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Changes in Mid-Depth Water Mass Ventilation in the Japan Sea Deduced From Long-Term Spatiotemporal Variations of Warming Trends
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The influence of global warming on mid-depth water mass ventilation in the Japan Sea was investigated using both Argo-based and ship-based hydrographic datasets. The Argo-based dataset of the entire Japan Sea area revealed a warming trend during the past two decades in the upper portion of the Japan Sea Proper Water (UJSPW), which lies at intermediate depths from just under the main thermocline to approximately 1000 m. The warming rates in the southern Japan Sea are generally greater than those in the northern sea by a factor of 2–3. Long-term hydrographic data obtained over the last five decades in the northeast and southeast of the sea revealed that higher warming rates in the southern sea began from 2008, although a significant warming in both northern and southern seas was initiated from the late 1980s. A stagnation in the UJSPW formation from the late 1980s was suggested by a positive shift in the winter sea surface temperature in its formation region and a decreasing trend in dissolved oxygen concentration during the 1990s. In addition, a vertical multi-box model demonstrated that an imbalance between the heating from the upper layer and the cold water supply from its source region induces a warming in the UJSPW. We conclude that a significant change in the mid-depth water mass ventilation occurred in the entire Japan Sea in the late 1980s due to a stagnation in the UJSPW formation. Subsequently, a modest event in the mid-depth water mass ventilation have occurred since 2008. The higher warming rates in the southern sea than those in the northern sea in the event suggest a reduction in cold UJSPW supply to the southern sea from its formation region.
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INTRODUCTION

Oceanic thermohaline circulation, which is an important part of the global climate system, is believed to be significantly influenced by global warming. The freshening of mid-depth water masses in the Pacific and Indian Oceans and the warming of bottom water in the subarctic North Pacific have been considered evidence of the influence of global warming (Wong et al., 1999; Fukasawa et al., 2004). However, little is known about how thermohaline circulation responds to global warming and the signals that can be detected in oceans.

The Japan Sea is a mid-latitude marginal sea loosely separated from the northwestern North Pacific by the Japanese archipelago (Figure 1). One of the unique features of the Japan Sea is a self-contained thermohaline circulation system that includes deep water formation. The thermohaline circulation system in the Japan Sea is sensitive to global warming and climate change owing to its limited size (Bindoff et al., 2007). In fact, a gradual warming and depletion in the dissolved oxygen (DO) concentration have been reported from the abyssal Japan Sea, suggesting a stagnation in the deep water formation (Gamo et al., 1986; Minami et al., 1999; Gamo, 2011). Therefore, the Japan Sea can be regarded as a “canary in a coal mine” of climate change impacts in the global oceans (Gamo, 2011).
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FIGURE 1. Bottom topography of the Japan Sea. Red squares labeled JW, JE, YB, and TB indicate the areas for the Argo data analysis representing the western Japan, eastern Japan, Yamato, and Tsushima Basins, respectively. Two yellow circles labeled H-4 and PM5 show the long-term hydrographic stations by the JMA. The location of Vladivostok is indicated by a blue circle.


A simple view of thermohaline circulation in the Japan Sea is as follows. The layer under the main thermocline of the Japan Sea is occupied by a water mass called the Japan Sea Proper Water (JSPW), which was previously considered a single water mass because of its narrow temperature (0–1°C) and salinity (34.06–34.08) ranges (Uda, 1934; Worthington, 1981). The JSPW is formed by deep convection due to surface cooling in winter in the northwestern Japan Sea (Sudo, 1986; Senjyu and Sudo, 1993, 1994; Seung and Yoon, 1995; Senjyu et al., 2002). The cold and oxygen-rich characteristics (>190 μmol kg–1) in the JSPW as well as its narrowness in temperature and salinity ranges originate from the convective formation process (Senjyu, 2020). Because of the shallow sill depths of the four straits connecting the Japan Sea with other waters, the JSPW is perfectly isolated from the surrounding seas. Hence, the JSPW sunken into a deep layer in the northwestern region gradually upwells during the course of the cyclonic circulation in the abyssal Japan Sea basins (Senjyu et al., 2005b; Senjyu and Yoshida, 2019).

