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Numerical study on nutrient transport through sea ice formation
and tidal mixing in and around the Sea of Okhotsk

Takuya Nakanowatari', Tomohiro Nakamura’, Humio Mitsudera’

The western subarctic North Pacific including the Oyashio region is well known as substantially high primary
production area in the world, which attributes to the occurrence of massive spring bloom events. The macronutrient
is not depleted even in summer in this region (the high nutrient and low chlorophyll region; HNLC), and thus as
the limitation factor, the availability of iron and its decoupling process with macronutrient has been focused. In this
report, we present our recent studies of biogeochemical model simulation focused on the role of sea ice formation
and tidal mixing processes in the Sea of Okhotsk, and show the new findings on seasonal to interannual variations
of macronutrient and micronutrient in the western subarctic North Pacific and its influence on primary production.
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1. [FLO&IC

AR S S A V4 0 BLENE I T, HF ISR T
7 v 7 b Y ORBBEGEM (FFE7V—2) kL, it
RCTHHEROFEIERAFE (Kasai et al, 1997; Kishi et al,
2001; Chiba et al. 2004; Ono et al, 2005; Tsuda et al. 2005;

Tadokoro et al. 2005; Okamoto et al. 2010; Suzuki et al
2011; Kuroda et al, 2019; Yasunaka et al, 2021), KO
WIRARIREREIY T T v 7 b B (Saito et al, 2002
Harrison et al, 2004) THEO U b5, /2, FF 7V —
DEIRW T Z > 7 b Y DA X B K EED
HETHE I EDNDL, RAHFOZBILKRFEDOK E IRIGKE

R i
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(HEYARY7) E LTOEERMSE LTES T H5hTw
% (Takahashi et al, 2002; Nosaka et al, 2017). Z D7z,
COWHFNI BT BB EREZBETE AN =ZAL0
R, R R O BR 721 T <, HIRD K FEE
B KEGHEOFRFIIBOTCHEELPETH 5.

ISP I, BERICBWTH RGO FHRE
RS YE L e\ SR8 7 v a7 4 Vil GEFR, High
Nutrient Low Chlorophyll) TH#or 5 s 720, LK
PR IR BT B SR AR E R O A ) & BR T 51203,
FRFEEIMNMZ T OO 75 ~ 7 b VB O R
WY CTh BB T O L AREONLEBREZEET 50
b A (Boyd et al, 2000; Tsuda et al, 2003; Nishioka et
al, 2003). WEEH OO ERMHEGEE LT, H<RRRSY
A MIHIKT T2 5 OfEfE (Duce and Tindale, 1991)
RS KILFE O BAEIFEOAEH (Resing et al, 2015)
BEEEPRH SN TV DS, dERPERER B
L EERGOMBIRE LTI, F4h— 7 (Nishoka et
al., 2007, 2013, 2014, 2020) X°X—"1 » 7'ifi: (Nishioka et al.,
2021) DORFEM ORI R OO EEMED LG S h
TW5h, RIS, BUEEESAC 30 5 W ERIE 03 2 IS o
IEDL (dFe/NO;) 120036 & i OHNLCHHSIZ AT
L, B W TS s b v ORGSR D TR LA
DA oSG ZR T 5 2 EARDLNS.

INET, BROBFPEFHBEOMHAZHML LT, &%
T A 7N EER L CAYMIERILEE TV E K
Jab—¥a VIS RWIZ S R AWIZHAS L TY
% (e.g, Tagliabue et al, 2016). #IEERETY > 7 IZHT
LATSEDQBITIZ DWW, = - #E (2017, 2023) &S
Shizwv, KRR LT, Fh—v 7#EeX—1) »
T BT B HBEWHRDK T T v 7 A% BT VISEAT
5T LIl& o T, ERPFEFREAKICBN S LTS R
#kik e (Nishioka et al,, 2013) KO FHUZ K LT 5%
(Misumi et al, 2011). 2, F4—v 7 #EdL v Rl ic B
T DK RN, - TR S b S B REMIK (DSW) %
7 VIVHFC BT I X B ERTE R e ARBIR A id, Bt
B OEAFEE 2 LIPS 2 ETHEERE#H 2RO 2
EAREN TV S (Uchimoto et al, 2014).

AR, HERIRBEALIZRE S el Ok A I, 2 —
73T REFEORIFIZ BT 5 4FO &K LA HEE L T
BY, BES0EMC2EL BV EARKPBIM I A TS
(Serreze and Barry, 2011). % & — > 7 gD gk A fE =
(Kashiwase et al, 2014) < ZHIZHEH DSW O AR B i
AL TEY (Uehara et al, 2014), FHR—"2 7 iED*+ —/3—
¥ — Y OFALPBEINT WD, £/, FF—Y 7O

ThERE  dht, PR AR, =5 Bk

MEE T, REERR WA R R T AR O R W2 )
DM SITEB Y (Ono et al, 2001, 2002), K FFE1I0FEH
HAZSEY (2P ) MHIERFIEBR D 2L (Yasunaka et al, 2016) %
H OR8N S % D18 64 RN A By 0 522 (Osafune
and Yasuda, 2006; Tadokoro et al, 2009) A% ST
b. TOEHIT, QLRI BT 2 P IR K
UAERE RIS 2 R A B DS Rl 2 47 9 261203, 8k
A 7V EERLIARKERRETIVISIA T, #RLEw
RAEBREEZZER LIREETVPLEE LS.

ARCilE, BERBH(CITE, VUBE)oTS 2L e
POV A 7N (FH T v 7)) BEE LAY ER LT
T LK - R G AR YR LA E 7OV & H W 72 Bl S
BRI o &, AL SRR O K O BAEEk R ) v RE
DT ORFEA T — VOLE ZRBAT 5 LI, EED
HERIRBZ LA AL ) HER IR O BAIE OB S5 TS
N5 IR DEIZ OV THERT 5.

2. BK - EFESEMIIKMEZET ILOBE

REFFETHI 72 HEPEE 7 VS, BROR RS PR 38
BT CRISE S M7zik - iR G E 7 VCOCO 34 (Hasumi,
2006) TH 5. ETFTNVOHFIIA K — Y 7 il % & LR
i (39° -635° N, 136° -1795° E) ThH Y, Z2fHfHhE
1305° X05°, SREMEEEISIETH S (K1), TOET N
T, HHBEA T — VT OMAEBICHRET 22 EHT
SRV, ARy 7R EIENT P ERIC B U B UG B
DFHI~FRAEEBT R 7 ) VI BT 24 K= 7
i & RPPER DMK OFA - il QKA H) (3B EB
ENTw (X1 a, Nakanowatari et al, 2015). #KET
VAL, KN EOBEREZ T LEP L7238 EET IV
(Semtner, 1976) & ik DZT & NEIRTI % Z 18 L 72K
PV 4 v Y —J1%%E 5V (Hunke and Dukowicz, 1997) T
R ENTWD, WL 2EERMRBAIIOVWTIL, 7
V)V IR O 3 AN AL 2 S R F T O KR & 35 O SRIE L
BARBZ WIS L S8 5 2 LT X o THEMICED
LTw5 (K1b).

COWEETIVAE, KA R RLWR S, S 5126
BT 7T I 4 YHIIZ X > TR SN EDSWR 7 Y
WHEBEZ B B WIHRA L > THRE S5 KA, +
A= 7 EK (OSIW) DT3B b BTV 2 15305 H
% (Uchimoto et al, 2014; Nakanowatari et a., 2015). Z®
ETFNVIEBE B2 BT LI LI TE RV DD,
BB 1B R0y e B O K IR R SR B3 O AR AR B 13 1k
MICHBAIND Z L2 b, Fh— 7 RIEOWE %R
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B1: (a) &7 VO Ll 0 ) 5 5 Y O F4E 54 (m’/
§). 7\ AGGIE, S L EOR B & i T500em /s C I
WA o TR A VIR EE T 2 5040 & 5 2 72 ilpds. S5 e IR e 1
02 m’/s% (b) 27 ) VilEIRE 3L > E 7V D K & il o 53
Nakanowatari et al. (2021) ®Fig.1 & 0 fn4eE.

Figure 1: (a) Model topography and climatological annual mean
of dynamic height at surface (m*/s”). Cross mark indicates the region
where the vertical diffusive coefficients are enhanced. (b) Model
topography around the Kuril Straits (rectangular region in panel a)
and the location of the straits (After Nakanowatari et al., 2021).

