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Development of water-mass cluster analysis software to analyze
the water-mass variations off the coast of Tohoku Japan:
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Cdhotz. 77 A5 —IFITIC & B RIUEATRR 2 MDA BT NIEH T 2126 700 T, &AM 0 K8 1F 55 A B RE i
ZEB LT TAY —BOBENVLEEL DRI D 5. 4k, MOMBEERLAES ZOTAREZERTLI LT, K
LD - BWEBOBHTIAH MRy — Ve b 2 L2 T 5.

F—T—K 7727 b, WLHEE, RIH, AR

Hydrographic data off the Pacific coast of Tohoku and off the Boso Peninsula were analyzed using newly developed
software that conducts a statistical cluster analysis to reveal the spatial distribution and temporal variation of occur-
rence frequency of water-masses in surface and subsurface layers. The interannual variation of water-mass occurrence
frequency off the coast of Tohoku in summer was most associated with the interannual meridional shift of the Oyashio
first branch, and the cold, fresh (warm, saline) clusters were more frequently observed when the Oyashio first branch
shifted southward (northward). This tendency was also detected at a 10-m depth, where the previous water-mass clas-
sification method was difficult to apply. At a 100-m depth, multiple clusters were classified as Tsugaru Warm Current
water, but those that could not be formed by isopycnal mixing between Kuroshio and Oyashio waters were limitedly
distributed along the coast of Tohoku. It was suggested these clusters originated from the Tsugaru Strait. Off the coast
of the Boso Peninsula in spring, the occurrence frequency of cold water-mass tended to increase when the Kuroshio
axis departed from the coast. To relate the water-mass variations to fisheries catch variations, the number of clusters
may need to be determined by considering the physiological characteristics of each fish species, such as optimum tem-
perature range. By expanding the analysis to different regions and fish species and accumulating knowledge, the soft-
ware is expected to provide a useful tool for extracting characteristic water-mass variations and clarifying the relation-
ship between water-mass and fisheries catch variations.

Key words: cluster analysis, Tohoku region, water-mass classification, fisheries catch variation
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Figure 1. A main window of the water-mass cluster analysis software. The Temperature—Salinity (T—S) diagram is
an example of the output whose analytical and graphical settings can be controlled in the toolbox on the upper

right.
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Figure 2. (a) Observational stations used for the analysis. (b) Time series of the number of hydrographic data at a
10-m depth. Green: Ibaraki Pref., Purple: Fukushima Pref., Orange: Miyagi Pref., Brown: Iwate Pref., and Blue:
Aomori Pref. (c) Time series of the latitude of the Oyashio front. (d) Time series of fisheries catch of skipjack
tuna (Katsuwonus pelamis) in Chiba Pref. by trolling (red), near Japan by pole and line fishing (blue), and near

Japan by purse seine (green).
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Figure 3. T-S diagrams at (a) 10-m, (b) 30-m, (¢) 50-m, and (d) 100-m depths with colors showing each cluster
and occurrence frequency for the whole period of analysis shown on the right panel. The thin black lines are the
isopycnal lines, and the thick black lines are the boundaries of different water-masses determined by Hanawa and
Mitsudera (1987). SW, TW, KW, OW, and COW denotes the Surface Water, Tsugaru Warm Current Water, Kuro-
shio Water, Oyashio Water, Coastal Oyashio Water, respectively.
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&, HFHRED S KL OREICH > Tofi LTz (Fig.
4(g)).

AFTIE, 10mE100mEEZFICEY, F7IFTAF—D
I OBy & Bl - B - RS L ok %
BT L7z, %2 927 —DHBRIZ,

(BAEDK T FTAY =BT HT— )/
(BAEDIT— 7 )