Close examinations of water characteristics have revealed that the JSPW consists of several water masses (e.g., Nitani, 1972; Gamo and Horibe, 1983; Senjyu and Sudo, 1993, 1994, 1996; Kim et al., 2004). Circulation and ventilation systems corresponding to each water mass have been suggested in accordance with this layered water mass system (Kang et al., 2004; Hatta and Zhang, 2006). In this study, we implicitly assume three-layered water masses, the upper portion of the Japan Sea Proper Water (UJSPW) from just under the main thermocline to approximately 1000 m (Sudo, 1986; Senjyu and Sudo, 1993, 1994), the deep water lying approximately 1000–2000 m (Nitani, 1972; Kim et al., 2004), and bottom water below approximately 2000 m (Gamo and Horibe, 1983; Gamo et al., 1986).

This study discusses the recent influence of global warming on the mid-depth water mass in the Japan Sea (corresponding to the UJSPW) based on hydrographic datasets obtained by the Argo floats and research vessels. The UJSPW has been defined as the water mass in the potential density (PD) range 27.31–27.34, along with its core density of 27.32, based on the hydrographic data obtained before 1985 (Sudo, 1986; Senjyu and Sudo, 1994). Although the UJSPW distributes in the entire Japan Sea area, the water mass north of the subarctic front is characterized by a relatively weak stratification (pycnostad) with high DO concentration (Senjyu and Sudo, 1993). Since this is a remnant of deep convection at the UJSPW formation, remarkable signals reflecting global warming are anticipated in its long-term variations.

The Argo float is a robotic instrument drifting with the currents at a mid-depth and measuring temperature and salinity between a depth and the sea surface via a periodic movement up and down. As shown in the next section, the Argo float data are available over the entire Japan Sea area, including the regions where frequent observations by research vessels are difficult to conduct, such as the North Korean territory and the south of the Peter the Great Bay off Vladivostok in winter, which are potentially important for JSPW formation. Although the Argo float datasets provide oceanographic conditions in a wide area of the Japan Sea, their temporal coverage spans only just over 20 years as the international Argo Project began in 2000. For this reason, Argo float data have been mainly utilized to detect the mid-depth circulation pattern in the Japan Sea (e.g., Park et al., 2004, 2010; Choi and Yoon, 2010; Kang et al., 2016). To compensate for the temporal coverage of the Argo data, we analyzed long-term (spanning the last five decades) ship-based hydrographic data obtained in the northeastern and southeastern Japan Sea. The analyses of the complementary datasets revealed changes in the mid-depth water mass ventilation in the wide areas of the Japan Sea that occurred in recent decades.



DATA AND METHOD

We analyzed the Advanced Automatic Quality Checked Argo data (AQC Argo data) version 1.2a offered by the Japan Marine Science and Technology Center (JAMSTEC), which provides temperature and salinity profiles with more advanced automatic checks than the real-time quality-controlled data from the Global Data Assembly Center. In total, 20610 temperature and salinity profiles were registered in the Japan Sea area for the period from October 2001 to December 2019. The typical sampling intervals in the profile were 10–30 m. The Argo floats in oceans worldwide typically park at a depth of 1000 m and measure temperature and salinity between 2000 m and the sea surface via temporal sinking every 10 days. However, most Argo floats in the Japan Sea have been set to stay at 700–800 m and measure temperature and salinity between the parking depth and the sea surface every 7–10 days. Therefore, the amount of data decreases to less than 40000 points below the depth of 700 m from more than 200000 points in the upper 200 m (Figure 2). However, data from the upper 700 m are sufficient for investigating the oceanic conditions in the UJSPW.
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FIGURE 2. Frequency distribution of the AQC-Argo data in the Japan Sea with respect to the depth.


First, a screening of the profiles was performed with the criterion that the maximum observation depth was deeper than 500 m and the number of observation layers was greater than 10. Each profile was interpolated every 10 m using the Akima method (Akima, 1970) based on the data that all the quality flags of pressure, temperature, and salinity labeled by the JAMSTEC were normal. Nevertheless, abnormally low or high values were often found in salinity in the JSPW, although temperature measurements were generally within a reasonable range. It has been reported that the long-term variation in salinity at a depth range of 300–1000 m is small (+0.06 per 100 years) (Kwon et al., 2004). Indeed, ship-based salinity measurements at Stations H-4 and PM5 in the northeastern and southeastern Japan Sea (Figure 1), respectively, showed relatively stable values around 34.07 in the UJSPW since the 1970s, particularly after 1993 when the observations with a CTD (conductivity-temperature-depth profiler) were initiated (not shown). Therefore, we applied a simple correction to salinity in the AQC Argo data, assuming that the salinity in the UJSPW was almost constant during the analysis period. The difference between the observed salinity at the bottom layer of each profile (Sb) and the reference salinity (34.070) was evaluated, and the difference was added throughout the salinity profile, excluding the profiles of Sb in the range 34.065–34.075. The profiles showing extremely high or low salinity in the bottom layer (i.e., Sb > 34.10 or Sb < 34.02) were rejected.

