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Abstract 18 
The Okhotsk Sea coast of Hokkaido and the Kuril Basin exhibit high primary production, 19 
supported by nutrient supply through material circulation. As part of this circulation, we focused 20 
on high turbidity water in the bottom mixed layer (BML) on the shelf off Hokkaido and its 21 
spreading. Our observations in spring and autumn showed a thick, high-turbidity BML across the 22 
shelf, originating mostly from the Soya Strait and flowing toward the Shiretoko Peninsula and 23 
into the Kuril Basin. Analysis of past observation data and an ocean model output revealed that 24 
the thick BML was present year-round, suggesting the continuous supply of high-turbidity waters. 25 
BML thickness and density were highest in spring and lowest in winter and peaked offshore of 26 
the Soya Warm Current. Using the model output, we conducted Lagrangian tracking of BML 27 
water. BML waters with low density mostly flowed into the North Pacific quickly through shallow 28 
straits near Hokkaido, whereas higher-density BML waters spread into the Kuril Basin, remaining 29 
there longer before eventually flowing into the North Pacific through deep straits. We also showed 30 
seasonal variations primarily driven by density variations, interannual changes associated with 31 
flow field variation, and sensitivity to sinking rates for sinking particles. The results suggest that 32 
high-turbidity bottom waters off Hokkaido in the Okhotsk Sea are transported to the Kuril Basin 33 
and North Pacific, potentially impacting material circulation and ecosystems. In particular, high-34 
turbidity waters lighter than 26.7 σθ may be entrained into the euphotic zone by winter mixing, 35 
contributing to the next spring bloom. 36 
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1. Introduction 44 
 The Okhotsk Sea shelf off Hokkaido, extending to the Kuril Basin (Fig. 1a), boasts high 45 
primary production (Mustapha et al. 2009; Kasai et al. 2010; Kudo et al. 2011; Kishi et al. 2021), 46 
supporting high biodiversity and productive fisheries. This high primary production requires a 47 
supply of nutrients. However, the mechanisms of nutrient cycling in this area remain only partially 48 
understood. Previously identified nutrient supply processes and sources include the mixing of 49 
Soya Warm Current Water (SWCW) and subsurface cold water (also called intermediate cold 50 
water or dichothermal water), winter mixing, sea ice, and the East Sakhalin Current Water (Kasai 51 
et al. 2010; Kudo et al. 2011; Kanna et al. 2018; Kishi et al. 2021). As another potential contributor 52 
to material circulation in this area, this study focuses on high-turbidity water in the bottom mixed 53 
layer (BML) on the Hokkaido shelf, which has not received attention from this viewpoint. 54 
 In summer (August), high-turbidity water in the thick BML has been observed on the 55 
Hokkaido shelf, particularly offshore of the Soya Warm Current (SWC, Wadaka 2008; Wadaka et 56 
al. 2009). The development of the BML leads to the resuspension of bottom sediments, thus 57 
increasing turbidity. Marine geological and geophysical observations indicated that as swift 58 
bottom currents around the Soya Strait slows downstream, the seafloor transitions from erosional 59 
rocky zones to gravel-covered areas and then to coarse to very fine sand deposition areas along 60 
the coast, approximately 30–40 km from the shore (Ikehara et al. 2001b). These sand areas indeed 61 
exhibit ripples and current lineations, suggesting relatively fast bottom currents, oriented 62 
northwest-southeast (Ikehara et al. 2001a). Muddy sediments (silt and silty clay) are distributed 63 
offshore of the sand areas, forming high-turbidity water near the bottom (Noda et al. 2001; 2002a; 64 
b; Ikehara et al. 2001a; b; Katayama et al. 2002; Tanabe and Sakamoto 2002). 65 
 The high-turbidity water on the Hokkaido shelf contains nutrients. Suspended particles 66 
in the high-turbidity water include both organic matter from phytoplankton detritus and mineral 67 
components from silt in bottom sediments (Wadaka 2008). High concentrations of iron have also 68 
been observed in the high-turbidity water (Imai 2023). 69 
 It is reasonable to suppose that both the high-turbidity water and BML water flow from 70 
the shelf into the Kuril Basin and further into the North Pacific, particularly along the eastern 71 
Hokkaido coast, based on previous studies on the SWC or the East Sakhalin Current (ESC). In 72 
fact, the previous observations in August showed that the high-turbidity water flows along the 73 
coast with the SWC, detaches from the shelf off Abashiri (Fig. 1b), and continues along the 74 
western coast of the Shiretoko Peninsula (Wadaka 2008; Wadaka et al. 2009). The SWC 75 
dominates from April to November, while the ESC prevails from November to April (e.g., Itoh 76 
and Ohshima 2000). The SWC enters the Okhotsk Sea through the Soya Strait, flows along the 77 
Hokkaido coast, and detaches from the coast at the Shiretoko Peninsula, entering the Kuril Basin 78 
(Aota 1975; Takizawa 1982; Matsuyama et al. 2006; Ebuchi et al. 2006; Fukamachi et al. 2008; 79 
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Ohshima et al. 2017). Offshore of the SWC, the Cold Water Belt appears from spring to autumn 80 
(Danchenkov et al. 1999; Ishizu et al. 2006; 2008) and transports the Japan Sea Intermediate 81 
Water (Mitsudera et al. 2011; Kuma et al. 2014; Iida et al. 2018; Chiba et al. 2021). The ESC 82 
flows southward from the east of Sakhalin to Hokkaido during winter (Itoh and Ohshima 2000; 83 
Ohshima et al. 2002; Mizuta et al. 2003; Ebuchi 2006). Both the SWC and the ESC either directly 84 
flow into the Pacific or spread across the Kuril Basin (Takizawa 1982; Wakatsuchi and Martin 85 
1991; Mensah et al. 2019). The former inflowing water enters the Hokkaido Pacific shelf, forming 86 
the Coastal Oyashio Water, contributing to the primary production along the eastern Hokkaido 87 
coast and the Oyashio region (Nakamura et al. 2003; Kono and Sato 2010; Kuroda et al. 2019). 88 
The latter Kuril Basin water also enters the Pacific through the Kuril straits (Kurashina et al. 1967; 89 
Nakamura and Awaji 2004; Katsumata et al. 2004; Ohshima et al. 2010), being exposed to tidal 90 
mixing (Nakamura et al. 2006). It then merges with the East Kamchatka Current Water to form 91 
the Oyashio Water, serving as a major source of the North Pacific Intermediate Water (Kono and 92 
Kawasaki 1997; Yasuda et al. 1997). 93 
 Although such high-turbidity water in the BML is located below the euphotic zone in 94 
summer, it can be entrained into the euphotic zone by winter mixing or tidal mixing in the Kuril 95 
Straits, potentially contributing to a spring bloom in the surface layer as well as affecting the 96 
benthic ecosystem. Indeed, winter mixing reaches 26.6–26.7 σθ in the southern Okhotsk Sea, 97 
forming subsurface cold water (Kitani 1973; Takizawa 1982; Miura et al. 2002; Uehara et al. 98 
2012; Mensah et al. 2019). Tidal mixing in the Kuril Straits can mix water down to 27.5 σθ from 99 
the surface (Nakamura and Awaji 2004; Itoh et al. 2011; Yagi et al. 2014). 100 
 Therefore, high-turbidity water on the Hokkaido shelf in the Okhotsk Sea would 101 
contribute to nutrient circulation and primary production across the shelf, Kuril Basin, eastern 102 
Hokkaido coast, and North Pacific. This is similar to the Dense Shelf Water (DSW) formed in the 103 
northern Okhotsk Sea (Kitani 1973). High-turbidity water near the bottom in the northwestern 104 
shelf of the Okhotsk Sea also contains high concentrations of iron and sinks as part of the DSW, 105 
influencing the Okhotsk Sea's material circulation and ecosystem (Nakatsuka et al. 2004a; b). 106 
Although denser than shelf water off Hokkaido, part of the DSW is entrained into the euphotic 107 
zone by tidal mixing in the Kuril Straits, supplying nutrients to the surface Oyashio region and 108 
influencing primary production (Nishioka et al. 2013; Uchimoto et al. 2011; Nakanowatari et al. 109 
2017). It also supplies dissolved and suspended materials to the North Pacific intermediate layer 110 
(e.g., Warner et al. 1996; Nishioka et al. 2023). We expect similar processes to occur for high-111 
turbidity water on the Hokkaido shelf after it enters the Kuril Basin. 112 
 However, the horizontal distribution and seasonal variation of high-turbidity water and 113 
the BML, and where they go beyond the Shiretoko Peninsula, remain unclear. Observations of 114 
turbidity are scarce and mostly limited to summer. Border issues and sea ice make it difficult to 115 
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observe beyond Shiretoko and in winter. In this study, we first examine high-turbidity water and 116 
the BML on the Hokkaido Okhotsk-Sea shelf in Section 3, based on observations in spring and 117 
autumn. Second, we analyze the BML's distribution, seasonal variation, and development factors 118 
in Section 4, using past observation data and the output of an ocean general circulation model 119 
(OGCM). Third, in Section 5, we explore the spreading of the BML water and its time scale, using 120 
it as a proxy for high-turbidity water, by Lagrangian tracking with the OGCM output. 121 
 122 
2. Data and Method 123 
 124 
2.1 Observations of High-Turbidity Water 125 
 To confirm the presence of high-turbidity water in seasons other than summer, we 126 
conducted hydrographic observations with turbidity measurements in late autumn and spring. 127 
Figure 1b shows the three transects used in this study: the EW line extending east-west from the 128 
Hokkaido coast to the Kuril Basin, the S line crossing the shelf slope from the Shiretoko Peninsula, 129 
and the NS line running north-south along the southwestern edge of the Kuril Basin 130 
(corresponding to HO-U and ES-M, HO-D, and NS lines in the cruise plans). These transects were 131 
conducted during the three cruises summarized in Table 1. 132 
 The hydrographic observations with seawater sampling were conducted to 133 
approximately 10 m above the bottom, using a conductivity-temperature-depth (CTD)-carousel 134 
multiple sampler system (SBE 911plus and SBE 32 water samplers, Sea Bird Electronics). The 135 
CTD was also equipped with sensors for dissolved oxygen (SBE 43), turbidity and fluorescence 136 
(Seapoint Sensors), and beam transmission (WET Labs C-Star). Nevertheless, beam transmission 137 
data were not used in this study, as they were qualitatively similar to turbidity data. Dissolved 138 
oxygen sensor values were calibrated against dissolved oxygen concentrations measured by the 139 
Winkler method. The latter measurement was taken in 5–12 layers from the surface to the bottom 140 
at 4–5 representative stations during each cruise. 141 
 142 
2.2 Past Hydrographic Data 143 
 To investigate the year-round presence and horizontal distribution of the thick BML, we 144 
analyzed historical temperature and salinity data. The data were provided by the Hokkaido 145 
Research Organization (HRO) and the Japan Oceanographic Data Center (JODC). The analysis 146 
area focused on the shelf (shallower than 300 m) around Hokkaido (141.5° E–145° E, 43.5° N–147 
46° N). The HRO data spanned from April to December 1989–2021, and the JODC data covered 148 
January to December 1960–2016. The number of observations per season was 2349 in spring 149 
(Apr–Jun), 2419 in summer (Jul–Sep), 1523 in autumn (Oct–Dec), and 105 in winter (Jan–Mar). 150 
The number was limited in winter, requiring caution, but was generally sufficient for 151 
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climatological analysis in other seasons. Vertical data intervals were 5 or 10 m for HRO and 10.4 152 
m on average (std = 12.8 m) for JODC, indicating sufficient vertical resolution. 153 
 Estimating BML thickness required depth data. Whenever possible, we used depth 154 
measurements taken during observations. In cases where depth data were unavailable (all JODC 155 
sites and 197 HRO sites, 5.6%) or when measured depth was less than the deepest layer observed 156 
(109 HRO sites, 3.1%), we estimated depth using digital bathymetric charts from the Japan 157 
Hydrographic Association (M7015, M7016) for sites shallower than 100 m and the ETOPO1 1 158 
Arc-Minute Global Relief Model (NOAA National Geophysical Data Center, 2009) for sites 159 
deeper than 100 m. 160 
 161 
2.3 Ocean Model Data 162 
 To examine the factors contributing to BML development (Section 4) and to conduct 163 
Lagrangian tracking (Section 5), we used the free-run output of the operational system for 164 
monitoring and forecasting the status of coastal and open-ocean waters around Japan (JPN 165 
System) developed by the Meteorological Research Institute (MRI) of the Japan Meteorological 166 
Agency (JMA). This system consists of a two-way nested ocean general circulation model and a 167 
data assimilation system (Hirose et al. 2019). There are three levels of domains: global, North 168 
Pacific, and Japan coastal models. For this study, we used the Japan coastal model. The ocean 169 
general circulation model is based on the MRI.COM version 4.5 (Tsujino et al. 2017; Sakamoto 170 
et al. 2019), which solves primitive equations in a vertically rescaled height coordinate system, 171 
called the z* coordinate, and includes a sea-ice model. Atmospheric forcing data is the Japanese 172 
55-year Reanalysis (JRA-55, Kobayashi et al. 2015) based surface dataset for driving ocean-sea 173 
ice models (JRA55-do, Tsujino et al. 2018). River runoff data is from a sub-dataset of JRA55-do 174 
(Suzuki et al. 2018), calculated from JRA-55 precipitation data at 0.25° horizontal resolution with 175 
daily intervals. Tide generating forces for the eight major tidal constituents are given explicitly 176 
(Sakamoto et al. 2013). 177 
 The Japan coastal model covers a region from 117° E–160° E and 20° N–52° N, with a 178 
horizontal resolution of approximately 2 km (1/33° longitude and 1/50° latitude). Vertically, it has 179 
60 layers, with a resolution from 2 m at the surface, 20 m at 200 m depth, and to 600 m at 6,300 180 
m depth, employing partial cells at the deepest layer and allowing a minimum mean water depth 181 
of 8 m in the z* coordinate. The analysis period was from January 1, 2008, to December 31, 2017, 182 
with daily mean outputs. 183 
 The free run used the data assimilation to create the initial condition. Unlike the 184 
assimilation system, it used higher-resolution forcing around Japan for wind and atmospheric 185 
pressure (MSM reanalysis produced by JMA) and for river runoff (Urakawa et al. 2016); for 186 
details, see Sakamoto et al. (2019). The free run effectively reproduced the velocity fields and 187 
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water mass structures (Appendix A). In fact, it exhibited better agreement with observations of 188 
the SWC east of Abashiri (Inoue 2021). Since our aim is to understand the basic characteristics 189 
rather than conditions on specific dates, we used the free-run, which adheres to the model's 190 
inherent dynamics. 191 
 192 
2.4 Lagrangian Tracking Method 193 
 To investigate the spread of water in the BML, we conducted particle tracking (Section 194 
5) using TRACMASS (version 7.0). TRACMASS is a Lagrangian trajectory code designed for 195 
oceanic and atmospheric applications (Aldama-Campino et al. 2020) and provides accurate 196 
Lagrangian tracking with mass conservation (Doos et al. 2013; 2017). In this study, Lagrangian 197 
tracking was performed using the velocity fields from the JPN System. Considering swift currents 198 
with maximum speed exceeding 1.5 m/s, the tracking timestep was set short enough (15 minutes) 199 
to ensure that no particles moved more than one grid cell (approximately 2 km) within each step.  200 
 In the main analyses (Sections 5.1, 5.2, and 5.4), particles were distributed and tracked 201 
in three dimensions. Initially, one particle was placed per grid cell from the bottom to the top of 202 
the BML on the shelf off Hokkaido (43.98–45.58°N, 141.97–144.39°E, shallower than 220 203 
meters). The initial number of particles, dependent on the seasonally varying BML thickness, was 204 
13,002 in August (Sections 5.1 and 5.4), reaching a maximum of 17,375 in May and a minimum 205 
of 10,625 in February (Section 5.2). The domain for tracking was 141.84°E–154°E and 42°N–206 
50°N, with particles not returning once they exited the domain. In the interannual variation 207 
analysis (Section 5.3), particles were tracked along the 26.6 σθ isopycnal surface to reduce 208 
computation time. Initially, one particle was placed per horizontal grid cell within the BML on 209 
the shelf off Hokkaido. The initial number of particles averaged around 1,000 and depended on 210 
the area with the BML density of 26.6 σθ. The domain for tracking was slightly larger (141.19°E–211 
160.06°E and 41.96°N–52.04°N). 212 
 213 
3. High-Turbidity Water and Thick Bottom Mixed Layer 214 
 High-turbidity water in a thick BML has been reported on the shelf off the Okhotsk Sea 215 
near Hokkaido, but previous observations were limited to summer, as described in the 216 
introduction. Therefore, we conducted observations in late autumn and spring to confirm the 217 
presence of high-turbidity water and thick BML (Section 3.1) and attempted to identify major 218 
water masses associated with high-turbidity water focusing on Soya Strait origin waters (Section 219 
3.2). 220 
 221 
3.1 Distributions of High-Turbidity Waters and the Bottom Mixed Layer 222 
 Relatively high-turbidity waters and a relatively thick BML were observed in December, 223 