ELTERL, Hib7 oy 7 KR4 o @R E 7 —
& 34 1998 LI IO W T L7 (Fig.5). &7 5
A7 —OWMBIFRIIKE LRIELEZ/RL, FlzIX, 1999,
2001, 2007, 2016 4E551%, &l - Biio o7 9 24— (CLol,
CL02, CL03) D& G HHINS 5 — T, 2002,2013,2014
L, R - KGO 2 5 2% — (CL06, CLO7) Dl
G L TWwz (Fig. 5(a), (b)). HM87 DIKBRIX 53T
FLKBLMBISE L K E T4 L, 100mETIE, BEKRD
KW O HHER 251999, 2001, 2007, 2016 SEZE 2% W —T, &
KD OW @ HBL# 132002, 2003, 2013 4E45: 124 &, BB
RT 5 A5 — R TH SNz 2 KL Tz (Fig. 5
(d). —77, 10mETIE, Kilk - Ho7— 7 OKFAISW
WCABEENRTEBY, JEWKIR - BOHPH 2 5 SW o H
ROFAEER DS, ED X RWHE % F o 72 KA IR
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Figure 4. Distributions of (a) the Kuroshio (KW), (b) Oyashio (OW), (c¢) Tsugaru Warm Current (TW),
(d) cLo1, (e) CLO7, (f) CLO5, and (g) CLO04 at a 100-m depth. Red dots (black circles) indicate stations that
observed (did not observe) each cluster or water-mass.

WA LTW B D% 5 A A DOIZEE L2 -7z (Fig. 5(c)).
FRA-ROMS D FH G R S BT LBl 7 o > MEE
DWRHN & 257 T A5 — OB L OMBFIT O R %
ﬁmmtﬁttlmm%fu,amkamum%%ﬁ
DOMIHEA T, #HBZTBY, BHiREEs (KIREES)
ocml«lm)u,ﬁﬁ7nyb#%(%>_&éﬁ

CHBENEEICEWEIICH - 72, BE)1550.80 Kl D
OISR T I ENTELRVWEDLH S0 (10mER
50miEDCLOL), bR, %&b ekt
FTRTCOBIZBWTRD LN/ 50mEER 100 mizE T,
HMS7 DAKBLX 3% FwCd, Bz M EEEL
KW, OW O H IS A B [0 A AR AR S iz — 5 C,
BIEFRAK (TW) B 527 5 A7 —oBlRE, #i7
¥ N REIE & O WIRE 2 AR BIAR I FED S N Ao 72 (Table
. $7, BWi7ory MEEEZB L FERMEERO Y 5
A Y —VBHKREIHAET S 2 LI, false discovery rate
(FDR) 12 & % % E LAl IE (Benjamini and Hochberg,
1995) #HEL7-4TLRDO SNz (Table 1).

FRA-ROMS 2 5 HUA5 L 728l 7 1 > M L OV L)
70y MREEE, BRSO @K AL 1T oW T D
IS, %279 A7 —DMBERELOMBEL I - 2R %
Table 2(Z/R L7z, 7, Table2\Z/R L7870 > M
JEL OMBREOMEIE, BT oy MEEB X ORI
KN ZEDOREZ RWIEHERETH Y, BEzar b,
HEEREOR A 2 & OFHBIRED Rk, 2> 0B % kR
WRMHBREKTH B, BT O v MEEIZOWTIE, B
W7 v s MR (B A IARIRERIE S (SR
75 2% —OWMBHIENT S L)@ R S8, B
W7 a Y bR R EE OMICE, FEDZ T A
5 — R KB 5E 5 % WA R HHBABAFRIZFR D H e 2o 72,

Bl 7o 2 Ml ef) A ICRIRERE S (SR miE )
75 A% —OMBHIEINT 5 L v Edlodaik, 75 A
y—HE MBI UEICEZ LS TOMAED b
(Table3). —H, TWIXB T 527 7 A ¥ —I1ZDWnT,
100mEERAE, 72525 —ENTEOYE, TWOK
Pix2oD 27 5 A% — (CLO4,CLOS) 2L ->ThHdHNT
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Figure 5. Time series of occurrence frequency of each cluster (CL) at (a) 30-m and (b) 100-m depths. Also shown
are the time series of occurrence frequency of each water-mass defined by Hanawa and Mitsudera (1987) at (c)

30-m and (d) 100-m depths.
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Figure 6. T-S diagram identical to that in Fig. 3 but for the case of (a) 6 clusters and (b) 8 clusters at a 100-m depth.