Following this exclusion process, the number of profiles was reduced to 16115, although the data points were still distributed across the entire sea area (Figure 3T). However, if we see the distribution of the data points in each year, the profiles were concentrated in the southwestern part of the sea in the early stage of the analysis period (Figures 3A–G), because the Argo floats in the Japan Sea were mainly deployed by Korean organizations. They were spread annually and distributed throughout the entire Japan Sea area by 2008 (Figures 3H–S). Considering the data distribution in each year, as well as the bottom topography, we defined the four areas representing the western Japan Basin (JW), eastern Japan Basin (JE), Yamato Basin (YB), and Tsushima Basin (TB), shown in Figure 1, and then calculated the yearly mean profiles of potential temperature (PT) and PD in each area from the temperature and corrected salinity profiles.
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FIGURE 3. Distributions of Argo float data in each year: (A) 2001, (B) 2002, (C) 2003, (D) 2004, (E) 2005, (F) 2006, (G) 2007, (H) 2008, (I) 2009, (J) 2010, (K) 2011, (L) 2012, (M) 2013, (N) 2014, (O) 2015, (P) 2016, (Q) 2017, (R) 2018, and (S) 2019. Total distribution from 2001 through 2019 is shown in (T). Black squares indicate JW, JE, YB, and TB in Figure 1.


A bi-modal distribution in PT, warm, and cold modes was occasionally found throughout the year, particularly in JW. Close examinations revealed that the warm mode originated from the floats that had been trapped in warm eddies. These warm mode profiles typically showed PT > 1.0°C at 400 m. Therefore, we excluded the profiles showing PT > 1.0°C at 400 m from the calculation of the yearly mean PT and PD in each area, as our specific interesting is in the JSPW that is generally colder than 1.0°C. The yearly mean values and standard deviations for each area were calculated from at least three data points. The degree of spatiotemporal biases in the data distribution in each area can be evaluated by the standard deviations.

To investigate longer-period variations in the UJSPW, ship-based hydrographic data (temperature, salinity, and DO) during the period 1971–2019 at Stas. H-4 and PM5 in JE and YB, respectively, were analyzed (Figure 1). Sta. PM5 (37°42′N 134°42′E) is a most frequently observed hydrographic station in the Japan Sea by the Japan Meteorological Agency (JMA) since the 1960s; particularly, during the period 1972–2009, observations were conducted regularly four times a year mainly in February, April–May, July, and September, although the frequency has been reduced to once a year (mainly in November) since 2011. Hydrographic observations at Sta. H-4 (40°30′N 134°40′E) have been conducted at least once a year from 1972 to 2019 by the JMA, with exceptions in 1981, 1988, and 1991. The DO measurements at Sta. H-4 during the period 1986–1996 were not available except for 1987 and 1993–1995. The yearly mean and standard deviation of PT and PD were calculated for each station if there were plural data more than two in a year, otherwise only the mean value was calculated. In any cases, we applied the criterion that profiles of PT > 1.0°C at 400 m are excluded, as in the Argo data processing.

In addition, the sea surface temperature (SST) in JW was analyzed as an indicator of oceanic conditions in the JSPW formation region (Figure 1). The Centennial in situ Observation-Based Estimates of the Variability of SST and Marine Meteorological Variables, version 2 (COBE-SST2) provides global monthly mean SSTs with spatial resolutions of 1° × 1° in latitude and longitude (Hirahara et al., 2014). We downloaded the dataset during the period 1971–2020 from the website of the North-East Asian Regional Global Ocean Observing System (NEAR-GOOS), Regional Real Time Data Base by the JMA.



