems (Nellemann et al., 2009; Kuwae and Hori, 2019), has been attracting attention in this context. In coastal marine ecosystems, mangrove forests, salt marshes, seagrass meadows, and seaweed beds are considered significant carbon sinks (Breithaupt et al., 2012; Krause-Jensen and Duarte, 2016; Duarte and Krause-Jensen, 2017). Eutrophic urban bays have also been reported to contribute to a net carbon sink (Kuwae et al., 2016; Tokoro et al., 2021). Tokyo Bay, Japan, is a typical eutrophic urban bay with the Tokyo metropolitan area as its watershed. During the period of rapid economic growth from the 1960s, water pollution due to eutrophication became more serious, resulting in sediment organic pollution; the formation of bottom hypoxic and anoxic waters in summer and coastal upwelling of these waters lead to the mortality of benthic animals (Kodama and Horiguchi, 2011; Furukawa, 2015; Amunugama and Sasaki, 2018). To alleviate the problem, the Environment Agency (now the Ministry of the Environment) introduced a Total Pollutant Load Control System policy (TPLCS) in 1979, with COD as the target water quality item. Since 2001, total nitrogen and total phosphorus have been added as target items, achieving a significant decrease in pollutant loads (Tomita et al., 2016). By contrast, cultural oligotrophication caused by the TPLCS has been pointed out in recent years; it could be one of the causes of the significant decrease in fishery resources, including the impact on seaweed culture with the discoloration of edible larver (Yamamoto, 2003; Aoki et al., 2022). In addition, protecting coastal areas is becoming increasingly important to mitigate the growing severity of storm surge disasters associated with intensified typhoons due to climate change and tsunami disasters, raising expectations for green infrastructure (Sasaki et al., 2012; Liu et al., 2022). Environmental management of the bay must be thus reconsidered to realize a safe, beautiful, and abundant estuary, and there are growing expectations for blue carbon to contribute to enhancing these ecosystem services in a win–win relationship.

In Tokyo Bay, stratification appears from May to September due to increasing river runoffs and water temperatures. Extensive primary production lowers pCO2 and contributes to the absorption of atmospheric CO2 in the upper layer. The decomposition of organic matter increases dissolved inorganic carbon (DIC) and decreases pH, resulting in increasing pCO2 in the lower layer. In addition, waters in navigation channels and borrow pits (mining sediments for the foreshore reclamation) in the inner part of the bay are extensively stagnant, causing the appearance of anoxic waters with high concentrations of sulfides (Sasaki et al., 2009a; Sasaki et al., 2009b). Although CO2 is thought to be emitted to the atmosphere during coastal upwelling (Feely et al., 2008; Norman et al., 2013; Tokoro et al., 2021), the actual status of CO2 emissions and DIC dynamics are not fully understood because coastal upwelling, as well as anoxia and hypoxia, is an episodic event in the bay (Sasaki et al., 2009b). Sulfate reduction becomes the main pathway for organic matter decomposition under anoxic conditions, resulting in sulfide accumulation in bottom waters. The sunlight scattering of particulate sulfur generated by sulfide oxidation during the upwelling is known as blue tides, in which the surface seawater turns milky blue (Otsubo et al., 1991; Higa et al., 2020). The DIC dynamics, including pCO2 during blue tides, have not been well investigated. Although the upwelling of anoxic waters has been observed in other urban bays in Japan, such as Osaka Bay and Mikawa Bay, there have not been many reported cases worldwide (Gallardo and Espinoza, 2008; Minghelli-Roman et al., 2011; Schunck et al., 2013; Ma et al., 2021). However, the global trend of expansion of hypoxic waters due to climate change and the effects of upwelling of such waters are considered problematic; knowledge on CO2 emissions associated with the upwelling of hypoxic and anoxic waters is considered essential (Diaz and Rosenberg, 2008; Vaquer-Sunyer and Duarte, 2008; Gilbert et al., 2010; Testa et al., 2017; Breitburg et al., 2018; Lee et al., 2018; Hong et al., 2022; Pearson et al., 2022). Direct and continuous measurements of air–seawater CO2 fluxes have been made using eddy covariance (Zemmelink et al., 2009; Tokoro et al., 2014) and floating chamber methods (Tokoro et al., 2007; Tokoro et al., 2014); these are, however, generally costly and present many challenges for practical deployment. Therefore, the bulk method is widely employed to estimate the CO2 fluxes. When applying the bulk method, it is necessary to estimate the pCO2 in seawater. The method of analyzing water samples using a total alkalinity titrator is versatile, reliable, and widely used (Dickson et al., 2007; Tokoro et al., 2014). There are also estimation methods that combine salinity and pH from shipboard or mooring observations (Johnson et al., 2016; Williams et al., 2016; Williams et al., 2017). However, there is no universal formula, and developing an appropriate estimation method for each environment is essential. Other methods for estimating surface seawater pCO2 include using satellite imagery (Stephens et al., 1995; Sarma et al., 2006; Lohrenz et al., 2019; Mohanty et al., 2022) and a combination of satellite imagery with field observations using statistical methods based on multivariate analysis and machine learning (Lefévre et al., 2005; Friedrich and Oschlies, 2009; Signorini et al., 2013; Majkut et al., 2014; Moussa et al., 2016; Benallal et al., 2017). Although these are considered adequate for evaluation in a wide area, applying them to episodic coastal upwelling events with a narrow band of affected areas along the coastline is challenging.

