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Abstract

:

This study proposes an analysis methodology to address how very rare marine extremes can be understood using limited data. In summer 2016, extreme weather and marine events occurred simultaneously around the Pacific shelf off southeastern Hokkaido, Japan. Six successive tropical storms brought extreme precipitation and an anticyclonic mesoscale eddy of subtropical Kuroshio water closely approached the coast, locally causing marine heat waves. We examined how these compound extremes affected oceanographic conditions on the coastal shelf by analyzing data from ship surveys in October 2016 on the Pacific shelf and outputs from a realistic ocean model. Climatologically, warm, high-salinity (33.0–33.7) subtropical water from the Okhotsk Sea (modified Soya Warm Current water) is distributed near the sea surface on the Pacific shelf in October and transported by the along-shelf boundary current. In 2016, however, a vertically well-mixed low-salinity (<33.0) layer associated with the heavy rainfall was observed at 0–50 m depth on the shelf, salinity maxima (≥33.7) associated with Kuroshio water from the mesoscale eddy occurred at 50–150 m depth on the slope, and baroclinic jets formed along the salinity front near the shelfbreak. These observed salinity structures were reproduced by a 1/50° ocean model. Particle-tracking experiments revealed that the low-salinity water originated mainly off eastern Hokkaido, where heavy rainfall events occurred in August, and was modified by mixing with Soya Warm Current water before transport to the Pacific shelf.
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1. Introduction


An extreme event is generally defined by the occurrence of a weather or climate variable with a value above (below) a threshold value near the upper (lower) end of the range of observed values of the variable [1]. Many extreme weather and climate events result from natural climate variability, but some extreme events have changed as a result of anthropogenic climate change and ongoing global warming (e.g., [2,3,4]). Examples include but are not limited to heat waves, cold waves, floods, extreme precipitation, drought, tornadoes, and tropical storms (e.g., [5]). The present study focuses on compound extreme weather and marine events that occurred in summer 2016 around the Pacific shelf off Hokkaido, Japan. An abnormally high number of six successive tropical storms brought once-a-century extreme precipitation to the region at the same time that an anticyclonic mesoscale ocean eddy closely approached the Hokkaido coast, causing strong marine heat waves with a spatial scale of O (102 km), which are generally considered extreme ocean events. Notably, these eddy-induced extremes occurred when both the tropical storms and the mesoscale ocean eddy were moving along unusual trajectories, but the intensities of the storms and eddy were not extreme. The goals of this study were to (1) examine how coastal shelf waters responded to the compound extreme events and (2) propose an analysis methodology to address how such very rare compound extremes can be understood despite limited information.



Our study area was the shelf waters off the southeastern Pacific coast of Hokkaido, inshore of the Oyashio, which is the western boundary current of the western subarctic gyre in the North Pacific Ocean (Figure 1a) [6]. The Oyashio transports cold, low-salinity subarctic Oyashio water along the continental slope throughout the year [7]. In some years, an anticyclonic mesoscale eddy, often referred to as “warm core ring”, of warm high-salinity subtropical Kuroshio water moves northward from the Kuroshio Extension and stagnates around the Kuril-Kamchatka Trench off the southeastern coast of Hokkaido, occasionally blocking the flow of the Oyashio along the slope [8,9,10]. The other pathway of subtropical waters from the Kuroshio to the Pacific shelf off southeastern Hokkaido is via the Tsushima Warm Current system in the Japan Sea (Figure 1a). The northernmost branch of the Tsushima Warm Current passes through the Soya Strait from the Japan Sea to the Okhotsk Sea and flows on the shelf along the northeastern coast of Hokkaido as the Soya Warm Current, part of which exits the Okhotsk Sea through straits among the Four Islands to the Pacific shelf, typically in summer-autumn (Figure 1b) [11,12].



In general, the water masses occupying the Pacific shelf off southeastern Hokkaido are independent of water masses distributed offshore of the shelf break (e.g., Oyashio water) and exhibit remarkable seasonal variability. During summer-autumn, the warm, high-salinity subtropical water on the Pacific shelf is referred to as modified Soya Warm Current water [13,14] because it consists of water from the Okhotsk Sea near the northeastern coast of Hokkaido which was first transported to the North Pacific by the Soya Warm Current and subsequently transported by the coastal boundary current along the Pacific shelf, the so-called Coastal Oyashio [15,16]. During summer-autumn, when flow from the Okhotsk Sea strengthens, the Coastal Oyashio can be regarded as a downstream extension of the Soya Warm Current (Figure 1b). Notably, the Soya Warm Current water is transported via straits around the Four Islands where strong tidal current-induced mixing occurs [17,18,19]. The mixing processes around the straits likely contribute importantly to the formation of the modified Soya Warm Current water that is transported onto the Pacific shelf, but they are not yet well understood.



Since 1987, the Japan Fisheries Research and Education Agency (FRA) has conducted regular ship measurements along the A-line, off southeastern Hokkaido in the North Pacific, to monitor oceanographic conditions in the Oyashio and its surrounding waters (Figure 1a) [7]. In the about 30 years of monitoring data, hydrographic conditions in October 2016 were identified as anomalous, and additional intensive surveys were performed on the Pacific shelf. These anomalous conditions were attributed to compound weather–marine extremes.



To gain an understanding of the response of the coastal shelf water to compound weather–marine extremes, we proposed to apply the following methodology. First, we analyzed shipboard-observed data together with outputs from a realistic 1/50° numerical ocean model to clarify the influences of the weather–marine extreme on hydrographic conditions in October 2016 in the shelf waters off southeast Hokkaido. Our analyses revealed that thick (~10–50 m), well-mixed, low-salinity (<33.0) water layers near the sea surface were trapped against the coast, conditions which are rarely observed in the study area. Second, we conducted a particle-tracking experiment based on outputs of the 1/50° realistic ocean model to elucidate the source water of this low-salinity water and the processes by which it was modified and transported to the observation area.