8 
 

April, and May along the east-west transect (EW line) extending from the shelf to the basin (Fig. 224 
2a, d, g). High turbidity (say, > 0.15-0.2) was found near the bottom on the shelf (and in horizontal 225 
intrusions from a sloping seabed, e.g., around 30 km from the coast in Fig. 2d, g). Since 226 
fluorescence was low at these depths, the high turbidity was due to resuspended sediments rather 227 
than phytoplankton. Near-surface high turbidity in April and May was attributed to a spring bloom 228 
of phytoplankton (indicated by high fluorescence, not shown). The BML, characterized by 229 
vertically uniform density, exceeded 50 m in thickness in some locations, as indicated by the first 230 
or second density contours from the bottom. The BML density varied seasonally: around 26.5 σθ 231 
in December and 26.6–27 σθ in April and May. Areas of high turbidity generally corresponded 232 
with the BML but extended slightly above it. 233 
 To identify water masses that contained these high-turbidity waters on the shelf, Fig. 2 234 
(b, e, h) presents vertical sections of potential temperature and salinity. In all three months, high-235 
salinity, relatively warm SWCW was observed near the coast, with temperature and salinity fronts 236 
offshore (Cold Water Belt or dense SWCW in April and May). High-turbidity waters were 237 
frequently found in these regions. Subsurface cold water below 0 °C (dichothermal water) was 238 
also observed in all three months. High turbidity was found even in the dichothermal water that 239 
was in contact with the bottom (near the shelf break in December 2020). The dichothermal water 240 
extended to 400 m depth and 26.75 σθ in April 2021, and to 26.7 σθ in May 2022, indicating that 241 
winter mixing affected densities of 26.7 σθ or higher. 242 
 Downstream of the shelf and the EW line, relatively high turbidity was observed along 243 
the S line (Fig. 3), where the SWC flowed along the steep western slope of Shiretoko after leaving 244 
the shelf. In both December and April, turbidity was relatively high over the slope and in areas 245 
with relatively high temperatures (Fig.3a-b, d-e), indicating the influence of the SWCW or dense 246 
SWCW (though in April 2021, phytoplankton dominated at depths shallower than 100 m, 247 
indicated by high fluorescence). Turbidity was particularly high in December 2020, likely because 248 
it was after a storm (Dec 16–20). The density of high-turbidity water was centered around 26.4–249 
26.65 σθ in December and 26.8–27 σθ in April, corresponding to the densities of high-turbidity 250 
water and BML water on the shelf. These observations suggest that high-turbidity water in the 251 
BML on the shelf spreads off the shelf in both spring and late autumn, not just in August. 252 
 Examining the EW line outside the shelf (Fig. 2) and the NS line (Fig. 3g-h) reveals that 253 
relatively high-turbidity water appeared on density layers similar to those on the shelf. This 254 
density consistency suggests the spread of high-turbidity water from the shelf, as explained below. 255 
In the deep-water area of the EW line, relatively high turbidity was concentrated in the relatively 256 
warm, low-density modified SWCW at around 26.6 σθ in December and extended from 26.6 to 257 
27.0 σθ in April and May. On the NS line, higher turbidity in the south suggests that relatively 258 
high-turbidity waters moved northward after exiting the shelf near the Abashiri submarine canyon, 259 
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rather than directly spreading eastward from the shelf. Although relatively high-turbidity water 260 
on the NS line had densities of 26.8–27 σθ, similar to those of the DSW, its higher temperature 261 
compared to the surrounding water and the increased turbidity to the south suggest that its origin 262 
was the dense SWCW from the Hokkaido shelf, rather than the DSW from the northern Okhotsk 263 
Sea. 264 
 These data suggest that much of the high-turbidity water originates from or is influenced 265 
by the SWCW. In the next section, we will examine the relationship between high-turbidity water 266 
and the SWCW and its variants. 267 
 268 
3.2 High-Turbidity Waters and Soya Strait Origin Waters 269 
 To investigate the relationship between high-turbidity waters and the SWCW and its 270 
variants, we considered a method for identifying waters originating from the Soya Strait. For 271 
simplicity, we refer to relatively warm, high-salinity water masses originating from the Japan Sea 272 
via the Soya Strait—including the SWCW, Cold Water Belt, Forerunner of SWCW, and dense 273 
SWCW—as "pure Soya Strait waters." Both the pure Soya Strait waters and those that have 274 
undergone modification and/or mixing are collectively referred to as "Soya Strait origin waters." 275 
 We considered two simple indices based on temperature and oxygen concentration (as 276 
well as salinity), because the SWCW is characterized by higher temperatures and oxygen 277 
concentrations than Kuril Basin waters at the same salinity (Takizawa, 1982). This feature is also 278 
observed in the Japan Sea Intermediate Water (e.g., Senjyu, 1999) and hence the pure Soya Strait 279 
waters.  280 
 To explain these indices, we first consider temperature-salinity (T-S) and apparent 281 
oxygen utilization-salinity (AOU-S) diagrams in Section 3.2.1, focusing on Soya Strait origin 282 
waters. AOU- and temperature-based indices are then introduced in Sections 3.2.2 and 3.2.3, 283 
respectively, to show the contribution of Soya Strait origin water to high-turbidity waters. 284 
 285 
3.2.1 Water Properties of High-Turbidity Waters 286 
 In the T-S diagram (Fig. 4a), the Soya Strait origin waters are located in the region with 287 
higher temperature than the green curve and higher salinity than the green vertical line. The curve 288 
represents the upper temperature limit of the Kuril Basin water below the temperature minimum 289 
or dichothermal water (upper side of the black curve in December). The Kuril Basin subsurface 290 
water (that below the dichothermal water, e.g., S > 33.1) exhibited a relatively narrow and distinct 291 
T-S curve, particularly in December. Waters warmer than this curve were certainly classified as 292 
Soya Strait origin waters. Soya Strait origin waters were warm and clearly distinguished in 293 
December, whereas they were cold in April and began to warm in May. Note that the Kuril Basin 294 
water lighter than 26.8 σθ was colder in spring than in autumn. Accordingly, the water colder than 295 
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the green curve may have included Soya Strait origin water, particularly in spring. 296 
 Figure 4b shows turbidity by color in the T-S diagram (waters with fluorescence > 0.3 297 
or AOU < 0 are not colored). The figure confirms that high-turbidity waters were abundant in the 298 
range of Soya Strait origin water. Additionally, high-turbidity was observed in the dichothermal 299 
water (particularly those extending to relatively low densities correspond to the BML water near 300 
the shelf break in December, Fig. 2b) and bottom-contacting Kuril Basin subsurface water, 301 
primarily in the deeper regions of the S line (Fig. 3a, d). 302 
 In the AOU-S diagram (Fig. 4c), Soya Strait origin waters, identified in the T-S diagram, 303 
had lower AOU (higher oxygen concentrations) than the Kuril Basin subsurface water. Here, AOU 304 
was used instead of oxygen concentration to reduce temperature dependence (using oxygen or 305 
saturation gives similar results, see Appendix B). To clarify this correspondence, we marked 306 
waters in the higher temperature and salinity region with solid circles and the other regions with 307 
crosses in the diagrams. Most waters with lower AOU than the Kuril Basin water corresponded 308 
to these solid circles for S > 33.1, suggesting they were Soya Strait origin waters. The Kuril Basin 309 
subsurface water formed clear AOU-S curves extending from around S~33.2 and AOU~90 to 310 
higher AOU with increasing S. Lower AOU waters than these curves are the higher oxygen Soya 311 
Strait origin waters. For example, waters in December (black) with S > 33.1 and AOU < 80 were 312 
Soya Strait origin water. In April (blue), the temperature of Soya Strait origin water was similar 313 
to Kuril Basin water, but their AOU differed substantially. In fact, although waters near the 314 
dichothermal water in spring were colder than in December (green curve) and marked as crosses, 315 
many of these were in the low AOU range, identifying them as Soya Strait origin water. In the 316 
shallower layers (S < 33.1), the identification of the Soya Strait origin waters was complicated by 317 
oxygen oversaturation (AOU < 0) caused by phytoplankton blooms (Fig. 4c) and significant 318 
seasonal and interannual temperature variations (Fig. 4a). The green line was thus drawn at S = 319 
33.1 to focus on the deeper layers.  320 
 Figure 4d shows turbidity in the AOU-S diagram as in Fig. 4b. The figure supports that 321 
high-turbidity water was abundant in low-AOU Soya Strait origin water. Turbidity color coding 322 
also helps to link the T-S and AOU-S diagrams. For example, high-turbidity waters in December 323 
(e.g., red in Fig. 4b, d) were of Soya Strait origin for S > 33.1, whereas for S < 33.1, warmer 324 
waters connected to the saline SWCW with lower AOU, and colder waters linked to the 325 
dichothermal water with higher AOU. 326 
 327 
3.2.2 AOU-Based Index of Soya Strait Origin Waters 328 
 Since the differences in AOU were more pronounced than differences in temperature 329 
(especially in spring), we first considered an index based on AOU (and salinity). We aimed to 330 
distinguish waters with lower AOU than the Kuril Basin water at the same salinity for S > 33.1 as 331 
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Soya Strait origin waters. For this aim, we calculated the slope of the line in the AOU-S diagram 332 
connecting a reference point (green cross in Fig. 4c) to each data point: 333 

(Δ𝐴𝐴𝐴𝐴𝐴𝐴 Δ𝑆𝑆⁄ )𝑖𝑖 = (𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 − 𝐴𝐴𝐴𝐴𝐴𝐴𝑜𝑜) (𝑆𝑆𝑖𝑖 − 𝑆𝑆𝑜𝑜)             (1)⁄  334 
where the subscript i represents each data point, and o is the reference point. If the slope 335 
ΔAOU/ΔS is greater than that of the Kuril Basin subsurface water, it indicates lower AOU and 336 
therefore identifies the water as Soya Strait origin waters. This would be useful because the slope 337 
for the Kuril Basin subsurface water is relatively constant between the lower dichothermal water 338 
and the lower intermediate water (33.1≤ 𝑆𝑆 ≤34.1). 339 
 The plot of ΔAOU/ΔS against salinity (Fig. 4e) shows that ΔAOU/ΔS generally 340 
increases monotonically for S < 33.2 but splits into two branches for S > 33.2. The lower branch, 341 
representing decreasing ΔAOU/ΔS, corresponds to the Kuril Basin subsurface water, with values 342 
ranging from 200 to 120 for S = 33.2 to 34.1. The upper branch, with increasing ΔAOU/ΔS, 343 
represents high-oxygen pure Soya Strait waters. Intermediate points between these branches are 344 
classified as Soya Strait origin waters. Thus, for S = 33.2–34.1, a ΔAOU/ΔS value greater than 345 
200–120 generally indicates Soya Strait origin waters. The divergence near S = 34.15 is due to 346 
the reference point being set at So =34.15; for waters with S > 34.1, the reference point needs 347 
adjustment to identify Soya Strait origin waters. 348 
 The plot of ΔAOU/ΔS against turbidity (Fig. 4g) indicates that most of the relatively 349 
high-turbidity waters (say, > 0.2) were associated with ΔAOU/ΔS values greater than ~200, 350 
suggesting they were Soya Strait origin waters. Note that the figure excludes waters with 351 
fluorescence > 0.3, AOU < 0, or S > 34.1. High-ΔAOU/ΔS (≥200) water accounted for about 352 
70% of high-turbidity water (≥ 0.2). This ratio increased with higher turbidity thresholds and 353 
lower ΔAOU/ΔS thresholds. The values and trends remained similar, even when the December 354 
observations were excluded. The above relation was also observed in vertical sections (Figs. 2 355 
and 3). It was particularly clear in December, whereas in spring, it was clear over the shelf and 356 
off the Shiretoko Peninsula, with reasonable correspondence also seen offshore (a high ΔAOU/ΔS 357 
anomaly around 90 km on EW line in Fig. 2i was associated with AOU < 0). Thus, from both 358 
scatter plot and vertical sections, most of the high-turbidity water was identified as Soya Strait 359 
origin waters. 360 
 361 
3.2.3 Temperature-Based Index of Soya Strait Origin Waters 362 
 We also considered a temperature-based index, as an AOU-based index may confuse the 363 
DSW with Soya Strait origin waters due to their similarly high oxygen levels. DSW or modified 364 
DSW is colder than the Kuril Basin water at the same salinity, making temperature a potentially 365 
distinguishing factor, unlike oxygen concentration. The temperature index aims to identify waters 366 
as Soya Strait origin waters if they are warmer than the Kuril Basin subsurface water at the same 367 
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salinity. For this aim, we fitted a curve to the T-S distribution of the Kuril Basin water below the 368 
temperature minimum (purple line in Fig. 4a) and used the temperature difference between each 369 
data point and this curve (Δθ) as the index: 370 