FOEHORERFMT S LIITERTH L. HEETI
DY O BB O FEMIZ O W TIE, Nakanowatari et al.
(2015, 2021) Z BH S 7=,

I ERAL | T OVIERARIE & 4 T ORKATER Y A
ZNVIZMA, BSOS 2 EE L-ET VT
# % (Parekh et al, 2005). FE5FEH & LT Y EE (PO,
LB ik (Fe) ofll, AW oRHL &% KBS 2 B
v (DOP) ZFMERE L7zA AT ML —H—F
U WECHRERTH Y, EWIT LMY AKR LG - Ik
7o 2%EE LY —AL Yy 7HTHR IR T
5. WX HZPODILY AHEEE (T) IZLLFTOXTES
N5 EHT, BlER(a) &V VBRI (PO,), A7 (Fe),
ZLOMEE (D OIATY R - 207 Y HORTERL
ns.

o PO Fe I
PO, +K,, Fe+K, I+K,

(1)

INOLDOFHRERD PRMERDON, Kp & allDonT

WHIRBEEBROERICIED T VEBESHB L2V DI
FEIN T3 (Uchimoto et al, 2014). ZDETFIVILE
e ERBHOVA 2 NVE Y VT VIZKBE LTV S,
ANLCHIIC B 2 B8 ) VIBEO T v 7)) ¥ 7
EZEENTW5.

wBatkoPEF R, EWICXAWINE N T
TIWCE BRI V=R E T v 7HITMZ, KEH»HD
FANTZy 7 ARHMPBRDOXL Y AL VT T v 7 A
12X BAMRERE, B OESE (AR xRV VT - JRREICHE
VYU HEBE L IALFERESE I WS, ZOET
VT, BEkOBEL L CREAEONRTHL T —
DA (Fe' ) ERAEMED I H R DI EWE 7 &0
AR (LT, YAV F) L ORI (Fel) @20 %%
BLTBY, IhsoBRBIMLAEERTHRESNTS
D PHEER (Kee) &) 7 > FilRE (L) OB CHE SIS
(Kpa=[FeL]/[Fe’[L']).

— WA, MR T BRSO KIS (99%) 13 77
VR EDEAKIETHAET 5720, ) H v NOBRERHAiE
ETNVORMEERELKELTLERLZNTA—F D—DT
HoH. BT, V7Y NREZIEAAEYE R EArIRE
OEBELTNRNT AT VY= a 3L TENEDONT
W52 (Misumi et al. 2013; Pham and Ito, 2018), %< ®
PRAGTRE T TIE, Z2MIAYIC06—1.2 nMOHiPH T —Fk 7%
EZFRH L TWAZ EA% v (Misumi et al. 2011). A
FECIE, ALRTHERHIEF R IS & LBERET
Ve HWHEY I 2L — Y 3 Y% Misumi et al, 2011;
Uchimoto et al, 2014) 125\, Parekh et al. (2005) O (1
nM) £ D D ETREWME(L2 nM) 2 22 —8RIC5- 2 %
FEzHRA L.

KEHkoBFEsE7 5 v 7 21%, Mahowald et al. (2005)
DORATHENT T =5 oML EINDE T ANT T v 7 A2k
DSVTHEE L2, ZOEFNTIE, BATFED KT 5
DFREFRIZHE - T (Uchimoto et al, 2014), K&K 5 A + DM,
35% %L L, TONI1 %O HEHEPICHEMT 2 L KE L
Twa., f7, HEWHkogh7 7y 7 2L LT, +h—
v 7 #EALEER D300 mELER ORI BT, 05 uM/m?Y/
dayD iz EFNVOKR TR v FiZh5 272, 2OEFNV
T, FIREN I 20 EREZEL Thirwnizo,
HEREWHRDER T 5 v 7 2121, KRR HER I A & 3%
Bon SN2 B AEEk & MR 2 & FHIBE KL T- 0 40 S 7z
BN SN BB T OMENET N TVDE LT 5.

EFNOM T BERSM1213, World Ocean Atlas 2009
(Garcia et al, 2010) ® A4 ¥ BIRIREOREMT— 5
WA L7z £/, WHBERODOPREIZED EEL,
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o EEERE
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A

B2 : (fc) Bl (42° — 43°N, 146° — 147°E) & (47) VU SR M €5 4G B (48N°, 165°E)
12381 % M (0-300m) O (LB PO, (uM), () A8k (aM), € L T(FE)
RAEE (m) DZFEEiY 1 7 )V, Nakanowatari et al. (2017) ®Fig. 9X 1) gk
Figure 2: Seasonal cycles of simulated (upper) PO, concentration (uM) and (middle) Fe
concentration (nM) from the surface to 300 m depth in (left) the Oyashio region (42°-43°N,
146°-147°E) and (right) western subarctic gyre (48N°, 165°E). The monthly mean MLD
for each area is shown in bottom panel (After Nakanowatari et al., 2017).
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R3: BEmRIc BT ETVEBNT -5 O
AN T L 72 r SR o ] T E. B8
W7 — & O HFIE13£2003-20084FE DA T 4 ~
Bz o < (Nishioka et al, 2011). BiflfEo
B {7213 = 9 — /N —T/R 9. Nakanowatari
et al. (2017) ®Figl0X 1 4.

Figure 3: Observed (circles) and simulated Fe
concentration averaged over the mixed layer (solid
line) in the Oyashio region. The observed data were
calculated from the monthly mean Fe concentrations
along the A-line (Nishioka et al., 2011). The standard
deviations of the monthly mean values are shown by
error bars (After Nakanowatari et al., 2017).

BRI CTHB SN B DOPD N A T ADEEZRE LT
W5, BESROBEREME, EREEOBILGBIN T — 5
(Nishioka et al, 2007, 2013) RILKTF-EEDOFHIGERE TN D
B I 2b—2 3 Y OfER (Misumi et al, 2011) (23620
WCHERG L7243l % @ L 72 (Uchimoto et al, 2014).
BAFROBR G I EERELRELCTBY, MAFERD
L HIRAT B EAFERDOETNE T ER L TV 5.

3. REOY VEIE L BEHROZEEE
YZab—v3av

B2i&, BIE &M 0 K50 o T4 (OMIP; Roske,
2001) % €T VICH 2 CHRB) LT S 7z Bl (42°
-43° N, 146° -147° E) & PE{RH MG (48° N, 165° E) 12
B RED) Y RIE L BESREOME T 7 7 Lk
RERREOFHETH S, Mtz 4F01-3)1C
B HRAROFEIE, KEBOY VR AT S E
PBEF LTRSS N 525, BUENEE O )7 2576 5
ERE BRI R CFBAT) OIRIEATR & . BURERIC B
FAHREBOELREO) Y, R OBEHEE ) L
AT LFEMEI;E, BUGENT— 5 UL TH S
(Nishioka et al, 2011). {REBNTYE L72E T VOB
oW, 3HITIRK07 nMIZZEL, 9-10H TiZ0.3 nM

FTHRALTBY, EHEMIIZERT — & ORI D
FHIAE) & FAREOFHZAHHI TS (1X3).
—hT, COETNVTREFT V=0T T 5610
AR D SM AR T 2 BT 2 2 kR, 20
HEHO—2E LT, TOEFVTRIEW TS 27 b gk
B KA O SAHHEZ B o THEL TSI L
WHIFL T B 720, W75 v 7 b v oMaictE) ik
B 22 LD SAAHEORMATHBL S N TV nh 5 ThH
B, ZDXHZ, TOEFNVEETT IV — LI T
T Y0 N ORFEEORY AHHE % 8N 2 B 23
H25HLD, LFOBEEHOME T 0 & 2 OB IIA
BETIVEFZA.

BUHHE CORA BN B 2 B8R E O T/ B
(FRI2, AFORERN) 2 BE$T 2 A = AL W<57:
DI, RERNOSRIGE A HA L7

Fews _ 4py+ MIX + BIO +SFX (2)
4DV + MIX + BIO  +SFX,
ot B SERE M LEER S

T I T, Fen AN TIEY L EAEEE, ADV
FACE - SRIEFICHED 79 v 7 A, MIXIZIRATE TR
B DEREIHUCHES 79 v 2 X, BIORWW TS >~ 2 b
YONEWRIW, ROAFY Ry TV 7IZEBH, ZL
CSFXRBZHH P SDT AT T v 72 ADESTHAH. &



B, RATGEEOWZAIIE D IRATE N O SRR D21k
SRERAOEICE TN TV . WTWbZ e Thb (KALT). SO ki3 mn
EITEHWIEHFSRORIEWET 2B E 03D 5720, VHHH
THHKEOEFEGIERT S &, 10-11HI2BVTIE, il FERRBR OB R CTIRIEAFERIRE L R A S €23 R0 5.