This article is organized as follows. Section 2 explains the data collection and analysis methods. Section 3 describes the results of the in situ measurements, the numerical simulation, and the particle-tracking experiment. Section 4 is a brief discussion, and Section 5 summarizes the new findings of this study.




2. Materials and Methods


2.1. Intensive Measurements on the Pacific Shelf in October 2016


We performed intensive ship surveys from 11 to 13 October 2016 in the shelf waters off the southeastern Pacific coast of Hokkaido (Figure 2a). The survey, conducted by the research vessel R/V Hokko-maru, started on the slope off the southeastern point and proceeded northward. The ship then zigzagged westward along the coast, moving first southwestward and then northwestward, across the temperature and salinity (TS) fronts on the shelf. All measurements were completed within 48 h. Along the ship track, geolocations, temperatures, and salinities near the sea surface were continuously recorded at 1 min intervals by a global positioning system receiver, thermometer, and salinometer, respectively. Horizontal current velocities were simultaneously measured by a ship-mounted 150-kHz acoustic Doppler current profiler (ADCP, RD Instruments). The eight major tidal constituent currents, estimated by a realistic 1/50° ocean model (see Section 2.4.2), were removed from ADCP data before analysis. Conductivity–temperature–depth (CTD) measurements were conducted mainly along the L1, L3, L5, and L7 across-shelf transects at intervals of about 2 km. At all CTD stations, a bucket was also used to sample water from a few dozen centimeters below the sea surface for TS measurements. The thermometer temperatures (salinometer salinities) were corrected using a regression line (R2 = 0.997 (0.998)) that related temperatures (salinities) of the bucket-sampled water. The corrected data were used in subsequent analyses. In addition, erroneous TS values at depths of 0–5 m recorded by CTD were replaced by TS values obtained by linear interpolation between the 0-m bucket and 6-m CTD data. Interpolation errors were mostly negligible because a mixed layer had formed near the sea surface in October 2016. In addition to the in situ measurements, a nighttime image of sea surface temperatures (SST) acquired by the Himawari 8 satellite on 12 October 2016 was used in this study. Some of these intensive measurement data have been reported previously by Kuroda and Toya [20], who analyzed SST fronts on the shelf.




2.2. Long-Term CTD Data along the A-Line


Since 1987, the FRA has monitored physical and biochemical conditions around the Oyashio and the Mixed Water Region along the A-line, which extends southeastward from the southeastern coast of Hokkaido (Figure 1a). In this study, we analyzed TS data measured with CTD sensors during 1988–2019. During each monitoring cruise, TS profiles were obtained basically at 25 stations along the A-line from the sea surface to the 3100 dbar depth, or to the vicinity of the sea bottom, at intervals of 1 dbar [7]. Most of the measurements were obtained in January, March, May, July, and October of each year. This study analyzed the CTD data from September-October collected at 12 stations (i.e., stations B01–A05; Figure 2a,b). TS data from depths of 0–9 m, where erroneous data were frequently recorded, were excluded from our analysis.




2.3. Historical Current Velocities at the Sea Surface


To estimate the climatological current velocity distribution around the study area, ADCP and geomagnetic electrokinetograph data were extracted from the Japan Oceanographic Data Center (JODC) database. Velocities in this database were measured at depths of 0–15 m from 1953 to 2008. We mapped estimated current velocities averaged over September-October with a resolution of 5′ (latitude) × 5′ (longitude). However, many data on the continental slope were missing. We used absolute geostrophic velocities on the slope estimated from maps of absolute dynamic topography for September-October of 1993–2015 with a resolution of 0.25° (latitude) × 0.25° (longitude), which were distributed as a delayed-mode product by the Archiving, Validation and Interpretation of Satellite Oceanographic data (AVISO) repository [21].




2.4. Ocean Simulation


2.4.1. Reanalysis Data from a 1/10° Ocean Forecast System


We used daily mean reanalysis data from an operational ocean forecast system developed by the FRA based on the Regional Ocean Modeling System (FRA-ROMS) [22]. In this system, 1/2° and 1/10° ocean models based on the ROMS (e.g., [23,24,25]) were connected by one-way nesting and coupled with three-dimensional variational objective analysis schemes in which sea level anomalies, SSTs, and profiles of in situ TS data were assimilated at weekly time intervals. This system successfully reproduces realistic basin-scale and mesoscale variations in the northwestern Pacific Ocean [22].



In this study, the reanalysis data from the 1/10° ocean model were used in two ways. First, we estimated marine heat wave indices from the reanalyzed temperatures at a depth of 50 m, using the definition proposed by Hobday et al. [26], to show that, in fact, an anticyclonic mesoscale eddy approached extremely close to the Hokkaido coast in summer 2016. In this study, however, different from Hobday et al. [26], climatological means were estimated using 25 years (1993–2017) of data, because data for a longer period were not available, and a fifth category, category 5, was added to the four categories defined by Hobday et al. [26]). Second, reanalysis data were used to force the 1/50° high-resolution ocean model.




2.4.2. High-resolution 1/50° Ocean Model


Configurations of the 1/50° model were identical to those used by Kuroda et al. [27]. The model domain (137.39–149.81° E and 35.79–47.01° N) included the northern part of Japan (i.e., yellow box in Figure 1a). Inputs of heat and momentum fluxes at the sea surface were based on 6-hourly mean net shortwave and downward longwave radiation data from the Japan Meteorological Agency’s 55-year reanalysis dataset (JRA-55) [28], and inputs of hourly meteorological data (wind speed and direction, relative humidity, air temperature, precipitation, and atmospheric pressure) were from the Grid Point Value–Mesoscale Model (GPV/MSM) [29]. Daily mean discharges of water from all water systems were estimated and introduced to the 1/50° model as described by Kuroda et al. [30]. Lateral boundary conditions were derived from the daily mean reanalysis data of the 1/10° FRA-ROMS. Barotropic tidal currents and elevations for the eight major tidal constituents (K1, O1, P1, Q1, M2, S2, K2, and N2) were derived from the NAO.99Jb regional tidal model [31] and added to the lateral boundary values derived from the 1/10° FRA-ROMS. The equilibrium tide and the effects of self-attraction and loading are not included in the governing equations of the 1/50° model; this model reproduces tides and tidal currents well [27]. Moreover, to modify mesoscale variations in the 1/50° model, we introduced spectral nudging into the model [32,33], which has been adapted to many regional climate models (e.g., [34,35,36]). TS data from the 1/50° model and the 1/10° FRA-ROMS were low-pass-filtered by the same spatial filter to extract TS variations associated with mesoscale variability at a spatial scale greater than about 100 km. The TS differences between the two models were fed into the 1/50° model in 5 day increments by incremental analysis updating [37]. As a result, TS within about 50 km from the coast (i.e., on the shelf) and submesoscale variations at spatial scales of less than about 100 km were not modified. In addition, increments were added only below a depth of 200 m, so TS conditions within the surface mixed layer were not modified. In fact, TS were little modified by spectral nudging for coastal shelf waters, which this study focuses primarily on, whereas subsurface TS that were related to mesoscale eddies and the Oyashio Stream on the slope were effectively modified by this method.