Several continuous monitoring stations for water quality are currently operated in Tokyo Bay by the Ministry of Land, Infrastructure, Transport and Tourism (MLIT); some of the water quality parameters necessary for estimating pCO2 have been continuously observed. Estimating continuous pCO2 based on such monitoring will enable continuous monitoring of carbon absorption and emission, including during episodic events, which is expected to arouse public interest in environmental management and policy implementation for strengthening blue carbon with the co-benefits of enhanced ecosystem services in urban bays. We hypothesize that continuous measurement using water quality sensors in combination with periodic calibration by water sampling will enable continuous observation of pCO2 with reasonable accuracy for each specific estuarine and coastal water. This study aims to develop a practical method for continuously estimating pCO2 from measured water quality parameters using moored sensors combined with water sampling analysis using a total alkalinity titrator and clarify DIC dynamics, including pCO2, during the upwelling of anoxic waters in Tokyo Bay.



2 Materials and methods


2.1 Study area

Tokyo Bay is a eutrophic semi-enclosed estuarine embayment surrounded by the Tokyo metropolitan area, with major and minor lengths of approximately 60 and 20 km and a mean depth of 17 m (see Figure 1). Major rivers flow into the bay from the western coast, and stratification develops from spring to autumn. Appearance of hypoxia and anoxia in the bottom waters between spring and autumn has been a serious water quality problem causing mortality of fishes and benthic animals in tidal flats and shallow water areas. The bottom anoxic waters often contain hydrogen sulfide generated by sulfate reduction (Kodama and Horiguchi, 2011; Furukawa, 2015; Amunugama and Sasaki, 2018). In addition, navigation channels and borrow pits (dredged for the foreshore reclamation) exist at the bay head, in which anoxic waters with a high concentration of hydrogen sulfide often appear (Sasaki et al., 2009a; Sasaki et al., 2009b). The upwelling of such anoxic waters causes discoloration of surface water due to the oxidation of hydrogen sulfide generating particulate sulfur, which scatters the sunshine and the surface watercolor turned to milky blue called blue tide in Tokyo Bay (Otsubo et al., 1991; Sasaki et al., 2009b; Higa et al., 2020; Wang et al., 2022).




Figure 1 | Map of Tokyo Bay with observation stations. (A) Location of Tokyo Bay in Japan. (B) The whole of Tokyo Bay. (C) Northern part of Tokyo Bay corresponding to the box in (B) with observation stations. The red filled circles of Stns. SF, SK, and SC are buoy stations for continuous water quality monitoring adjoining to the seawall in Funabashi, Kemigawa, and Chiba, respectively. The gray filled circles are boat cruising stations: Stns. F1 to F6 are in flat bottoms; Stns. NF1 to NF7 are in the Funabashi navigation channel; NC1 to NC6 are in the Chiba navigation channel; Stn. PM is in the off-Makuhari borrow pit. The green filled circles of Stns. CU, CM, and CC are the fixed camera monitoring stations for observing seawater color at Urayasu, Makuhari, and Chiba, respectively. The yellow filled circule of Stn. M is a water quality monitoring station managed by MLIT.





2.2 Field observation

We conducted an observation of water quality to identify carbonate processes at an event of blue tide at the bay head. Observation stations were deployed as shown in Figure 1C. Stns. SF, SK, and SC are buoy stations for continuous water quality monitoring adjoining to the seawall in Funabashi, Kemigawa, and Chiba, respectively. Stns. with initials of F, N, and P are observation stations using a boat at the flat bottom, the Funabashi and Chiba navigation channels, and the off-Makuhari borrow pit. Stns. with initials C are the fixed camera monitoring stations to observe the occurrence of blue tides. Stn. M is a water quality monitoring station managed by MLIT.


2.2.1 Observation at buoy monitoring stations

We conducted continuous measurements of water quality at 10-min intervals using self-recording sensors attached to buoys at Stns. SF (August 27–September 17), SK (August 31–September 10), and SC (August 27–September 10) adjoining to the seawalls at Funabashi, Kemigawa, and Chiba to observe the upwelling processes of hypoxic and anoxic waters (see Figure 1C). The sensors were deployed at the surface and bottom at Stns. SF and Sc, and at the surface, middle, and bottom at Stn. SK. The water depth is about 4–5.5 m at Stn. SF, about 7–9m at Stn. SK, and about 4–6m at Stn. SC. The measured items at each depth and station were the water pressure (CO-U20L-04/02, HOBO), temperature and salinity (ACTW-CMP, JFE Advantech), turbidity (ACTW-CMP, JFE Advantech), and dissolved oxygen (DO) (CO-U26-001, HOBO, or ADOW-CMP, JFE Advantech). A pH sensor (CO-MX2501, HOBO) was installed only at the surface at each station.

We visited the continuous monitoring stations and measured the vertical profiles of multiparameter water quality of temperature, salinity, turbidity, DO, and pH using a throw-in water quality meter (AAQ-RINKO 177, JFE Advantech) on September 1, 2, 3, and 10 at the three stations. In addition, we conducted the measurements on August 27 and September 17 at Stn. SF, on August 31 at Stn. SK, and on August 27 at Stn. SC. We also took water samples at each depth at the three stations using a 1300 mL RIGO-B water sampler (5023-A, Rigo-sha) on the same days. Furthermore, only surface water samples were collected using a bucket at the three stations on September 8. A 50% saturated solution of mercury (II) chloride was added to the water samples in Duran bottles at twice the standard dosage range for saturated solutions (0.02–0.05%) for measuring pH, TA, and DIC following Dickson (2007). Water samples to be analyzed for sulfide concentrations were poured into 100 mL brown bottles, immediately fixed by adding three granular sodium hydroxides to make them alkaline with a pH of about 12. These samples were immediately taken back to the laboratory and stored in the dark at room temperature.



