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The East Sea (ES; Sea of Japan) meridional overturning circulation (MOC) serves as a crucial mechanism for the transportation of dissolved, colloidal, and suspended particulate matters, including pollutants, on the surface to deep waters via thermohaline circulation. Therefore, understanding the structure of the ES MOC is critical for characterizing its temporal and spatial distribution. Numerous studies have estimated these parameters indirectly using chemical tracers, severely limiting the accuracy of the results. In this study, we provide a method for directly estimating the turnover times of the ES MOC using the stream functions calculated from HYbrid Coordinate Ocean Model (HYCOM) reanalysis data by averaging the flow pattern in the meridional 2-D plane. Because the flow pattern is not consistent but various over time, three cases of stream function fields were computed over a 20-year period. The turnover time was estimated by calculating the time required for water particles to circulate along the streamlines. In the cases of multiple (two or three) convection cells, we considered all possible scenarios of the exchange of water particles between adjacent cells, so that they circulated over those cells until finally returning to the original position and completing the journey on the ES MOC. Three different cell cases were tested, and each case had different water particle exchange scenarios. The resulting turnover times were 17.91–58.59 years, 26.41–37.28 years, and 8.68–45.44 years for the mean, deep, and shallow convection cases, respectively. The maximum turnover time, namely 58.59 years, was obtained when circulating the water particle over all three cells, and it was approximately half of that estimated by the chemical tracers in previous studies (∼100 years). This underestimation arose because the streamlines and water particle movement were not calculated in the shallow (<300 m) and deep areas (>3,000 m) in this study. Regardless, the results of this study provide insight into the ES MOC dynamics and indicate that the traditional chemical turnover time represents only one of the various turnover scenarios that could exist in the ES.
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INTRODUCTION