We used outputs of daily means (i.e., temperature, salinity, velocity, sea level, and vertical eddy diffusion) from the 1/50° model to characterize oceanographic conditions and conduct particle-tracking experiments, and outputs of harmonic constants of tidal currents, after careful validation [27], to eliminate tidal currents from the ship-mounted ADCP measurements obtained during the intensive ship surveys conducted on the Pacific shelf slope during 11–13 October in 2016.





2.5. Particle-Tracking Experiment


To infer the origin of the specific water mass observed on the Pacific shelf in October 2016, off-line particle-tracking experiments were carried using daily mean outputs of the 1/50° ocean model. For these experiments, we used the Larval TRANSport (LTRANS) model [38], which is configured for ROMS output, but the source codes were modified to suit our model’s configuration and purpose [39,40]. A large number of particles (about 500,000) were initially set in the specific water mass on the Pacific shelf and then passively transported backward in time for 70 days from the observed day (i.e., 12 October 2016) by reversing the sign of the three-dimensional model velocity. A small horizontal diffusion constant (0.5 m2 s−1) was assumed, and vertical turbulent diffusion was introduced by using the corrected random walk method proposed by Visser [41]. Generally, off-line particle-tracking experiments backward in time include errors due to many uncertainties, such as those arising from sub-grid turbulence schemes, model output interpolation errors, intrinsically irreversible random walk processes, and the adopted assumptions about lateral and sea-surface boundaries (e.g., Isobe et al. [42]). These types of errors can be severe, particularly when the source area or trajectory of a material must be specified with pinpoint precision. To avoid such methodological shortcomings, our study analyzed the spatio-temporal behavior of groups composed of a large number of particles rather than that of single particles.





3. Results


3.1. Overview of the Weather and Marine Extremes in Summer 2016


According to statistics recorded during 1951–2018 by the Japan Meteorological Agency [43], on average, 1.6 tropical storms approach Hokkaido each year in June-October. In August 2016, however, six tropical storms successively approached Hokkaido, and three of the six made landfall in Hokkaido [44] (Figure 3a). This situation was very exceptional. In addition, according to statistics for 1961–2016 reported by Kitano et al. (2017), only about 20% of tropical storms that approach Hokkaido have moved northward over the North Pacific east of Honshu Island, and the rest of them have moved northward over Honshu Island or the Japan Sea. Notably, in August 2016 an abnormally high proportion (five of the six) of the tropical storms had moved northward over the North Pacific (Figure 3a). Along this pathway, storms are less attenuated by land-surface friction than those moving along the other pathways [41].



The successive tropical storms in August 2016 brought extremely heavy rainfall to the eastern part of Hokkaido [45]. Monthly precipitation in August 2016 at Kushiro, in southeastern Hokkaido, was the heaviest since 1910 and exceeded 400 mm, followed by that in August 1920 (Figure 3c). Precipitation anomalies in August 2016, compared to monthly means for August during 2007–2019 (Figure 3b), revealed that the heavy precipitation occurred mostly around the tracks of the tropical storms over the North Pacific and that precipitation occurring around eastern Hokkaido and the Four Islands was 3–5 times the 13-year mean (Figure 3b).



In addition to these extreme atmospheric events, oceanographic conditions off the southeastern coast of Hokkaido in summer 2016 were unusually strongly affected by an anticyclonic mesoscale eddy of subtropical Kuroshio waters that very closely approached the Hokkaido coast in June-October 2016 [10]. To obtain an overview of this phenomenon, we calculated marine heat wave indices using temperatures at 50 m depth (Figure 4). The results showed localized marine heat waves southwest of the southeastern coast of Hokkaido in June 2016 (Figure 4a), and large localized anomalies slowly propagated northeastward along the Hokkaido coast from June to October (Figure 4a–e). Thus, marine and weather extremes occurred simultaneously around the coastal shelf waters off southeastern Hokkaido in August 2016.




3.2. Observed Results


3.2.1. Climatological Conditions in September–October


We first describe the climatological features of coastal shelf waters around the study area in September–October to characterize conditions of a normal year for later comparison with the results of the intensive ship measurements conducted in October 2016. In the climatology, alongshore currents flow southwestward on the Pacific shelf and slope in September–October (Figure 5a). Near the sea surface, high-salinity water (≥33.0) is distributed on the shelf, but a tongue of low-salinity water (<33.0) extends along the slope from the northeast to the southwest. The high-salinity waters on the shelf and the low-salinity waters on the slope are likely transported in the along-shelf direction mainly by the Coastal Oyashio and the Oyashio, respectively.



Across-shelf sections of long-term mean TS in September–October along the A-line indicate that the high-salinity water (≥33.0) on the shelf corresponds to warm water that is trapped against the coast (Figure 5b,c). The subtropical water with temperatures of ≥7 °C and salinities of 33.0–33.7 on the Pacific shelf is generally referred to as modified Soya Warm Current water [14]. This subtropical water occurs mainly within the seasonal thermocline above 100 m depth on the shelf, which deepens from the offshore area toward the coast. The across-shelf density structure depends strongly on the temperature structure (Figure 5b,d). Thus, the across-shelf thermal and density gradients on the shelf help to maintain the Coastal Oyashio (Figure 5a). In contrast to the across-shelf thermal gradients, the across-shelf salinity gradients tend to weaken the Coastal Oyashio on the shelf, because low-salinity water (<33.0) is distributed at depths of 0–30 m on the slope (south of 42°30′ N in Figure 5c).