RESULTS

The time series of Argo-based PT and PD at representative depths (400, 500, 600, 650, and 700 m) in each area are shown in Figures 4, 5, respectively. Although there were insufficient data in the early stage of the analysis period except for TB, as previously mentioned, the linear warming trend throughout the depths in all the evaluated areas is presented. Accordingly, PD shows decreasing trends in all the areas; however, most PD values were within the range of the UJSPW (27.31–27.34) defined by Senjyu and Sudo (1994) except for 400 m. We tested the statistical significance of the trends using the Student’s t-test. The bold and bold-underlined figures in Tables 1, 2 indicate statistical significance at the 95 and 99% confidence levels, respectively. The warming and lightening rates in PT and PD were significant at the 99% confidence level throughout the depths in YB and TB. JE also showed significant warming rates throughout the depths except for 400 m, although the lightening rate in PD at 400 m was significant at the 99% confidence level. In JW, statistically significant warming and lightening rates were found in the depth ranges 600–650 m and 400–600 m, respectively. The changing rates in each region were also estimated based on the vertically averaged PT and PD for a depth range 400–650 m. All the regions showed the positive and negative rates in PT and PD, respectively. The changing rates in PD were statistically significant in all the regions, although significant PT rates were found in YB and TB in the southern Japan Sea.
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FIGURE 4. Time series of the Argo-based yearly mean PT at 400, 500, 600, 650, and 700 m in (A) JW, (B) JE, (C) TB, and (D) YB. Vertical bars at each data point indicate one standard deviation. Red lines depict the linear trend calculated by least square method. Statistically insignificant trends at 95% confidence level are shown by dashed lines.



[image: image]

FIGURE 5. Time series of the Argo-based yearly mean PD at 400, 500, 600, 650, and 700 m in (A) JW, (B) JE, (C) TB, and (D) YB. Vertical bars at each data point indicate one standard deviation. Red lines depict the linear trend calculated by least square method. Statistically insignificant trends at 95% confidence level are shown by dashed lines.



TABLE 1. Changing PT rates in JW, JE, YB, and TB based on the Argo data. Bold and bold-underlined figures indicate statistically significant values at 95 and 99% confidence levels, respectively.
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TABLE 2. Changing PD rates in JW, JE, YB, and TB based on the Argo data. Bold and bold-underlined figures indicate statistically significant data at 95 and 99% confidence levels, respectively.

[image: Table 2]
It is noteworthy that the warming rates in the southern areas (YB and TB) were generally greater than those in the northern areas (JW and JE). To highlight the contrast, warming rates were evaluated for the northern and southern areas separately (Table 1). Although statistically significant rates were only found at 600 and 650 m in the northern area, the corresponding warming rates in the southern area were approximately two times greater than those in the northern area. In addition, the warming rates in the southern area were statistically significant at the 99% confidence level throughout the depths. Correspondingly, the decreasing rates in PD in the southern area were generally greater than those in the northern area, and the rates were statistically significant in all the cases with an exception at 700 m in the northern area (Table 2).

To see the transition of the trends over several decades, time series of the yearly mean PT and PD at 400, 500, 600, and 700 m at Stas. H-4 and PM5 are shown in Figures 6, 7, respectively, along with the Argo-based yearly mean values in JE and YB. Note that the data points in 2012, 2013, and 2019 were excluded from the time series because of the data processing criterion. Although PT and PD at each layer fluctuated with an amplitude, particularly at Sta. PM5 in the Yamato Basin where the mesoscale eddies are active (Lee et al., 2000; Morimoto et al., 2000; Watanabe et al., 2009; Yabe et al., 2021), the overall trends of the ship-based PT and PD coincide well with those of the Argo-based yearly mean values in both areas.
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FIGURE 6. Time series of the ship-based yearly mean PT at 400, 500, 600, and 700 m at (A) Stas. H-4 and (B) PM5. Vertical bars at each data point indicate one standard deviation. Red triangles in (A,B) indicate the Argo-based yearly mean PT in JE and YB, respectively.
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FIGURE 7. Time series of the ship-based yearly mean PD at 400, 500, 600, and 700 m at (A) Stas. H-4 and (B) PM5. Vertical bars at each data point indicate one standard deviation. Red triangles in (A,B) indicate the Argo-based yearly mean PD in JE and YB, respectively.