The East Sea (ES; Sea of Japan) is a semi-enclosed marginal sea connected to the North Pacific, East China Sea, Yellow Sea, and Sea of Okhotsk via relatively narrow and shallow straits such as the Korea/Tsushima, Tsugaru, Soya, and Tatarsky Straits. These straits result in the active exchange of seawater with adjacent oceans and seas from the surface to depths of ∼300 m (Figure 1; Chang et al., 2016; Han et al., 2020). In addition, the sea surface atmospheric and oceanic conditions of the ES result in strong ventilation of deep dissolved oxygen in this small deep basin compared to the weak ventilation in the Pacific Ocean (Kim et al., 2001; Talley et al., 2006; Yoon et al., 2018; Han et al., 2020). This ventilation process occurs in intrinsic internal circulations in both horizontal and vertical directions and is related to meridional overturning circulation (MOC; Wunsch, 2002; Stouffer et al., 2006; Han et al., 2020). Horizontally, in the upper part of the ES MOC, currents such as the East Korea Warm Current and the Tsushima Warm Current are generated to carry warm and saline water to the north, whereas the North Korea Cold Current transports cold and less saline water to the south (Cho and Kim, 1998; Kim and Kim, 1999; Yoshikawa et al., 1999; Yun et al., 2004; Kim et al., 2006; Min and Kim, 2006; Park and Lim, 2018). Moreover, the ES MOC is developed vertically to carry dissolved, colloidal, and suspended particulate matters together with other bio-reactive elements between the surface and deep waters (Kim and Kim, 2012; Han et al., 2020). These matters can contain fractions of pollution from the surface water, which are then transported to deeper waters via the ES MOC; thus, a precise understanding of the spatial (MOC paths) and temporal (turnover time) structure of the ES MOC is crucial (Kawamura et al., 2007). In addition, the ES is often referred to as a “miniature ocean” because it has a circulation pattern similar to that of the global ocean (Ichiye, 1984; Kim et al., 2002; Talley et al., 2003). Therefore, studies on the ES MOC process and structure may provide a foundation for a better understanding of the global MOC that occurs at a much slower time scale.
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FIGURE 1. Map of the East Sea (ES; Sea of Japan). Open arrows represent major surface currents. The iso-depth interval is 1,000 m and land is shaded in light gray. KOR, RUS, and JPN indicate Korea, Russia, and Japan, respectively. KS, TSS, SS, and TAS denote Korea/Tsushima, Tsugaru, Soya, and Tatarsky straits, respectively. The ES is represented by a red dotted rectangle on the world map (upper left). Latitudinal sections in Figures 2–9 are zonally integrated sections in the ES because the ES MOC was calculated with zonally integrated values.
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FIGURE 2. (A) Mean convection (1993–2012), (B) deep convection, (1993, 2002, 2004–2009) and (C) shallow convection (1996–2001 and 2010–2012) cases in the meridional overturning stream functions. The contour intervals are (A) −0.1, 0.1, and 0.3 Sv; (B) 0.13 and 0.3 Sv; and (C) −0.3 and 0.2 Sv, respectively.
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FIGURE 3. (A) Streamlines of 0.3 Sv (①: solid line), 0.1 Sv (②: dashed line), and −0.1 Sv (③: left dot-dashed line and ④: right dot-dot-dashed line) for the mean convection case in the meridional overturning stream function from Figure 2A. Individual turnover times are ① 17.91, ② 18.04, ③ 16.95, and ④ 23.6 years, respectively. (B) Turnover times of upper cells from ∼300 to ∼700 m and from ∼300 to ∼900 m: ① 17.91 and ② 18.04 years, respectively. (C) Turnover times of upper and lower cells: (②+③) 34.99 years, (②+④) 41.64 years, and (②+③+④) 58.59 years, respectively.
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FIGURE 4. Streamlines of 0.3 Sv (①: solid line) and 0.13 Sv (②: dashed line) for the deep convection case in the meridional overturning stream function from Figure 2B. Individual turnover times are ① 26.41 years and ② 37.28 years, respectively.
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FIGURE 5. Streamlines of 0.2 Sv (①: solid line) and −0.3 Sv (②: dashed line) for the shallow convection case in the meridional overturning stream function from Figure 2C. Turnover times are ① 8.68 years, ② 36.76 years, and ①+② 45.44 years, respectively.
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FIGURE 6. Meridional and vertical travel times of 0.3 Sv (A,B), 0.1 Sv (C,D), and −0.1 Sv (E–H) streamlines for the mean convection case in the meridional overturning stream function. Turnover times of the 0.3 Sv (A,B), 0.1 Sv (C,D), −0.1 Sv (E,F), and −0.1 Sv (G,H) streamlines are 17.91 years (= 3.62 + 14.29), 18.04 years (= 6.52 + 11.52), 23.60 years (= 4.83 + 18.77), and 16.95 years (= 9.81 + 7.14), respectively.
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FIGURE 7. Meridional and vertical travel times of 0.3 Sv (A,B) and 0.13 Sv (C,D) streamlines for the deep convection case in the meridional overturning stream function. Turnover times of the 0.3 Sv (A,B) and 0.13 Sv (C,D) streamlines are 26.41 years (= 11.79 + 14.62) and 37.28 years (= 13.28 + 24.00), respectively.
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FIGURE 8. Meridional and vertical travel times of 0.2 Sv (A,B) and −0.3 Sv (C,D) streamlines for the shallow convection case in the meridional overturning stream function. Turnover times of the 0.2 Sv (A,B) and −0.3 Sv (C,D) streamlines are 8.68 years (= 2.22 + 6.46) and 36.76 years (= 9.98 + 26.78), respectively.
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FIGURE 9. Turnover time (totv) in the (A) mean convection, (B) deep convection, and (C) shallow convection cases in the meridional overturning stream functions. The turnover times are 20.6 years (0.25–0.35 Sv streamlines, red), 34.5 years (0.05–0.15 Sv streamlines, green), 31.9 years (−0.15 to −0.05 Sv streamlines, blue), and 49.2 years (−0.15 to −0.05 Sv streamlines, cyan) years in the panel (A) mean convection case; 63.7 years (0.25–0.35 Sv streamlines, purple) and 79.8 years (0.08∼0.18 Sv streamlines, maroon) in the panel (B) deep convection case; and 13.3 years (0.15–0.25 Sv streamlines, teal) and 44.0 years (−0.25 to −0.35 Sv streamlines, navy) in the panel (C) shallow convection case, respectively.


However, it is difficult to directly measure the turnover time of the ES MOC because of slow vertical motions in the water column. Instead, approaches to indirectly estimate the turnover time scale based on chemical tracers have been commonly applied (Gamo and Horibe, 1983; Harada and Tsunogai, 1986; Watanabe et al., 1991; Tsunogai et al., 1993; Chen et al., 1995; Kumamoto et al., 1998). In these indirect methods, the concentration of tracers that have radioactive decay is measured to calculate the turnover times using simple models, considering the concentration difference between the water masses. For example, Watanabe et al. (1991) used a three-box model established by Harada and Tsunogai (1986), in which the exchange time of tracers can be calculated between the three water masses of cold surface water, warm surface water, and deep water to provide a turnover time of ∼100 years. In this model, tritium, which has a half-life of 12.4 years, was used as the tracer, eliminating the need to consider the exchange of CO2 at the air-sea interface. Kumamoto et al. (1998) observed an increase in 14C at the bottom of the ES, which indicated a rapid turnover of the bottom water. Using an equation based on the measurement of 14C at the surface and bottom waters, the turnover time was estimated to be ∼100 years, which was similar to that reported by Watanabe et al. (1991).