3.2.2. Hydrographic Conditions in October 2016


Figure 6a shows the distribution of Himawari 8-derived SSTs on 12 October 2016. The easternmost track of the research vessel crosses the western to the northwestern edge of an anticyclonic eddy where northeastward current flows of about 50 cm s−1 were recorded (Figure 6b,c). These flows can be interpreted as a warm band-like streamer along the northern edge of the eddy (Figure 6a). The southernmost stations of the L1, L3, and L5 across-shelf transects were located along the northern rim of the streamer. In contrast to the warm water of the streamer, the sea surface in the vicinity of the Pacific shelf was characterized by relatively cold water of <15 °C.



Shelf waters were characterized by low salinity (<33.0), whereas salinity became higher (≥33.0) on the slope (Figure 6b). The low-salinity water was distributed not only at the sea surface but in the subsurface; the vertical thickness of the low-salinity water layer on the shelf ranged from 10 to 50 m (Figure 6c). Moreover, the 33.0 isohaline separating the low- and high-salinity waters was located along the shelfbreak, where the Coastal Oyashio exhibited a jet structure with along-shelf velocity maxima of 60–80 cm s−1. The across-shelf distribution of salinity on the shelf and slope in October 2016 was thus opposite to the climatological distribution. Nonetheless, interestingly, as in the climatology, the Coastal Oyashio was also present on the Pacific shelf in October 2016.



Across-shelf sections along L5 of temperature, salinity, density, and velocity are shown in Figure 7. A low-salinity (<33.0) layer with a thickness of 20–35 m was distributed near the sea surface on the shelf and appeared to be trapped against the coast (Figure 7b). This low-salinity layer was vertically homogeneous, primarily as a result of vertical convection due to sea surface cooling beginning in autumn. Water with particularly high salinity (salinity maximum ≥ 33.8) was observed at depths of 50–150 m along the shelfbreak and slope. This high-salinity water roughly corresponded to temperatures of 5–10 °C (Figure 7a). On the Pacific shelf, water with a high salinity of ≥33.7 is generally classified as subtropical Kuroshio water (salinity 33.7–34.2, temperature ≥ 5 °C) [14]. Therefore, the salinity maximum in the subsurface is attributable to Kuroshio water derived from the anticyclonic eddy. The contrast between the low-salinity water near the sea surface on the shelf and the high-salinity Kuroshio water in the subsurface on the slope (offshore of the vertical dashed line in Figure 7) strengthened the across-shelf salinity gradient near the shelfbreak. In fact, strong along-shelf velocities with a maximum of ≥70 cm s−1 were observed near the salinity front between the two water masses (Figure 7d). A similar relationship was not identified between the across-shelf salinity gradient and current jets near the shelfbreak during the climatologically normal September–October period (Figure 5).




3.2.3. Peculiarity of the Salinity Structure in October 2016


Examination of the long-term CTD data along the A-line shows the peculiarity of the coastal-trapped structure of thick low-salinity (<33.0) water on the Pacific shelf (Section 3.2.2). To identify the presence of similar structures historically, we examined the time series during 1988–2019 of the layer thickness of low-salinity water at station A01 (Figure 8a) and that of the difference in layer thickness between stations A01 on the shelf and A02 on the slope just off the shelfbreak (Figure 8b). In the climatology, relatively thick, low-salinity (<33.0) waters tended to be trapped against the slope rather than against the coast (Figure 5c); this structure is clearly different from the coastal-trapped structure observed in October 2016 (Figure 7b). Out of a total of 38 measurements at station A01 obtained during 1988–2019, five (1988, 1996, 1998, 2012, and 2016) captured low-salinity waters outcropping at the sea surface (Figure 8a). Among these five cases, coastal-trapped features were identified only in 1988, 2012, and 2016 (8% of total measurements) (Figure 8b). The layer thickness was largest, 33 m, in 2016, followed by 18 m in 2012 and 17 m in 1988. To sum up, the long-term CTD data suggest that a coastal-trapped structure of low-salinity water with a thickness ≥10 m on the shelf occurs approximately once a decade, but the occurrence of a coastal-trapped structure with a low-salinity layer thickness on the shelf exceeding 30 m, such as was observed in October 2016, is even rarer.





3.3. Simulation Results


3.3.1. Simulation by the 1/50° Ocean Model


This subsection describes the simulation results of the 1/50° ocean model for 12 October 2016, when the intensive ship measurements were conducted. Details of the model reproductivity, including the model biases, are summarized in Appendix A (Figure A1 and Figure A2). Overall, the 1/50° model reproduced the observed hydrographic features around the Pacific shelf, including the anticyclonic eddy stagnating on the slope (Figure 9a), the thick (≥30 m) layers of low-salinity water trapped against the coast on the shelf (Figure 9b), and the across-shelf salinity gradients on the shelf and slope (Figure 9a). In addition, the simulation of the Coastal Oyashio showed an alongshore velocity maximum along the salinity front near the shelfbreak (Figure 9a,b). In this regard, the model showed a low-salinity bias near the sea surface around the Pacific shelf. Therefore, as a result of the correction of the salinity bias based on the regression between the simulated and observed values (R2 = 0.70, Figure A2), the 32.8 isohaline was used to represent the simulated salinity front along the shelfbreak (e.g., Figure 9a,c).



