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Variation of oceanographic conditions and sea water exchange
associated with northward migration of the temperature front
south of Kyushu, Japan

Tsutomu SAITO

Abstract As larvae and juveniles of Japanese jack mackerel, whose main spawning ground
is the southern East China Sea, are transported to the waters off the southern coast of Japan
by currents, they pass the Kuroshio front, south of Kyushu. With interest in the transport
of larvae and juveniles, this study focused on the variation of temperature and velocity field
south of Kyushu, and sea water exchange as the result.

The surface temperature front off the southern coast of Kyushu is known to migrate
northward repeatedly, having about a 20 day cycle. In connection with the migration of the
front, formation and northeastward propagation of a warm tongue-like structure, periodic
change in the sea level at Nakanoshima, and formation of the eastward current through the
Ohsumi Strait have been reported. Furthermore, it has also been reported that an anticy-
clonic Kuroshio meander and a cyclonic eddy developed by turns on the western side of the
Tokara Strait has similar cycles. Their features, however, are known only fragmentarily.
We tried to describe the time evolution of the front in a three-dimensional way. By CTD
(Conductivity Temperature Depth recorder)and LADCP (Lowered Acoustic Doppler Cur-
rent Profiler), we carried out three-dimensional dense observations on temperature and
velocity six times in the period 2000-2003. The observations were rearranged to give a
sequence of temperature and velocity fields which described the evolution of the front, by
using the north-south position of the front as an index. The rearrangement was justified by
comparing with successive satellite images of sea surface temperature obtained in a differ-
ent period.

The sequence of temperature and velocity fields showed that northward migration of the
temperature front was an aspect of the formation, development and dissipation of an anticy-
clonic Kuroshio frontal eddy on the continental slope south of the Satsuma Peninsula. The
following variation of temperature and velocity field then became clear. In the observa-
tion area, the anticyclonic meander of the Kuroshio north edge propagated eastward, and
was developed as it approached the west coast of Yakushima, then the temperature front
migrated northward and reached Yakushima. The further eastward propagation of the
meander caused the formation and development of the anticyclonic eddy on the continental
slope, south of the Satsuma Peninsula. Since the currents had the structure of reaching a
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depth of 300 m similar to the Kuroshio north edge, it was appropriate to view the eddy as a
Kuroshio frontal eddy. The warm tongue-like structure in the sea surface temperature field
was an aspect of the anticyclonic frontal eddy, and the migration of the front on the ferry
route from Yakushima to Satamisaki occurred by northeastward propagation of the eddy.
The eddy finally dissipated near the Satsuma Peninsula. There, the anticyclonic meander
of the Kuroshio north edge propagated to the south of Yakushima. The sea level change at
Nakanoshima was accompanied by the eastward propagation of the meander. Moreover, the
anticyclonic frontal eddy was accompanied by the cyclonic frontal eddy in the west or south-
west. The eastward current had a velocity of more than 100 cm/sec in the Ohsumi Strait.
The analysis was made on the water types south of Kyushu using CTD/LADCP data and
towed ADCP data obtained from the observations when the strong eastward current was
formed throughout the Ohsumi Strait. The results showed that the current transported the
water which originated in the East China Sea from the southwest of Kyushu to the waters
off the southern coast of Japan. The volume transported on the continental shelf around
Tanegashima and Yakushima, corresponding to the Ohsumi Strait for the most part, mea-
sured by the towed ADCP was comparable with that of the Tsushima Warm Current. If
the intensification of the eastward current through the Ohsumi Strait is a part of the veloc-
ity variation of the approximate 20 day cycles, it would be interesting that the strength of
the variation may affect the quantity of the larva and juvenile of Japanese jack mackerel
transported to the waters off the southern coast of Japan from the East China Sea.

Key words: temperature front, Kuroshio frontal eddy, Ohsumi Strait, water exchange, Japa-
nese jack mackerel
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Fig. 1-1.

Bottom topography south of Kyushu and locations

of stations of CTD/LADCP observations. Black dots are 82
stations carried out in all observations. White dots are 11 stations
carried out only in observations A-D. Depth contours of 200 m
are shown by thin solid lines, and those of 500 m are shown by
thin dotted lines. The mean position of the Kuroshio axis (the
thick solid line)and its standard deviation range (between two
thick dashed lines) are shown, following Yamashiro and Kawabe
(2002). See Table 1-1 for abbreviations.