Approaches based on various tracers have advantages in diagnosing the conveyer-belt system in the ES by detecting the bias from the previous observations or by comparing it with the systems observed in other regions (Kim et al., 2001). However, the indirect calculation of the turnover time through comparison of tracer concentrations between water masses may lead to an inaccurate estimation or limited approximation of such a time scale. In addition, such indirect estimations do not consider the paths of the ES MOC, although the dynamics of tracer transport are crucial. Another method used to estimate the turnover time of the ES MOC considering its path is the numerical model. Kawamura et al. (2007) employed Geophysical Fluid Dynamics Laboratory (GFDL) Modular Ocean Model (MOM) to calculate the annual formation rate and turnover time of two water masses in the ES. Specifically, they applied a particle tracking method based on the Euler-Lagrangian technique (Awaji et al., 1991; Yoshikawa et al., 1999) to calculate the movement of water particles and their trajectories. However, the turnover time was calculated only for the two representative intermediate water masses, but not for the whole ES MOC, providing relatively short turnover time scales (∼22 and ∼2 years) for each water mass. An alternative method to estimate the MOC turnover time is to use the water volume divided by the water volume transport between two streamlines in an idealized ocean and the global ocean (Döös et al., 2012; Zika et al., 2012; Thompson et al., 2014). Moreover, these studies calculated the turnover time for different stream layers as a function of temperature and salinity.

In this study, we also applied numerical model data to address the turnover time of the ES MOC and its temporal changes, with emphasis on decadal change. We employed the HYbrid Coordinate Ocean Model (HYCOM) global reanalysis products with finer horizontal (0.08°) and vertical (32 layers) resolutions than those in the MOM simulation used by Kawamura et al. (2007) and in the nucleus for European modelling of the ocean (NEMO) employed by Döös et al. (2012). The HYCOM reanalysis product is well validated in comparison with the in situ observations of the ES (Hong et al., 2016; Han et al., 2020). In addition, the stream function approach is beneficial in calculating the turnover time because it provides both the pathways on which the water particles or masses move and the velocity at the corresponding positions, which can be calculated using the velocities and corresponding distances along the streamlines. According to the HYCOM reanalysis data, the ES MOC pattern was not consistent but showed temporal (decadal) changes. To calculate the stream functions, we averaged the flows for different periods considering these changes in the ES MOC, resulting in three different cases of ES MOC cells. We then estimated the turnover times for each case based on the different stream functions. Specifically, we considered different scenarios of water particle movement, even under the same case, by assuming that the particles could be exchanged between different cells. The resulting turnover times were then extended if the particles that moved to the adjacent convection cell returned to the original cell to complete the journey along the cells. Therefore, we could consider a dozen different scenarios that were possible for the estimation of turnover times.

However, before applying the model data, it was necessary to define the turnover time because there are different definitions for turnover time or similar time concepts. Several researchers define the residence time as the time taken for each material element to reach the outlet (Zimmerman, 1976; Shen and Haas, 2004), so it is defined at a particular location in the estuary, bay, or sea. Other researchers incorporate the possibility of the water parcel can reenter the estuary or sea; thus, the time stops as soon as the water parcel escapes from the boundaries of the estuary or sea in the case of “residence time” (Bolin and Rodhe, 1973; Takeoka, 1984; Delhez and Deleersnijder, 2006), and the time restarts immediately as the water parcel reenters the domain in the case of “exposure time” (Monsen et al., 2002; Delhez et al., 2004; de Brauwere et al., 2011). Other scientists used influence time as the rate of renewal of the original water by new water (Cucco and Umgiesser, 2006), which is related to the time required for outside particles to arrive at the observation point in the estuary or sea (Delhez et al., 2014). Moreover, the turnover time is defined by researchers as the time required for the concentration in the area of interest to decrease to e-folding (1/e) if the initial concentration is one (Prandle, 1984; Shen and Haas, 2004), and the local turnover time is computed for each segment or grid according to the mass reduction to e-folding in that segment or grid (Shen and Haas, 2004). The freshwater residence time is defined as the mean required time for freshwater to reside in the estuary prior to exiting, and the estuary residence time is the mean required time for a water parcel to remain in the estuary before exiting it (Barrera et al., 2001). Transit time is the time required for a passive particle to cross the estuary from the upstream region, and flushing time is the time needed for particles released throughout the estuary to exit the estuary (Lemagie and Lerczak, 2015).