2.2.2 Observation using a boat

Water quality observation using a boat was carried out at stations with initials F, N, and P in Figure 1C in the inner part of the bay for collecting offshore data on July 16, August 20, September 16, October 12, and October 19. Measurements of the vertical profile of the same multiparameter water quality were conducted using a throw-in water quality meter (AAQ-RINKO 177, JFE Advantech) with an interval of 0.1 m. Water samples were collected using a 6000 mL of Van Dorn water sampler (5026-C, Rigo-sha) at the surface, middle, and bottom. The water samples were pre-processed following the same method described in the previous subsection.



2.2.3 Fixed camera monitoring

In order to capture the occurrence of blue tides at the bay head, we used high-rise towers of CU (Tokyo Bay Tokyu Hotel, 60 m height, 35;38;18N 139;55;54E), CM (APA Hotel & Resort Tokyo Bay Makuhari, 183.1 m height, 35;38;36N 140;2;12E), CC (Chiba Port Tower, 125.2 m height, 35;36;0N 140;5;54E) and a fixed-point camera (SP108-J, HykeCam or KG770, Keep Guard) were installed on the roof of each of the three towers and at the mooring observation points. Interval photography of the sea surface was conducted at 5-min intervals between sunrise and sunset.



2.2.4 Collecting archived data of MLIT

We collected a dataset of vertical profiles of hourly water quality at Stn. M (35;36;39N 140;1;24E) acquired by the website of MLIT. The items of temperature, salinity, turbidity, chlorophyll a, and DO were available at 1 m intervals, whereas pH was available only at the surface, middle, and bottom.




2.3 Analysis of carbonate parameters

For the analysis of TA and DIC of the water samples, hydrochloric acid titration was performed using a total alkalinity analyzer (ATT-05, Kimoto Electric Co., Ltd.). A closed-cell method, in which acid titration is performed in the presence of carbonate in seawater, was selected as the measurement method. This method focused on the relationship between the changes in DIC and TA due to hydrochloric acid titration. DIC and TA are determined based on the standard potential E0, which maximizes the coefficient of determination of the single regression equation in this relationship, and K1Factor, which is related to the acid dissociation constant. The DIC and TA are determined based on the standard potential E0 and the K1Factor related to the acid dissociation constant that maximize the coefficient of determination of the single regression equation in this relationship. By giving this optimum E0 to Nernst’s equation, the pH before hydrochloric acid titration (calc. pH) is obtained. This calc. pH was used when calculating pCO2, which is described later. During the analysis, the temperature in the laboratory was adjusted to approximately 20°C by air conditioning.



2.4 Estimation of TA using salinity

Since there is a strong correlation between TA and salinity, we considered a method to estimate TA from salinity. To obtain a continuous estimate of TA from salinity measured in our field observation and collected by MLIT, we examined the correlation between the salinity and TA of the water samples. Figure 2 shows the relationships between TA and salinity measurements for (A) all water samples and (B) for the samples shallower than 10 m, and (C) the residual from the measured TA and the estimated TA by the regression for samples shallower than 10 m. There was a positive highlinear correlation between TA and salinity of all water samples except in the high-salinity range where TA values deviated significantly, taking higher than 2500 µmol/kg, and low-salinity range. The outliers in the high-salinity range were sampled deeper than 18 m in the borrow pit (Stn. PM) under anoxic conditions. As shown in the middle panel of Figure 2B, the relationship between TA and salinity at depths shallower than 10 m was better fitted, which was used further in the present study. There was, however, one outliner in the lowest salinity of around 17 PSU. This sample was taken from the surface water at the far end of the Funabashi navigation channel (Stn. NF3) on August 24 under normal conditions without upwelling, where the influence of river discharge was significant. There may be a limitation in estimating TA from salinity under low-salinity conditions directly influenced by river discharges.




Figure 2 | The relationship between TA and salinity measurements for (A) all water samples and (B) for samples shallower than 10 m in depth. (C) The residual from the measured TA and the estimated TA by the regression equation for samples shallower than 10 m in depth.





2.5 Estimation of pCO2

pCO2 for each water sample was calculated using PyCO2SYS (Humphreys et al., 2022) from TA analysis values and calc. pH by ATT-05. We activated the option of the influence of sulfide as some samples contained sulfide generated under the anoxic condition. The required water temperature and salinity as input parameters were given as observed values at the time that the samples were taken. Among several choices for the values of parameters such as equilibrium constants, we selected the total scale for pH scale, Mojica Prieto and Millero (2002) for K1 and K2, Dickson (1990) for KHSO4, Lee et al. (2010) for BT, and Dickson and Riley (1979) for KHF were selected. For samples in which sulfide ions were detected, pCO2 was calculated taking sulfide concentrations into account.

Continuous pCO2 was calculated using PyCO2SYS from continuously estimated TA using measured salinity explained in subsection 2.4 and measured pH. The adopted parameters and their values for PyCO2SYS were the same as those for water samples. The estimated pCO2 were, however, found to be inconsistent with those of the corresponding water samples. As the major cause of the inconsistency was considered due to a bias of the continuously measured pH values, we developed a correlation equation between calc. pH obtained by ATT-05 under stable environmental conditions and the measured pH.