T9, AT BIT B BL IR O AR Bk L O BN RS

7z, PHERHLSEEER O W EHIRIZ 5\ T L BIIHD 27
G3E0Ds, 2ONRE WL L WiTRms L) dbrr <>

UL, AFTNED RIS I DRITIEA SN L 2 12X - T,
IO VBAPELL I LI L 5 TRAE T EBOSkILEE D WD T/RNENWT Edsbrolz (K5).
EV KBS HBICHAT 505 LRI TE 5. BRIV E
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B4 : E 70V 0 (F) Bl (42° - 43°N, 146° - 147°E) & (47) P4 BT IR B (48°N,
165°E) (2 3B1F 2 AN OEAFERIRE O § 5 £IHOK E E(nM/month). -
BACBIT 2 B, R, EHHR R 2 LTy T URIEE N ENEA ORI
W, B, SERE, AW - ALPEEE T LTRSS A PoFESERT. TR
BB M, R, R, YT Y, LTS, EN NI, s
TR VBN, T VBAOES, TLTE T v FAT — v Ok
TDHEG- %779, Nakanowtari et al. (2017) ®Figs 1213 X 1) gk

Figure 4: Scasonal cycles of each term of the Fe budget (nM month™) averaged in the mixed
layer for (left) the Oyashio region and (right) western subarctic region. In upper panels, the
tendencies of dFe, ADV, MIX, BIO, and SFX are shown by black, red, blue, green, and cyan
lines, respectively. In lower panel, the ADV term and each component related to geostrophic
current (red), Ekman transport (blue), Ekman upwelling (cyan), and subgrid-scale mixing
(green) are shown (After Nakanowatari et al., 2017).

hoOLNT (B4k L), —F, BADI-3AIZBW T3 LT LETELRMo7 (K4, LHL
HEREDHL X DBIMOFE D)%% bR E VR
C ORUHAT LTt E =7 < Yk OFF
GaRR7AER, 1-3HOBmMIIHMERICL > TH7n S
NTWB I LA hose (RAET). JoRRIE, £FI SR A NG 2 A REERE EET 22 LISk 5T,
F A= 7L ALK & OWEARSIRATEINC R B 2 LIS

TU—ANVERAS A ML DBHT T v 7 AD
fliL7zdDTHY, L THRMENTZKRASY A KD
BHESROEEBIFME LTV, 22T, A0
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d, T VEARMBT AL LTy < kD))

REOFGVHRORKEL, TNETHRBEI N TS EEY KRAT A FOFGIZEMZBEB L THMHETE 2RSS
DUFHEHINC L 2REFOHEE D LR L TV 5D Z L% ZHEOL OO, AFIIRBHRIEHIHMT 5 2 & 2HIT

ZOFERIEIDH L F
% &P

BUNHSIC B 2 RBEAREIC LD 28V — A0S
LoT, BOBIBEEOKEPERIZZEINLIzDE ERA L. 22Tl OKR&AS A (DUST) &AbvhkE o

WRWhko$:7 5 v 7 2 (SED) oz, ~—1) ¥ i

5 OFBMOLE L L TEFHROMBR &M (BC) O
BRRHN L7z, KERBEFBROFER, BRI B 5 47
BAOFLGDOSNRECZ L DD (/3R V). 2 BRI DOFTEZAB I, APa R O HEREY Bk D A8k D
AR OKE L, KA A MHEROBAFTRIRE D514
"B, KRF A IS
XN D BRI OB OEMIL 2 2/ WM S 226 T
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RAEEBADBEEHRRE (NM)
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RS BSOS R B 5 B R EE SR TR S 7z B i
BT BIRAEN T L EAF kIR LD 1 P39l ARIERE,
FEM, EMITTALN, LEEMOMERY, KXy A b
Q% DEWHEDr —A), 2 L THHEREAo@HEHE 5 2
oW a OFEBR. RERILEEER OB RIREO R I
BELT, RAF AL QUOEHREDr —R) 2 FWMMTRT.
Nakanowatari et al. (2017) ®Fig. 18% J4E.

Figure 5: Time series of the simulated Fe concentration averaged
over the mixed layer in the Oyashio region, calculated from the SED
(red), DUST (blue), and BC (green) experiments. The sum of the Fe
concentration in the sensitivity experiments is indicated by the black
line. The result for the DUST experiment, in which iron solubility is
2%, is shown by blue bashed line (After Nakanowatari et al., 2017).

b, FEHIEBIIT 2 F 5130 Y — R HART/R S W
BEESLN TS (X5).

HRREEBR TR ON - RBRIRIED i % Wb &, SED
EERCIIBEAF SRR E OB KIRATH N Y ViR > T
TLTBY, 7 VIV SRR L Tw 25k
FrRONG. ZoOfFRIE, ALV H kOB LR E
DOFEYHZ X o THIZBEEHRICHR SN TWE I L EE
B3 % (M6a). BBRZEWV R, =1 ¥ ZBHEEO B8k
DG HACPE M R O EAES: L MREOF G H D Z &
TH 5 (K5). BCERIZ BT 2 KO BEALEILEE D534 %
WaE, WhAF vy h RO LEBICZ T, 72V
T D RS W IEAAERE S K 5D (K6b). 2 0k
Bix, N—=) TP SEA AT v v KRS L BB
Fotm%As, KWK HZEENLERBWMSIT TR, B
BAL SN2 TR OBAEA 2 ) VIR B 5 W5
LB2HBAIL > THEBICHESNTVE L2 EKT 2.
DUSTEEDOFEETE, 7 VLR THEAEEIEIE DFH Vs
FONEON, WIWREACIZBAIZEL TWDL I LN
RTHN S (IM6¢).

P EOREERZEL T o0 EELRIEIEL N
LEZ D, ek, WRFHEVEIHEEN ICBIT 2 RBOE
BB EESATICHM T 2 A 2 AL L LT, AFHH
X BHEREIATNS L) &3l (Nishioka

ThERE  dht, PR AR, =5 Bk

46N -l
44N 1Y
aoN I Sl
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K6 : BSOS B B T 2 L EBR TR O R A
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BOSERTRT). %757V 32NN (a) L7 B O HER Y,
(b)) RX=1 ¥ 7ilEh Lo, €L T () KRAY A b & sHRil
JH & L7245 %, Nakanowatari et al. (2017) ®Fig. 19X b Jn4e.
Figure 6: Annual mean fields of simulated Fe concentrations (nM, in
colors) in the mixed layer, calculated from the (a) SED, (b) BC, and (c)
DUST experiments. Contour intervals are 0.3 nM (after Nakanowatari
etal., 2017).

et al, 2011) € 7 VIf%E (Shigemitsu et al, 2012) 12 & -
THRBMEIN TP, FRHEY I 2L - a VITL D E
BRI L > C, LFOBRMFRBEORT DI,
KPR R AL TR X DIRATEOFEIC X 581
RIEM R WHEERE 7O 2 L RABErZNU LS5 %
FEOZ EAURIE S N BRI, WIS X 2K PN
WA AT, JMISHIC L > THREISh b Ty < VERR
IR VEEIZOWTIE, I siBaskofin ot X
PRRENTZLEFZ 5.
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MBI T — 5 L BT VDV CEEL72b 0. 25 —n—1d
1979 — 20104F D FARAit 2> & DT HeD v TEEE S N7 {2
2T, BT — 41X, WOD2018 (1965—2008) & A-line®d i
W7 — % (1990 - 2010) 12 HEDWCEHFH L7z, (b) OYLIZHIF 2
REENOLTDY) IRIFEEOBINAE (B#) & €7V Ok
W ORSRY. BllT—5 L EFTVIEENREFNIH L1IADOHF
WE# %7173, Nakanowatari et al. (2021) ®Fig. 4+ Fig 6X& )
yilIE 3

Figure 7: (a) Time series of the climatological monthly mean
PO, (uM) in the ML averaged over OY1 region for the observed
(black) and simulated (red) data. The error bars indicate the standard
deviations of the monthly mean PO, in the ML from 1979 to 2010.
(b) Time series of the observed PO, anomalies (black) in the ML in
March and the simulated PO, anomalies (red) in the ML in January
from 1980 to 2010 averaged over OY | region (After Nakanowatari et
al., 2021).