Table 1-1. Abbreviations of geographical names

Abbreviation Geographical name
KG Kagoshima
KO Koshikijima—rettou (Islands)
KS Kusagaki—guntou (Islands)
NK Nakanoshima (Island)
NZ Naze
ST Satamisaki (Cape)
TN Tanegashima (Island)
uJ Uji-guntou (Islands)
YK Yakushima (Island)
¥S Yakushin-sone (Rise)
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Table 2-1. Periods of CTD/LADCP observations by the RV

Soyo-maru
Observation Period of CTD/LADCP observation
A June 15-20, 2000

m oo O W

March 9-14, 2001
June 17-22, 2001
March 9-13, 2002
June 21-25, 2002
March 8-12, 2003




6 Tsutomu SAITO

WA BB 1EA915 km C, HEIRIARICEK S LB BEK
e, R eTHHROZEMAr —N (30 km LLL)
FEBLTHIE L, T2, AWRICBVLTIE, &8
WA R Z 20 H BEDINEL B OV AHDO R H#ER F v
Tyavy FELTHRDILD 720, 6 ROMETXTIZ
BTN oz [ UNER CTIT - 72, SRt
BT, EHEoBENCIES AREZZEL 72

Zral @ LADCP @il 8\ TlE, ADCP IZowWw<T
1Z RDI Workhorse ADCP (J&#%#300kHz, ¥ — 24 ff
20°) %, CTDIC2oWTREERLICEMIN TS
SBE 911 plus 24Hz CTD %}l L7z. ADCP &, /N
T )= —ALHIZCTD 7L =L T VAT 2
—H— (FEOBEZWE) % FMEICL TR AT
ffifi L7z (Fig. 2-1)o ADCP @ CTD 7 L — A~DH
fHEEACIE, NIRRT ¥ 7S ANOEY; OB % N
1255729012 sus3l6 A5 » L AS & L7, CTD
ZREASTHEIZT m/sec & L, BEATIRKTEEIZR
J&E E50~100 m £ T& L7z

AHFFETIE, AKEEA1,000 m LLT oo B il o 0 3
ZXL L L7 LADCP 8l > A 7 A LZ TREE §
HEELME DT — 7 W TEERE Lz, TR
DEEBER D Z TH D L, 2)[F UGN T S

G

MRIC BT BRE LT — 7 AP WEETH L 2 &,
NP ENTTF— I DRI —EDREEZ O L, @
SO MELEMEEE R, FOME, ADCP BT h
AR IR TR o el 2 oARRE 71 7 7 4 v
%, KW ADCP K FREMELZMAE T 52 &1
X DMRTEET T T 7 A VITEWRL, REICIS %
HALREEZPH LT, 2 SKE TO—2 D)
MM T AT 7 A NERLEV) FEERTIEICL
720 # WD ADCP KPR EIHE X, ZDORZ DM
X a7 7 A )V & BT A R oM iR 7 a7
7 AN EDEDFHI SRS L7z, T OHEHHL
Bl pIZ1E ADCP 23 < 12 dH 5 %12 ADCP
DR ML DNT v F 2 TEERRIC X DS N RE T
o774 IVEMH LY (Fig 2-2).

F—=7 L, DT [1] ~[4] DFIETIT- 720
[1] ADCP F—%®OinL

F— WM TS5 ADCP ¥ — % ®IEH I3,
OF— 7 B r%, @ ADCP %35 — % (Pitch,
Rol), @K+ A bF v F 7 5—% (ADCP KF#
By#E, ADCP » S TOHEE), @& MR
H (u, v, w) THb. @i, 10 m ME208E (1
BIZADCP bS5V AF2a—H%—H»5H2m) OF—%

relative velocityf profile

(per second)

observation

(down cast)

ADCP drift velocity “
(estimated) \

\/ ADCP drift velocity -1
bottom track

N sea surface
I
j full absolute A
1 velocity profile

data processing

(transformation into
absolute velocity)

ADCP bottom
track range

(150 )

sea bottom

_

Fig. 2-2. Schematic diagram of data processing.
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Fig. 2-3. 1017 velocity profiles (each is composed of 5 depth layers with 10 m
interval) sampled per second after transformation into absolute velocity (a),
and full velocity profile obtained by averaging them every 1 m and smoothing
them by 10 m (11 data) running mean (b). Eastward and northward
component are shown on the left and the right respectively. Data obtained at
the station in the Kuroshio northern edge (30°N, 131°E, depth 1080 m) on 11
March 2002 are used.
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Fig. 2-4. Locations of towed ADCP observation lines (T1, T2) and
XBT observation stations (black dots) carried out on 21-22 June
2000, just after the observation A. Depth contours are identical

with those in Fig. 1-1.
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Fig. 2-5. Positions of sea surface temperature data obtained
by a ferry boat. See Table 1-1 for abbreviations. Depth
contours of 200 m are shown by dotted lines.
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(c)

