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Water mass redistribution and consequent vertical mixing due to passage-flow
over the sill-topography at the western entrance of the Tsugaru Strait

Towa Yamane", Yutaka Isopa?, Yu Nisaioka®, Yurika Ecrico?, Yu Fujii”, Masahide WAKITa”
Tomoyasu YamazAKI”, Naoto Kopavasui®, Takahiro I;a® and Hitoshi KaNeko®

Abstract

Extensive hydrographic observations traversing the Tsugaru Strait using a research vessel were carried out in spring 2021
and summer 2022. In both seasons, in addition to the inflow of Tsushima Warm Current Water from the western entrance of the
strait, water mass originating in the middle layer of the Japan Sea, i.e., Japan Sea Intermediate Water (JSIW), intruded into the
strait from the bottom layer on the Hokkaido (northern) side. In the downstream of the sill-topography located at the western
entrance, density stratification rapidly weakened, concurrently with disappearance of JSIW properties. In order to investigate
key physical drivers of the observed water mass distribution and its modification, the numerical experiments were conducted on
stratified fluid passing over a trapezoidal-shaped sill feature in the channel model with a simple rectangular cross section. Even
without the sill, vertical circulation, which is accompanied by upwelling along Hokkaido (northern) coast and density inversion
near the sea bottom, is formed by the northward bottom Ekman flow caused by the eastward passage-flow. When the sill-
topography is added to this, vertical circulation is further enhanced by driving of “pseudo-bottom Ekman flow” on both its
upstream and downstream slopes. Near the Hokkaido (northern) coast in the downstream of the sill, offshore (southward) sur-
face flow connected to coastal upwelling moves the velocity maximum of the passage-flow to the Aomori (southern) side. Den-
sity inversion reaching the sea surface from the sea bottom expanded off Hokkaido (northern) coast locally, and the gravitationally
unstable vertical mixing occurred there.  These results suggest that sill-topography promotes water mass redistribution and local
vertical mixing associated with vertical circulation on the transverse section, resulting in active water mass modification even in
short channels such as the Tsugaru Strait.

Key words : Tsugaru Strait, Japan Sea Intermediate Water (JSIW), sill-topography, stratified fluid, pseudo-bottom Ekman flow
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Fig. 1. (a) Schematic flow patterns of Tsushima Warm Current Water (red arrow), Japan Sea Intermediate Water (black to green
arrow) and Oyashio Water (blue arrow) around the Tsugaru Strait. Schematic wavy lines and ellipses (dark blue) show the
locations where internal tidal waves and tide-induced topographic eddies were observed. (b) Location of CTD stations in
spring 2021, which are indicated by closed circles on bathymetry. In summer 2022, station JS was changed to station JS’, and
CTD data were missing at stations D3, D4, and NP. JS (JS’) and NP are representative stations in the Japan Sea and the North

Pacific, respectively.
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Fig.2. Time series of the hourly sea level difference A # between Fukaura and Hakodate in (a) March to April 2021 and (b) July to
August 2022.  The three-day period emphasized by gray shade corresponds to our ship survey period.
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(a) North Pacific off Touhoku
Hanawa and Mitsudera (1987)

(b) Japan Sea off Hokkaido
Higaki et al. (2008)

(c) Present study
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Fig.3. Potential temperature—salinity (TS) diagrams with the classification of water masses, defined by (a) Hanawa and Mitsudera
(1987) for the North Pacific side of the strait, (b) Higaki et al. (2008) for the Japan Sea side, and (c) the present study. Panel
(c) defines 9 water masses as follows : Surface Water (SW), Tsushima Warm Current Water (TL,, TH), Japan Sea Intermedi-
ate Water (JIL, TL,), Japan Sea Proper Water (JP), Oyashio Water (CO, OW), and Cold Lower-layer Water (CL).
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Sea and the North Pacific, respectively.
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(a) Apr. 2021 (Spring)
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Fig. 6. Vertical distributions of potential density and AOU along the four observation lines from A to D in (a) April 2021 and (b)
August 2022.  Counter interval is 0.1 6. Symbols to indicate a kind of water masses (TH, TL,, TL,, JIL, OW, and CO) are
marked in the vicinity of the location where each water mass was observed.
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Fig. 8.  (a) Horizontal distribution of sea level at steady state, simulated by a single-layer model that was forced by the inflow-out-
flow through the strait (Iino et al., 2009). (b) Plane and vertical views of the channel model with a shallow sill topography
in the present study. (c) Vertical profile of temperature (left) and cross-sectional distribution of density (right), which was
determined based on a typical stratification in spring, assumed as the initial condition throughout the model domain, and