FABAEGDOEE R Y — ROV TTH L. 1 3l
H oSO IREREIEE LT, KAF A MHROHEIE 2
SNTELA, SRERKLZREERICE > T, JLKPE
TR SE PG ERIC BT A KB ORIZIE, HRWHEO#FD
FHBREVZEFWS NI R o7z, ZOBEEBROR
g, ALK PRI EF SR OBHESOEE R Y — A0
=Y 7 HOWREM 75 v 2 A TH DLWV BITHIZED
3% 3 Fr9 % (Nishioka et al, 2011). 4512, BERZEVD
&, R=1 ¥ FHERBO D I — Y 7O BEAAS LT
BEOFLZ2EOZI L L, ZOWMBEITIT T ) IV
WRECIDHEADPEBRLTVEIETHE. ZOBE
EBROMRNL, 7 ) VI BT B R RA AR

HIETT IO RE OB IREOMEFFIIB W CTEE LT
Ot ATHhdbI LEERETS.

4. REDVVHBIEDERFEZH=1L—Y3Yy

KA, ALK TFHEMREF TS BT 2 K@D ¥ RIEHR
FEDRAELEB % HIT 572012, BIEM R KRGS 2
T, WY D186 AT L RADT AN 7T v 7 A
ORFEEALE G2 2 FEBRE L7z, KRNI T7— 412
&, k= 7 i EOSIRCREE O KL TR O FHIEA
TR T2 I —n v Sl Pt ¥ & — o BP9 PR
M=% %M L7 (Dee et al, 2011). F7z, #HD186
RN EB ORI & G 5 72012, 7 U IVilEE O S E L
g (K) ORE S ZRHMICELS & 2 EHEHzE €7
WIZFER L7

Ky (1)=K, +K, xacos(27(1-1969)/186),  (3)

ZZT, aldHOWEGERA D186 FRMIATIZHES
W OERESTHSD., AEFNVTIE, HEWRES (K1
G ORI HN9%TH D L B ERE LT, T MAIZ0.2
LEF L7z (Pugh, 1987). KADF AT T v 7 ADRRE
L, KT TOREOIY ALBIEEL FERE L 72551t
FHEET N LR LIZKEAT A YT T v 7 A0
fili7— % 24§ L 72 (Luo et al, 2003).

7al%, €7 VORMELSEOMWER (LLF, 0Yl) T
FHLEETVORERENOY VBEOFHZEE 2R 7.
EFNVOY) VEEREEIZ2 - SHICRAMLS uM, 9H K
AMEO6 uMAERLTH D, BIMEE B OMAILE Ao
TWh. $FI2, EFVIELAFOZERY) Y HRRED 5
FHBLTEY, BAEARO) YBIEOMHK 7ot 20
BEEE. 72, EFVEBNOY »EEERE O AEO
FERY 2 LB L7245 R, 1-2HOEF Vo) VIR
SHOBH T — % 1) ¥ B3R ORAEZET) & w5 WA BB A
HoHIEPbho7z (-7h). O Ehb, Ko
TN ¥ EEIRIRE DR OB L5 O T BIVE S R 3
nTn5s,

EFNVOLZE (1) IZBFH0Y10) ¥ EEEHREE ORAE
EENCHEHL, RAERETHEH L) VR L 20 RAD
FIHE OB THYRSNT % Fh L7z/ER, 1 7 TR0k
FRROEDOFG 2RO KE L, SERADHEAZNITK
CHEGRFFOZ LD b oz KEBROWIN 270t
ADOWHIL, HEFRE PRI GEZLHOTBY, =r~ v
T OIEMBTRIL S DOFE A& TN E v, OY1DY) ki
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(425° N, 146° E) \231) % 258 ) > BRIEIR LR RS~ o )5
v T AFIIBTLEEY CBREREOSMEE 7 T — TR
§. B OME & ) 2RI EE O ] O R B AR B
N7 Mo RE. (b) (a) & FFET, 47 (12)]) O (5
S —:cm) O~y 7. a2y — 3 BREAHE &R %
AT ATWE RN R Ty TEBEOGHRE TR 2 M5
% GENR & R (4R 0) T/RY. Nakanowatari et al. (2021) O Fig.
8& 0 k.

Figure 8: (a) Regression map of 1-month leading (December)
geostrophic current speed (cm/s in vectors) in the ML onto the
time series of normalized MLD-PO, in January. In panel a, the
climatological PO, in ML in December is also shown. The vectors,
in which the correlations are significant at 95% confidence level, are
shown. The statistical significances for vectors are estimated based
on the absolute value. (b) Same as in panel a, but for the SSH (cm
in colors) in December. The solid and dashed contour indicates the
region where the positive and negative correlation between them is
significant at a 95% confidence level, respectively. The integral routes
for the ATW and Sverdrup transport at OY 1 are shown by purple solid
and broken lines, respectively (After Nakanowatari et al., 2021)

JiE DS & RS B T O 22 M 0 2 AT 5 &, OY1
FHEIZ B TEBNIIS T 2 B R A R S, HH
D PERRE A A F vy MR OSSP L TnwsrZ E
Wbtz (M8a). Ml % BREN 3 2 ) s O faiE ©
HHWMHEMOSAZ D L, WBHREMOIED Y 7 FIvh
FEEIIR > T A=Y 72 50Y1E T TV B EF2°
Roh, +AR— 7 iEChhie S h s EERS OB O

ThERE  dht, PR AR, =5 Bk

WHPHERL TS Z &2 h 5 (M8b). 72, OY1onh
BT, WKL T L TWD Z & s, PHERHESENT
BT 5 2 LIS K2 BMREDOBELEZEZIL R 5.

2T, ZO0YIDWEHOLB N %2 3l § 5 720
V2, AT R A VU 58 0 JEUSC I B 0 V4 R 3 S o0 L &
ZNE Y SIRR TR S N INEBE 020 DML 46
BA N A LDOFG &G Lz LN 2R B 02 B)
J8I% & LT, Arrested Topographic WaveP i (Csanady,
1978) 2 H3E & I S N B LT & (Vapy) 2 A L 72

Viw =] %dl, (4)

22T, nd BRI o 22 RS T O R TT R ST, p
ZHEARKOERE, ZLTHIa)V I NIFI A= —ThH5.
COXDS, Vil dEHNZH-> TEtR Sy < v
WRXROMAERELMNIN, ToOMIIHIREEICKEL
WAES 5. REFZETIE, € 7V O ZENL O 7 O 534
ERATWIZED#ER % 2% 12 (Simizu and Ohshima, 2002;
Nakanowatari and Ohshima, 2014), F&#&#%/%ZO0Y145 5
YY) a7EETLERT S (X8h).

B o EE IS &K 5 OB & LT, Time Varying
Sverdrup balance ¥l& (Isoguchi and Kawamura, 2006) 7
S M I N B EEBEE (V) 2 H L 7.

Vs =—#J‘ curltdx, (5)

CIT, BIEIVFYINT A= —OFEE, udius
JIORN, WA oM TH S, WE, ANV
T TNG Y AGEFEEME L, FUR %R RS T o]
HR IS % RS % T & TN ER B o> B AL 2% 5 o #l 1
ELTHRERRRORE ZHET 5. AT, FHiN
LIS DEENC X BMETISERFICEH T 5720, £F
HRICREEIRE LAV RS v FNTG v 22T
VRO B., T2 TIE, AZHEEPE OGN T 2 E—j
DISEDHAEEBLTWAH 0, KEMHINDET 5180
CEL D AWHHMORISTIOAEZEL (M8b), £l kDb
FH OGO % B4 L 72 (Nakanowatari et al, 2015;
Kuroda et al,, 2017).

BI9IZ12H DOY BT % Kg 0 i difm A (V) &
Varw, ROV ORSRY 2L L 72T 5. fEHTHIR %
HLET, V& Vary, RUOVOZEBHIZL L —FHLTHED
ZFNZENOMBEFREIZ0.65E055 & I I295%EHHR A TH
ER MRS N7z, ALK EE O UG B i g & b
IR PE VG SR ST I O R RS R E & o> RIS AE o A B B AR
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Figure 9: Time series of (a) the coastal Oyashio transport anomalies
(Sv) derived from ATW (V) and (b) Oyashio transport anomalies (Sv)
derived from the Sverdrup transport (V) (black) in December. In each
pane, the meridional component of the monthly mean geostrophic
current speed anomalies (cm/s) at OY'1 is shown by grey line. The
negative anomalies for the volume transport and current speed mean
southward. The scale for the geostrophic current speed is shown on
the RHS (After Nakanowatari et al., 2021).

W B Z EIBE T — & OFFNTITTE D S fafi S T 7zt
(Yasunaka et al, 2016), 4 O BAEIEER TIEH 72120 F
B ONETE R 5> S OY1D ) & FRIG I DAL ) % P8
95 L TEHTE LW LR ENT.