The turnover time in this study was also distinguished from the turnover time in the study by Watanabe et al. (1991), with the turnover time referring to the simple vertical mixing time scale of the deep water, and the turnover time resulted in ∼100 years by incorporating the impact of cold surface water. As previously described, Kawamura et al. (2007) numerically calculated the turnover time as the amount of time that water particles circulated in the corresponding water mass prior to exiting. In this study, we calculated the turnover time by integrating the time required for the water particle to move between two sequential points on a streamline over the meridional plane, which provides the time for the water parcel to circulate along the streamline of the ES MOC. Overall, this study aimed to compare the turnover time scale estimated from highly accurate model data with turnover time estimations from previous studies using various radioactive tracers. Moreover, we investigated the possible range of the estimated time scale considering the temporal changes in the ES MOC. The remainder of this paper is organized as follows. The data and methods are described in the section “Data and Methods,” and the results and discussion are presented in the sections “Results” and “Discussion,” respectively. The summary and conclusion are presented in the section “Summary and Conclusion.”



DATA AND METHODS


Data Sources

The HYbrid Coordinate Ocean Model (HYCOM) of the Global Ocean Forecasting System 3.0 (GOFS 3.0) and Global Reanalysis product (GLBb0.08), with Navy Coupled Ocean Data Assimilation (NCODA), has a horizontal resolution of 0.08° and employs a hybrid coordinate in which three vertical coordinates, namely isobars (pressure), isopycnals (density), and sigma levels (terrain), are used simultaneously. In this study, this reanalysis was used for the 20-year study period, from 1993 to 2012. The HYCOM data were then validated with the observed temperature, salinity, and velocity in the ES (Hong et al., 2016; Han et al., 2020).



Methods

The meridional overturning stream function (Ψ) was estimated by zonal and vertical integration of the meridional velocity (1 Sv = 106m3s−1) (Cunningham and Marsh, 2010; Kamenkovich and Radko, 2011; Han et al., 2013, 2020) as follows:
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Here, the meridional current v at longitude x, latitude y, depth z, and time t was integrated from the zonal easternmost point xe to the westernmost point xw, and from the bottom (zbot) to the corresponding depth (z).

The turnover time following a streamline (tots) was calculated using the length (Ls) of the selected zonally integrated streamline (S) divided by the averaged velocity ([image: image]) following the streamline (S) as follows,

[image: image]

where y and z are the meridional and vertical locations, and v and w are the meridional and vertical velocities, respectively. We then selected smoothed streamlines and calculated the turnover time to exclude the travel time of stagnant water.




RESULTS


Stream Function

In this study, we considered three cases of the ES MOC estimated from the stream function analysis based on the HYCOM data (Figure 2). The first case was obtained by averaging the HYCOM GOFS 3.0 reanalysis data for the 20-year study period, from 1993 to 2012 (Figures 2A, 3). This case was categorized as the “mean convection” case. In this case, four cells (cells ①, ②, ③, and ④) were obtained as shown in Figure 3A, by assuming that the shallow and deep convections were initiated around North Hamgyong Province in North Korea (East Sea Intermediate Water at approximately 41°N) and around Vladivostok (East Sea Central, Deep, and Bottom Waters at approximately 43°N), respectively. Therefore, the streamlines were selected at 41 (cell ①) and 43°N (cell ②) in accordance with Han et al. (2021). The contour lines (streamlines) of 0.3 and 0.1 Sv showed shallow cell pathways (cells ① and ② in Figure 3A), and those of −0.1 Sv showed deep cell pathways (cells ③ and ④ in Figure 3A).