2.6 Estimation of CO2 flux between the atmosphere and seawater

The commonly adopted bulk equation (1) was used to calculate the continuous CO2 flux (FCO2) between the atmosphere and seawater at Stns. SF, SK, SC, and Stn. M, where continuous water quality measurements were conducted.

 

where K0 is the solubility equilibrium constant for CO2 (mol atm-1 kg-1) using the formula (Weiss, 1974); pCO2sw and pCO2air are pCO2 (µatm) in the surface water and atmosphere, respectively, and k is the piston velocity (cm/h) estimated by the following formula proposed by Wanninkhof (2014) updating that by Wanninkhof (1992);

 

where U10 is the wind speed at 10 m above the sea surface at Stn. M, and SC is the Schmidt number for CO2 (Jähne et al., 1974). Although the piston velocity may also be influenced by the current velocity and depth (Call et al., 2015), we did not consider them as the current velocity was not measured. The adopted formula may be acceptable supposing that the wind speed may influence more significantly than the current velocity as the observation was conducted at the bay head, where the current velocity is relatively weak. The pCO2air was given as a constant (470 ppm) averaged over the shipboard observations on September 16, 2021, which was converted to pCO2air by subtracting the vapor pressure at the Chiba Meteorological Observation Station, Japan Meteorological Agency. Following Orr et al. (2018) and using PyCO2SYS, we estimated propagated uncertainties for the CO2 flux supposing the standard uncertainties for TA and pH of ATT-05 to be 2 µmol/kg and 0.01, respectively.




3 Results


3.1 Observed water quality at Stn. M by MLIT and occurrences of blue tide

Figure 3 shows the time series of observed wind vectors with the durations of blue tide occurrences, tidal heights, and water quality parameters at Stn. M from June to October 2021. The durations of blue tide occurrences were identified by visual and camera monitoring of sea color changes during field observations and as reported by Chiba Prefecture. The occurrences of blue tides in the inner part of Tokyo Bay were identified six times from mid-June to late October in 2021. Blue tides occur due to the upwelling of anoxic water containing hydrogen sulfide caused by the offshore-ward wind-driven current caused by the north-eastward wind. The scale and duration of the blue tides are related to the magnitude of the anoxic water mass prior to the onset and the wind direction and speed during the blue tide. The blue tides in early summer (June 17) and mid-autumn (October 14) before and after the strong stratification and those (June 29 and July 27) during typhoon approaching were small and ceased within a couple of days due to the extensive water mixing. On the other hand, the blue tide from September 2 to 9 was the largest in 2021 caused by northerly weak continuous winds lasted for more than 1 week.




Figure 3 | (A) Time series of observed wind vectors with the durations of the occurrences of blue tide (hatched in blue) and the events of typhoon approaching (hatched in gray). The time series of vertical profiles of (B) temperature, (C) salinity, (D) turbidity, (E) DO, and (F) pH, with tide level. (G) The time series of estimated TA using continuously observed salinity and measured TA using ATT-05 for water samples.



Sudden decrease in temperature and increase in salinity were observed when this largest blue tide occurred, which reflects the upwelling of the offshore dense bottom water. The turbidity became high, indicating the generation of particulate sulfur due to the oxidation of sulfide. DO and pH became lower as hypoxic and anoxic waters approached Stn. M.

The variation in TA was similar to that in salinity; higher TA was observed in deeper water. TA tended to become high and uniform in the vertical when the upwelling events occurred. The difference between the TA measured using ATT-05 minus the TA estimated from continuously observed salinity at nearby depths ranged from −27.2 µmol/kg to 4.4 µmol/kg (N = 6) at the surface, −48.0 µmol/kg (N = 1) at a depth of 4m, −68.0 µmol/kg (N = 1), −28.8 µmol/kg to 14.7 µmol/kg (N = 2) at 9-m depth, and −0.6 µmol/kg (N = 1) at 10-m depth. Although the estimated TA tended to be slightly higher than the observed values, the estimated TA values were generally consistent with the measured TA using ATT-05 for the corresponding water samples, suggesting the validity of the TA estimation method.

The blue tide occurred in early September was observed at our observation stations in the bay head. Figure 4 shows fixed camera photos at (A) Chiba Port (CC), (B) Makuhari (CM), and (C) Urayasu (CU). Generally, blue tides in the bay are initiated by the upwelling of anoxic waters in the Funabashi and Chiba navigation channels due to the continuous blowing of northeasterly winds. The upwelling of the offshore bottom waters expands the blue tide area along the coast of the bay head. The intrusion of the offshore bottom waters with high density also causes pushing out the anoxic waters in borrow pits, thus enhancing the blue tide. Blue tides are often terminated by strong winds or a change in the wind direction, promoting mixing and dispersion of the blue tide waters. Our observed blue tide followed a similar pattern but lasted longer than usual due to persistent light northeasterly winds.




Figure 4 | Fixed camera photos of the occurrence of blue tide in early September at (A) Stn. CC, (B) Stn. CM, and (C) Stn. CU. The locations of some stations are specified in the photos.





3.2 Vertical profiles of water quality in navigation channel and borrow pit

Figures 5, 6 show that under normal conditions in August before the outbreak of blue tide, pCO2 in the surface water was significantly less than 400 µatm, much lower than pCO2 in the atmosphere, indicating the bay at the stations being the absorber of CO2 under the stratified condition (Figures 5A, B, 6A–D). The TA values in the surface layer at this time were larger than those of the DIC, ranging approximately from 200 µmol/kg to 500 µmol/kg.