KIZOY1D Y v B EE D10 ~ 204E M Z B o € 7 v
OFBEZ AT 5. K0alZOYHIBIF 2 KED )
HREOET N EBNT— 7 OEFIHMEOM R TH 5.
ETIVITERRFIIER D1980E % v T, Bl 7 — & D4E
SEIRNTEBL U 72 104 BUBL o0 J W1 A2 8) % i@ PR FFBL L C
W5, ETNOY) VEBEEIREOIOEHSZENE, BIIMHEIC
WARTIRIFAVNE AT - 24E BN A SR SN 5.
EFVCTHBENZ) VEBIRIRE O10EBBE B O 5 N %
WD 72012, RADKRELEB S (ATM), #0186
EEMZE) (TIDE), 2L TRRAD Y X b HEOBEE 7
7 v 27 X (DUST) ICBI T & EEREZ L L7225, )
> PRI E D 104E BB ZE B3 TS RGNS X o THREp &
NHREREM;GE SNz (M10b). TIDED KEEER O R %
Rok, WHREDE G5 HEICOYIOREOY Vi

PO, DEETHARE (M)

1980 1985 1990 1995 2000 2005 2010
F

(b)

0.15

{REZE) w— ATM === T|DE *DUST - - - Tide20
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o
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1980 1985 1990 1 9535 2000 2005 2010

K10 : (a) OYLIZHIT 2B CH) & AREEBYIER () O
FI ) ¥R DA PR O RSRYI. ORBHETED 1 — 3
A7 4NE =% L7zMERY. (b) BAELBER (B, RO
ATM (F#), TIDE (F#), €L TDUST (ki) DREEESE
BT ONI-0YHS BT 2 ETF IV ORE) v BRI E O
IR RY. 1864 S5 B 0w A iR L0k 3 2 IR s% it &
WOk Ok f2) TR, Nakanowatari et al. (2021) ®Fig. 12 & Fig.
13& D n.

Figure 10: (a) Time series of the annual mean of observed and
simulated PO, (uM) anomalies in the ML averaged over OY1. 7-yr
low pass filtered value for the observed and simulated PO, time series
are shown by bold lines. (b) Time series of annual mean MLD-PO,
anomalies (uM) for the hindcast experiment (black), ATM (red),
TIDE (blue), and DUST experiments (green) for the OY 1 region. The
sinusoidal curve for 18.6-yr tidal mixing strength is shown by broken
lines (gray) (After Nakanowatari et al., 2021).

DS B (IKT) 372 /R0 S 7z, BRGRV R,
19804EA% & 19904E4R1E 2 N Z iy IR A 2SR RE & 55w
FEHNHIG L Cwaith e s, RELHEROMERE RS
LY VBIEREARSE L EREECHIE LTS, Zh
&, RESEH OB HSHMHREDOEL D bREWV
OIS, MWREORENPEHEEINTVD LMNTE 5.
Tix, OY1D) Y O10ERBZBNIE RS MBI X -
TED LI IZHBEENTVLDH ? ATMOREEER O
RIHEDOWT, OYIDFER) ¥ BRI O WS 217
PeAER, MBS X 2 AKCERBIRATRB L TB Y, ZoKE
BWEE, 4=y 7oL A L) YRR
IREED L0 A 7 — W DB AR AN ) PRI & o THEZR
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B11 : READIAFEB RS OREIEEER (ATM) TR 51 720Y1
BT BETIVOEEY ¥ IRERE QTR &Gy
R o 72 R ORI 2> 5 K ER1000m E TO Y > R
DL O ZHM< v 7. TS IETEOT — /82T 4
NV —ZEL T2, OYIORRE ) ¥ BRI OWRHNI L
T, (@) 64, (b) 44F, () 24F, (d) OFFEMl - 725 R 2R T
F#E, MBRESH BRI Z RS, K72 ¥ v VEEDY
AEA & BARC/R Y. Nakanowatari et al.(2021) OFig. 16 & 0 tiZ.
Figure 11: Lag correlation map of annual mean PO, along the
pathway of ESC from the surface to 1000 m depth with the time series
of annual mean MLD-PO, with 7-yr low pass filter for ATM at the
lead time of (a) -6, (b) -4, (c) -2, and (d) 0 year. The white contours
indicate the region where the correlation between them is significant
at a 90% confidence level. The climatological potential density is
shown with black contours (After Nakanowatari et al., 2021).
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Figure 12: Spatial distribution of (a) annual averaged uptake rate
of PO, (I') (umol month™) in the model and (b) climatology of net
primary production (g C/m*/day) averaged from April to October
based on MODIS satellite data during 2002 to 2016. (c) Linear trends
(umol month™ /31years) of annual averaged uptake rate of PO, (I')
from 1980 to 2010 (After Nakanowatari et al., 2017).
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Figure 13: The time series of the annual averaged (a) uptake rate of PO, (I') (umol month™) and (b) their limiting factors
for PO, (red), Fe (blue), and light intensity (green) in (left) the Sea of Okhotsk and (right) western subarctic region.

WO T BIEER DL E DRIV TELRT 5. K12ald,
KADFMFEFEN 2 FHER 2/ & LTEF IV ZFRE LT
BHONTT OTPAEEOZEM i 2 RY. T3t F—v 7
MR T TR, RO 7 a7 1 VEEN S
HEE S A7 JEEA B e D 22 43 A VD JEDL U 7 A FBLL
Twa (H12b). 198044 520104 F TO T OAEFHMEIC
95 b LV NN R FHE L 7RSSR, A A= 7 T
i, ACASFEAEVE IR TR 3 2 R HEI e k5 R 05153 5
N7z, FEPNCTRIAER, Fh—v 7ilETIEHESE 4H)
(ZHEME ), FRIETT R TIZE TV DFET T IV — L DR
(6—THIAEII AR TH 2o NIz F ok —
Y 7 il & AR PE ER IR SR BT B AR T o 31
OB & WA R, PEEOB X L12%E17% DK
ESITHYT 5.

Fok—w 7 EHER IS BT 5 T OFTFIHEE &
OHENT-L LT, V) CERERE, Bk, 2L Ok
BRE ORI E RS (M13). Fh— Z#ICBIT 5T O
NG, BB DU & AR D B L BIR L Tz (X
1376754 )V). T OBEIEIRASHOK BRI < 54 7 (2%
TholeZl &, IRV AL L 72 BR % 83
DIRNREN DD L ERT DL, T A=Y 7 ORI

ORWPEI & - TRBREIGE L2 ELONS. $72,
EAFEROBENNE, BB QU & 5 TY Y HEAHE L
TR\ BB L7 RCTH L LN TE 5.

— i ALKCEEERER VIS B 5 T 0 3 EA 8k
BEOWAEBRLTEY, V) v BRRIRE GBSO
BhEWZ EPbrsd (MISAH/SRV). oM, b
KPR SER VR ClE, T oOZHCH L ik vgiE%o
FREEOBHOREINSNZ LEERT L. ZOEF
VT, 198048 LUK 0 ok i A R DSW D T i DI A %%
HHENTWE I Ehn, LREEMERFHIICEIT 5%
J& DEAEHIRIE DWMANIE, F F—2 70 SR ETEER I
X o TR S N2 BAF kO i & 0 i 13 e 2
LCwB Wz H 5. —J7, 1990FELEIETY 2 —¥ %
MREE O FHLITAE S HIEFIHER O & o T, MBI
TEBR O W+ FEHR KA L T 2 WREE D HEfi S T
W5 (Nakanowatari et al, 2015). L7:%%-> T, LKt
WFENIIC B 2 HREKIREOMDOER L LT, Fh—
V7 WO BIRIEER DO GHLITHE D HIES DA 72T T% <,
FRBEORRTH 2 AN ROKABROE SRR I
5. G, SOHITHEORVIFHRKAERRET VIZE 5
T, LROMEHAIMEES LS 2 & 2 fET 5.
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6. FLHESEDHRE

ARiTlE, MESEITETH 2 Er8k e EREBE (2
T, ) VEE) oY A 2V EEE LK - R Ak
W ERAL AT TV & F W72 BIEER O RIZHED VT, b
R R O R EANOWE DG 7' 1 2122 nT
AL 9, PENZRREARINC X - TEEL 728
flyIalb—3vavilioT, BWREBICBT2EEO
BATSIRE OFMZER) (2 2T, LFRAEIToN)
(&, AFOUEHRGHIHE ) BRI X 5 TR 5 Ok
WA T, MRS L 2RTPRRSEETH L Z LAVRE
N7z, HEk, KFEMRBIIC L 2 EER%EO LB, BB
T O AF SRR BE R VR DO IE A S O ARFM S T & 7243
(Nishioka et al, 2011), 4 HFEfiL72EHEL I~ —L ¥ =
YNk oT, ZORHMIZFFSINIZEFTR D, T2, B
W LT, UK IER OFNETIE, 45
DIy FHASREOBAFIRIREORINCHFS L TH
D, ZO—HIET s 2 VEHRICL o THAICHRE ST,
BSUREMEAVRIE E NN TH L. L7~ Vi OEEELC
DWTIE, AHRRIER Y ¥ BRI SE O F AR O FRAE B 125
T 5B EN TS (Yasunaka et al, 2014), &
FHIE OV TIIEI T — 7 B3 B I SV E CTRFEADS
HEATW 2o 7z AERTPHEHSEN 2B 5 AR
FVEHENIAD > T b Z EAYRIH SN TE Y (Yasunaka
et al, 2021), T XD LM AOBEIIEF HKEER
BAASRO Ly < VIEHBHEBRLTH 00 Lkwv. 4
% S SITHEBURIEFARR AR R E 7OV & B BB IR 2
Lo T, R FHEOREGEAERZHERT 2 WHE®R 7T &
ADWE L LRI HEL Z EBWFEINS.