During the 20-year reanalysis data period, the pattern of the cells could be divided into second (Figure 2B) and third (Figure 2C) cases considering the similarity of the convection pattern. In the second case, one large cell was formed and circulated the upper water directly into the deep region (Figures 2B, 4). Because we assumed that the water in this case started at Vladivostok (approximately 43°N) and there were same patterns for several years, the cell data of 8 years (1993, 2002, 2004–2009) out of the total 20-year data were averaged. The second case was categorized as a “deep convection” case. Contour lines (streamlines) of 0.3 and 0.13 Sv were selected to show the inner and outer pathways that form the one-cell convection and to display the deep convection around Vladivostok (cells ① and ② in Figure 4). The surface water sinks at a latitude of approximately 43°N to a depth of ∼3,000 m, and returns to the surface at a latitude of approximately 36°N after flowing southward along the lower part of the cell at depths of 1,000–2,000 m. The third case of the ES MOC stream functions consisted of a shallow cell above a 700-m depth, averaged in the years from 1996 to 2001 and from 2010 to 2012, as shown in Figures 2C, 5. Because we assumed that the water in this case originated from around North Hamgyong Province at approximately 41°N and there were similar patterns of reanalysis data for 9 years, the third case was categorized as a “shallow convection” case. In this case, two cells in shallow (<∼700 m) and deep (<∼2,500 m) waters were observed (cells ① and ② in Figure 5). The cell in the shallow water was confined to the southern part of the ES (36°N–41°N), whereas the pathway of the cell in the deep water occurred in the northern part (38°N–43.5°N). The three ES MOC cases with different cell numbers are summarized in Table 1. It should be noted that the cells in the three cases ranged over water depths from 300 to 3,000 m. Therefore, the flows in the surface area (<300 m) and deep area (>3,000 m) were not considered in this study.


TABLE 1. Cells characteristics in the three ES MOC cases.

[image: Table 1]


Turnover Time

Based on the three ES MOC cell cases listed in Table 1, the tots could be calculated following the different scenarios of water particle movement. These scenarios were based on assumptions that consider the possibility of water particle exchange between cells. For example, in mean convection, the turnover times could be obtained by integrating the circulation times of the three individual cells (cells ②, ③, and ④ in Figure 3A). In addition, we considered the possibility that the water particles in one cell could be transferred to another cell and move along the cell pathway. Based on this exchange possibility among the cells, we constructed three additional scenarios for the turnover times in the mean case, providing a total of seven scenarios to estimate totss based on the ES MOC mean convection case (Tables 1, 2). For example, because the 0.3 Sv cell (cell ① marked with a solid line in Figures 3A,B) is confined within the 0.1 Sv cell (cell ② marked with a dashed line in Figures 3A,B), the water particle in the 0.3 Sv cell (cell ①) could not be directly transported to the −0.1 Sv cells (left cell ③ marked with dot-dashed line and right cell ④ marked with dot-dot-dashed line in Figures 3A,C), crossing the 0.1 Sv cell (the cell ②) (scenario 1 in Table 2). Therefore, the water particles could only be exchanged between cells ② and ③, and between cells ② and ④. Therefore, a turnover time scenario could be determined by considering that a water particle in cell ② moved to cell ③ and then back to cell ② after circulating cell ③ to complete its journey in the ES MOC (scenario 5 in Table 2). Similarly, another scenario could be constructed by considering the possibility that a water particle in cell ② was transferred to cell ④ and returned to cell ② so that the turnover time of the particle could be estimated by adding the circulation times for cells ② and ④ (scenario 6 in Table 2). In addition, as shown in Figure 3C, a water particle in cell ② could be moved to cell ④. After circulating cell ④ in the anti-clockwise direction, however, the particle could also be transferred to cell ③ instead of returning to cell ②. Finally, this water particle could then join back to cell ② after circulating cell ③. Therefore, the final turnover time could be calculated by adding the circulation times of cells ②, ③, and ④, resulting in a longest turnover time compared to the other scenarios in which the water particles circulated each cell only once or circulate over two adjacent cells (scenario 7 in Table 2).


TABLE 2. Turnover time (tots) scenarios for the mean, deep, and shallow convection cases in the ES MOC.

[image: Table 2]
 The totss calculated for the seven scenarios in the mean convection case were as follows: cells ① and ② ranged from ∼300 to ∼700 m, and from ∼300 to ∼900 m depths, respectively, as shown in Figure 3B. Moreover, the turnover times of these cells were 17.91 years (cell ①, scenario 1 in Table 2) and 18.04 years (cell ②, scenario 2 in Table 2), respectively. The water depths of cells ②, ③, and ④ for the mean convection case ranged from ∼300 m to ∼2,500 m (scenario 7 in Table 2) as shown in Figure 3C. The turnover times of these cells were 34.99 years (cells ②+③, scenario 5 in Table 2), 41.64 years (cells ②+④, scenario 6 in Table 2), and 58.59 years (cells ②+③+④, scenario 7 in Table 2). The results of totss for the seven scenarios for the mean convection case are listed in Table 2.