Δ𝜃𝜃𝑖𝑖 = 𝜃𝜃𝑖𝑖 − 𝜃𝜃(𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤)|𝑆𝑆                    (2) 371 
The fitting curve was used because temperature differences in spring were too small compared to 372 
the temperature variability of the Kuril Basin water, for a slope-based index like the AOU-based 373 
index to distinguish the Soya Strait origin waters. The fitting curve (purple) was aligned with the 374 
lower portion of the T-S distribution of the Kuril Basin water (near the temperature lower limit). 375 
Specifically, it was aligned with the lower bound of the April distribution (blue) for σθ < 26.75 (as 376 
winter mixing impacts up to this level) and gradually aligned with the lower bound of the 377 
December distribution (black) for σθ > 26.75. 378 
 In the plot of Δθ against salinity (Fig. 4f), there was a little water with Δθ < 0 at S = 379 
33.4–33.7 (26.75–27.0 σθ). These low-temperature anomalies were weak and patchy in vertical 380 
sections (Fig. 2e) and likely caused by local winter mixing, though ruling out the possibility of 381 
modified DSW was difficult. Apart from these, the rest of the waters were identified as the Kuril 382 
Basin Water or the Soya Strait origin waters. The plot of Δθ against turbidity (Fig. 4h) shows that 383 
most of the high-turbidity waters (> 0.2) were associated with Δθ > 0.2, indicating they were 384 
warmer than the Kuril Basin Water and were hence Soya Strait origin waters (similar to the AOU 385 
index). The high-turbidity waters with Δθ ~ 0 corresponded to the dichothermal water contacting 386 
the shelf bottom (Figs. 2b and 4b) and aligned with high-turbidity waters with ΔAOU/ΔS ~ 150. 387 
 Thus, both AOU- and temperature-based indices identified most of the high-turbidity 388 
water as the Soya Strait origin waters. It follows that most of the high-turbidity water in the 389 
southwestern Kuril Basin originated from the Hokkaido shelf, including the dichothermal water 390 
in contact with the shelf bottom. It is worth noting that the AOU-based index is more convenient 391 
in spring when Soya Strait origin waters are colder, whereas the temperature-based index is more 392 
useful in autumn when these waters are warmer. In spring, the temperature was similar for Soya 393 
Strait origin water and Kuril Basin subsurface water, so that temperature-based identification is 394 
sensitive to the fitting curve choice. The green curve (one of the temperature-based indices) may 395 
misidentify colder Soya Strait origin water in spring as Kuril Basin water, whereas the purple 396 
curve may misidentify warmer Kuril Basin water in autumn as Soya Strait origin water. In 397 
addition, like the temperature-based index, the AOU-based index could be improved by fitting 398 
the Kuril Basin water's AOU-S curve, though its significant seasonal and interannual variations 399 
requires a fitting curve for each observation cruise (or each year or month). The ΔAOU/ΔS index 400 
is convenient for use across different seasons and years, although the threshold should be adjusted 401 
slightly for each cruise and decreased with increasing salinity (density). Further, the above indices 402 
could be improved by standardization and analysis using past observation data, which are left for 403 
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future work. 404 
 405 
4. Bottom Mixed Layer on the Shelf 406 
 To better understand the distribution and spreading of high-turbidity water, we shift our 407 
focus to investigating the BML and the water within it, given the limited availability of turbidity 408 
data. We first utilize past observational data to show the distribution and seasonal variation of 409 
BML thickness and density (Section 4.1), which are compared with the BML in the model 410 
(Section 4.2), and then investigate the factors contributing to BML development using the model 411 
output. 412 
 413 
4.1 Bottom Mixed Layer Estimated from Past Observation Data 414 
 The BML was defined here as the layer where the potential-density difference from the 415 
deepest layer observed does not exceed a threshold of 0.125 σθ (details in Appendix C), following 416 
the concept of the surface mixed layer (Levitus, 1982). After estimating the BML thickness for 417 
each station, we employed kriging to estimate the horizontal distribution of the BML for each 418 
season. The BML thickness and density are presented in Fig. 5. Note that in all seasons, the 419 
presence of small peaks and depressions suggests possible residual effects of disturbances. This 420 
was particularly so in winter due to the limited number of observations, which may have led to 421 
the influence of disturbances and monthly or yearly differences. 422 
 Throughout the year, the BML thickness reached a local maximum offshore of the SWC 423 
(20–50 km from the coast) near the region where the Cold Water Belt appears in summer (Fig. 5a, 424 
c, e, g). This is consistent with our observations (Fig. 2). This maximum was located between the 425 
strong density gradient along the coast associated with the SWC (e.g., Fig. 5d) and the Hokkaido 426 
side of the bottom streamline extending from the Soya Strait (red line). This maximum was 427 
thickest in spring (the area exceeding 60 m was largest in spring and almost absent in winter) and 428 
tended to develop downstream. The BML was also thick near the shelf break around the 300 m 429 
isobath (~144°E), particularly in autumn, although this peak is not pursued here due to the lack 430 
of data points. 431 
 The BML density also reached a maximum near the BML thickness maximum offshore 432 
of the SWC. This density maximum was slightly offshore (northeast) of the BML thickness 433 
maximum. The BML density at this maximum was highest in spring (~26.8 σθ), followed by 434 
summer (~26.7 σθ), autumn (~26.6 σθ), and winter (~26.6 σθ). The high spring and summer 435 
densities (> 26.7 σθ) correspond to the density range of the dense SWCW. The patchy anomalies 436 
with > 27 σθ in winter may be due to winter mixing or the Forerunner of SWCW, and the limited 437 
number of observation points.  438 
 These thick BML regions correspond to the regions where high-turbidity waters were 439 
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observed, associated with thick BMLs (Fig. 2 and Wadaka 2008). In other words, the above 440 
analysis suggests that thick BMLs exist year-round with seasonal variations, and high-turbidity 441 
waters may also persist throughout the year. 442 
 443 
4.2 Bottom Mixed Layer in the Model 444 
 The BML thickness in the model (Fig. 6a, d, g) is similar to the observations (Fig. 5), 445 
showing significant thicknesses offshore of the SWC and at the shelf break around 144°E. Note 446 
that the model analysis used a density threshold of 0.03 σθ (Thompson and Fine, 2003) instead of 447 
0.125 σθ, as the higher threshold resulted in a thicker BML than observed, making it unsuitable 448 
for tracking BML waters, described in Section 5. For subsequent analyses, we focus on the 449 
offshore region of the SWC rather than the shelf break around 144°E, as the EW line observations 450 
(Fig. 2) show that the BML thickness at the shelf break was comparable to or less than that over 451 
the shelf. Additionally, the BML thickness may be increasingly overestimated with depth, as 452 
vertical grid spacing increases from 10 m at 200 m depth to 30 m at 300 m depth. 453 
 Figure 7 shows the seasonal variation in BML thickness and bottom density, salinity, 454 
and temperature averaged over the region where the BML thickened downstream along the 455 
offshore of the SWC (the square in Fig. 6a; 44.25–44.5°N, 144–144.3°E, near the EW line). The 456 
"bottom" in the model refers to the deepest grid hereafter. The BML thickness reached its 457 
maximum in May, minimum in January, and plateaued during summer. Bottom density and 458 
salinity exhibited similar variations, while bottom temperature differed slightly, peaking in August 459 
and reaching the minimum in February. We thus focus on January, May, and August to represent 460 
seasonal variations. 461 
 The BML thickness and bottom streamlines (Fig. 6a, d, g) indicate that the BML 462 
offshore of the SWC was dominated by water originating from the Japan Sea in all seasons. The 463 
BML developed as it flowed southeastward from the Soya Strait and exited the shelf toward 464 
Shiretoko near 144.3°E, where the shelf ends. Most of the BML water in and between the thick 465 
BML offshore of the SWC and the shelf break (45–46°N, 143.2–143.7°E) converged and then left 466 
the shelf. Likely due to this flow convergence, the BML thickened particularly at the point where 467 
it left the shelf near 44.25°N, 144.2°E. 468 
 Bottom density and salinity distributions (Fig. 6) support the idea that the thick BML is 469 
formed by water originating from the Japan Sea; the distribution of high-salinity water flowing 470 
from the Japan Sea matched the density maximum. Bottom density peaked offshore of the SWC, 471 
slightly offshore from the BML thickness maximum. This distribution and density values are 472 
consistent with the data analysis (Fig. 5). Salinity values were comparable in May and August, 473 
but higher temperatures in August lead to lower density, particularly for the warm SWCW along 474 
the coast. In January, despite low temperatures, density remained low due to reduced inflow of 475 
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high-salinity water from the Japan Sea as the flow through the Soya Strait decreases in winter. 476 
The coastal region exhibited even lower salinity and density, likely because the shallow depth 477 
allows low-salinity ESC Water in the surface layer to reach the bottom. 478 
 479 
4.3 Factors in Development of Bottom Mixed Layer 480 
 To consider the development of the BML, the vertical diffusivity (κz) 15 m above the 481 
bottom is shown in Fig. 8(a, d, g). The κz was large along the offshore side of the SWC, coinciding 482 
with the BML thickness maximum. This is consistent with the downstream development of the 483 
BML from the Soya Strait. Enhanced κz in the BML aligns with a previous observation in August 484 
(Ishizu et al. 2013). The large κz over shallow regions in January was due to wind-driven mixing 485 
reaching the bottom during winter storms. 486 
 Bottom current speeds (Fig. 8b, e, h), an indicator of shear production of turbulence at 487 
the bottom, were strong along the high-salinity, high-density water path from the Japan Sea, which 488 
coincided with the κz maximum. The bottom current speed did not align with the SWC axis, likely 489 
due to the buoyancy shutdown process, which weakens bottom currents (Karaki et al., 2018). 490 
Bottom currents were particularly strong from the Soya Strait to around 45.2°N, consistent with 491 
the seabed observations (Ikehara et al. 2001), and vertical diffusivity flux (𝜅𝜅𝑧𝑧 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕⁄  where 𝜌𝜌 is 492 
potential density) was also large in the Soya Strait (not shown). Seasonal variations of the flow 493 
through the Soya Strait influenced bottom current speeds, which were high in May and August 494 
and low in January. These suggest that bottom shear contributes to the development of the BML. 495 
 Further, we evaluated the buoyancy shutdown process, which was pointed out to 496 
develop the BML under the SWC (Karaki et al. 2018). In this process, the bottom Ekman transport 497 
associated with the SWC advects lower-density coastal water beneath higher-density offshore 498 
water, leading to a density inversion and the resulting development of the BML. To evaluate this 499 
process, we focused on horizontal density advection among terms causing density changes near 500 
the bottom and examined its vertical change:  501 

 𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
∼ − 𝜕𝜕

𝜕𝜕𝜕𝜕
(𝒖𝒖ℎ ⋅ ∇𝜌𝜌),  502 

where 𝒖𝒖𝒉𝒉 is horizontal current velocity and z is positive downward. If the right-hand side is 503 
negative, density stratification (𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕⁄  ) weakens. Specifically, (1) when 𝒖𝒖ℎ ⋅ ∇𝜌𝜌  > 0, bottom 504 
currents flow in the same direction as the density gradient, advecting lower-density water toward 505 
the higher-density side. (2) When 𝜕𝜕 𝜕𝜕𝜕𝜕(𝒖𝒖ℎ ⋅ ∇𝜌𝜌) > 0⁄ , such a flow weakens as it moves away 506 
from the bottom as the bottom Ekman flow does, enabling lower-density water to subduct beneath 507 
higher-density water. We vertically integrated this equation for the bottom Ekman layer:  508 

 𝜕𝜕
𝜕𝜕𝜕𝜕

[𝜌𝜌]𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷−𝛿𝛿𝐸𝐸 ∼ −[𝒖𝒖ℎ ⋅ ∇𝜌𝜌]𝐷𝐷𝐷𝐷

𝐷𝐷𝐷𝐷−𝛿𝛿𝐸𝐸 , 509 
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where z=Db represents the bottom depth, and 𝛿𝛿𝐸𝐸  is the thickness of the bottom Ekman layer. To 510 
reduce dependence on stratification strength, the right-hand side was divided by Δ𝜌𝜌, yielding the 511 
time scale T over which the density stratification changes, where [𝜙𝜙]𝐷𝐷𝐷𝐷