It is worth noting that warming appeared to accelerate from the 1990s throughout the depths at both stations. Therefore, the transition of changing rates in PT and PD were evaluated using a 15-year sliding window based on the yearly mean values. The time series of warming rate for a period of 15-year long showed a weak or no warming trend before 1986 at both stations (Figure 8A). By contrast, an acceleration of warming occurred during the period from the late 1980s to the mid-1990s throughout the depths, although a peak of the warming rate at Sta. PM5 lagged by 2–5 years to that at Sta. H-4, suggesting a limited water mass exchange between the Japan and Yamato Basins (Senjyu et al., 2005a,2013; Senjyu and Aramaki, 2017). After the maximum warming rate, the period of nearly constant warming rate continued until 2007, except for the period 2002–2006 at 400 and 500 m at Sta. PM5. As the positive rate continued over more than 15 years with a statistical significance, the warming of UJSPW from the late 1980s is robust regardless of the selection of sliding window width. The warming rate at Sta. PM5 was slightly accelerated again from 2008, particularly below the depth of 500 m. As a result, the warming rates at Sta. PM5 were greater than those at Sta. H-4, consistent with the recent Argo floats observations (Table 1). The variation of PD changing rates basically follow that in PT; positive or no changing rates in the 1980s, an acceleration of lightening from the late 1980s to the mid-1990s followed by a slight deceleration of lightening by 1998, and the second acceleration of lightening from 2006 to 2011 (Figure 8B).
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FIGURE 8. Time series of the changing rates in PT (A) and PD (B) evaluated by a 15-year sliding window at 400, 500, 600, and 700 m at Stas. H-4 (solid circles) and PM5 (triangles). Statistically significant values at the 95 and 99% confidence levels are indicated by blue and red colors, respectively.


The temporal variations in stratification are found in the decadal-mean PT and PD profiles at both stations (Figure 9). The PT and PD profiles for the 1970 and 1980s were almost coincided each other, whereas those after the 1990s exhibited a gradual warming and lightening throughout the depths. It is noticeable that the PT profiles at Sta. PM 5 show a slight acceleration of warming at each layer, whereas PT below 500 m at Sta. H-4 seems to increase at a constant rate during the period from the 1990 to the 2010s.
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FIGURE 9. Decadal mean profiles of PT (A,B) and PD (C,D) at Stas. PM5 (left panels) and H-4 (right panels) in a depth rage 300–1500 m.




DISCUSSION

The ship-based long-term hydrographic data revealed the significant warming initiated from the late 1980s. Simply, the warming in the UJSPW is caused by the imbalance between the heating from the upper layer and the advection of cold water from the UJSPW formation region. To understand this situation, a vertical one-dimensional multi-box model was introduced. This model is similar to the one used in Minami et al. (1999) and consists of 25 boxes with a thickness Δz = 100 m (Figure 10). The horizontal advection of cold water from the UJSPW formation region is represented by the injection (ventilation) of cold water (PT = θ0 = 0.1°C) of volume S0 into the Boxes 19–23 corresponding to the UJSPW depth range (500–1000 m). Although new bottom water formation during the analysis period has been suggested (Kim et al., 2002; Senjyu et al., 2002; Talley et al., 2003; Yoon et al., 2018), the cold water supply was imposed on only the intermediate layers because our interest was in the UJSPW variation. As the cold water is assumed to be equally injected into the five boxes, the PT in a box (θi) changes to

[image: image]


[image: image]

FIGURE 10. Configuration of the vertical advection-diffusion box model which consists of 25 boxes with 100 m thickness. The horizontal advection of cold UJSPW (PT = 0.1°C) of volume S0 from its souse region is represented by the water injection (ventilation) into the intermediate layers (boxes 19–23), which induces the upwelling velocity W19–W25. The two way arrows between the boxes indicate the vertical heat diffusion. The upper and lower boundary conditions are PT = 1.3 and 0.05°C, respectively.