Fig. 3-1. Time-latitude diagrams of the surface temperature observed by a ferry-boat between Kagoshima
(KG) and Naze (NZ) (upper panel) and time series of the sea level anomaly (in cm) at Nakanoshima (NK)
(lower panel) during 128 days around CTD/LADCP observations of A to F (panels (a) to (f)). In upper
panels, temperature is shown by isotherms with contour intervals of 0.5 C. Dots indicate positions of surface
temperature fronts. The block arrow shows the period of northward migration of the temperature front. Shadow
shows lack of ferry-boat data during 5 days or more. In lower panels, the thin line shows the original data, thick
line shows the component of 14-26 day period, and dots show the front positions between Nakanoshima (NK)
and Satamisaki (ST), which are copied from upper panels. The period G shown in panel (a) is expanded in Fig.
3-2 and should be compared with Fig. 3-3.
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Fig. 3-1. Continued.
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May 14, 2000

May 11, 2000

—30 : :
26 29 2 5 8 11 14 17
APR MAY

Fig. 3-2. Same as Fig. 3-1 but for the period G
shown in Fig. 3-1(a). Circles indicate positions of
" the temperature front derived from the ferry-boat
surface temperature data.

May 8, 2000

rhas e
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!

- — R =
= sT i | ]
N = ﬁ__ <3J¢p
g < o] [ o B
g NKig >g_ = L
= < d
= Sl L~
B =N
=] s
NZ — > & =+
30
f's) e
B—— T
—~30

Fig. 3-4. Same as Fig. 3-1 but for the sequence of
observations of A to F. Rearrangement has been
made in the order of observations B, F, E, C, D and
A, following the north-south position of temperature
front, which is shown by the circle.

131

130

i

20 21 22 23 24 25 26 27 28 (°C)

April 29, 2000

129

Fig. 3-3. The sequence of satellite images of sea surface temperature obtained at three day intervals during the
period G (Fig. 3-2). The dotted line shows the ferry-boat route and the circle shows the position of temperature
front as shown in Fig. 3-2. Arrows indicate the warm tongue-like structure.
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Fig. 3-5. The sequence of horizontal distributions of temperature and velocity at nine selected depths (5 m,
30 m, 50 m, 100 m, 150 m, 200 m, 300 m, 400 m, and 500 m), after the rearrangement shown in Fig. 3-4. Panels
show only temperature at 5 m, and panels show temperature and velocity at 30 m. At other depths, panels show
temperature and velocity together with depth contours of the depth. Temperature is shown in color, with color
bars different among panels. Velocity is shown by arrows, whose scale is displayed in the left margin. The dotted
line shows the ferry-boat route and the circle shows the position of temperature front shown in Fig. 3-4.
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Fig. 3-5. Continued.
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Fig. 4-2. Locations of stations used for the sections (L1, L2,
and L3), together with bottom topography (see Fig. 1-1). Block
arrow show positive direction of velocity in each vertical section.
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phase 6 (A)

phase5 (D)

phase4 (C)

phase 3 (E)

phase2 (F)

phase 1 (B)

Fig. 4-3. The sequence of vertical sections (L1, L2, and L3) of temperature and velocity. Upper, middle, and
lower panels show vertical sections along L3, L2, and L1, respectively. Temperature is shown by isotherms with
contour intervals of 2 C. The velocity component normal to the section is shown in color; red shows positive (=
10 cm/sec) and blue shows negative (=< -10 cm/sec), where positive is the direction of the block arrow shown
in Fig. 4-2.
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Fig. 4-4. Schematic diagram of velocity fields at 30 m depth shown in Fig. 4-1. The arrow labeled K shows the
Kuroshio north edge, H, the flow around the warm tongue (anticyclonic frontal eddy), L, the cyclonic eddy, and O,
the eastward current in the Ohsumi Strait.
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JEMIZ BT KX 5% T-S¥A 777 LIZERT
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(a)

(b)

Fig. 5-1. Horizontal distributions of velocity at 50 m depth by two LADCP observations at 93 stations in June
2001 (phase 4) (a), and in June 2000 (phase 6) (b). Velocity is shown by arrows, whose scale is displayed in
the right margin. For eight stations in the Ohsumi Strait those velocities are shown by red arrows, data in Fig.

5-2 (T-S diagram) are also displayed in red.
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Fig. 5-2. T-S diagrams of 1 dbar interval data obtained by two CTD observations at 93 stations in June 2001
(phase 4) (a), and in June 2000 (phase 6) (b). Curved lines are isophycnal lines (by using ¢ ,). Data of eight
stations in the Ohsumi Strait those velocities are shown by red arrows in Fig. 5-1. Five water types referred in
the text are shown by yellow lines in (a).