𝐷𝐷𝐷𝐷−𝛿𝛿𝐸𝐸 is denoted as Δ𝜙𝜙, 512 
yielding:  513 
  1 𝑇𝑇⁄ ∼ Δ(𝒖𝒖ℎ ⋅ ∇𝜌𝜌) Δ𝜌𝜌⁄               (3).  514 
The sign was reversed to indicate the tendency toward density inversion for positive values. (Note 515 
that in a hydrostatic model, density inversion is immediately resolved.) Here, 𝛿𝛿𝐸𝐸  was set to 30 516 
m (results were qualitatively similar for 20 m and 40 m). 517 
 The calculated Δ(𝒖𝒖ℎ ⋅ ∇𝜌𝜌) Δ𝜌𝜌⁄   (Fig. 8c, f, i) shows that the tendency to density 518 
inversion occurred primarily on the coastal side of the density maximum. Values were particularly 519 
large near the Soya Strait in May and August and along the whole density-maximum zone in May, 520 
but were much smaller in January. This temporal change is consistent with the seasonal variation 521 
in BML thickness, indicating its contribution to BML development.  522 
 Notably, the driving force of this effect differed from that of the buoyancy shutdown; 523 
Δ(𝒖𝒖ℎ ⋅ ∇𝜌𝜌) Δ𝜌𝜌⁄  occurred primarily along the onshore side of the density maximum (i.e., outside 524 
of the SWC), where the sea-surface horizontal pressure gradient is not the primary force except 525 
near the Soya Strait. A possible candidate is the bottom flow that extends the high-salinity water 526 
from the Japan Sea (Fig. 6f), which could be in turn due to a baroclinic wave propagating along 527 
the barotropic shear (Mitsudera et al. 2011). In addition, significant negative values were found, 528 
which is consistent with the mean bottom flow directed from the high-density side to the low-529 
density side (particularly in August, Fig. 6h). This suggests the influence of a secondary 530 
circulation or eddies. In fact, the patchy distribution likely reflects the abundance of eddies along 531 
the Cold Water Belt.  532 
 As shown above, the development of the BML maxima was influenced by strong bottom 533 
currents from spring to autumn, with density destabilization caused by bottom currents also 534 
contributing in spring. Additionally, Fig. 6 (a, d, g) shows that the BML was thick in the Japan 535 
Sea when the BML offshore of the SWC was thick, indicating a possible contribution from the 536 
Japan Sea; when the BML is thick on the Japan Sea shelf, the stratification of the water inflowing 537 
into the bottom layer of the Okhotsk Sea weakens, making conditions favorable for BML 538 
development. On the other hand, a previous observation in August indicated that double-diffusion 539 
had a minor influence on κz, though it had a high potential in this region (Ishizu et al. 2013). Also, 540 
although bottom Ekman pumping associated with the SWC is another possible mechanism of 541 
BML development (Ishizu et al. 2008), its influence was minor in this model. Rather, where the 542 
BML was thick, the offshore component of bottom velocity diverged horizontally, as indicated by 543 
widening of bottom streamlines (142.3°–143.6°E in Fig. 6d, g), opposing Ekman pumping. This 544 
aligns with buoyancy shutdown, which suppresses bottom Ekman transport. Future observations 545 
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are desired to confirm the dominant mechanism. It should be also emphasized that even the 546 
average bottom currents of 15–50 cm/s are sufficient to resuspend sediments, capable of eroding 547 
silt to medium-grain sand particles (Tanabe and Sakamoto, 2002; Pinet, 2000). 548 
 549 
5. Spreading of Bottom Mixed Layer Water: Particle Tracking 550 
 This section attempts to reveal the spreading of high-turbidity water flowing out from 551 
the shelf using Lagrangian particle tracking. In doing so, since turbidity is not directly calculated 552 
in the model, the BML water was tracked as a proxy. Particles were initially placed within the 553 
BML on the shelf off the coast of Hokkaido in the Okhotsk Sea (Section 2.4) and tracked for one 554 
year. The case starting on August 1, 2012, is presented first to illustrate the general characteristics, 555 
followed by an examination of seasonal and interannual variability, as well as cases where 556 
particles had a sinking velocity. 557 
 558 
5.1 Characteristics of Spreading and Density Dependence 559 
 Figure 9 shows the distribution of particle passage frequency over one year, categorized 560 
into three density ranges. The passage frequency indicates how the particles spread and their 561 
pathways, with higher values reflecting more particles passing through a given grid cell. Here, 562 
each particle was counted only once, even if it passed multiple times, recirculating through the 563 
same area. To illustrate density-related differences, initial densities were categorized as low (σθ < 564 
26.0), intermediate (26.6 ≤ 𝜎𝜎𝜃𝜃 ≤ 26.7), and high (σθ > 26.7). The low-density range (< 26.0) 565 
predominantly appeared near the coast (Fig. 6b, e, h) and represented the SWCW in summer to 566 
autumn and the ESC Water in winter. The high-density range (> 26.7) was found only near the 567 
density maximum offshore of the SWC, corresponding to the dense SWCW. The number of 568 
particles was 1,518, 7,471, and 4,013 for the low, intermediate, and high-density ranges, 569 
respectively, with the intermediate range having the largest volume. 570 
 The passage frequency distribution in the Kuril Basin was similar across density ranges, 571 
whereas the magnitude in the Kuril Basin and the pathways to the Pacific differed by density. 572 
Once in the Pacific, almost all particles flowed southwestward. Differences in passage frequency 573 
magnitude within the Kuril Basin reflected the initial volume (particle number) and the pathways 574 
to the Pacific, the latter affecting the time taken to reach the Pacific. Low-density range particles 575 
exited the Okhotsk Sea through closer, shallower straits such as the Kunashiri Strait and followed 576 
a more coastal path in the Pacific, though much fewer particles passed through the Nemuro Strait 577 
due to its too shallow depths (< 10 m). For higher density, a greater fraction exited through more 578 
distant and deeper straits, such as the Bussol Strait, with a higher proportion spreading throughout 579 
the Kuril Basin. The Etorofu Strait also served as a major pathway for intermediate-density 580 
particles. 581 
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 The monthly passage frequencies for each density range (Fig. 10) show that the 582 
timescale of spreading and discharge to the Pacific depended on density. After one month (Fig. 583 
10a, d, g), the BML water flowed off the shelf towards Shiretoko and began to spread along the 584 
archipelago. The low-density range water was outflowing actively through the Kunashiri Strait. 585 
After three months (Fig. 10b, e, h), the water spread throughout the western and central Kuril 586 
Basin. Most low-density water had already exited to the Pacific. For intermediate- and high-587 
density waters, some particles started exiting through the Etorofu Strait and other eastern straits, 588 
but most remained in the Okhotsk Sea, with some still on the shelf. After five months (Fig. 10c, 589 
f, i), almost all low-density water had left the Okhotsk Sea. Intermediate- and high-density waters 590 
reached their peak outflow, though much remained in the Kuril Basin. In all density ranges, once 591 
BML waters left the shelf, they did not return. 592 
 To quantify the residence time in the Okhotsk Sea or the timescale for outflow to the 593 
Pacific, the time evolution of particle numbers in the Okhotsk Sea and the Pacific is plotted in 594 
Fig. 11a-c. Initially, all particles were in the Okhotsk Sea. As they flowed out to the Pacific, the 595 
number in the Okhotsk Sea decreased, whereas it increased in the Pacific. The time to outflow 596 
was clearly longer for higher-density particles. The outflow ratio after one year (number of 597 
particles in the Pacific after one year/initial number of particles) was lower for higher-density 598 
ranges, at 86%, 51%, and 39% for low-, intermediate-, and high-density ranges, respectively. Thus, 599 
roughly half or more of the intermediate- and high-density particles remained in the Okhotsk Sea 600 
for over one year. The time for half of the particles to exit also increased with density: 52 days for 601 
low, 352 days for intermediate, and > 365 days for high-density ranges. The faster outflow of low-602 
density particles was due to their initial location in the swift SWC and their proximity to exit 603 
straits. Higher-density particles took longer to exit because they left through more distant straits 604 
and had a higher proportion that remained in the Kuril Basin for longer times. 605 
 606 
5.2 Seasonal Variability 607 
 The previous section suggests that the outflow straits and residence time in the Okhotsk 608 
Sea differ by BML density. To investigate how this varies seasonally, particle tracking was 609 
conducted starting on the 1st of each month for one year. 610 
 The seasonal variability in pathways of BML waters is shown in Fig. 12 using the one-611 
year passage frequency of particles across all density ranges for cases starting in January, May, 612 
and August, representing the seasonal variability. (Note that density ranges are not separated in 613 
Fig. 12 because some density ranges had no particles in certain months.) The pathways within the 614 
Okhotsk Sea were similar across seasons, with differences being smaller compared to interannual 615 
variability, as discussed later. However, the outflow paths to the Pacific varied due to seasonal 616 
changes in density. The BML water in winter mainly exited through the closer Kunashiri and 617 
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Etorofu Straits due to its low density. Spring BML water, with its higher density, primarily 618 
outflowed through the deeper Bussol Strait. Summer represented an intermediate case. 619 
 To examine seasonal variations in the time required for outflow to the Pacific, Figure 620 
13 shows the outflow ratio after one year and the time taken for 50% of the particles to exit. Note 621 
that the low-density range during spring and high-density range in late autumn are not plotted due 622 
to their small particle number. Also, the months for which the time taken for 50 % to exit was 623 
longer than one year are not plotted. 624 
 The outflow ratio after one year (Fig. 13a) decreased with increasing density for all 625 
seasons. It was generally lowest for spring and highest for late autumn or early winter for all 626 
density ranges, though the range of seasonal variation was not large. The outflow ratio for the 627 
low-density range was 60–75% for winter and 80–90% for other seasons. It was 45–65% for the 628 
intermediate range, and 35–50% for the high-density range, with the remaining particles staying 629 
in the Okhotsk Sea after one year. The main reason for this seasonal variation was the difference 630 
in the frequency distribution of density within each range (not shown). 631 
 The time required for 50% of the particles to exit increased with density for all seasons 632 
(Fig. 13b). More than 50% remained almost year-round for the high-density range and from April 633 
to June for the intermediate range, so these periods are not plotted on the graph (months where 634 
more than 50% remained with sufficient particle numbers are blank in Fig. 13b but not in Fig. 635 
13a). The intermediate range had the longest timescale for spring and nearly one year from winter 636 
to summer except for a local minimum for July, and the shortest for autumn at about six months. 637 
The short timescales for autumn and July were also associated with greater portions of lower 638 
density waters in this density range. For the low-density range, more than half of the particles 639 
exited to the Pacific within 2–3 months from summer to early winter. 640 
 In this way, the seasonal variability in the spreading of BML water was mainly caused 641 
by seasonal changes in density. The low-density range water exited rapidly to the Pacific 642 
throughout the year (slightly longer in winter), potentially affecting the surface layer of the Pacific. 643 
The intermediate-density range water, with about half remaining in the Okhotsk Sea after one 644 
year from March to July, stayed mostly until the next winter in other periods. This water could be 645 
entrained into the euphotic zone during winter mixing and contribute to the following spring 646 
bloom. The high-density range water stayed in the Okhotsk Sea for over one year, influencing the 647 
intermediate layer material circulation, and could potentially be transported to the euphotic zone 648 
by tidal mixing in the Kuril Straits. 649 
 650 
5.3 Interannual Variability 651 