The meridional and vertical turnover times were calculated separately to investigate the turnover time. Figure 6 shows the method for calculating the turnover time of each cell meridionally and vertically, and the dots in the figure represent the locations where the travel time was calculated in the meridional and vertical directions. The colors of the dots denote the travel time between two adjacent locations in each direction, as calculated using Eq. 2. The left four panels in Figure 6 show the travel time between the two adjacent dots in the meridional direction for the four convection streamlines shown in Figure 3A, whereas the right four panels show the travel time in the vertical direction for the corresponding convection streamlines. The meridional travel times were long (yellow color) in the north in Figures 6A,C, and deep in Figures 6E,G. Moreover, the vertical travel times were longer (yellow color) at several locations (Figures 6B,D,F,H). The tots of each cell could be calculated by the summation of the travel times in the meridional and vertical directions. For example, in the case of cell ①, the tots was obtained by adding the travel time in the meridional direction (3.62 years, as shown in Figure 6A) to the travel time in the vertical direction (14.29 years, as shown in Figure 6B), equaling a tots of 17.91 years for the cell ①. Similarly, the tots for convection cells ②, ③, and ④ could be calculated by adding the travel times in both directions, as shown in Figures 6C–H. The long travel times between the two locations were typically observed in the deep northern waters, but this trend was not always observed in the deep and shallow convection cases in Figures 7, 8.

The estimation of turnover times for the deep convection case (Table 1) was simpler because the ES MOC consists of only one large meridional circulation. As shown in Figures 2B, 4 the two streamlines estimated over 0.3 Sv (cell ① in Figure 4) and 0.13 Sv (cell ② in Figure 4) formed two closed loops of the cells. The turnover times for the cells were 26.41 years for cell ① and 37.28 years for cell ②. The results are summarized in scenarios 8 and 9 of Table 2. The method of calculating totss for cells ① and ② in Figure 4 was the same as that for the mean convection case, with the travel times in the meridional and vertical directions added to provide the total turnover time for each cell (Figure 7). A similar approach could be applied to the shallow convection case, as shown in Figures 2C, 5. The turnover times could be estimated individually for the two cells by adding the travel times in the meridional and vertical directions (Figure 8). In addition, other totss could be calculated by summing the totss of cells ① and ②, considering that the water particle was exchanged between the cells and assuming that the particles that circulate cell ② would join back to cell ① to complete its journey over the ES MOC in Figure 5. The resulting totss for the shallow convection case were 8.68 years for cell ①, 36.76 years for cell ②, and 45.44 years for cells ①+② (scenarios 10, 11, and 12 of Table 2).




DISCUSSION

The results of this study indicated several possible scenarios for the ES MOC pathways and resultant turnover times. These findings were based on a new approach using modeled data, which was distinguished from the turnover times based on traditional chemical tracer estimations. In this approach, which calculates the stream functions in the 2-D meridional plane, realistic passages of water particles could be visualized by identifying the locations of vertical movement (where the water rises and sinks), and the horizontal movement (where the water flows southward and northward). In addition, the water particle pathways could be modified by considering the water particle exchange between two adjacent cells, providing various water particle pathway scenarios. The turnover times depended on the pathways and cells, and they ranged from 8.68 to 58.59 years. The turnover times calculated in this study (maximum ∼59 years) were less than those calculated from chemical tracers, such as CFC, 14C, tritium, and 226Ra (∼100 years) (Harada and Tsunogai, 1986; Watanabe et al., 1991; Tsunogai et al., 1993; Chen et al., 1995; Kumamoto et al., 1998). The reason for this difference remains unclear. However, we calculated the turnover times by selecting streamlines that sunk at approximately 41°N and 43°N, and assumed that the water particles followed these streamlines. Water particles could not rise above a depth of 300 m, nor sink below a depth of 3,000 m in this study. It is because the surface currents above the 300 m depth do not make a closed ES MOC path, which is owing to the Korea/Tsushima, Tsugaru, Soya, and Tatarsky Straits. Also, it is because the stream function data were not enough below the 3,000 m depth owing to the scarceness of velocity data at such depths. These likely resulted in an underestimation of the calculated turnover time in this study.

Another possible reason for the discrepancy in our results could be our assumption that the water particles were exchanged only once during their journey along the ES MOC. However, it is also possible that the water particles transferred to the cell in the deep water remained within the cell for two cycles before finally joining the cell in the shallow water. In that case the total turnover time would increase and, in reality, there could be many different exchange combinations to provide a wide range of turnover time scales. For example, in the three-cell (Figure 3C) mean convection case, the turnover times could be extended if the water particle that started in cell ② moved to cell ④ and cell ③, then remained at cell ③ for two cycles, giving a turnover time of 105.79 years (cells ②+④+③+③+③). However, this extended turnover time would not be considered as an official result because matching the time scale with those in previous studies was not the purpose of this study.