BLIREC B %) Y IRTIRE OFE D 5 ELH) 12
DWTIE, HIEIRRR A A — Y 7 O JIAIEERIC X 55
TMOLEBND R Y REVI EIBHEERTREINL, 0
R, ALK SERT I B 5 BRI ok,
IR 72T T { A h— 2 0 BG5BT
ERVIERRET L. IS, U YERIEOL0EBIBAE) I
LT, FF—r27BOBICBTLr < EAE S
D OVIEREZ BT BRE T ARG TH 5 2 L HURE
SNz, COBMEFEFROMIRIL, BN BT % KE R
FROEBIL, 2SI/ SN TS 7 ) ViR
WRA D186 EWZ B 721) T/ { (Osafune and Yasuda,
2006; Tadokoro et al., 2009; Mensah and Ohshima, 2021),
F R = ZiEOJE)) THRE SN A L TnbH 2
LERIRIZT .

AC R TR JERT U EB IS 3507 % JERRE AR 7 1 0 R W AR

-
—

ThERE  dht, PR AR, =5 Bk

DWTIE, EFIVORELTFERTH 5 N72PO,OIY A
B (D )IZIED VT, B IAE I 02 LA & 37 L 72
FERL, ALKSFRRHE ZERT VE RIS B\ O B AR A AR B
N7z ZoOFERIE, 199747 520134 £ TO WM O R #
WF—2 o HRED SNFEFOI/ 07 4 VIREOHFE
AN LA TH S (Siswanto et al, 2016). F 7z,
19604E1% 2> © 19904EA% T T O BMIHER I B 1 5 Sea&shny
WAFLEAFORR) VEEREOZ) PO RELHND
KA EERLHGBN AN 70T 7 A VIRED A
BRAEnZ R LTHBY (Ono et al, 2002; Chiba et al,
2004), BT I 2L —3 3 ORI NS OB
EHR— T 5. FETRENE, ETNVOIKTFERHE
WHEERIC B 2 T OWABINE, EREHO ) HRIRE
DWH TR L, BHEHEOBPITENTLHZETHL. Z
DFEANE, ACIASPFE ST TY 58 0 JERE AR i 1 O HLE R 113,
B THH I L2 R— 3oL LI, EfEEERD
TFWETZ LT, EREREBEROTH Y T) Y T %%
BT 5 EPUEARTTRTHL I LEHRILT 5.

FO AP W S VU A 35 0T B VA AE B BE D A BERINIS
DVTIEMA LERPEZEZONE. —DF, +Fh—U 72
MR e T 28AKT7 7y 7 ADBYTH L. WET
WV DFAEE B EBROAT R R &, WK ) &%
FEREMK DI R DA, ROF = 7 il EAKO5H
MALDRENT VDL T E0S, Fh—Y 7R LHILRF
ENDOEHABROWMBER TP L TVD I EREIND
(Nakanowatari et al, 2015). F 7z, dbKFEOEKIEILIC
X 24 ZFOHERAOFHLORE (Ono et al, 2001) X JE)K
TEBLDZALIZHE D AP % KB R DZAL DD EZ S
N5 (Kuroda et al, 2021). 4f%, BITHEEE OB HHIEL
W2 RS DM RRAERERETVEHVL 2 LIS
T, LB OEHFSIREOWMAERIZE S 2 W% % Ew %
RIS EENS.

=04, AR =Y Z TR R E R I AR L
TBY, TOEEE L THA— Y 7oKkt o s
BIICHE ) BB OLETH 5 2 EAVRBE I NN, £
CORMEREERNDH D E VWD, BlZIE, RAFA MR
F R = 7 i OWEREY OIS, HEK R 0 8k o B ZEME A
s w5 2% (Kanna et al, 2014; Kishi et al, 2021),
ARET VI ZOMRDBER SN TR, LR i
FEARIRAERERE 7 VIS X B BUEFEER T, ok H R 08k
B L Z2%DREBEAERLZMMSELWE VDL LB
EREINTEBEY (Wang et al, 2014), #RKHEDEFHRD
WAL T, Ad—y 7 lEORGEEERPIT 35100
MR t+oZzons. 72, F 85— 7 #EOHEKNIE



FAR— 7O EREET) VT 115

ETAAT VY —REFT N — LAHRT 2RO
BHLADOLN TS ZEHEHINTEY (Yan et al,
2020), KB BAY A IR OB b 725 3R
FTaEZONDL. Fd—Y 7 #EOHKEAIAE D IR
i%%%ﬁ&i%%@ﬁ“ﬁowfu,ﬁﬂk@ﬁﬁ®
WERER T A AT N Y =% E R LR E g
ETNEHCIHIRIEENS.

Ef

AREGCHM L2 7ML, BRI 7T
OFFEREYAZ DTS L 72K &7 Vv 2 ik & L
TWb, ALKFRETE R SEH7 1 3B 1 B RIB B SkIRIE OFF

2B, ROV CHIEOREEBERTHELZET VO
%W WCBIL T, HbERBREEE SE BT SE B O A SE A IR
OEY 2T, BT VOBMEERZ, AuiEE R s Ak
> 5 —®OHPC (SR16000) KT, MKiRFHAHIFEAT S 4
$—77ﬁmm%%y&—@mm(ﬂHmem%ﬁmL

- AGHEE R AR A ZE T O VE R MG, RSB
ﬁﬁ,EiE%ﬁ%,ﬁ%ﬂn'ﬁﬁ%ﬁ®%5ﬁ7w~
TRICEMEICET 23X MRT PN Z2THE, 3

V2L ET. ®BICZ ORI LT, SCERRE
B FHFIIE RS RTIE (WP R 15-22221001,20360943
16K21586, 16H01585, 26247076, 17KK0014, 17H01156, and
18HO04909), 47 5 K BURL G e 2k e 3 [w] A Y - 3% W) BF 72 410
K, AU e RS E (ArCS), b hsIsvt 78 n $%
(ArCSID), BRIEHFZEH A 3EAEE (JPMEERF20214002),
Lfﬁﬁﬂ%ﬁ%ﬁﬁﬁﬁn(m@%)@i&%mwt
SIS BHOEEERT .

SE R

Boyd, P. W., et al. (2000) A mesoscale phytoplankton bloom
in the polar Southern Ocean stimulated by iron fertilization,
Nature, 407, 695-702, doi:10.1038/35037500.

Chiba, S., T. Ono, K. Tadokoro, T. Midorikawa and T. Saino
(2004) Increased stratification and decreased lower trophic
level productivity in the Oyashio region of the north Pacific:
A 30-year retrospective study. J. Oceanogr., 60, 149—162.

Csanady, G. T. (1978) The arrested topography wave. J. Phys.
Oceanogr., 8, 47-62.

Dee, D. P., et al. (2011) The ERA-Interim reanalysis:
configuration and performance of the data assimilation

system. Quart. J. Royal Meteor. Soc., 137, 553-597.

Duce, R. A. and N. W. Tindale (1991) Atmospheric transport of
iron and its deposition in the ocean. Limnol. Oceanogr., 36,
1715-1726.

Garcia, H. E., R. A. Locarnini, T. P. Boyer, J. I. Antonov, M.
M. Zweng, O. K. Baranova and D. R. Johnson (2010) World
Ocean Atlas 2009, Volume 4: Nutrients (phosphate, nitrate,
and silicate). S. Levitus, Ed., NOAA Atlas NESDIS 71, U.S.
Government Printing Office, Washington, D. C., 398 pp.