 To examine interannual variability, particle tracking of BML water was conducted for 652 
one year starting from August 1st each year from 2008 to 2016. To reduce computation time, this 653 
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was done on the 26.6 isopycnal surface, so that interannual variability in density only affected the 654 
number of particles. 655 
 Interannual variability was large for pathways (Fig. 14) but small for the outflow 656 
timescale (Fig. 15). The passage frequency distribution for each year (Fig. 14) shows that in all 657 
years, BML water initially moved along the SWC over the shelf off Hokkaido and exited into the 658 
Kuril Basin west of the Shiretoko Peninsula, often forming eddies north of Etorofu Island. 659 
However, interannual variability was much larger than seasonal variability. In some years, most 660 
of the water remained in the western and central Kuril Basin, whereas in other years, it spread 661 
significantly northward. Since the initial density was the same, this variability was primarily due 662 
to changes in the flow field. Interannual variability was also observed for the outflow ratio to the 663 
Pacific after one year even with the same density (Fig. 15). Though it was not large (excluding 664 
2011, it fluctuated within ±5% around 35%), it could be increased by the interannual variations 665 
in BML density.  666 
 667 
5.4 Effects of Sinking Velocity 668 
 Thus far, suspended particles were assumed to be small enough that sinking velocity can 669 
be ignored. In reality, large, suspended particles have significant sinking velocities. To investigate 670 
the effects of sinking, we assigned a sinking velocity to the tracked particles, except for the 671 
bottommost grid where particles were assumed to stop sinking or be resuspended due to 672 
turbulence. Two cases, with sinking velocities of 0.4 m/day and 4 m/day, are presented as 673 
examples of slow and fast-sinking particles. 674 
 Differences due to sinking velocity were clearly reflected in the time evolution of the 675 
number of particles in the Okhotsk Sea and the Pacific, categorized by initial density range (Fig. 676 
11d-i). As sinking particles gradually moved into higher-density layers, their behavior shifted to 677 
that of higher-density particles. Even with a sinking velocity of 0.4 m/day, the time required for 678 
outflow increased by 10–20% (sinking 73 m over six months apart from advection). A sinking 679 
velocity of 4 m/day causes particles to descend 120 m in one month and 730 m in six months, 680 
independent of advection, preventing their escape through shallow straits after one month and 681 
effectively trapping them within the Okhotsk Sea after six months. These particles likely 682 
accumulate or undergo remineralization within the Okhotsk Sea. Thus, while slow-sinking 683 
particles behaved similarly to those described in Sections 5.1-5.3, fast-sinking particles exhibited 684 
qualitatively different behavior. 685 
 686 
6.  Summary and Discussion 687 
 The region extending from the Hokkaido coast to the Kuril Basin in the Okhotsk Sea is 688 
characterized by high primary production, which supports high biodiversity and productive 689 
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fisheries. This study focused on high-turbidity water in the BML on the shelf off Hokkaido, as a 690 
component of nutrient cycling. 691 
 Observations conducted in April, May, and December revealed that high-turbidity water 692 
and a thick BML on the shelf off Hokkaido were present not only in August, as previously 693 
observed, but also in spring and late autumn. Most of the high-turbidity water in the southwestern 694 
Kuril Basin was Soya Strait origin waters, entering from the Japan Sea and passing over the 695 
Hokkaido shelf. 696 
 Analysis of past data revealed the seasonal distribution of BML thickness and density. 697 
BML thickness peaked offshore of the SWC (20–50 km from the coast), coinciding with the 698 
location of the Cold-Water Belt, which forms in spring to autumn. Both BML thickness and 699 
density were highest in spring and lowest in winter. The thick BML observed during the cruises 700 
is likely present year-round, albeit with seasonal variability, suggesting that high-turbidity water 701 
may also persist. 702 
 An output from the JPN system developed by MRI of the JMA indicated similar patterns 703 
in BML thickness and density. The water mass with the thickest BML originated from the Japan 704 
Sea. The seasonal development of the BML was primarily driven by strong bottom currents 705 
around the Soya Strait, density destabilization by bottom currents, and the BML development in 706 
the Japan Sea. 707 
 As a proxy for high-turbidity water, we tracked water within the BML using the JPN 708 
system output. Low-density water (σθ < 26.0) rapidly exited to the Pacific Ocean via nearby 709 
shallow straits like the Kunashiri Strait, with a small proportion remaining in the Okhotsk Sea 710 
after one year (half of the particles exited within 2–3 months, and only 14% remained after one 711 
year). In contrast, higher-density water took longer to exit through distant deeper straits like the 712 
Bussol Strait, resulting in a higher proportion remaining and spreading within the Kuril Basin (for 713 
water with σθ > 26.7, 60% remained in the Okhotsk Sea after one year). The extent of spread 714 
within the Okhotsk Sea exhibited smaller seasonal variability compared to interannual variability, 715 
with the outflow ratio to the Pacific Ocean after one year fluctuating with the seasonal changes 716 
of the BML density. Interannual variability in current fields significantly altered the spread within 717 
the Okhotsk Sea. When sinking velocities were assigned, slow-sinking particles (≲ 0.4 m/day) 718 
behaved similarly to the above neutrally buoyant particles, whereas fast-sinking particles (≳ 4 719 
m/day) exhibited qualitatively different behavior. 720 
 The above results suggest the following: high-turbidity bottom waters off the Hokkaido 721 
coast in the Okhotsk Sea are transported to the Kuril Basin and the North Pacific (southeast of 722 
Hokkaido in particular), potentially influencing the material circulation. High-turbidity bottom 723 
waters of low density rapidly exit to the Pacific Ocean, affecting the coastal euphotic zone. High-724 
turbidity bottom waters of intermediate density remain in the Okhotsk Sea until the following 725 
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winter, where they may contribute to the spring bloom after being mixed into the euphotic zone 726 
by winter convection. High-turbidity bottom waters of high density remain in the Okhotsk Sea 727 
for over a year, potentially influencing the intermediate layer and benthic material circulation and 728 
ecosystems, remaining suspended or sinking. It may also affect the euphotic zone through 729 
entrainment by tidal mixing. 730 
 It should be noted that this study did not directly investigate the fate of the high-turbidity 731 
water but instead tracked BML water. Observations and modeling of turbidity or suspended 732 
particles are desired. The effects of storm events, which can effectively resuspend sediments and 733 
increase turbidity, were not considered in the particle tracking analysis in Section 5. Additionally, 734 
it is desired to explore how nutrients in suspended particles transform into bioavailable forms. 735 
These are left for future work. 736 
 737 
Appendix A: Model flow field and water mass structure 738 
 Appendix A shows the flow field and water mass structures in the model used. Figure 739 
A1 presents the monthly-mean, near-surface flow field during 2008-2017. Although the flow field 740 
was complex with many eddies, its main features qualitatively consistent with observational 741 
knowledge: (1) the ESC strengthened in winter and weakened in summer, with a coastal branch 742 
extending to Hokkaido during winter; (2) the SWC intensified in summer, with parts of both the 743 
ESC and SWC flowing into the North Pacific via straits near Hokkaido such as the Kunashiri 744 
Strait, forming the Coastal Oyashio along southeastern Hokkaido; and (3) the Oyashio and water 745 
exchange between the Okhotsk Sea and the North Pacific strengthened in winter. Additionally, a 746 
relatively large anticyclonic eddy in the Kuril Basin was consistent with observational findings. 747 
 Figure A2a shows a T-S diagram for January, May, and August around the EW line. 748 
Temperature, salinity, and density distributions were qualitatively well-reproduced. Key features 749 
include (1) the Kuril Basin water below 26.7 σθ, the dichothermal water, and their gradual 750 
warming from early summer; (2) the warm and saline SWCW and low-salinity Kuril Basin surface 751 
water in early and late summer; and (3) the low-salinity ESC Water in winter. Additionally, a T-S 752 
diagram for April, May, and December (Fig. A2b), provided for comparison with Fig. 4a, showed 753 
remarkable agreement with observations despite interannual variability. 754 
 755 
Appendix B: Identifying Soya Strait Origin Waters Using Dissolved Oxygen and Oxygen 756 
Saturation 757 
 Section 3.2 identified the Soya Strait origin waters using AOU and temperature-based 758 
indices, as the Soya Strait origin waters are characterized by higher oxygen concentrations and 759 
temperatures compared to Kuril Basin water. Here, we compare the AOU-based method with 760 
methods based on dissolved oxygen (O) and oxygen saturation (SO2), where the latter was 761 
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calculated at sea surface pressure. 762 
 Figures B1a-d present SO2-S and O-S diagrams alongside T-S and AOU-S diagrams for 763 
comparison. The SO2-S plot (Fig. B1d) closely mirrored an inverted AOU-S plot (Fig. B1b), 764 
resulting in nearly identical outcomes when calculating ΔSO2/ΔS compared to ΔAOU/ΔS. Indeed, 765 
the plots of both −ΔSO2/ΔS vs. S (Fig. B1f) and −ΔSO2/ΔS vs. turbidity (Fig. B1h) were nearly 766 
identical to those for ΔAOU/ΔS (Fig. 4e, g). (The negative sign for ΔSO2/ΔS was added to match 767 
the sign convention used for ΔAOU/ΔS.) 768 
 On the other hand, the O-S plot shows significant temperature-dependence above the 769 
dichothermal water. In particular, the less-saline surface layer (S ≲ 33) exhibited large variability 770 
depending on the observation month/year. Further, although the T-S curve consisting of the 771 
surface water, the SWCW, and the subsurface Kuril Basin water in December resembles a tilted 772 
'Z' shape, the upper horizontal and diagonal lines of the 'Z' overlapped in the O-S diagram, forming 773 
a single line. (In the AOU-S and SO2-S diagrams, these lines remained separate.)  774 
 Figure B1e shows −ΔO/ΔS vs. S plot. The temperature-dependent variability caused 775 
larger differences between years and months compared to the ΔAOU/ΔS plot, especially for the 776 
less-saline surface water (S ≲ 33) and, to some extent for the upper branch of S > 33.2. However, 777 
despite this variability, the differences did not practically affect the identification of Soya Strait 778 
origin waters, and the overall results (Fig. B1g) were similar to those obtained using the AOU-779 
based index. 780 
 781 
Appendix C: Estimation Method for the Bottom Mixed-Layer Thickness 782 
 The BML was defined as the layer where the density difference from the deepest layer 783 
observed does not exceed a threshold of 0.125 σθ. Specifically, the lower boundary of the interior 784 
(Di) was defined where potential density first exceeded the threshold relative to the deepest layer 785 
observed (Do), and the upper boundary of the BML (Du) was defined as the observed layer 786 
immediately below the lower boundary. BML thickness was then calculated as the distance from 787 
the depth of the upper boundary to the bottom (Db−Du, Fig. C1). 788 
 When the deepest layer observed was away from the bottom, BML thickness could not 789 
be accurately assessed. Therefore, we checked the relationship between the distance from the 790 
bottom (Db−Do) and the estimated BML thickness (Db−Du). At observation sites where Db−Do ≤ 791 
50 m, Db−Du varied continuously from 0 to 200 m. However, at sites where Db−Do > 50 m, Db−Du 792 
varied discretely (Fig. C2), indicating the possible influence of Db−Do on estimated BML 793 
thickness. Consequently, we excluded sites where Db−Do > 50 m from the analysis. The number 794 
of excluded sites was minimal, accounting for less than 2% of the total (Table C1). 795 
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Figure Captions 1058 
 1059 
Fig. 1: Bathymetry and observation sites. (a) Bathymetry with contours at 100 m and 200 m, and 1060 