A notable discrepancy between the model and observation was that the spatial maximum velocity of the simulated Coastal Oyashio (Figure 9a) was about half as large as the observed velocity (Figure 8b). This weak bias of the jet was related to the fact that subsurface thermal structures along the northern edge of the warm streamer around the anticyclonic eddy were not consistent between the model and observation. That is, the simulated across-shelf thermal gradients at depths below 50 m on the slope baroclinically intensified the eastward velocity anomaly (Figure 10a) than the observed ones (Figure 7a). Meanwhile, the observed across-shelf salinity structures (Figure 7b) (i.e., the thick layer of low-salinity water (<32.8) trapped against the coast on the shelf and the vertical salinity maximum (≥33.7) associated with Kuroshio water at 50–150 m depth on the slope) were well reproduced by the model (Figure 10b).



The map of simulated salinity and velocity near the sea surface on 12 October 2016 (Figure 9c) shows that the Soya Warm Current along the northeastern coast of Hokkaido in the Okhotsk Sea flowed out to the North Pacific mainly through the Kunashiri Strait between Kunashiri and Etorofu islands, then southward around the east side of Shikotan Island, and finally toward the southwest (solid pink arrow in Figure 9c). Southwest of Shikotan Island, the flow bifurcated: one branch joined the eastward flows along the northern edge of the anticyclonic eddy, and the other flowed westward along the 32.8 isohaline to the observation area on the Pacific shelf. The bifurcation point seems to be the origination point of the Coastal Oyashio along the salinity front near the Pacific shelfbreak.



High-salinity water (≥32.8) derived from the Soya Warm Current in the Okhotsk Sea was distributed continuously via its downstream extension to the anticyclonic eddy in the North Pacific. Meanwhile, low-salinity waters (<32.8) were split into eastern and western areas by the Soya Warm Current and its extension. The eastern area of low-salinity water, which was distributed in the Okhotsk Sea and in the North Pacific south of Etorofu Island, was likely transported by the Oyashio, which flowed along the northeastern and eastern edge of the anticyclonic eddy (white arrow in Figure 9c). The western area of low-salinity water was distributed from south of Kunashiri Island to the Pacific shelf and our observation area along the Hokkaido coast.




3.3.2. Particle-Tracking Experiment


To infer the origin of the vertically well-mixed low-salinity water distributed on the Pacific shelf in October 2016, we performed particle-tracking experiments backward in time using daily outputs of the 1/50° model. Large numbers of particles were initially set in the low-salinity water (<32.8) on the Pacific shelf (i.e., pink polygon in Figure 11) at intervals of 1/50° horizontally and 1 m vertically. At each point, 30 particles were released, so that trajectories of a total of 489,630 particles were tracked backward in time. Every 1 h we traced the position (i.e., longitude, latitude, and depth) of each particle and the salinity and temperature that it was experiencing. At each moment during the tracking, particles were categorized as “L-particles” or “H-particles” according to whether they were experiencing low (<32.8) or high salinity (≥32.8), respectively, based on the supposition that low- and high-salinity waters (i.e., L-particles and H-particles, respectively) were passively transported by ocean currents, becoming mixed along the way, before finally forming the vertically homogeneous low-salinity water on the Pacific shelf.



All of the particles were categorized as L-particles at the initial time, but the number of L-particles decreased rapidly during the backward tracking (Figure 12a). By day 7 of the backward simulation, the proportion of L-particles was about 50%. The proportion continued to decrease moderately, reaching about 40% at 70 days. The experienced salinity of L-particles reached a weak minimum at around 42 days (31 August) (Figure 12b), whereas more than 7 days before the initial time, the experienced salinities of H-particles continued to exceed 33.0; these high salinities were associated with subtropical waters around the study area.



H-particles were transported backward in time over a long distance along the main transport pathway of the Soya Warm Current water or its modified waters (Figure 11a–c). More concretely speaking, H-particles were tracked from the southeast corner of Shikotan Island back through the Kunashiri Strait to the shelf along the northeastern coast of Hokkaido in the Okhotsk Sea. In contrast, L-particles were transported back to the vicinity of the Four Islands (mainly south of Kunashiri and Etorofu islands) and were less widely distributed than H-particles (Figure 11d–f). Recall that in a climatologically normal September–October, the Soya Warm Current water is supplied from the Okhotsk Sea to the Pacific shelf as modified Soya Warm Current water. The particle-tracking results thus suggest that Soya Warm Current water was more strongly modified by mixing with ambient water during transport to the observation area on the Pacific shelf in 2016 than in normal years, such that in 2016 the TS properties of Soya Warm Current water had been completely lost by the time it reached the Pacific shelf.



We further examined the source of the low-salinity water distributed on the Pacific shelf on 12 October 2016 by identifying areas of very fresh water. First, we assumed that the minimum salinity that each particle experienced during the 70-day tracking period corresponded to its source water. Particles experienced minimum salinities mainly in four regions: the Pacific shelf around the observation area, south of Kunashiri Island, around the Kunashiri Strait and in the Okhotsk Sea, and south of Etorofu Island (Figure 13a). These four shelf regions were designated S1, S2, N1, and N2, respectively (Figure 13d). A potential pathway of Soya Warm Current water is expected to go through regions N1, S2, and S1 (e.g., Figure 9c). Twenty-five percent of particles experienced minimum salinity in region S1, around the initial position of particles on the Pacific shelf. This result implies that water modification (e.g., vertical convection caused by sea surface cooling) occurred around the Pacific shelf even just before the observations on 12 October. The largest fraction (45%) of particles experienced minimum salinity in region S2, which roughly corresponds to the southern half of the area included in the Four Islands. This result suggests that the main source area of the low-salinity water observed on the Pacific shelf was the southern Four Islands region. In addition, 13% and 8% of particles experienced minimum salinity in region N1 and N2, respectively. The remaining particles (9%) experienced minimum salinity in scattered areas. The lowest salinity experienced by particles in region S1 was close to 32.8 (Figure 13b), and the lowest salinity experienced by particles decreased with distance from the initial position but was not spatially homogeneous; the lowest salinity experienced tended to be much smaller near the coasts of Hokkaido and Kunashiri and Etorofu islands. The elapsed time when the particles experienced the lowest salinity ranged from 7 to 55 days, except in region S1 (<7 days) (Figure 13c).



