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The Reason Why only the Winter Intensification of the Tsushima Warm Current
Can Penetrate into the Tsugaru Strait

Yuta Nisamvori1”, Takehiro TAKATSUKT” and Yutaka Isopa®”

Abstract

It is known that the Tsushima Warm Current (TWC), which flows northward as a coastal boundary current along the
Japanese islands, intensifies twice a year — in summer (August to September) and winter (November to December). Based on
seasonal variations in the sea level difference across the Tsugaru Strait (assuming a surface geostrophic flow), it was inferred that
only the sea level disturbance associated with the winter intensification is capable of penetrating into the strait. In this study, we
clarified its reason through analyses of hydrographic observation data (collected approximately monthly) off Aomori,
spatiotemporal distributions of freshwater content in the Japan Sea, and numerical experiments. The TWC that intensifies in
summer is a warm-water-driven density current that extends deeper than the strait. Consequently, the sea level disturbance
associated with this summer intensification cannot enter the strait. In contrast, the TWC that intensifies in winter is a low-
salinity-driven density current caused by freshwater supply from rivers north of the Noto Peninsula. ~ Since this low-salinity
density current is shallower than the depth of the strait, it can penetrate into the strait as a Kelvin-type coastal trapped disturbance.

Key words : Japan Sea, Tsushima Warm Current (TWC), Tsugaru Strait throughflow, Winter intensification, Sea level differ-

ence, Hydrographic observation
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Fig. 1. Horizontal distributions of annual mean salinity and water temperature at (a) a depth of 100 m and (b) a depth of 200 m,
based on climatological averages from 1906 to 2003. The green box indicates the western region of the Tsugaru Strait,

which is the study area shown in Fig. 2.
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Bottom topography at the western region of the Tsugaru
Strait. Location of the 8 tide-gauge stations and hydro-
graphic stations 1-6 along the Aomori line, used in this
study.
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Fig.3. The left and right panels show the mean annual variations
of sea level at offshore island and its neighboring Japa-
nese coast, and their difference used as an indicator of
surface geostrophic flow. (a) refers the two stations
OKU and ESA to the north of the Tsugaru Strait, and (b)
TOB and SAK to the south of the strait. The vertical

bars for each month represent the standard error.
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Fig. 4. The same as Fig. 3, but these figures use sea levels at (a) MAT and TAP, and (b) FUK and HAK, which are located on oppo-
site sides of the Tsugaru Strait. The sea level difference between these two locations is considered an indicator of surface
geostrophic flow passing through the strait ; however, the time series for (a) and (b) exhibit different seasonal variations.  (c)
Schematic diagram showing that only winter-intensified disturbance can penetrate into the strait.
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Fig. 6. (a) shows the depth-time diagrams of mean annual variations of potential temperature, salinity, and potential density, and (b)
is their standard errors.  (c) shows the Welch’s t-test, which accounts for the standard errors of these values. In this test,
areas where the value for the given month differs statistically significantly from the previous month’s value (using a 95% sig-
nificance level) are displayed in red, while areas showing a decrease are displayed in blue ; areas where no significant differ-

ence is observed are displayed in black.
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Fig. 10. Horizontal distribution of the annual average freshwater
content % (H =200 m). In the Japan Sea, this content
exhibits one area of minimum and two areas of maxima,
referred to as ECS, RUS, and NJP, respectively. The
numbers 1-3 refer to the three grids selected to illustrate

seasonal variations across the three regions (ECS, NJP,
and RUS).
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Fig. 11. The upper panels show the monthly changes in the percentage of freshwater content % (/7 = 200 m) in three grid cells
selected from each sea area (ECS, NJP, and RUS), and lower panels show the depth (0-300 m)-time diagrams of salinity,
using grid number 2 as a representative example.  The contour lines superimposed on the salinity isopleths indicate density.
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Fig. 12. Monthly change in horizontal distributions of freshwater content % (/= 100 m) of surface water in the Japan Sea.
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Fig. 13. Model domain consisting of a rectangular sea represent-
ing the deep Japan Sea, with a straight channel represent-
ing the shallow Tsugaru Strait connected to its eastern
side.
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Fig. 14. Initial conditions for a summer warm-water-driven density current.
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Fig. 15. The lower panel shows the time variation of the sea levels
at MAT and TAP (blue and green lines) and their differ-
ence An = TAP — MAT (black line), and the upper panel
shows that of forced volume transport VT (red line)
through the strait channel.