at 1000 m intervals for depths exceeding 1000 m. Thick lines indicate the 200 m and 2000 1061 
m contours. (b) Transects with bathymetry. The red line represents the EW line, blue for the 1062 
S line, and green for the NS line. CTD sites are marked with crosses. Contour intervals are 1063 
25 m for depths shallower than 200 m (dashed lines) and 100 m (solid lines). Thick lines 1064 
represent 500 m intervals. 1065 

Fig. 2: Vertical sections along the EW line. (a, d, g) Turbidity (color and black contours) and 1066 
potential density (white contours), (b, e, h) potential temperature (color and black contours) 1067 
and salinity (white contours), (c, f, i) ΔAOU/ΔS (color and black contours) and turbidity 1068 
(white contours) observed in (a-c) December 2020, (d-f) April 2021, and (g-i) May 2022. 1069 
Contour intervals are as follows: turbidity at 0.1 FTU, potential density at 0.1 σθ, potential 1070 
temperature at 1 °C, salinity at 0.2 psu, ΔAOU/ΔS at 100 μmol/l/psu, and turbidity (white 1071 
contours on the right) at 0.2 FTU. The horizontal axis represents the distance from the shore 1072 
along the transect, with triangles below indicating measurement positions. 1073 

Fig. 3: Similar to Fig. 2, but for the S line (a-f) and the NS line (g-i). (a, d, g) Turbidity (color and 1074 
black contours) and potential density (white contours), (b, e, h) potential temperature (color 1075 
and black contours) and salinity (white contours), (c, f, i) ΔAOU/ΔS (color and black 1076 
contours) and turbidity (white contours) observed in (a-c) December 2020, (d-f) April 2021, 1077 
and (g-i) May 2022. Contour intervals are as follows: turbidity at 0.1 FTU (0.5 FTU in 1078 
panel a), potential density at 0.1 σθ, potential temperature at 1 °C, salinity at 0.2 psu, 1079 
ΔAOU/ΔS at 100 μmol/l/psu, and turbidity (white contours on the right) at 0.2 FTU (0.5 1080 
and 1 FTU in panel c). The horizontal axis represents the distance along the lines from the 1081 
shore (a-f) and from the southernmost site (g-i), with triangles below indicating 1082 
measurement positions. 1083 