imposed on the western open boundary.
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Spring-stratification
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Fig. 9. Upper panels show the temporal variations of horizontal distributions of SSu across the channel for the case with bottom fric-
tion, no-Sill, and no-Tide. Black arrow indicates the local stratified patchiness. SSu in the bold line (x = 20-80 km) on day
15 is the same as Case (2) in Fig. 10. Lower panels show the vertical sections of (a) velocity component perpendicular to
the section u, (b) velocity vectors parallel to the section v—w, and (c) potential density from x = 0 to 200 km with 50 km
interval. The specific characteristics are that bottom-Ekman flow forms a gravitationally unstable density inversion (gray
area near the sea bottom), resulting in the development of a vertical mixing layer.
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Spring-stratification
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Case (3) Case (3’) Case (3”)
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Fig. 11.  Left panels are model results in Case (3). Horizontal distributions of (a) sea level 1, (b) surface current vectors (uy, vy), (¢)
vertical velocity ws at a depth of 50 m, and (d) bottom current vectors (i, v,) at steady state. Middle panels are the same
as left panels, but the model results in Case (3”), which removed density stratification from Case (3). Right panels are the
same as middle panels, but the model results in Case (3”"), which removed bottom friction from Case (3°).  Pseudo bottom-
Ekman flows (schematic green arrows in (d)) are excited on the slopes on both sides of the sill. In common with these
cases, upwelling along the coast on a shallower sill (1 w > 0) is connected to the offshore surface flow on the downstream
side of the sill (schematic red arrow ; () v, < 0 around point €).
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v from A’ to E’ lines of Case (3”) shown in Fig. 11(c).
trapped on the slopes on both sides of the sill.
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Case(3”’) no-stratification & no-Friction
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Upper panels are model results in Case (3”). Vertical section of (a) velocity component perpendicular to the section , and (b)
velocity vectors parallel to the section v—w from A’ to E’ lines in Fig. 11(c).

It is clearly shown that pseudo-bottom

Ekman flows (schematic green arrows in (b)) occurs along lines B and D’ (the slopes on both sides of the sill). Lower
panels are the same as upper panels, but the model results in Case (3°).
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Fig. 14.  The features of the “pseudo-bottom Ekman flow” are highlighted and summarized in the schematic diagram. ~ See text for

symbols and detailed descriptions.
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Case(3) spring-stratification & Friction
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Fig. 15.  Same as Fig. 13, but for Case (3). In addition to panel (a) and (b), panel (c) is illustrated to represent vertical section of

potential density. The characteristics specific to Case (3) are that the bottom-Ekman flow forms a gravitationally unstable
density inversion (gray area near the sea bottom), resulting in the development of a vertical mixing layer.
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Fig. 16.  Vertical section of (a) across-sectional velocity u, (b) velocity vectors parallel to the section v —w, and (c) potential density

along x = 65 km in Fig. 10.  Three kinds of sections are displayed ; Case no-Tide (left panel ; Case (3)), Case Tide (mid-
dle panel ; Case (4)), and their Difference (right panel).
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Fig. 17.  (a) Model topography with real bathymetry around the Tsugaru Strait. The northern and southern boundaries were closed by
artificial wall (solid line). An uniform inflow with a constant volume transport of Q is imposed on the western open
boundary. (b) Horizontal distributions of sea level in Cases no-Tide (upper panel) and Tide (lower panel) at steady state.
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Fig. 19.  Vertical section of (a) across-sectional velocity U ; , and (b) potential density along & line. Three kinds of sections are
displayed ; Case no-Tide (left panel), Case Tide (middle panel), and their Difference (right panel).
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Fig. A2. (a) Same as Case (3”) in Fig. 11, but for sea level 1 (upper panel) and vertical averaged current vectors (17 , 17) with superim-

posed relative vorticity { (lower panel).  (b) Same as (a), but for the result of a single-layer model without bottom friction.
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