PO S EHESHHIENAMREA T & 20 ISR D4 oa L

72 MK R O NEE i VIR ORI ZA L Td %o Stage
1 (0~20 H) TIZWIIREEAT I T ITHEFF S, R BRI
RAT HFIULZR {, TAP = MAT~16cm, Ap~0cm TH
%o b FjiE 3 Sv OBINFEERDKAIE TAP=MAT~23 cm
WZHEIS 2D DD, Ap~0cm (&[] U Td o 72 (XITEE)o
Stage 1 & 2 O (20~30 H) TI&, HElEK BN (BE 72
L C—5E/KE) O] S NEE GRS (VT = 0 Sv — 1.5 Sv)
2 & 2 HEIREI AT Do WO KEGE 100 m 2 5
RS & 2 MR AT 134 300 km,  Z ALIE 7K FE T 40
km&E DD 1 F—FLREN, LoT, HEHAKIED
FIEHIAAT ORF, 1983) 12 & UL, G-z 723890 &
I £ HIZ, MEIKER & REWT S 2 AKAL A IS (R0 55) ASR
SN, EGAIIIIEEOE E, M E LRSI
5 ENDhL, T OMEHBETIAT HUEENL, HA
XEEIIER IV E R EEZ SN, ZOWITKEBED
M ERER 2 G FICHATERT 5. 2@z, EEfll TAP
DRBAZHIAIRFED 16 cm 2> HZAL L 72\ 28, bl MAT
DKM 16 em 225 4em NMET L, 30 HH DKM ZEE
An~12cm (27 % (Fig. 15). Fig. 14 & (212 LFEREA T,
40 H H o Stage 2 1B ) 2 MoK ER L O 7K K ORE 55
i % Fig. 16 1278 U720 5l L7246 bt 2 Sv (LK %
TMAED 1.5Sv &5 ) Odb FiiiE 0.5 Sv I S 4L, i
WA N T U Ap~12 em DRAAEEIZ R L7231 m & o
212 HAT T (50 cm s 59 D i) 25T & 11T\ b (Fig.
16(a) (b))o C ML DERE W % A5 &, HEIIKES A Chf]
L 72 & 3K EE OV R A OfHEC RRElkz i) &4
o7z, WKL E OSHEMRAS FA L, 2L DT
[ KD —EBASUHFIEIRBEN B AL, MEK B A G134

L2Z2UMEER & 72 o T A (Fig. 16(c))o FHH S (2016) 133

BN X o T, HAEH /R DTGB RS 2> & i1k
WARAL TS BIIIARER 2 #2R L T\ %, HHI B #4
L oK E A (Fig. 16(e)) (ZAHIRAE (Fig. 14(d) & B
F DDV, dulll A B TIEERRES FAL, &
& Db EHLHEAHFICRE L 59F 5 TV B (Fig. 16(d))o I
REEACENZ BT 5 EERAR O _EA (& 7 5 PR LR 22
) 1d, MR NERr LV Dk ERYT 5, 20K
EERTHEFICA T MEIET 5720, FIIICEEL
7oAt LR 2 Sv % 0.5 Sy N & A

Jb R 3 Sv DENNFERR S B IE Bk L7z 2 Sv 52
BrE [ UAER (T Am) 2R L, A6l MAT IR A
em 225 Nem MET T4 0D, KAZEL 2 Sy FEhi &
R LD A~23-11~12ecm THo7ze TDXHIZ, Wk
ZKEE (100 m) & 0 D EFVIEE 200 m) & & o 72 =TI R
ERThL, b immaBhnQe Sy —>3Svy) S TH,
WAL AR & AR 5 720, MEOKES AT % 3R
BT B EDNDbDD, ZIUTETFOREKERE) DR
A (RS, 2~5 H OARIERERBI OB REEFT b ) e EE X
D HEVIERE L D o TV, ZF OTREFEFLI I
MIRATE LW &2 HFEMITRE L T\ 5,

70 H H @ Stage 3 (2B} 2 TR R O 7K O$RE
536 % Fig. 16 & [ UFERIE T Fig. 17 ISR L7z, Stage 3
IZBWTC, BRI E LD bR OB IC LD 3
LRI OIRREEERIZSOm L) bERWEETH D,
WK B OEERE X 1 b+ (Fig. 17(c) & (e))o F1L
W2, ZORWEEG R OF USRS L (R v e v
WATHEE) 13, MWK IE O R ZIT 52 LR, &

Stage2 Day 40

(@) n (0m)

ﬁ 0.5Sv
0 6
1.5 Sv

(c) Temp. (C-line)
Depth(m)

g

[1]:14

Vel. (C-line)
Depth(m)

e .;

|

-7| 10
N |
|

| I—

(c)

10 fimnijE) & =S
=] o (cm s)
ﬁ 2 Sv (d) Temp. (A-line) Vel. (A-line)
o o
B 10 0
%’ 100 ] 100 50
(b) Vel. (Om) 8 , (© (cm s™)
1ms! 2')5'}30 600 670 m.:.au 600 670
m s
550 —
(e) Temp. (B-line) Vel. (B-line)
o o
480 B
£ 10 x 100
o —~3 50
o | i
410 A = R‘XW © | el N
530 600 670 530 600 670 530 600 670

Fig. 16. The same as Fig. 14, but for horizontal and vertical distributions around the strait channel during Stage 2 on Day 40
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Fig. 17. The same as Fig. 16, but for horizontal and vertical distributions around the strait channel during Stage 3 on Day 70.  Since
freshwater inflow occurs at this stage, we have added a salinity legend and the horizontal distribution of surface salinity in (f).
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