W72t (Fig. 3(d)), 79 A% —Bh6llils L O 8HD4,
HMR7 CEFHSI NI TWORAMEE L LI R I TAY —
A Sz (Fig. 6(a), (b). 7T A% —He6MDYGH
METIORT Z E ST E WA, KW E TWIZE 5 CLO4
OWBIF L P 7 v v MEREE L ORIIZIEMBE (p<0.05)
BRONZ Tl 7525 —BESMICLALEADI0m
RCIE, ZELBEMIERC, AERAMHEZRS2Z IR 5 —
R eNE L o7 (Table 3).
TFERREICE T 2KRPH EEE

2005 4ELARE, WARMSE CTOTRIECTOH v F R O,
AEMAFENTE Y (KRR, S 5122011 F LRI

B ARG 12 R4 LT w72 (Fig. 2(d)). 2006-2010 4F &
2011-2015 45 D e i [H] D A~ i e 72 224 L % A st 9 L 2t 9

L7280, TR—=IVME (Lepage, 1971) Z 2728 2 A,
A BIRHE 5% THREEHIIC A B e i w2 LA S/
—7J, ZOMMOAAREHICBT A5, T A
EiER (Fig. 2(d)) 1Z20114E 2B L2 K& R Z 8T
B S zdorz (p>0.05, 59— IHIE).

20062015 4F- 4-6 J T 2L 5 8 s B0 20 30 250 TN
ENFZKESOm DK, HWHT—F 2T, KBLHH
V7 MIEY D s 5 Ay =120 L7 (Fig.7(a). 2
DI ITAY—BEBAZHHIIOVWTIE, ELETERT
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Table 1. Correlation coefficients between the variation of the Oyashio front latitude and occurrence frequency of each cluster.
Cluster/Water-mass 10 m 30m 50 m 100 m
1 0.48%  (0.04) 0.60** (0.01) 0.56%* (0.01) 0.61** (0.01)
2 0.28  (0.25) 0.40  (0.09) 029  (0.23) 0.16  (0.52)
3 -0.13  (0.59) 0.11  (0.65) -0.06 (0.79) 027  (0.27)
4 0.48*  (0.04) 020 (0.42) 0.19  (0.44) 028  (0.24)
5 -044  (0.06) -036  (0.13) -031  (0.20) 025  (0.30)
6 —0.63** (0.004) -0.51*  (0.03) —0.62** (0.004) —-0.50*%  (0.03)
7 -042  (0.08) - 0.63** (0.004) -051%  (0.03) - 0.72** (0.001)
(0)%% — -0.55%  (0.02) -0.79%  (<0.001) -0.77%  (<0.001)
W 0.46*  (0.05) 025  (0.31) -0.16 (0.51) 023  (0.35)
KW 030  (0.21) 037  (0.11) 0.47*  (0.04) 0.52*  (0.02)

Values in parentheses are p-values. * indicates p<0.05, and ** indicates significant correlation after the false discovery rate (FDR) correc-
tion. Note that the FDR correction is not taken into account for OW, TW, and KW waters.—means available data are not sufficient for

evaluation.

Table 2.

Partial correlation coefficients between the occurrence frequency of each cluster and the variation of the Oyashio front latitude,

Kuroshio front latitude, and the sea level difference in the Tsugaru Strait between Hakodate and Fukaura.

Oyashio front

Kuroshio front

Tsugaru strait

Cluster/

Water-mass 10 m 100 m 10m 100 m 10m 100 m
1 0.52*  (0.03) 0.62** (0.01) -0.19 (0.47) -0.07 (0.77) 0.25 (0.32) 0.06 (0.82)
2 030  (0.25) 025  (0.34) -022 (0.39) —-0.19 (0.46) —-0.05 (0.86) 0.44 (0.08)
3 -0.14  (0.60) 031  (0.23) -0.02 (0.94) -0.38 (0.14) -0.06 (0.83) =039 (0.12)
4 045  (0.07) 032 (0.22) 0.19 (0.46) -0.15 (0.55) —-0.28 (0.28) 0.16 (0.54)
5 -043  (0.09) 022 (0.40) 0.05 (0.85) 0.17 (0.50) 0.12 (0.64) -0.15 (0.58)
6 —0.67** (0.003) —0.51% (0.04) 0.34 (0.19) 0.13 (0.62) -0.07 (0.78) 0.30 (0.24)
7 -042 (0.10) —0.75%* (<0.001) 0.06 (0.82) 0.37 (0.14) 0.02 (0.94) 0.07 (0.80)
oW — -0.79* (<0.001) — 0.31 (0.22) — 0.07 (0.79)
TW 0.44  (0.08) 023  (0.38) 0.13 (0.61) 0.24 (0.36) -0.13 (0.61) 0.15 (0.55)
KW 029  (0.26) 0.59* (0.01) —-0.07 (0.80) —0.44 (0.07) -0.38 (0.13) -025 (0.33)

Values in parentheses are p-values. * indicates p<0.05, and ** indicates significant correlation after the false discovery rate (FDR) correc-
tion. Note that the FDR correction is not taken into account for OW, TW, and KW waters.—means available data are not sufficient for

evaluation.