Figure 5 | Observed vertical profiles of water quality of temperature, salinity, turbidity, DO, and pH using AAQ-RINKO, measured TA, DIC, total sulfide for water samples, and estimated pCO2 at the borrow pit (Stn. PM). Panels (A, B) are under normal conditions on August 20; panels (C, D) are during the upwelling on September 16. Hatched boxes in light blue denote hypoxic water with DO of below 0.1 mg/L.






Figure 6 | Observed vertical profiles of water quality of temperature, salinity, turbidity, DO, and pH using AAQ-RINKO, measured TA, DIC, and total sulfide for water samples, and estimated pCO2 at the Funabashi navigation channel (Stn. NF3). Panels (A, B) are under normal conditions on July 16; panels (C, D) are under normal conditions on August 24. Panels (E, F) are during the upwelling on September 2; panels (G, H) are during the blue tide on September 3. Hatched boxes in light blue denote hypoxic water with DO below 0.1 mg/L.



At the borrow pit (Stn. PM), pCO2 increased with increasing depth approximately from 1000 µatm at a depth of 10 m to greater than 4000 µatm at the bottom, where the waters were rather stagnant (Figures 5A, B). These pCO2 were much higher than those in the atmosphere, suggesting potential high CO2 emission to the atmosphere when these waters upwell. The difference between TA and DIC showed a decreasing trend, and DIC was higher than TA in the bottom layer, with a difference of more than 130 µ mol/kg. Although a similar trend was observed at the Funabashi navigation channel (Stn. NF3), the pCO2 in the bottom water varied significantly from approximately 3000 µ atm on July 16 to less than 1300 µatm on August 24 (Figures 6A–D). The waters in the navigation channel is considered more easily mobile than those in the borrow pit, resulting in a large variation in pCO2. In contrast, the bottom layer pCO2 at the flat bottom (Stn. M) with 10 m deep was around 1000 µatm, lower than the bottom waters at Stns. PM and NF3 under normal conditions. However, pCO2 in the bottom waters at the flat bottom was still much higher than that in the atmosphere, which is also considered causing potential large CO2 emission.

The density stratification disappeared due to the occurrence of upwelling, and the upper layer became hypoxic in September 2 (Figures 6E–H). In the surface layer, turbidity increased with the onset of blue tide, and pCO2 in the surface layer increased to approximately 1200 µatm at Stn. NF3 on September 3. The pCO2 on September 2 was the maximum value of just under 3000 µatm observed in the middle layer.



3.3 Observed continuous water quality during blue tide

At Stn. SF, the surface layer became anoxic on September 2 and continued until September 11 (Figure 7A). The slight increase in DO observed on September 5 was found to correspond to the weakening of the discoloration of the surface water caused by the blue tide according to the fixed camera photos. A decrease in DO was also observed after September 15, which was considered a reoccurrence of upwelling associated with the northerly wind, but did not lead to a significant blue tide (Figure 7A).




Figure 7 | Time series of water quality at Stns. SF, SK, and SC. Top three panels are observed DO at the surface and bottom, at (A) Stn. SF, (B) Stn. SK, and (C) Stn. SC. Panel (D) shows observed surface pH. The bottom three panels are observed (solid lines) and estimated (filled circles) TA at the surface and bottom at (E) Stn. SF, (F) Stn. SK, and (G) Stn. SC.



At Stn. SC, anoxia of the surface water was observed from around September 3, delayed by the Stn. SF, and a temporary increase in DO was observed on September 4, which continued until the afternoon on September 8 (Figure 7C). At Stn. SK, hypoxia in the surface water was observed from the afternoon on September 5, which did not lead to anoxia. The pH in the surface water during the onset of the blue tide decreased from 8.0 to 7.8 at Stn. SF while remained at about 8.0 at Stn. SC (Figure 7D). At Stn. SK, although the recording was stopped midway due to a malfunction of the pH meter, the pH was found to drop below 7.9. The respective differences in TA measured using the ATT-05 in the surface and bottom layers minus TA estimated from continuously observed salinity ranged from −193.9 µmol/kg to 83.7 µmol/kg (N = 8) and from −0.65 µmol/kg to 63.5 µmol/kg (N = 6) at Stn. SF, from −48.8 µmol/kg to 30.9 µmol/kg (N = 6) and from −19.0 µmol/kg to 20.9 µmol/kg (N = 5) at Stn. SK; from −50.4 µmol/kg to 54.1 µmol/kg (N = 7) and from −9.5 µmol/kg to 63.7 µmol/kg (N = 6) atStn. SC (Figures 7E–G). The TA values at Stn. SF in the surface and bottom waters were approximately 1700 and 2000 µmol/kg before the occurrence of blue tide, showing a difference between the surface and bottom. During the onset of the blue tide, TA in both the surface and bottom waters increased; the difference between them became smaller, ranging from 2200 to 2300 µmol/kg. After September 10, TA showed a gradual decreasing trend and decreased faster in the surface water than in the bottom water. TA, however, did not immediately recover to the level before the blue tide and remained at 2000 µmol/kg a couple of days later. At Stn. SK, the TA values ranged from 1800 µmol/kg to 1900 µmol/kg in the surface water and more than 2100 µmol/kg in the bottom water before the blue tide. On September 6, the peak of the blue tide at Stn. SK, both the surface and bottom waters had TA values of more than 2250 µmol/kg. At Stn. SC, the TA values were around 1900 µmol/kg in the surface water and 2000 to 2200 µmol/kg in the bottom water before the onset of the blue tide, showing a slightly higher tendency than at the other stations. During the onset of the blue tide, the values in both the surface and bottom waters ranged from 2200 to 2300 µmol/kg, similar to those at the other stations.