The frequency distribution of particles as a function of depth (Figure 14a) indicated that most particles experienced minimum salinity at depths of less than 20 m, and the depth at which particles experienced minimum salinity was closest to the sea surface in region S2 (i.e., the main source area). This result suggests that salinity fluxes across the sea surface such as those associated with the heaviest precipitation (Figure 3) were tightly linked to the observed supply of low-salinity source water to the Pacific shelf. The number of particles experiencing the minimum salinity in each region changed with tracked time (Figure 14b). In region S1, the decline was monotonic and drastic in the first 7 days. In region S2, more than 63% of the particles experienced minimum salinity in the 7–70 day interval. Hence, the age structure of source water supplied from region S2 to the Pacific shelf was very broad.
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Figure 13. Properties of low-salinity source waters on the Pacific shelf on 12 October 2016. The source water of each particle was defined as the minimum salinity experienced by that particle during the tracking period. (a) Relative frequency, (b) salinity, and (c) occurrence time of source water. (d) The four source water regions, S1, S2, N1, and N2, defined on the basis of the relative frequencies shown in panel (a). The percentages indicate the regional contributions of source water to the Pacific shelf. The yellow dashed line indicates the across-shelf transect used in Figure 15. 
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4. Discussion


First of all, recall that this study aimed to clarify how coastal shelf waters responded to the compound extreme storm–ocean eddy events (see Section 1). How, then, did the anticyclonic eddy that very closely approached the coast and stagnated around the slope affect oceanographic conditions on the coastal shelf in October 2016? On the one hand, the particle-tracking experiment results suggested that Kuroshio water derived from the anticyclonic eddy was less entrained into the low-salinity waters observed on the Pacific shelf in October 2016 than the modified Soya Warm Current water and therefore the eddy contributed little to their TS properties. On the other hand, the eddy influenced the distribution of water masses on the Pacific shelfbreak and slope. In fact, the distribution of Kuroshio water on the slope greatly changed the across-shelf features of TS from the climatology, and these changed features were dynamically linked to baroclinic jets along the shelfbreak (Figure 7). Moreover, the simulation results of the 1/50° model suggested that the along-slope intrusion of low-salinity water that appears climatologically near the sea surface on the slope (Figure 5) was blocked in October 2016 upstream of the observation area by the anticyclonic eddy and deflected southward along the eastern edge of the eddy (Figure 9c). In consequence, low-salinity Oyashio water was not supplied to the vicinity of the Pacific shelf in 2016.



It is unclear how long the observed hydrographic features would be maintained after our intensive measurements on 12 October 2016. The simulated along-shelf volume transport of low-salinity water (<32.8) on the Pacific shelf (Figure 15) indicated that dominant westward transports persisted from 10 August to 10 October 2016, although intermittent eastward transports were simulated, for instance, on 17 and 23 August. However, after 20 October, this volume transport vanished, mainly because the thick layer of simulated low-salinity water (<32.8) disappeared completely from the Pacific shelf at that time. The vanishing of the volume transport corresponded to an increase of sea surface salinity averaged over region S2 after late September (not shown), which was associated with a drawdown of the very fresh source waters from region S2 that were supplied primarily by heavy precipitation in August 2016.



The simulated salinity and velocity near the sea surface on 22 October 2016, just 10 days after the intensive survey, showed that less low-salinity water (<32.8) was distributed along L1–L5 except in small areas very close to the coast (Figure 16). Instead, high-salinity waters (≥32.8) derived from the Soya Warm Current were distributed continuously from the Okhotsk Sea to the Pacific shelf. As a result, as in the climatology, high-salinity water associated with the modified Soya Warm Current water occupied the Pacific shelf on 22 October. This simulated feature implies that our measurements on 12 October 2016 captured the final stage of the low-salinity water distribution on the Pacific shelf. Note, however, that hydrographic conditions on 22 October 2016 still differed from the climatological conditions, because the low-salinity water transported by the Oyashio was still blocked upstream of the observation site by the anticyclonic eddy, preventing it from being supplied to the observation area (Figure 16).




5. Conclusions and Remarks


Research on extreme weather and climate events and their relationships with anthropogenic climate change (i.e., ongoing global warming), especially as they affect coastal shelf waters, has frequently been spotlighted, particularly since the 2000s. Most often, a single extreme phenomenon and its effects on oceanographic conditions is examined. However, around the coastal Pacific area off southeastern Hokkaido, marine and weather extreme events occurred simultaneously in summer 2016. This study relied on limited data to clarify the impacts of these compound extreme events on hydrographic conditions in the coastal shelf waters and proposed a methodology for analyzing such very rare (i.e., extreme) events.



In a climatologically normal September–October, warm high-salinity (33.0–33.7) subtropical water from the Okhotsk Sea (i.e., modified Soya Warm Current water) is transported by the Coastal Oyashio and distributed near the sea surface on the Pacific shelf. In contrast, low-salinity water (<33.0) is frequently distributed near the sea surface on the slope along the Oyashio. These across-shelf salinity gradients weaken the baroclinic structure of the Coastal Oyashio. However, the across-shelf salinity gradients on the shelf and slope measured in October 2016 were opposite to those during a normal September–October. A thick layer of low-salinity water (<33.0), associated with heavy precipitation, occupied depths of 0–50 m on the shelf, whereas distinct salinity maxima (≥33.7), associated with subtropical Kuroshio water derived from an anticyclonic mesoscale eddy occurred at depths of 50–150 m on the slope. These across-shelf horizontal salinity gradients intensified baroclinic jets of the Coastal Oyashio along the shelfbreak. A 1/50° model generally reproduced these observed features, in particular the across-shelf salinity gradients, but it failed to reproduce the low-salinity bias near the sea surface, and it underestimated the maximum velocity of the Coastal Oyashio, which is related to temperatures below 50 m depth on the slope. The salinity bias, which arose from no modification of TS within the surface mixed layer (<200 m) by our spectral nudging, and the structure of subsurface temperatures might be modified by improving the data assimilation method.