5. T ORFIZEEAK KW) 1B LTz, HBIE
3T W CLO02, CLO7, CLO8 O 3 4313 34.4-34.8 D fJe sk o #i BH
TdHDHH, Kilhld13.2-23.7°C & Z O H P 1X L 2 o 7-.
CLO8 1, /I3 Stn.1-3, 13-15, 17-18,21-22 2B\ C
HEE (H DU THOCLOSD T — ¥ F/dh 5l D4 T —
78 H20% DL L E < (Fig. 7(b) o F M), CLO21E,
B30~ A4 VLA E DA A Stn. 4-12, 15-16 12 B W T
BRI A o 72 (Fig. 7(b) DARA). CLO7 I Stn.18 DA
HMZ)E S BT B K3T, Stn. 1-5, 13-15 1238 T 20% LA
LOBCIERNE SN2 (Fig. 7(b) OfkH). #Y Fift
JER DR\ 20062010 4E & D 720 20112015 4E D %
SEMTHZ IR —OWMBFELRHK LA, B

2011-20154F 121, MMAETOHBERLE L 18.8°CLLEDE
D CL02 &, R BN E C17.1°C LT O KR D
CLOS I B AR L, Z o o KiddsE % F> CLo7
EHEER BN L T/ (Fig. 7(c), (d)).

WHSEO TR TH 2 Wil XS H OBERHE O 9
H R R M E T S (Stn. 4-12) TD4-6H D50 mi%E
KRS, B H SBT3 R RO A5 0
S RO L A ik L2 2 A, BRIk
ECHERELTWD20114E L 20154E 1%, KilLE o THD
(Fig. 7(e)), MBIV Hh o7 (HMRLHE). Ko >
T AY —"Tdh5bHCLO7TOWMBI=IL, Bl ah=HmEE s o
OCIEOF A SN, BT sHE =T 513 L HBEE)s
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Table 3. Correlation coefficients between the occurrence frequency of each cluster and the variation of the Oyashio front latitude.
Cluster/ 6 Clusters 8 Clusters

Water mass 10m 30 m 50 m 100 m 10m 30 m 50 m 100 m
1 0.54* 0.59%* 0.56™* 0.57** 0.48* 0.59%* 0.63%* 0.46*
(0.02) (0.01) (0.01) (0.01) (0.04) (0.01) (0.004) (0.05)

2 0.42 0.43 0.29 0.09 0.40 0.40 0.21 0.47*
(0.07) (0.07) (0.23) (0.71) (0.09) (0.09) (0.39) (0.04)

3 - 0.62** 0.11 -0.06 0.16 0.20 0.11 -0.03 0.15
(0.005) (0.67) (0.79) (0.53) (0.40) (0.66) (0.89) (0.54)

4 -0.19 -037 0.19 0.46* - 0.40 0.11 0.36 -0.36
(0.43) (0.12) (0.44) (0.05) (0.09) (0.66) (0.13) (0.13)

5 -033 -0.36 —0.63** - 025 —0.54* - 041 -0.16 0.41
(0.17) (0.13) (0.004) (0.31) (0.02) (0.08) (0.51) (0.08)

6 - 0.44 - 0.63%* -0.51% - 0.77** -0.17 -037 - 042 0.10
(0.06) (0.003) (0.03) (<0.001) (0.50) (0.12) (0.07) (0.68)

7 — — — — - 0.49% - 031 - 0.60** - 0.44
(0.03) (0.19) (0.01) (0.06)
8 — — — — - 042 — 0.62%* —-0.51* —0.72%*
(0.08) (0.004) (0.03) (<0.001)

Values in parentheses are p-values. * indicates p<0.05, and ** indicates significant correlation after the false discovery rate
(FDR) correction—means available data are not sufficient for evaluation.