3.4 Estimation of pCO2 and CO2 flux using continuous pH measurements

The estimated continuous pCO2 values were found to be consistent with the calculated values based on the water sampling analysis using ATT-05 (see Figures 8, 9), suggesting that our continuous pCO2 estimation method is practical and feasible by correcting the continuously observed pH values appropriately. The pCO2 in the surface water increased during the upwelling of anoxic water at all stations, with maximum values ranging from 1200 to 1400 µatm at Stns. SK and SC, and more than 2000 µatm at Stn. SF. The pCO2 in the surface water at Stn. M by MLIT also tended to increase during the same period but at lower values of around 600 µatm than at our three stations. This is considered that the upwelled water released pCO2 into the atmosphere as it spread offshore, and also was mixed with originally existed surface water with lower pCO2.




Figure 8 | Top three panels are comparisons of estimated continuous pCO2 from the corrected continuous pH and calculated pCO2 from the measurements of the corresponding water samples using ATT-05 at (A) Stn. SF, (B) Stn. SK, and (C) SC. Bottom two panels are estimated CO2 flux at the sea surface (positive value denotes emission) at (D) Stn. SF and (E) SC. Results at Stn. SK were omitted because of the considerable suspension of measurements. The blue tide durations are denoted by hatched boxes in blue.






Figure 9 | (A) Comparisons of estimated continuous pCO2 from the corrected continuous pH and calculated pCO2 from the measurements of the corresponding water samples using ATT-05 at Stn. M. (B) Estimated CO2 flux at the sea surface (positive values denote emission) at Stn. M. The blue tide durations are denoted by hatched boxes in blue.



Continuous estimates of CO2 fluxes at Stns. SF and SC showed absorption and emission trends before and after noon on September 1, respectively, due to the upwelling and subsequent blue tide (see Figures 8D, E). The mean CO2 fluxes during the absorption (normal) period were estimated to be −413 µmol m-2 h-1 and −491 µmol m-2 h-1 at Stns. SF and SC, respectively. The mean CO2 fluxes during the emission (upwelling) period were estimated to be 2153 µmol m-2 h-1 and 1540 µmol m-2 h-1 at Stns. SF and SC, respectively. The absorption trend at Stn. M was similar to those at Stns. SF and SC before the onset of the blue tide (see Figure 9B). A slight emission trend was observed during the blue tide, but the degree of emission was estimated to be minor compared to those at Stns. SF and SC.

Estimated propagated uncertainties for CO2 flux were between 1.1 and 17.5 µmol m-2 h-1 at Stn. SF and between 1.1 and 18.2 at Stn. SC during the absorption period, whereas they were between 11.4 and 60.2 at Stn. SF and between 12.1 and 34.2 at Stn. SC during the emission period. These uncertainties were around three percent or less of the typical magnitude of CO2 flux.




4 Discussion


4.1 Practical TA and pCO2 estimation for blue tides

We investigated a practical method for continuous estimation of pCO2 using TA and pH especially targeting surface waters during upwelling of hypoxic and anoxic waters, including blue tides. It is thus important to evaluate the accuracy of estimated TA from salinity and measured pH and their respective contributions to the estimation of pCO2 in such specific environments.

The measured TA is thought to include the influences of the conservative mixing of freshwater and open ocean water and biogeochemical processes such as photosynthesis, organic matter degradation, and calcification (Jiang et al., 2014). Surface waters in the open ocean and inner bays generally have a high linear correlation between TA and salinity (Lee et al., 2006; Najjar et al., 2020). A high correlation between TA and salinity has also been reported in Tokyo Bay under normal conditions without blue tides (Taguchi et al., 2009). This means that the biogeochemical effect on measured TA is small and almost entirely determined by non-biochemical effects. In this study, a high correlation was observed in surface water, even during the blue tide, strongly influenced by organic matter decomposition (Figure 2). There are, however, some limitations in the estimation of TA, including the slight overestimation and some outliers in the anoxic bottom waters and surface waters with low salinity, as mentioned in subsection 2.4, which should be considered in future research.

The high correlation between TA and salinity, even during the blue tide, is considered the dilution effect of the surface water. Blue tides are caused by the reaction of hydrogen sulfide with oxygen in the surface water to form particulate sulfur during the upwelling of anoxic waters. Therefore, when the water reached the surface, it may have mixed with the original surface water. Figure 6 shows that TA increased rapidly in the anoxic waters at Stn. PM, the borrow pit, and Figure 2 also shows that TA deviates from the regression line in the bottom layer. This means that biogeochemical effects cannot be neglected in the stagnant anoxic water. However, Figure 7 shows that the measured and estimated TAs of the surface layer were generally consistent even during the blue tide. These results suggest that the biogeochemical effects were minor when the anoxic water reached the surface, due to dilution by the abundant seawater.