(a) (b)

Fig. 5-3. Classification of water types on the T-S diagrams shown in Fig. 5-2 in June 2001 (phase 4) (a), and
in June 2000 (phase 6) (b). Water types are classified by colors shown in Table 5-1 on two isophycnal surfaces
(o ,=23.3 24.3).
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Fig. 5-4. Horizontal distributions of velocity, water types, thickness of layer, and depth on the isophycnal surface (o ,
= 23.3) psitioning in the upper Ohsumi Strait in June 2001 (phase 4) (a), and in June 2000 (phase 6) (b). Velocity is
shown by arrows and thickness of layer (o, =0.2) is shown by the size of circle, whose scales are displayed in the
right margin. According to the water type, the arrows and the circles are displayed in colors shown in Table 5-1.
Numbers show the depth of isophycnal surface in meters.
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Fig. 5-5. Same as Fig. 5-4 but for the isophycnal surface (o , = 24.3) psitioning in the lower Ohsumi Strait in June
2001 (phase 4) (a), and in June 2000 (phase 6) (b).
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C LR O R BRI & K B HEIE 0 TR LS 1 Ak
NA39MLTWwb, 72, BAERGOEEILELHRIC
KAV, VAREE2ALIMN)ATND LHITHA LT
Whe S5, EAEMEROIHGIIZAKR T~V 28
SALTWD, TS DKREGA OB S, AR
WBWTIEKM T, T xRE%RK AKEI NV, Vz
WY FERKEIERZ & L5, Fig 5-4)T, Bl
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BT O KBEMIEHE FIZ S F iR KA LT
2%k L, phase 6 2BV TITEBRAKICE X#ib
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WG4 L T2 ) Y iRk, 50 cm/sec (R
W AR OmE) To 3 HETOREHEEA130 km
ThbI exEz 5L, UNEIT ONFED Sk
ENTELIEDRBEENS,
w412, Fig. 5-5 (FR) % Fig. 54 (L) &l
LT, KO TRIZHAT 5 EHEMIZOWN
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WK 2 #EL % &) DPAEL TV 5D 2 LAURIE

133°E
T 1 I
—131°N
~ —
—130°N
veloct ty =
so .
100
150 T
Cemssecd> _ 29N
l L1 1 1 1 I

Fig. 5-6. Horizontal distributions of velocity at 27 m depth by towed ADCP observation carried out on 21-22

June 2000, just after the observation A (phase 6).

Velocity is shown by lines, whose scale is displayed at the

lower right in the panel. White dots are XBT observation stations. Directions of velocity components (u, v)
shown in the vertical sections (Fig. 5-8) are displayed. Depth contours are identical with those in Fig. 1-1.
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Fig. 5-7. Sections that volume transports are calculated in.
Volume transports in Table 5-2 are calculated in four sections
02-07, 07-09 of T1 and 01-03, 03-05 of T2. Numbers put a square
around are volume transports (in Sv) for 23 m-103 m depth layer
calculated in the four sections.
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Fig. 5-8. Velocity and temperature vertical sections of T1 (a) and T2 (b) by towed ADCP and XBT
observation. Velocity components u and v (see Fig. 5-6) are shown in upper panels and lower panels
respectively in color with color bars. Temperature is shown by contours. Arrows at the upper in panels show
sections that volume transports in Table 5-2 are calculated in.
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Ccm secd

Ccmsecd

8 but for displayed velocity components. Velocity components absolute value and

Fig. 5-9. Same as Fig. 5

direction are shown in upper panels and lower panels respectively in color with color bars. Direction of velocity

is defined as an angle to v component with the same sign as u component.
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Table 5-1. Classification of water types on two isophycnal surfaces (o , = 23.3, 24.3). For
each water type (I - V), salinity range and color for identification in Fig. 5-3, 5-4, and 5-5.

water type color salinity (psu)
o, =23.3 24. 3
I red 34.65(34. 60) ~ 34.75(34.70) ~
I orange 34.45~34.65(34.60)  34.60~34. 75(34. 70)
m green 34. 25~34. 45 34. 45~34. 60
v blue 34, 00~34. 25 34, 25~34. 45
A\ purple ~34. 00 ~34. 25
() : phase 6

Table 5-2. Volume transports by towed ADCP observations for two
observation lines T1 and T2 (See Fig. 5-7). Volume transports for 23 m-103
m depth layer are calculated in four sections 02-07, 07-09 of T1 and 01-03,
03-05 of T2. Additionally volume transport for 103 m-bottom depth layer is

calculated in a section 02-07 of T1.