Fig. 4: Scatter plots of salinity (psu) vs. (a, b) potential temperature (θ, °C), (c, d) apparent oxygen 1084 
utilization (AOU, μmol/l), (e) ΔAOU/ΔS, and (f) Δθ, as well as turbidity (FTU) vs. (g) 1085 
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ΔAOU/ΔS and (h) Δθ. Black, blue, and red colors in (a, c, e-h) correspond to data observed 1086 
in December 2020, April 2021, and May 2022, respectively. Turbidity (FTU) is shown by 1087 
color in (b, d). Solid circles and crosses indicate points in and outside the upper right region 1088 
of the green lines in (a), respectively. The purple line in (a) is the fitting curve used to 1089 
identify Soya Strait origin waters based on temperature. The green cross in (c) marks the 1090 
reference point (So, AOUo) for ΔAOU/ΔS. Data points exceeding the plot range are plotted 1091 
on the corresponding axis. In (g, h), data points with fluorescence > 0.3 (flSP), AOU < 0, 1092 
or S > 34.1 are excluded. The abbreviations in (a, c) are as follows: Soya Warm Current 1093 
Water (SWCW), dense Soya Warm Current Water (dSWCW), Kuril Basin subsurface water 1094 
(KBSSW), Dense Shelf Water (DSW), dichothermal water (DTW), East Sakhalin Current 1095 
Water (ESCW), Kuril Basin surface water (KBSW). For details of water mass definitions, 1096 
refer to Takizawa (1982) and a review by Mundo et al. (2024). 1097 

Fig. 5: Horizontal distributions of (a, c, e, g) bottom mixed-layer thickness (m) and (b, d, f, h) 1098 
potential density (σθ, contours) and bottom mixed-layer thickness (color) in (a, b) spring 1099 
(Apr–Jun), (c, d) summer (Jul–Sep), (e, f) autumn (Oct–Dec), and (g, h) winter (Jan–Mar), 1100 
estimated from past observation data (HRO and JODC). Contour intervals are 20 m on the 1101 
left and 0.2 σθ on the right. Red lines represent monthly mean bottom streamlines from the 1102 
JPN system for May, August, November, and February. The onshore side of these 1103 
streamlines marks the main pathway of Soya Strait origin waters. Dashed lines indicate the 1104 
300 m isobath, with analyses confined to shallower areas. Black dots indicate observation 1105 
locations. 1106 

Fig. 6: Monthly means of (a, d, g) bottom mixed-layer thickness (m, color) with bottom streamline, 1107 
(b, e, h) bottom potential density (σθ), and (c, f, i) bottom salinity (psu, color) with potential 1108 
temperature (°C) in (a-c) January, (d-f) May, (g-i) August. Temperature contour interval is 1109 
2°C. Data are 10-year monthly means from the JPN system for the shelf area (shallower 1110 
than 330 m) from 2008 to 2017. The square in (a) represents the region of area average in 1111 
Fig. 7. 1112 

Fig. 7: Seasonal variations of (left axis) bottom mixed-layer thickness (m, red) and (right axes) 1113 
potential density (σθ, green), potential temperature (°C, blue), and salinity (psu, black) at 1114 
the bottom. The values are monthly means for the period 2008–2017 of the area average 1115 
over the square region in Fig. 6a (44.25–44.39°N, 144–144.3°E), from the JPN system. 1116 

Fig. 8: Monthly means of (a, d, g) log10 of vertical diffusivity coefficient at 15 m above the 1117 
bottom (cm2/s), (b, e, h) bottom flow speed (cm/s), and (c, f, i) tendency of vertical density 1118 
stratification changes due to horizontal density advection (r.h.s of Eq. (3); 10−5 s−1) in (a-c) 1119 
January, (d-f) May, (g-i) August. As in Fig. 6, data are 10-year monthly means from the JPN 1120 
system for the shelf area (shallower than 330 m) from 2008 to 2017. 1121 
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Fig. 9: Distribution of particle passage frequency for one year, categorized by initial densities: (a) 1122 
σθ < 26.0, (b) 26.0 ≤ 𝜎𝜎𝜃𝜃 < 26.7, and (c) σθ ≥ 26.7. (d) Horizontal region where particles 1123 
were initially placed within the bottom mixed layer, and tracked for one year from August 1124 
1, 2012. The unit is number of passages/(year⋅horizontal grid). 1125 

Fig. 10: Distribution of monthly particle passage frequency after (a, d, g) one, (b, e, h) three, and 1126 
(c, f, i) five months from the start of tracking, categorized by initial densities: (a-c) σθ < 1127 
26.0, (d-f) 26.0 ≤ 𝜎𝜎𝜃𝜃 < 26.7, and (g-i) σθ ≥ 26.7. As in Fig. 9, particles within the bottom 1128 
mixed layer on the Hokkaido shelf were tracked from August 1, 2012. The unit is number 1129 
of passages/(month⋅horizontal grid). 1130 

Fig. 11: Time evolution of the number of tracked particles in the (gray line) Okhotsk Sea and (red 1131 
line) North Pacific, categorized by initial densities: (a, d, g) σθ < 26.0, (b, e, h) 26.0 ≤ 𝜎𝜎𝜃𝜃 < 1132 
26.7, and (c, f, i) σθ ≥ 26.7. The unit is percentage to the initial particle number in each 1133 
density range. Cases with (a-c) no sinking velocity as in Figs. 9 and 10 and sinking velocity 1134 
of (d-f) 0.4 m/day and (g-i) 4 m/day. As in Fig. 9, particles within the bottom mixed layer 1135 
on the Hokkaido shelf were tracked from August 1, 2012. 1136 

Fig. 12: Seasonal variations in the annual particle passage frequency, including all density ranges. 1137 
Tracking started on the 1st of (a) January, (b) May, and (c) August 2012. The unit is number 1138 
of passages/(year⋅horizontal grid). 1139 

Fig. 13: Seasonal variations in the timescale for particles to enter the North Pacific. (a) Outflow 1140 
ratio: percentage of particles in the North Pacific after one year of tracking. (b) Number of 1141 
days until 50% of tracked particles entered the North Pacific. Particles are categorized by 1142 
initial densities: (blue) σθ < 26.0, (orange) 26.0 ≤ 𝜎𝜎𝜃𝜃 <   26.7, and (gray) σθ ≥  26.7. 1143 
Months are not plotted, if tracked particles were fewer than 200 (April–June for σθ < 26.0, 1144 
November to January for σθ ≥ 26.7), or if 50% did not exit within one year with sufficient 1145 
particle numbers (March–June for 26.0 ≤ 𝜎𝜎𝜃𝜃 < 26.7, March-October for σθ ≥ 26.7). 1146 

Fig. 14: Annual particle passage frequency for years 2008–2016. Particles within the bottom 1147 
mixed layer on the Hokkaido shelf were tracked on the 26.6 σθ surface from August 1st in 1148 
each year. Values on the color scale should be doubled for 2012. The unit is number of 1149 
passages/(year⋅horizontal grid). 1150 

Fig. 15: Interannual variability in the outflow ratio (percentage of particles in the North Pacific) 1151 
after one year, calculated for 2008 to 2016 on the 26.6 σθ surface. 1152 

Fig. A1: Monthly means of flow speed (cm/s) and streamline at 50 m depth in (a) January, (b) 1153 
May, and (c) August, averaged from 2008 to 2017. 1154 

Fig. A2: Scatter plots of salinity (psu) vs. potential temperature (°C) in (a) January (purple), May 1155 
(red), and August (green) and in (b) April (blue), May (red), and December (black). Data 1156 
plotted are at 47°N from the coast to 146°E and are daily means on day 15 of the 1157 
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corresponding months from 2008 to 2017. 1158 
Fig. B1: Scatter plots of (a) potential temperature (θ, °C), (b) apparent oxygen utilization (AOU, 1159 

μmol/l), (c) dissolved oxygen (O, μmol/l), (d) oxygen saturation (SO2, %), (e) −ΔO/ΔS, and 1160 
(f) −ΔSO2/ΔS vs. salinity (psu), and (g) −ΔO/ΔS and (h) −ΔSO2 vs. turbidity (FTU). Black, 1161 
blue, and red colors correspond to observations from December 2020, April 2021, and May 1162 
2022, respectively. Solid circles and crosses indicate points in and outside the upper right 1163 
region of the green lines in (a), respectively. Green crosses in (b-d) mark reference points 1164 
for ΔAOU/ΔS, −ΔO/ΔS, and −ΔSO2/ΔS. Data exceeding the plot range are plotted on the 1165 
corresponding axis. In (g, h), points with fluorescence > 0.3 (flSP), AOU < 0, or S > 34.1 1166 
are excluded. 1167 

Fig. C1: Estimation of bottom mixed-layer thickness. The bottom mixed-layer thickness was 1168 
defined as Db − Du, where Db is the bottom depth, and Du is the depth of the upper boundary 1169 
of the bottom mixed layer. To determine Du, Di and Do were used, where Di is the depth of 1170 
the lower boundary of the interior, defined as the observed layer where the difference in 1171 
potential density from the deepest layer observed (Do) first exceeded a threshold (Δσθ set 1172 
to 0.125). 1173 

Fig. C2: Scatter plot of estimated mixed-layer thickness (Db−Du) vs. the difference between 1174 
bottom depth and the depth of the deepest layer observed (Db−Do), using HRO and JODC 1175 
data. 1176 

 1177 
Table List 1178 
 1179 
Table 1: Summary of observation cruises. 1180 
 1181 
Table C1: Number of JODC and HRO data in the analysis region: Numbers of observation sites, 1182 

observed layers, observation sites without measured depths, sites where the bottom depth 1183 
was shallower than the deepest layer observed (Db < Do), sites deeper than 300 m (Db > 300 1184 
m), sites with a depth difference between the bottom and deepest layer observed (Db−Do) 1185 
greater than 50 m, and sites used for analysis. For observation sites without measured 1186 
bottom depth and sites where Db < Do, the bottom depth was estimated using existing 1187 
bathymetric data. 1188 














