The estimated pCO2 was found to more sensitive to a change in pH than that in TA especially during upwelling events due to the appearance of a significant decrease in pH. The accuracy of observed in situ pH thus plays a key role in obtaining reasonable pCO2 estimation results. However, the accuracy of self-recording pH sensors for continuous monitoring is considered a challenge. In fact, continuous observations of pH were not suitable for direct use in estimating pCO2. This is because pH meters moored in the field generally do not meet the accuracy requirements for pCO2 estimation. It is necessary to correct this by using a higher-accuracy pH meter. We showed that a practical continuous estimation of pCO2 was possible by calibrating in situ pH meter values using the high-precision pH meter of ATT-05 on water samples. The pCO2 of the water samples can be estimated by inputting two of the three parameters of pH, TA, and DIC measured by ATT-05 into PyCO2SYS; we confirmed that the calculated pCO2 values from any two of the three parameters were consistent with each other.

Figure 10 shows the difference in calculated pCO2 using measured pH and TA for the water samples containing sulfide with and without the consideration of its influence in PyCO2SYS; the pCO2 is considered overestimated without considering the effect of sulfide (Xu et al., 2017). The difference in pCO2 was less than 1 µatm at sulfide detection limit of 0.05 mg/L, whereas it was less than 20 µatm at sulfide concentrations of less than 1 mg/L, which were typical in our observation. The time series of pCO2 calculated by estimated TA and pH did not include the effect of sulfide in the surface layer (Figure 8). However, the concentration of sulfide in the surface layer during the onset of the blue tide was almost zero (Figure 6), suggesting that the error in pCO2 with and without the consideration of sulfide is small.




Figure 10 | Difference in calculated pCO2 using measured pH and TA for water samples containing sulfide with and without the consideration of its influence.



Although the estimated results in Figure 8 generally reproduces the variation in pCO2, a relatively large discrepancy was observed in the surface water at Stn. SF on September 8 during the blue tide (see Figure 8). This discrepancy was attributed to the significant difference between the pH of the water sample (7.309) and the corrected observed pH (7.487), which may have been caused by the freshwater effect specifically observed in the thin surface layer. Another reason for the underestimation of pCO2 was that the blue tide in Funabashi was the largest in scale, and the TA estimated from salinity was affected by internal production. However, the increasing pCO2 process before and during the blue tide and the decreasing process after the end of the blue tide were well reproduced. Therefore, the pCO2 estimation method developed in this study is considered practical.

However, for the bottom layer at Stn. M on July 16, the number of samples used for the correction was limited, and the pH sensor calibration interval was long, ranging from 2 weeks to 1 month, suggesting that a single regression equation may not have been sufficient. Further study is needed to establish a continuous estimation method of pCO2 over a long period from seasonal to annual variations, considering the balance between accuracy and cost.



4.2 Relationship between DIC, TA, and estimated pCO2 for water samples

In the estimation of pCO2, very high values were found in the bottom layer of the borrow pit (e.g., see Figure 5). Using the dataset of TA, DIC, and pH measured by ATT-05 for water samples, we considered coarbonate dynamics, including pCO2.

The vertical distribution of pCO2 at Stn. PM showed values exceeding 1000 µatm at a depth of 10 m and values exceeding 4000 µatm in the bottom layer (Figure 5). Also, at Stn. NF3, pCO2 in the anoxic water always exceeded 1000 atm (Figure 6). It is known that a high TA/DIC ratio results in a low CO2/DIC ratio tending to a sink for atmospheric CO2, whereas a low TA/DIC results in a high CO2 emission tendency. The carbonate buffering capacity is intensified under a larger TA, leading to a smaller decrease in pH with CO2 dissolution and more capacity for storing pCO2 (Egleston et al., 2010). The TA/DIC ratios at the surface layers of Stn. PM and Stn. NF3 under normal conditions were 1.155 and 1.252, and the corresponding pCO2 were 242 and 160 µatm, respectively (Figures 5B, 6A–D). This means that the carbonate buffering capacity was strong, and the water was a sink of the atmospheric pCO2. On the other hand, the TA/DIC ratios of the bottom layers at Stn. PM and Stn. NF3 under normal conditions were 0.950 and 0.977, respectively, and pCO2 exceeded 3000 µatm (Figures 5A, 6A–D). Under normal conditions, the TA/DIC ratio decreased with approaching the bottom, indicating that the area adjacent to the bottom sediment contained high pCO2 due to the decomposition of organic matter under the stagnant condition.

Figure 11 shows the relationship between DIC and TA for all water samples and calculated pCO2 using PyCO2SYS considering the influence of sulfide. TA values were higher than DIC for most of the samples. DIC values were higher than TA at the bottom of the navigation channel and borrow pit where sulfides were detected during normal times without blue tide, and at the middle to lower waters where sulfides were detected during the blue tide; pCO2 values in these waters were higher than 2000 µatm. During the blue tide outbreak, the TA/DIC ratios in the surface layer were 1.029 and 1.034, which were much lower than the values of 1.252 and 1.240 under the normal condition, indicating that the carbonate buffering capacity was weaker (Figures 5D, 6E–H) and thus increasing pCO2. This is due to the upwelling of anoxic waters affected by organic matter decomposition during the onset of the blue tide. Therefore, during blue tide outbreaks, there was a tendency of high CO2 emissions.




Figure 11 | The relationship between measured DIC and TA for water samples and calculated pCO2 from calc. pH and TA.