Harrison, P. J., F. A. Whitney, A. Tsuda, H. Saito and K.
Tadokoro (2004) Nutrient and Plankton Dynamics in the NE
and NW Gyres of the Subarctic Pacific Ocean. J. Oceanogr.,
60, 93-117.

Hasumi, H. (2006) CCSR Ocean Component Model (COCO)
Version 4.0. Tech. Rep. 25, Cent. For Clim. Syst. Res., Univ.
of Tokyo, Chiba, Japan.

Hunke, E. and J. K. Dukowicz (1997) An elastic-viscous-plastic
model for sea ice dynamics. J. Phys. Oceanogr., 27, 1849—
1867.

Isoguchi, O. and H. Kawamura (2006) Seasonal to interannual
variations of the western boundary current of the subarctic
North Pacific by a combination of the altimeter and
tide gauge sea levels. J. Geophys. Res., 111, C04013,
doi:10.1029/2005JC003080.

Kanna, N., T. Toyoda and J. Nishioka (2014) Iron and macro-
nutrient concentrations in sea ice and their impact on the
nutritional status of surface waters in the southern Okhotsk
Sea. Prog. Oceanogr., 126, 44-57.

Kasai, H., H. Saito, A. Yoshimori and S. Taguchi (1997)
Variability in timing and magnitude of spring bloom in the
Oyashio region, the western subarctic Pacific off Hokkaido,
Japan. Fish. Oceanogr., 6, 118—129.

Kashiwase, H., K. I. Ohshima and S. Nihashi (2014) Long-
term variation in sea ice production and its relation to the
intermediate water in the Okhotsk Sea. Prog. Oceanogr., 126,
21-32.

Kishi, M. J., H. Motono, M. Kashiwai and A. Tsuda (2001) An
ecological-physical coupled model with ontogenetic vertical
migration of zooplankton in the Northwestern Pacific. J.
Oceanogr., 57, 499-507.

Kishi, S., K. I. Ohshima, J. Nishioka, N. Isshiki, S. Nihashi and S.
C. Riser (2021) The prominent spring bloom and its relation
to sea-ice melt in the Sea of Okhotsk, revealed by profiling
floats. Geophys. Res. Lett., 48, €2020GL091394. https://doi.
org/10.1029/2020GL091394.



116

Kuroda, H., T. Wagawa, S. Kakehi, Y. Shimizu, A. Kusaka, T.
Okunishi, D. Hasegawa and S. Ito (2017) Long-term mean
and seasonal variation of altimetry-derived Oyashio transport
across the A-line off the southeastern coast of Hokkaido,
Japan. Deep Sea Res. Part 1,121, 95-109.

Kuroda, H., Y. Toya, T. Watanabe, J. Nishioka, D. Hasegawa, Y.
Taniuchi and A. Kuwata (2019) Influence of Coastal Oyashio
water on massive spring diatom blooms in the Oyashio area
of the North Pacific Ocean. Prog. Oceanogr., 175, 328-344.

Kuroda, H., S. Suyama, H. Miyamoto, T. Setou and T.
Nakanowatari (2021) Interdecadal variability of the Western
Subarctic Gyre in the North Pacific Ocean. Deep-Sea Res.,
169, 103461, doi.org/10.1016/j.dsr.2020.103461.

Luo, C., N. M. Mahowald and J. del Corral (2003) Sensitivity
study of meteorological parameters on mineral aerosol
mobilization, transport, and distribution. J. Geophys. Res.,
108, 4447, doi:10.1029/2003JD003483, D15.

Mahowald, N., A. Baker, G. Bergametti, N. Brooks, R.
Duce, T. Jickells, N. Kubilay, J. Prospero and I. Tegen
(2005) Atmospheric global dust cycle and iron inputs
to the ocean. Global Biogeochem. Cycles, 19, GB4025,
doi:10.1029/2004GB002402.

Mensah, V. and K. I. Ohshima (2021) Weakened overturning
and tide control the properties of Oyashio Intermediate Water,
a key water mass in the North Pacific. Sci. Rep., 11, 14526,
https://doi.org/10.1038/s41598-021-93901-6.

=ML, HERE (2017) k2 & O 72WEMERE TV O
BUR & BE. i OTFSE, 26, 95-111.

=AML, HERE (2023) AR OBIER L ZOETY
¥ 7 OBEFEOF . HIRILE, 57, 190-204.

Misumi, K., D. Tsumune, Y. Yoshida, K. Uchimoto, T.
Nakamura, J. Nishioka, H. Mitsudera, F. O. Bryan, K.
Lindsay, J. K. Moore and S. C. Doney (2011) Mechanisms
controlling dissolved iron distribution in the North
Pacific: A model study. J. Geophys. Res., 116, G03005,
doi:10.1029/2010JG001541.

Misumi, K., K. Lindsay, J.K. Moore, S. C. Doney, D. Tsumune
and Y. Yoshida (2013) Humic substances may control
dissolved iron distributions in the global ocean: Implications
from numerical simulations. Global Biogeochem. Cycles, 27,
450-462.

Nakanowatari, T., K. I. Ohshima and M. Wakatsuchi (2007)
Warming and oxygen decrease of intermediate water in

the northwestern North Pacific, originating from the Sea

ThERE  dht, PR AR, =5 Bk

of Okhotsk, 1995-2004. Geophys. Res. Lett., 34, L04602,
doi:10.1029/2006GL028243.

Nakanowatari, T. and K. I. Ohshima (2014) Coherent sea level
variation in and around the Sea of Okhotsk. Prog. Oceanogr.,
126, 58-70.

Nakanowatari, T., T. Nakamura, K. Uchimoto, H. Uehara, H.
Mitsudera, K. I. Ohshima, H. Hasumi and M. Wakatsuchi
(2015) Causes of the multidecadal-scale warming of the
intermediate water in the Okhotsk Sea and western subarctic
North Pacific. J. Climate, 28, 714-736.

Nakanowatari, T., T. Nakamura, K. Uchimoto, J. Nishioka, H.
Mitsudera and M. Wakatsuchi (2017) Importance of Ekman
transport and gyre circulation change on seasonal variation of
surface dissolved iron in the western subarctic North Pacific. J.
Geophys. Res., 122, 4364-4391. doi: 10.1002/2016JC012354.

Nakanowatari, T., T. Nakamura, H. Mitsudera, J. Nishioka,
H. Kuroda and K. Uchimoto (2021) Interannual to decadal
variability of phosphate in the Oyashio region: Roles of wind-
driven ocean current and tidally induced vertical mixing in the
Sea of Okhotsk. Prog. Oceanogr., 197, 102615, https://doi.
org/10.1016/j.pocean.2021.102615.

Nishioka, J., S. Takeda, I. Kudo, D. Tsumune, T. Yoshimura, K.
Kuma and A. Tsuda (2003) Size-fractionated iron distributions
and iron-limitation processes in the subarctic NW Pacific,
Geophys. Res. Lett., 30, doi:10.1029/2002GL016853.

Nishioka, J., T. Ono, H. Saito, T. Nakatsuka, S. Takeda, T.
Yoshimura, K. Suzuki, K. Kuma, S. Nakabayashi, D.
Tsumune, H. Mitsudera, W.-K. Johnson and A. Tsuda (2007)
Iron supply to the western subarctic Pacific: Importance of
iron export from the Sea of Okhotsk. J. Geophys. Res., 112,
C10012, doi:10.1029/2006JC004055.

Nishioka, J., T. Ono, H. Saito, K. Sakaoka and T. Yoshimura
(2011) Oceanic iron supply mechanisms which support
the spring diatom bloom in the Oyashio region, western
subarctic Pacific. J. Geophys. Res., 116, C02021,
doi:10.1029/2010JC006321.

Nishioka, J. et al. (2013) Intensive mixing along an island chain
controls oceanic biogeochemical cycles. Global Biogeochem.
Cycles, 27, 920-929, doi:10.1002/gbc.20088.

Nishioka, J., T. Nakatsuka, K. Ono, Y. N. Volkov, A. Scherbinin
and T. Shiraiwa (2014) Quantitative evaluation of iron
transport processes in the Sea of Okhotsk. Prog. Oceanogr.,
126, 180-193. https://doi.org/10.1016/j-pocean.2014.04.011.

Nishioka, J., H. Obata, H. Ogawa, K. Ono, Y. Yamashita, K.



FAR— 7O kT T) v 7

J. Lee, S. Takeda and I. Yasuda (2020) Sub-polar marginal
seas fuel the North Pacific through the intermediate water
at the termination of the global ocean circulation. Proc.
Natl. Acad. Sci. 117, 12665-12673. https://doi.org/10.1073/
pnas.2000658117.