Compared to the turnover times calculated based on the stream function (tots) in this study, another definition of turnover time based on the water volume (totv) was suggested, calculated by dividing the water volume (△V) by the water volume transport (△Ψ) between the corresponding two streamlines (Döös et al., 2012; Zika et al., 2012; Thompson et al., 2014), as follows

[image: image]

The totv was then estimated for the three cases listed in Table 1 for a comparison with tots; we selected two adjacent streamlines according to those of tots in the previous section. For example, two adjacent 0.25 Sv and 0.35 Sv streamlines of totv (red in Figure 9) were selected according to ± 0.05 Sv of the 0.3 Sv streamline of tots (Figure 2A). In Figures 9A–C, the stream functions at different levels were contoured for the corresponding three cases, with different colors marking the size of the water volume between the two adjacent streamlines. For example, the water volume between the 0.25 Sv and 0.35 Sv streamlines in the mean convection case was ∼6.5 × 1013 m3, and the water volume transport between the 0.25 Sv and 0.35 Sv streamlines was 0.1 × 106 m3 s–1 (red color), as shown in Figure 9A. Therefore, according to Eq. 3, the totv between the 0.25 Sv and 0.35 Sv streamlines was 6.5 × 1013 (m3)/0.1 × 106 (m3 s–1) ≈ 6.5 × 108 (sec) ≈ 20.6 (years). This totv was longer than that calculated for the 0.3 Sv streamline (tots, ∼17.9 years) because the totv assumed that the water mass between the 0.25 Sv and 0.35 Sv streamlines flowed approximately along the original 0.3 Sv streamline and that its pathway was larger than that of the smoothed 0.3 Sv streamline. Similarly, the other totvs for the mean convection case were 34.5 years (between the 0.05 Sv and 0.15 Sv streamlines; green), 31.9 years (between the −0.15 Sv and −0.05 Sv streamlines; blue; south), and 49.2 years (between the −0.15 Sv and −0.05 Sv streamlines; cyan; north) (Figure 9A and Table 3). We selected these streamlines to compare the totv and tots. The totvs for the deep convection case were 63.7 years (between the 0.25 Sv and 0.35 Sv streamlines; purple) and 79.8 years (between the 0.08 Sv and 0.18 Sv streamlines; maroon) (Figure 9B and Table 3). The totvs in the shallow convection case were 13.3 years (between the 0.15 Sv and 0.25 Sv streamlines; teal) and 44.0 years (between the −0.35 Sv and −0.25 Sv streamlines; navy) (Figure 9C and Table 3). These totvs were longer than totss because the latter was calculated along smoothed streamlines (Figures 6–8) and the former was calculated by dividing the volume by the volume transport between the two original and unsmoothed streamlines (Figure 9). It was noted that the longest tots based on Eq. 2 was 58.59 years when the water particle circulated the three cells (mean convection case, scenario 7), as shown in Table 2. However, the longest totv based on Eq. 3 was 79.8 years for the deep convection case as shown in Table 3. This is because tots increased when the water particle moving along the streamline traveled over a larger number of cells because of the exchange between the cells (i.e., tots was the longest when the water particle traveled over the largest [three] number of cells in Figure 3C). Conversely, totv increased when the water volume (per water volume transport, 0.1 Sv in this study) increased, as indicated by Eq. 3, resulting in the longest turnover time when the water volume was the largest in the deep convection case (maroon color in Figure 9B). It is also interesting to note that the longest totv of 79.8 years was close to the estimation of ∼100 years based on chemical tracers, probably because of the similar mechanisms of turnover time estimation.


TABLE 3. Turnover time (totv) for the mean, deep, and shallow convection cases in the ES MOC.

[image: Table 3]
 The chemical tracing turnover times of the ES bottom water, around 100 years (e.g., Gamo and Horibe, 1983; Kumamoto et al., 1998), were calculated by assuming that the bottom water (below a depth of 2,000 m) was exchanged with the deep water (above a depth of 2,000 m). However, our calculation in this study was estimated based on the circulation along the streamline (Eq. 2), and water volume transport between streamlines (Eq. 3). This suggests that biogeochemists can observe the tracers and calculate the turnover time in a new way. We could calculate the turnover time of the water below 2,000 m depth (tot2,000m) using the water volume below 2,000 m depth in the ES (△V2,000m, 0.4 × 1015 m3) divided by the water volume transports at a 2,000 m depth in mean, deep, and shallow convection cases (△Ψ, −0.10 Sv, 0.30 Sv, and −0.30 Sv in Figure 2 and Table 1) as follows, and the results were ∼125.5, ∼41.8, and ∼41.8 years.