by instantaneous mixing with the injected water. In addition, the lateral injection of cold water induces upward advection velocity in each box (Wi) to conserve the volume of the box,
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The change of PT in each box is controlled by the vertical advection–diffusion equation,
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with a vertical diffusivity K. We solved Eqs 1 and 2 alternately at the time step Δt = 1 day, under the boundary conditions PT = 1.3 and 0.05°C at 300 and 2800 m, respectively. The PT profile reaches an equilibrium state after several hundred years. By tried and error examinations, we attained a comparable equilibrium profile to the observed PT distributions at Sta. PM5 during the 1970–1980s at S0 = 7.9 × 10–7 m s–1 (25 m year–1) and K = 2.0 × 10–4 m2 s–1 after 600 years (Figure 11). However, this result should be considered as a possible combination of the parameters in reasonable ranges rather than the best fit model results to the observed PT profile.
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FIGURE 11. Decadal evolution of the model-calculated PT profiles after the reduction of the cold water injection: (A) Exp. 1 and (B) Exp. 2. For a comparison with the observed PT distributions (Figure 9), only the PT profiles above 1500 m are shown. The profile at 0 year (black) indicates the equilibrium profile at S0 = 7.9 × 10–7 m s–1 (25 m year–1) and K = 2.0 × 10–4 m2 s–1 at 600 years in the equilibrium calculation. Time series of the model-calculated PT changing rates evaluated with the 15-year sliding window are shown in (C) by solid circles (Exp. 1) and empty triangles (Exp. 2). The evaluations were performed for the 50-year long datasets that consist of the last 20 years of the equilibrium calculation (581–600 years) and the results from Exps. 1 and 2 of 30-year long.


From this equilibrium state, the cold water injection was reduced to S0/4 in two manners, an abrupt reduction (Exp. 1) and a linear reduction over 30 years (Exp. 2), and then the subsequent change in PT profile was investigated. In both cases, the PT profiles showed a gradual warming throughout the depths due to the imbalance between the downward heat diffusion and the upward cold water advection (Figure 11). However, the evolution of the profiles after the reduction of cold water supply was different in two cases. In Exp. 1, the PT profile gradually approached to another equilibrium state after the sudden PT increase during the first 10 years. On the other hand, the warming at each depth was accelerated with time in Exp. 2. The time series of PT changing rate evaluated by the 15-year sliding window show the difference in PT changes (Figure 11C). The observed variations in warming rates (Figure 8) and stratifications (Figure 9) seem to be explained by a combination of the results from Exps. 1 and 2. As the shape of the equilibrium PT profile is determined by the ratio of the upwelling velocity to the vertical diffusivity (W/K) in this model, an increase in vertical diffusivity, instead of decreasing advection velocity, brings a warming in the PT profile; however, it is not likely that the vertical diffusivity varies with time over several decades. Therefore, a reduction of cold water supply is the most probable cause of the significant warming initiated in the late 1980s.

A stagnation in the UJSPW formation during the 1990s is suggested by the DO variations at Stas. H-4 and PM5. Time series of the DO concentration at the representative depths of the UJSPW showed a decreasing trend after the mid-1990s, although the trends before 1995 were ambiguous due to the superimposed interdecadal oscillation (Cui and Senjyu, 2010, 2012) and the long period of lack of data at Sta. H-4 (Figure 12). A similar long-term decreasing trend in DO concentration has been observed in the deep and bottom waters in the Japan Sea, and the negative trends in DO have been considered as an evidence of the stagnation in the JSPW formation due to global warming (Gamo et al., 1986, 2014; Minami et al., 1999; Gamo, 2011; Kumamoto, 2021), although bio-geochemical DO consumption rate in each basin are unknown.
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FIGURE 12. DO time series at 400, 500, 600, and 700 m at (A) Stas. H-4 and (B) PM5.


As the JSPW is formed by deep convection due to surface cooling in winter in the northwestern Japan Sea (Sudo, 1986; Senjyu and Sudo, 1993, 1994; Seung and Yoon, 1995; Kawamura and Wu, 1998; Senjyu et al., 2002), a long-term variation in the winter mean (December–February) SST in the JW region was investigated (Figure 1). Although the areal-mean winter SST in the UJSPW formation region exhibited a distinctive positive trend (+0.02°C yr–1) for the analysis period, a detection of discontinuous changes in the SST field was examined using the Lepage test (Figure 13). The Lepage test is a non-parametric two-sample test (Lepage, 1971) and has been used to detect a “jump” in a time series of climate parameters (Yonetani, 1992a,b). In this study, we set to test the statistical difference between before and after 10-year periods bounded by a year. The test statistic (HK) showed significant values of greater than 95% confidence level during the period 1989–1995, which indicates a discontinuous change between the periods before and after the years. In fact, the mean SSTs during the periods 1979–1988 and 1996–2005 were 1.38 and 1.95°C, respectively. As the warming explained by the linear trend during 1989–1995 is 0.12°C, a rapid warming (+0.57°C) occurred in the winter SST field from the late 1980s to mid-1990s. This also supports the stagnation in the UJSPW formation from the late 1980s.
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FIGURE 13. Time series of the areal-mean winter (December–February) sea surface temperature in JW (upper panel). The linear trend for the analysis period is depicted by a dashed line. The lower panel shows the time series of Lepage test statistics (HK) with the 99 and 95% confidence levels (thin horizontal bars).