BWHE SRS b (7090, p<0.01). —F, EiL®
CLO2 > Wi B 1L, L i) o o ol L e & 55 W L D AH B 28
Ho7z (r=—-051,p=0.13).

zZ =

RALHEB O KBS & EED

AT, BFRILMIEHEOKI T — 7 ISt % 7 9 A
¥ —fEpre A L, £k - TRE ORI B L OB
RORBAELE 2N L7z, TORE, Rk ToORIHMLEH)
&, B T v v MR & BIRANR N EAVRE L (Table
2), Blwl7 o> FasEm (b)) 35480, REERES (F
Wy 79 A5 —oMBA»EMT 2 EMICH - 7.
HMS87 DRMIX 3% BT 5 &, KRS (i)
7 A% —iE, BRGAK GREREK) b LAIZ0R
HKkE#EZ 57z, HMS8T OKILIX 43 Cl, ARk B2
FEF—% GF210miE) oKPI, £EK (SW) Lw
I DDORFICHEENSL. SWiE, B 9 Bk - Ho
OHPADIL L, SWOHBMEBEOLENS, RiFHIZED X
I kil - HEEE B R 72 KBES O T v B 2 R ST
5D1%, BEHTE RV, ARTHEH L2 725 —ffii %
MWz &, SWNIZH B B3 5 K2 B BIICIX 5 L
Bz oy NEEE ML THBT A RMEMBT A &
BTEEEZ oD, —J, FEEEHRAK (TW) BT
LB MBRIZOWTIE, Bl 7 v v MEERRE -
fERIAKA S & OMMERHBIZE S N R d o2, TWIZ R
K (Kw) EHEA (OW) OEHEEHREATOERSH

52 En6, TWHIZIE, (1) HEERELD S 30T
AT LT E 22K, BXO, (2) Biks BEkoRs
W2 & o TR S N 7KBREE, IR R B AR A3 I 72 5 7Kl
PRAELTVDLEZEZ BN, £, 100mETIE, KW
EOWDRATIEEEN D 5 CLOS DA fiPHIE, ki
BOIRWHFAIIC K ADIZH L (Fig. 4(f)), KW & OW DR
HTIEELRCCLMAD AL, TR EICRES NS
(Fig. 4(g)). EZFEOFEEIAKIL, ez HCREET R
D OWE— FEIBR L7, RSB ->TH 52
&5 (eg., Conlon, 1982), CL041x, L7t (1) o454 %
TOVRBL/20 A —THALEZOLNSL. LHL
@ CLO4 @ W B b BRI K A7 22 & DM BIIZIIE CTld 2%
< (Table?2), HHEHEIEAD S G T 2 KILOFEVEHFRAEL
BLTWAURESENEZONS.

SO TAY—FENOBERL LT, 7 IA7—Houk
DB EN R BEEZDIRD WD L, AT, Rk
BN b KW,OW, TW & ZDREKEZEREL, 7D 7 T
7= HOWTEIHEN 2T o720, 7925 —HEeB
FOSMICEZ 7234 T, By oy bl efw) 4
WCER (BEIR) 7T A Y —OWBIAHINT 5 &)
M, BBELRBED SN (Table3). LHL, 7 F5AF —
B8 D4 D10 mEE TIZ, FDREIZ X %% E LA IE
(Benjamini and Hochberg, 1995) %179 &, Hatiicfa &%
HEERFDZ T AY =B LN -7 (Table3). 7
FGAY—RBel{MYTECLEIE, LVHMLVWEEKL
BRIE & 3 B D D720, RO X 512, R

-
—
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(a) T-S diagram identical to that in Fig. 3 but for data taken by Chiba Pref. in 2006-2015 in Apr.—Jun. at a 50-m depth. (b)

Observational stations in Chiba Pref. with station numbers (Stn. 1-18, 21, 22). Stations with blue, red, and green circles indicate
more than 20% of occurrence frequency for CL08, CL02, CL07, respectively. The occurrence frequency of each cluster in (c) 2006—
2010 and (d) 2011-2015. (e) Relation between the mean offshore distance between Cape Nojima and the Kuroshio Axis in Apr.—Jun.
and the mean temperature at Stations 4—12 in Apr.—June at a 50-m depth. Note that the offshore distance is averaged over the period

corresponding to the hydrographic observation.