[image: image]

The water which sinks and reaches a depth of around 700 m always flows southward, while the water below a depth of 2,000 m flows southward in deep convection case (for 8 years such as 1993, 2002, 2004–2009) and northward in shallow convection case (for 9 years from 1996 to 2001 and from 2010 to 2012) in Figures 2–5. This reversal of the water flow direction below the 2,000 m depth between the deep and shallow convection cases explained why the turnover time (tot2,000m) in the mean convection case is longer than those in the deep and shallow convection cases. Also, we suggested the pathways of the ES MOC in this study, which were related to the topography in the ES. Marine biogeochemists can measure the biogeochemical tracers or matters along the pathways of the ES MOC, and they can deduce the origin of those materials. Thus, research plans can be established that refer to the pathways of the turnover time in this study. This physical turnover time calculation and its biogeochemical utilization can be applied to areas adjacent to the ES such as Yellow Sea and East China Sea, and other regional seas and open oceans.

Moreover, we used the results of the global simulation with the data assimilation to calculate the turnover time, and applied the stream function approach to determine the pathways and turnover times for the various ES MOC cases. However, there is a drawback associated with the stream function approach: stream functions are obtained only in the 2-D meridional plane. Therefore, the longitudinal flow motions and 3-D circulations could not be considered as currents that move to the west or east in the middle of the ES (e.g., Figure 18 of Yun et al., 2004; Figure 4 of Park et al., 2010). The 2-D consideration of the ES MOC using stream functions could therefore lead to an underestimation of its time scale. Other approaches such as particle tracking or dye experiments with numerical simulations longer than 20 years could be explored in future studies to estimate the turnover time in the ES and to evaluate the accuracy of the approach used in this study.



SUMMARY AND CONCLUSION

In this study, the turnover times of the ES MOC were estimated using a global HYCOM reanalysis with data assimilation for 20-year period (1993–2012). This method is distinguished from the traditional methods in which the turnover times in the ES were estimated indirectly using chemical tracers and directly using the numerical simulation of water particles of the intermediate water, not deep water. Specifically, this method is advantageous because the pathways of water particle movement can be identified by integrating the motions along streamlines, which also provides the possible passages of tracers.

Three cases based on the integration of travel time were selected for the ES MOC. The first case was a “mean convection case” obtained by averaging all the data over a 20-year period, from 1993 to 2012. The second and third cases were obtained by averaging the reanalysis data for selected years with similar patterns: 1993, 2002, and 2004–2009 for the second ES MOC case (deep convection case), and 1996–2001 and 2010–2012 for the third case (shallow convection case). As a result, the ES MOC pattern was different between the cases as four meridional overturning cells were obtained in the first case, and only one cell was determined for the second case. In the third case, two cells, the upper and lower cells, were observed. The turnover times were then calculated by integrating the travel times of the water particles along the streamlines between two locations. A variety of pathways and turnover times in the ES MOC could be estimated considering that the water particles were exchanged between adjacent cells. Therefore, several overturning pathways were obtained for each ES MOC case by assuming different exchange scenarios.

The shortest turnover time of 8.68 years was obtained in the scenario where the water particles circulated through the upper cell only, without exchange with the lower cell in the third ES MOC case (shallow convection case, scenario 10 in Table 2). Conversely, the longest turnover time was 58.59 years, which was obtained from the first ES MOC case (mean convection case) by considering the water particle exchange between all three cells – that is, the water particle that left the upper cell also circulated the two lower cells until finally returning to the original location in the upper cell to complete the journey along the ES MOC (scenario 7 in Table 2). This turnover time was approximately half of that estimated by chemical tracers in previous studies (Watanabe et al., 1991; Kumamoto et al., 1998); however it was longer than that estimated using a numerical approach (Kawamura et al., 2007). The reason for this discrepancy is not clear. However, the HYCOM reanalysis data used in this study was validated and assimilated using various global ocean measurements, providing useful information for various studies. In addition, the turnover times in this study can be extended by employing additional water particle exchange scenarios. For example, the turnover time could reach ∼100 years if we considered that the water particles circulated the deep cell multiple times before returning to the shallow cell, which was excluded in this study because matching the turnover time scale with previous studies was not the purpose of this study. The method in this study can also be applied to estimate the turnover times in the global ocean and in other basins, which would aid in forecasting global and regional overturning circulations in a warming climate.
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