CONCLUSION

We conclude that a significant change in the mid-depth water mass ventilation occurred in the Japan Sea in the late 1980s. Since the warming trends in JW and TB in the western sea are similar to those in JE and YB in the eastern sea, respectively (Figure 4), it is suggested that the significant acceleration of warming from the late 1980s occurred concurrently in the northwestern and southwestern areas, which is in the entire Japan Sea area. Before the mid-1980s, when the influence of global warming in this region was not very serious, the cold, newly formed UJSPW was supplied to the entire Japan Sea area from its formation region via deep circulation (Senjyu et al., 2005b). However, a stagnation of the UJSPW formation occurred in the late 1980s, as suggested by the abrupt SST warming in its formation region and the depression in DO concentration at Stas. H-4 and PM5, which resulted in the warming of UJSPW over the entire Japan Sea area through the imbalance between the heating from the upper layer and the advection of cold water from the UJSPW formation region.

Subsequently, an acceleration of warming began from 2008 at Sta. PM5, which led to the recent higher warming rates in the southern Japan Sea than those in the northern sea (Figure 8). Considering the nearly constant or weak decelerated warming rates at Sta. H-4 after 2008, a relatively large volume of cold UJSPW was still supplied to the northern Japan Sea including the UJSPW formation region, although DO at Sta. H-4 exhibited negative trends (Figure 12). In contrast, in the southern Japan Sea away from the UJSPW formation area, the transport of newly formed UJSPW was restricted, which resulted in greater warming rates in the southern Japan Sea than in the northern sea owing to the larger imbalance in the UJSPW heat budget. As the warming occurred only in the southern sea, the water mass ventilation event after 2008 may be modest compared to that occurred in the late 1980s.

The second event after 2008 implies that a remarkable signal of global warming on thermohaline circulation appears first in the terminal regions of deep circulation, which are away from the source region of the deep water, as a weakening of water mass ventilation. Actually, a notable warming of deep water has been observed in the Ulleung Interplain Gap in the southwestern Japan Sea, although no significant long-term trend was reported for the deep flows (Chang et al., 2009). Trans-basin warming in the bottom water of the North Pacific has been reported from the subarctic North Pacific along the 47°N line, which corresponds to a terminal region of the bottom water pathway from the South Pacific (Fukasawa et al., 2004). We point out a similarity between the warming in the North Pacific bottom water and the recent greater warming rates in the southern Japan Sea, which is away from the UJSPW formation region, although warming trends have already been detected in the northern Japan Sea.

In this study, global warming has been considered as a main cause of the long-term variations in the UJSPW. However, decadal-scale variations associated with hemisphere-scale atmospheric variations have been reported in the Japan Sea (Minobe et al., 2004; Cui and Senjyu, 2010, 2012; Na et al., 2012). It is meaningful that the significant UJSPW warming from the late 1980s appears to correlate with a regime shift occurred in the Northern Hemisphere in 1988/1989 that is associated with the Arctic Oscillation (Yasunaka and Hanawa, 2002). This may indicate that the decadal-scale climatic variability triggers a change in the mid-depth water mass ventilation in marginal seas of relatively small volume, as well as the longer-period warming trend.
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The changing rates of the vertically averaged PT for a depth range 400-650 m
and the rates for the northern (JW and JE) and southern (YB and TB) areas are
also listed. The time periods of the trends are shown in Figure 4 by a red trend
line in each panel.
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also listed. The time periods of the trends are shown in Figure 5 by a red trend
line in each panel.
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