To infer the source of the low-salinity water observed on the Pacific shelf, we virtually released massive numbers of particles in the low-salinity water on 12 October and tracked their trajectories and ambient environments backward in time for 70 days using outputs of the 1/50° ocean model. The particles that experienced low salinity (<32.8) were classified as L-particles, and those that experienced high salinity (≥32.8), were classified as H-particles. H-particles were transported backward in time over a long distance along the main transport pathway of Soya Warm Current and its modified waters. This result suggests that these subtropical waters were strongly modified by mixing with very fresh source water. In contrast, L-particles were transported mainly back to the region around the Four Islands, and were less widely distributed than H-particles.



The source of the low-salinity water distributed on the Pacific shelf on 12 October was defined as the minimum salinity experienced by each particle during the 70-day tracking period. The source waters were mainly derived from the southern region of the Four Islands (i.e., region S2), which accounted for 45% (63%) of source waters during 0–70 (7–70) days. The source waters were also all distributed near the sea surface, where salinity was greatly affected by heavy precipitation. We inferred that the source waters were transported from the vicinity of the Four Islands to the Pacific shelf while being modified by mixing with the ambient high-salinity water associated with the modified Soya Warm Current waters. Hence, one of the oceanographic extremes in 2016 was this peculiar process and degree of modification of Soya Warm Current water by the rare succession of heavy rainfall events.



Note that the above results represent nothing more than an estimate based on a snapshot obtained on 12 October 2016; the percentage of source waters will be changed if initial conditions of particle-tracking experiments are moved to another day. Moreover, the regional definition (i.e., regions S1, S2, N1, and N2) was somewhat subjective. Further clarification is therefore needed to determine when and where the water modification was activated, particularly around region S2. In addition to Lagrangian analysis, Eulerian analysis (e.g., heat and salinity budget) within region S2 will probably give a new perspective in future work.



Finally, it is worth noting that although in situ snapshot hydrographic observations are essential for oceanographic studies, they are necessarily limited spatio-temporally. Oceanographers in the past had to exercise their imaginations to infer missing observations by extrapolating into the past or future or in a new spatial direction. In many cases, there were questions such as “Where did the observed water masses come from?” or “When and how will observed features change in the near future?” To answer these questions, simulations with a realistic high-resolution ocean model and Lagrangian analyses based on particle tracking can be powerful tools for interpreting observed results and extrapolating missing observations, as demonstrated in this study, regardless of whether the study targets an extreme event. The numerical techniques used in this study may seem to be executable only by developers of ocean models, but in fact, these techniques are no longer special but can be readily applied to coastal shelf waters around the whole of Japan by any scientists. This is possible mainly because in November 2020 the Japan Meteorological Agency started operational nowcasting and forecasting of hydrographic conditions around Japan using the 1/50° ocean model coupled with a four-dimensional variational assimilation scheme and distributing the output [46,47]. Similar operational coastal ocean forecast systems have been developed around the world [48]. We expect the approach used in our study, in which analyses of in situ observations are combined with a realistic ocean simulation, will necessarily become more generalized and established as a standard method in the near future.
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Appendix A


This appendix provides additional comparisons between observations and simulated results of the 1/50° ocean model. Although we have made many comparisons using historical oceanographic data, our focus here is limited to the model reproducibility around 12 October 2016. Himawari 8–derived SSTs were compared with simulated SSTs with a particular focus on the North Pacific (Figure A1). Overall features were well consistent, including the spatial positions of warm-water mesoscale eddies, cold-water intrusion by the Oyashio along the Four Islands, and thermal contrasts between cold nearshore and warm offshore waters around the study area. The Himawari 8–derived SSTs were a little noisy, but the simulated thermal frontal structures were smoother. Within the rectangular domain of 140.0–149.0° E and 36.2–46.0° N, correlation coefficient, mean difference (simulation minus observation), and root-mean-square difference between observation and simulation were estimated as 0.94, 1.17 °C, and 1.88 °C, respectively. Thus, the model showed an overall warm SST bias.



Temperature and salinity near the sea surface were compared between simulation and observation along the across-shelf transects L1–L7 off the southeastern coast of Hokkaido (Figure A2). Scatter plots of SST revealed that simulated SSTs were 0.5–2.5 °C colder than SSTs obtained by bucket sampling, although the spatial patterns were qualitatively consistent between them (Figure A2a; R2 = 0.62). Because simulated SSTs had warm bias over the wider model domain, the mean cold bias of −1.27 °C was a local bias peculiar to the study area. Scatter plots of salinity also indicated that spatial patterns of salinity were similar between observation and simulation, except along transect L7 (Figure A2b; R2 = 0.70), although simulated salinities showed a low-salinity bias. The low-salinity bias was larger when observed salinity was high (~33.5) than when it was low (~32.6). According to the regression results, an observed salinity of 33.0 corresponded to a simulated salinity of 32.8, which we used to represent the salinity front along the Pacific shelfbreak.