depth (m) volume transport (Sv)
T2
‘ Stn. 02-07  07-09 01-03 03-05
23 — 103 1.9 0.4 1.4 0.9
103 — bottom 1.1

INb,

WL TS, SRS RICBWTIE, BEE
BT O KBS A 3BT 2 SUE o B i
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WHETL, T2 Ok - KWW % 7R3 Fig. 5-8D
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Fig. A-1. Time series of the sea level anomaly (in cm) at Nakanoshima in 1984-2003 (lower panels) and
time-cycle (in day) diagrams of the wavelet energy (upper panels). Contour interval of the wavelet energy is
25 cm® and gray painting parts show 50 cm® or more. Average wavelet energy in Fig. A-2 is calculated in the

red squares shown in panels.
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Fig. A-1. Continued.
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Fig. A-2. Year-to-year comparison between average wavelet energy (March-June) of 10-30 day period in sea
level variation at Nakanoshima and abundance of O-year Japanese jack mackerel in the Pacific off southern Japan
(Takeda et al., 2007). Graphic lines are drawn when both of them increase or decrease.
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Table B-1.
observations (A, C, D, E, F).

Tsutomu SAITO

Comparison classified by depth between LADCP data and vessel-mounted ADCP data in five
For each of ten depth layers (36 m - 500 m), mean and standard deviation

of LADCP data (U apep,Viaper). and mean difference and rms difference between the LADCP data and
vessel-mounted ADCP data (Uyyapce, Viysapce) are shown.

Depth  No. of data UL-aoe Vi-aep Up-aor = Unpgosoce Viewer = Voweavor

(m} (cm/sec) (cm/sec) (cm/sec) (em/sec)
mean std mean std mean rms mean rms

36 438 31.4 37.3 2.0 33.1 0.4 14.9 1.8 17.2
52 443 29.2 36.5 2.5 30.8 0.0 14.4 1.7 15.7
68 446 27.2 3b.4 2.4 29.9 -0.4 14. 2 1.6 14.5
84 441 25.2 34.7 1.9 30.2 -1.2 16.8 2.1 16. 1
100 425 22.5 34.5 1.9 29.8 0.4 15.9 2.3 14. 8
180 386 17.4 30.9 2.3 27.6 -1.4 23.3 1.9 14. 0
260 327 15.0 26.7 2.8 23.1 -2.1 25. 3 1.2 16.3
340 263 12.5 23.3 1.7 19.0 0.7 13.8 2.3 14.5
420 226 .0 16.2 1.3 15.3 0.4 12. 4 1.7 15.9
500 181 .3 14.0 0.7 13.5 -0.2 13.3 2.5 17. 4

Table B-2. Comparison classified by observation between LADCP data and vessel-mounted ADCP data in five

depth layers (36-100 m).

For each of five observations (A, C, D, E, F), mean and standard deviation of LADCP

data (Upapep,Viapce), and mean difference and rms difference between the LADCP data and vessel-mounted

ADCP data (Uyypapers Viaiapce) are shown.

Observation No. of data Ui ioep Vi socp Up-aoer = Uinsocr Vi-wer = Viraoce
(cn/sec) (cm/sec) (cm/sec) (cm/sec)
mean std mean std mean rms mean rms
A 455 23.5 30.8 7.0 25.0 -1.0 14. 3 3.6 18.5
C 458 29.1 32.1 -1.9 41.6 -1.3 18.0 0.3 16. 8
D 459 30. 3 38.1 9.1 31.4 -3.2 14.9 2.3 12.8
E 405 28.3 40.9 1.2 24.2 4.0 13.5 3.2 14.2
F 416 24.3 36.4 -5.6 24.2 1.4 15.0 0.0 15.4
MRS 2 #HEDNTS /v UL EOARECHATH O w721, 36~340 miEDO 8 FITBWTIE, A L7

F—=F O ELH L 720 36 mEDTRTOTF—
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Btk A L, 121092, 0.86TH -7,
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ETHo720 180 m £260 m ® U K55 DK E 7% rms
EIZ DWW TIE, REEMAE b oW I BT 5 i
ADCP 7— % OFHEAEIZEE L Tz,

F 72, KBIREIIBU 2 KV 8 o 22 [ 22 B i
IR T 5 7212, Table B-LICIZ HREIZOWT
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Fig. B-1. Comparison between LADCP data (arrow) and vessel-mounted ADCP data (line)
for 36 m velocity fields in five observations (A, C, D, E, F) by the RV Soyomaru (see Table
2-1). Depth contours of 200 m are shown by thin solid lines, and those of 1000 m are shown
by thin dotted lines.
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