ML 2 REN L AKROERE D 256513, TOMA%E
WHRLTI IR —HeROALIEPERHEEZLR
b, F72, TWIZET A7 5 A7 —DERIZOWTIE, &
WL IFA5 =Tk > THEHERENHA SN (Fig.
6(a), (b)). BEICIRR7z X H1IZ, TWITX S 5K
(&, S HRIEE FEOKBASRAE L, [F UK - 355#E P
WD S B Ens, BRAPBHRIIZS-TLEY, 7T R
Y —BOEIC L > THRRIE Do TLEIEEZON
bH. 75 A5 =87 (6,8) MDOYHEDCLO4 (CLO2, CLO4)
DX HIZ, B HOR O KO — 2 M T & 256 0
HBHH, KWHOWREGK»SZEICHHEL THl+5 2
L, Kl -GS T =20 TIREE LY. BT 1y
FHFTELTWITIE, ok T 2 —F (B ER, Sl
WEE, TVAVES) QMATr I RAY —iiz#H$ 5%
2T, Lo BETIRIME T E B o 2Rk R o
K¥WZ B TE L9 Ltk v, Bl 21E, Kakehietal
(2017) 1T &% &, K, HEKOFEHWLERT V¥
VT IV H ) EE (PA) 13X, &4 2235, 2246 umol-kg ™ ' FERET
5. FEBEHAKDOPAD, BlEiK CGREAK) L Lw (&
V) OTHNIE, HERBTARBFEOKRIZ, K (&) PA
ZFOKHE LTXBITELTHAY.

BREBHFEFNOBERADRA—TERRFH Y A REBHE
ZHELT—

KRETIE, 79 A7 —RHFIC X B KSR T3 % v Cif
WEBE ORBRER LS9 2 TOEBMR, S5HROMH O
T %, TIEEITHEO B Y+ AR R B & ) ZET
L. AV OB E LT, WARIE (2013) 34
F ORI FE R 2 © 18-19°C LLT K il T3 =I5 il
KT AHZLIITERVEHERL TS, ZOMAEIKICT
5L, HwmEs R L, KERO 2 T A5 =L 7-#%
SRR (2011-20154F) OF-HEETHE, &Y F Ot
R & o THFE TR h o RN H 5. ARTI,
19°CLLEDKIRT = B3R b7 FA5 —1ZRKGEN5
2T T ALY —EoMAERIRL 7z (Fig. 7(a)). ZORHE
BASERTHEIEY A% — (CL02) OHMBIOMAAH S
N7z2s (Fig. 7(c), (d)), BIzIE, 7 I A% —EHTHOY;
&, 19°CUTFTOF—43RL7ITAF—=IZHEENTLE
I 72 (R, COMBRPHBICRENEro72 2
DT Lhs, HREBEOREWRLES ) 2T, xtge
7 OIS, AN EER L2 9 A Y -
DOBIRPLFN R BN EZ SN 5.

EihE et HARB RO RE T, KDY
AR X BRI (K, 1985; H v IZ 2, 2003) A%
Bon, HEWiofilce®4 5% (Kasai et al., 2002; Okazaki
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PR,

etal,, 2003), HHPISIZEE S §KBEL & ARKARER - AFHEFS)
fik OBBREBRET LMAIEEL W (eg., Takasuka et al.,
2014; Watanabe et al., 2016; Miyamoto et al., 2017). THOT &
Mo, KA AH YA OEE R LD LES (2,
1996) D54 LR L TV B R HELR S 5. KiIZ
Mz, fEERBICOWTD, & T OWEIRIGE R R
THLEZOLNTWAIENL (AT, 2013%), 4
%, YN A A TR L EBREE L OBRE ST
%2 LT, MIREB ORI A R G S 1 D W EEE
Mo b, T, SEERN LA FRWMHETIE, 468
W oAy FKEGREIE, 2011EZBEICAHZEITHA L2
(Fig.2(d)), #%ESEOWMBEEIIE (46 H 0 HHAHE
OFIfEIL, BiESEORI23% LD LTV Sk,
Mo = O WA IR D ZAL DM IIE S )= DWW R
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