Remember that sea surface salinity within the surface mixed layer was not modified by spectral nudging applied in this study (Section 2.4.2). The salinity bias near the sea surface might be thus improved if more advanced data assimilation methods are introduced.
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Figure A1. SSTs on 12 October 2016 (a) simulated by the 1/50° model and (b) derived from Himawari 8 (horizontal resolution 2 km). 
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Figure A2. Scatter plots between (a) temperature and (b) salinity at the sea surface simulated by the 1/50° model and obtained by bucket sampling during 11–13 October. The blue line in each panel denotes the regression line. In (b), data points of salinity along L7 (red closed circles) deviated considerably from the observed values and were excluded from the regression line calculation. 
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The large salinity errors along L7 in the simulation (Figure A2b) were attributed primarily to the fact that the 1/50° model frequently failed to simulate the spatial extent of river discharge water from the land, which was actually limited to a small area very close to the Hokkaido coast around L7 (Figure 6b). The simulated river discharge–related waters, however, spread more widely offshore over the nearshore shelf around L7, causing there to be a low-salinity bias near the coast along L7 (Figure 9a). In fact, the width of river mouths in Hokkaido is generally much less than 2 km (the model grid size), and river and sea waters rapidly become intricately mixed through ocean processes near the river mouth. For accurate simulation of nearshore salinities near river mouths, such processes need to be appropriately parameterized as sub-grid mixing processes in the model [49,50]. In the future, our model should be improved by including such parameterization.
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Figure 1. (a) Schematic view of surface ocean currents (arrows) around Japan. Geographic names are enclosed in rectangles. Contour lines (interval, 10 cm) indicate the 20-year mean absolute dynamic topography during 1993–2012. Water depths ≥ 6500 m (i.e., trenches) are shown by dark gray shading. The bold dashed orange line shows the location of the A-line, and the yellow box encloses the domain of the 1/50° ocean model. (b) Same as panel (a), but for the area around Hokkaido during summer-autumn. Continental shelves where the water depth is <200 m are shown by light gray shading. The blue dashed line rectangle indicates the main target area of this study. 
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Figure 2. (a) Observation stations around the study area in October 2016. The blue squares indicate conductivity temperature-depth (CTD) stations along the A-line north of station A05. R/V Hokko-maru started to move northward from the southeastern corner of the panel on 11 October at 13:00 (UTC). The ship track is denoted by the dark red line. CTD measurements and water sampling by bucket were carried out at stations (black circles) on the shelf slope, mainly along L1, L3, L5, and L7. (b) CTD data collected along the A-line and analyzed in this study. Small closed (large open) circles denote data collected in October (September). 
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Figure 3. (a) Storm tracks in August 2016, digitized from Kitano et al. (2017). Closed circles (double open circles) indicate where a storm transitioned to an extratropical cyclone (an extratropical cyclone transitioned to a storm). (b) Precipitation anomalies in August 2016 relative to the decadal monthly mean (2007–2019). Thin (thick) black contours denote an anomaly 3 times (5 times) the decadal mean. (c) Monthly precipitation at Kushiro (star in panels (a,b)) in August. 
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Figure 4. Temperature anomalies at 50 m depth in 2016, based on daily reanalysis data from FRA-ROMS and categorized according to the marine heat wave index: (a) 15 June, (b) 15 July, (c) 15 August, (d) 15 September, and (e) 15 October (expanded view). A marine heat wave was categorized based on its intensity, after Hobday et al. [26]. Intensity categories were defined based on the difference Tdiff between the 25-year average (Tavg) and 90th percentile values for each grid. If the 50-m temperature for a day was ≥(Tavg + N × Tdiff) and <(Tavg + (N + 1) × Tdiff), it was categorized as being Category N. 
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Figure 5. (a) Climatological mean current velocity near the sea surface. The velocity vectors, denoted by a stick with an open (closed) circle, were derived from acoustic Doppler current profiler and geomagnetic electrokinetograph data (maps of absolute dynamic topography) for September–October. Isolines indicate climatological salinities at the sea surface in October, from [14]. Vertical sections of long-term mean (b) temperature, (c) salinity, and (d) density in September–October along the A-line north of station A05. Gray shading in (a) and (c) emphasizes low-salinity water (<33.0). 
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Figure 6. (a) Sea surface temperatures (SSTs) derived from Himawari 8. The magenta line indicates the ship track. (b) Salinometer-based sea surface salinity and ADCP velocity at 18 m depth. Red and black sticks indicate the bottom-tracked velocity on the shelf and the GPS-tracked velocity on the slope, respectively. (c) Same as (b), but for the CTD-based layer thickness of low-salinity waters (<33.0) outcropping at the sea surface. 
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Figure 7. Vertical section along L5 of (a) temperature, (b) salinity, (c) density, and (d) ADCP velocity on 12 October 2016. Color shade in (d) means the absolute value of velocity. Vertical dashed line represents the approximate position of an across-shelf salinity front. 
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Figure 8. (a) Thickness of low-salinity water (<33.0) in September–October at station A01 on the shelf. (b) Difference in thickness between stations A01 and A02. A positive (negative) difference indicates a coastal-trapped (slope-trapped) structure. 
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Figure 9. Maps of (a) salinity at the sea surface and (b) thickness of low-salinity (<32.8) water outcropping at the sea surface with current vectors at 18 m depth on 12 October 2016, simulated by the 1/50° model. Daily mean current velocity along the research vessel track is depicted by red sticks. In (a), the 32.8 isohaline is emphasized by the white contour. Panel (c) is the same as panel (a), but for a wider area. Approximate flow patterns of the Soya Warm Current and its downstream extension, the anticyclonic mesoscale eddy, and the Oyashio are denoted by solid pink, dashed purple, and solid white arrows, respectively. 
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Figure 10. Vertical section along L5 of (a) simulated temperature and (b) salinity on 12 October 2016. 
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Figure 11. Relative frequencies of particles at 1/10° intervals: (a–c) H-particles and (d–f) L-particles. Panels (a,d), (b,e), and (c,f) show the distributions of particles 14, 28, and 42 days, respectively, before the initial time on 12 October. A large number of particles were initially set within the pink polygon. The number of particles illustrated in each panel is indicated at the upper right corner of each panel. 
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Figure 12. (a) Ratios of the number of L-particles (gray shading) and H-particles to the total number of tracked particles. (b) Mean (± one S.D.) salinity experienced by L- and H-particles during the particle-tracking period. 
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Figure 14. (a) Vertical distribution of particles at the occurrence time of the source water in each region, expressed as the relative frequency of particles experiencing minimum salinity in each region. (b) The occurrence time of source water, when each particle experienced minimum salinity during the particle-tracking period. 
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Figure 15. Simulated daily volume transport of low-salinity water (<32.8) across the across-shelf transect on the Pacific shelf (yellow dashed line in region S1 in Figure 13d). Positive (negative) values, denoted by red (blue) bars, indicate eastward (westward) transport across the transect. 
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Figure 16. Salinity at the sea surface and current vectors at 18 m depth on 22 October 2016, simulated by the 1/50° model. Current velocities along the ship track on 11–13 October are denoted by red sticks. The white contour represents the 32.8 isohaline line. 
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