Next, we discuss the uniformity of carbonate-chemistry parameters in hypoxic and anoxic waters. First, Figures 5, 6 show that the pH at Stn. PM was lower than 7.7 in anoxic water, whereas the pH at Stn. NF3 was higher than that at Stn. PM, ranging from 7.7 to 8.0. The bottom layer at Stn. PM on August 20 recorded extremely high pCO2 with a DIC of 2778 µmol/kg and a TA of 2638 µmol/kg (Figure 5A). On the other hand, on September 16, after the end of the blue tide, pCO2 rapidly decreased at a depth of 20.54 m (Figure 5D) with a DIC of 2053 µmol/kg and a TA of 2186 µmol/kg in the bottom layer. Even at Stn. NF3, the pCO2 under normal conditions on July 16 and August 24 was different. This suggests that carbonate-chemistry parameters in the anoxic waters were not uniform and that the bottom waters in the pit and navigation channel were moved during upwelling.

From Figure 5A, the highest pCO2 was recorded at a depth of 18.35 m, which contained almost no sulfide. By contrast, changes in sulfide corresponded well with those in pCO2 during the onset of the blue tide (Figures 6E–H). This suggests that DIC and TA fluctuated in the bottom layer under the influence of organic matter decomposition, but the decomposition pathways contributing to the fluctuations were spatiotemporally different. As a result, carbonate-chemistry parameters in the anoxic water varied widely. Figure 8 also shows that pCO2 in the surface layer at Stns. SK and SC increased even before the onset of the blue tide, indicating that the high pCO2 values were influenced by organic matter decomposition other than sulfate reduction.



4.3 Impact of blue tide on CO2 emission

Although surface pCO2 at the time of upwelling tended to increase at all stations in the bay head, the CO2 flux suggested that the tendency to release CO2 to the atmosphere was particularly significant in the period when the blue tide occurred (Figures 8D, E, 9B). These are confirmed by comparing the mean values of CO2 flux at Stns. SF and SC during the emission periods with and without the blue tide as shown in Table 1. The table also shows results using other literature formulas for the piston velocity (Ho et al., 2006; Jiang et al., 2008) not including current speed, which is currently not available. Their results varied, but the absorption and emission trends were consistent among the formulas. Using the formula from Wanninkhof (2014), the CO2 emissions with blue tide were +2391 µmol m-2 h-1 between noon on September 2 and 0:00 a.m. on September 11 at Stn. SF and +2193 µmol m-2 h-1 between 0:00 a.m. on September 5 and noon on September 8 at Stn. SC, whereas those without blue tide were +809 and +1124 µmol m-2 h-1 at Stns. SF and SC, respectively. These results suggest that the CO2 emission was significantly greater with the occurrence of blue tides than without it during the emission period.


Table 1 | Estimated CO2 fluxes (μmol m-2 h-1 at Stns. SF and SC during the absorption and emission periods using piston velocities from severalliterature sources.



At Stn. SF, where higher pCO2 was observed, turbidity, which is highly correlated with sulfur concentration causing blue tide discoloration, remained higher than at Stn. SC throughout the observation period (Figure 8). The surface water at Stn. SF has considered affected by the upwelled waters from the Funabashi navigation channel and off-Makuhari borrow pit. In these waters, the stratification had been intensified during summer with little oxygen supply, whereas the DIC generated by organic matter decomposition accumulated below the pycnocline, which could be a cause of the appearance of extremely high DIC. In addition, the appearance of hydrogen sulfide decreased pH and increased the portion of pCO2. This suggests that blue tides with higher sulfur concentrations have higher pCO2 and a stronger tendency to emit to the atmosphere.

Figure 12 shows the time series of pH, TA, and DIC, and calculated pCO2 using PyCO2SYS at the surface, middle (6–8 m deep), and bottom at Stn. NF3. The values of these parameters in the surface layer at the time of the blue tide on September 3 were similar to those in the bottom layer on August 24, just before the onset of the blue tide. Therefore, it is considered that the water masses in the bottom layer upwelled while preserving these water quality parameter values. At Stn. NF6, outside the harbor area and located offshore of Stn. NF3, the conservative trend was not clearly seen, suggesting that the dilution effect was dominant. In the innermost part of the harbor, the upwelling of bottom anoxic water to the surface with relatively weak dilution is suggested to contribute significantly to the release of CO2 to the atmosphere.




Figure 12 | The time series of observed (A) pH, (B) TA, and (C) DIC at the surface, middle, and bottom. (D) The time series of calculated pCO2 for water samples collected at the surface, middle, and bottom at Stn. NF3.



Urban bays are expected to be atmospheric CO2 sinks due to abundant nutrient inputs leading to high primary production and advanced sewage treatment (Kuwae et al., 2016). In particular, Tokyo Bay has been reported to be a year-round atmospheric CO2 sink because sewage treatment removes labile organic matter more efficiently than nutrient species (Kubo et al., 2017; Tokoro et al., 2021). However, these studies did not adequately account for the effect of the upwelling of anoxic water masses. In this study, we show that pCO2 was highly elevated in the surface layer during the onset of blue tides and that CO2 tended to be highly emitted during this period. Because blue tides are localized events that occur at the head of the bay during the summer and autumn, their annual impact on the entire bay may be small. However, it is known that anoxic waters develop in the bay from spring to autumn (Ando et al., 2021), and CO2 in the hypoxic and anoxic waters may be rapidly released into the atmosphere in autumn when the stratification is destroyed. In the future, it is necessary to accumulate high-resolution spatiotemporal data to clarify the exact annual carbon budget in the bay.
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