Nishioka J, T. Hirawake, D. Nomura, Y. Yamashita, K. Ono, A.
Murayama, A. Shcherbinin, Y. N. Volkov, H. Mitsudera, N.
Ebuchi, M. Wakatsuchi and I. Yasuda (2021) Iron and nutrient
dynamics along the East Kamchatka current western bering
Sea Basin and Gulf of Anadyr. Prog. Oceanogr., 198, 102662.
https:// doi. org/ 10. 1016/j.pocean. 2021. 102662.

Nosaka, Y., Y. Yamashita and K. Suzuki (2017) Dynamics and
Origin of Transparent Exopolymer Particles in the Oyashio
Region of the Western Subarctic Pacific during the Spring
Diatom Bloom. Front. Mar. Sci., 4, https://doi.org/10.3389/
fmars.2017.00079.

Okamoto, S., T. Hirawake and S.-1. Saitoh (2010) Interannual
variability in the magnitude and timing of the spring bloom in
the Oyashio region. Deep Sea Res. Part 11, 57, 1608—1617.

Ono, T., T. Midorikawa, Y. W. Watanabe, K. Tadokoro and T.
Saino (2001) Temporal increases of phosphate and apparent
oxygen utilization in the subsurface waters of western
subarctic Pacific from 1968 to 1998. Geophys. Res. Lett., 28,
3285-3288.

Ono, T., K. Tadokoro, T. Midorikawa, J. Nishioka and T. Saino
(2002) Multi-decadal d ecrease of net community production
in western subarctic North Pacific. Geophys. Res. Lett., 29,
doi:10.1029/2001GL014332.

Ono, T., H. Kasai, T. Midorikawa, et al. (2005) Seasonal and
Interannual Variation of DIC in Surface Mixed Layer in the
Oyashio Region: A Climatological View., J. Oceanogr., 61,
1075-1087, https://doi.org/10.1007/s10872-006-0023-0.

Osafune, S. and I. Yasuda (2006) Bidecadal variability in
the intermediate waters of the northwestern subarctic
Pacific and the Okhotsk Sea in relation to 18.6-year
period nodal tidal cycle, J. Geophys. Res., 111, C05007,
doi:10.1029/2005JC003277.

Parekh, P., M. J. Follows and E. A. Boyle (2005) Decoupling of
iron and phosphate in the global ocean. Global Biogeochem.
Cycles, 19, 1-16.

Pham, A. L. D. and T. Ito (2018) Formation and maintenance of
the GEOTRACES subsurface-dissolved iron maxima in an
ocean biogeochemistry model. Global Biogeochem. Cycles,

32, 932-953.

Pugh, D.T. (1987) Tides, surges, and mean sea-level. Chichester;
New York: J. Wiley, Chichester, 472pp.

Resing, J. A., P. N. Sedwick, C. R. German, W. J. Jenkins, J.
W. Moffett, B. M. Sohst and A. Tagliabue (2015) Basin-scale
transport of hydrothermal dissolved metals across the South
Pacific Ocean. Nature, 523, 200-203.

Roske, F. (2001) An atlas of surface fluxes based on the
ECMWEF re-analysis-a climatological dataset to force global
ocean general circulation models, Max-Planck-Institut fiir
Meteorologie Rep. 323, 31 pp.

Saito, H., A. Tsuda and H. Kasai (2002) Nutrient and plankton
dynamics in the Oyashio region of the western subarctic
Pacific. Deep-Sea Research I1, 49, 5463-5486.

Semtner, A. J., Jr. (1976) A model for the thermodynamic growth
of sea ice in numerical investigations of climate. J. Phys.
Oceanogr., 6, 379-389.

Serreze, M. C. and R. G. Barry (2011) Processes and
impacts of Arctic amplification: A research synthesis.
Glob. Planet. Change, 77, 85-96, https://doi.org/10.1016/
j.gloplacha.2011.03.004.

Shigemitsu, M., T., J. Okunishi, J. Nishioka, H. Sumata, T.
Hashioka, M. N. Aita, S. L. Smith, N. Yoshie, N. Okada and
Y. Yamanaka (2012) Development of a one-dimensional
ecosystem model including the iron cycle applied to the
Oyashio region, western subarctic Pacific. J. Geophys. Res.,
117, C06021, doi:10.1029/2011JC007689.

Simizu, D. and K. I. Ohshima (2002) Barotropic response of the
Sea of Okhotsk to wind forcing. J. Oceanogr., 58, 851-860.
Siswanto, E., M. C. Honda and K. Matsumoto et al. (2016)

Sixteen-year phytoplankton biomass trends in the
northwestern Pacific Ocean observed by the SeaWiFS and
MODIS ocean color sensors. J. Oceanogr., 72, 479-489,

https://doi.org/10.1007/s10872-016-0357-1.

Suzuki, K., A. Kuwata, N. Yoshie, A. Shibata, K. Kawanobe
and H. Saito (2011) Population dynamics of phytoplankton,
heterotrophic bacteria, and viruses during the spring bloom
in the western subarctic Pacific. Deep-Sea Res. Part-I, 58,
575-589.

Tadokoro, K., S. Chiba, T. Ono, T. Midorikawa and T. Saino
(2005) Interannual variation in Neocalanus biomass in the
Oyashio waters of the western North Pacific. Fish. Oceanogr,,
14,210-222.

Tadokoro, K., T. Ono, I. Yasuda, S. Osafune, A. Shiomoto and

H. Sugisaki (2009) Possible mechanisms of decadal - scale

117



118 ThERE dhtl, A

variation in PO4 concentration in the western North Pacific.
Geophys. Res. Lett., 36, L08606, doi:10.1029/2009GL037327.

Tagliabue, A., O. Aumont, R. Death, J. P. Dunne, S. Dutkiewicz,
E. D. Galbraith, K. Misumi, J. K. Moore, A. Ridgwell, E.
Sherman, C. Stock, M. Vichi, C. Vélker and A. Yool (2016)
How well do global ocean biogeochemistry models simulate
dissolved iron distributions?, Global Biogeochem. Cycles,
doi:10.1002/2015GB005289.

Takahashi, T., S. et al. (2002) Global sea-air CO2 flux based on
climatological surface ocean pCO2, and seasonal biological
and temperature effects. Deep-Sea Res. Part 11, 49, 1601—
1622.

Tsuda, A., et al. (2003) A mesoscale iron enrichment in the
western subarctic Pacific induces large centric diatom bloom,
Science, 300, 958-961.

Tsuda, A., H. Kiyosawa, A. Kuwata, M. Mochizuki, N. Shiga,
H. Saito, S. Chiba, K. Imai, J. Nishioka and T. Ono (2005)
Responses of diatoms to iron-enrichment (SEEDS) in the
western subarctic Pacific, temporal and spatial comparisons.
Prog. Oceanogr., 64, 189-205.

Uchimoto, K., T. Nakamura, J. Nishioka, H. Mitsudera, K.
Misumi, D. Tsumune and M. Wakatsuchi (2014) Simulation
of high concentration of iron in dense shelf water in the
Okhotsk Sea. Prog. Oceanogr., 126, 194-210.

Uehara, H., A. A. Kruts, H. Mitsudera, T. Nakamura, Y. N.
Volkov and M. Wakatsuchi (2014) Remotely propagating
salinity anomaly varies the source of the North Pacific
ventilation. Prog. Oceanogr., 126, 80-97.

Wang, S., D. Bailey, K. Lindsay, J. K. Moore and M. Holland
(2014) Impact of sea ice on the marine iron cycle and
phytoplankton productivity. Biogeosciences, 11, 4713-4731,
https://doi.org/10.5194/bg-11-4713-2014.

Yan, D., K. Yoshida, J. Nishioka, M. Ito, T. Toyoda and K.
Suzuki (2020) Response to Sea Ice Melt Indicates High
Seeding Potential of the Ice Diatom Thalassiosira to Spring
Phytoplankton Blooms: A Laboratory Study on an Ice Algal
Community From the Sea of Okhotsk. Front. Mar. Sci., 7, doi:
10.3389/fmars.2020.00613.

Yasunaka, S., Y. Nojiri, S. Nakaoka, T. Ono, F. A. Whitney and
M. Telszewski (2014) Mapping of sea surface nutrients in
the North Pacific: Basin-wide distribution and seasonal to
interannual variability. J. Geophys. Res. Oceans, 119, 7756—
7771, doi:10.1002/2014JC010318.

Yasunaka, S., T. Ono, Y. Nojiri, F. A. Whitney, C. Wada, A.

AR, =5 R

Murata, S. Nakaoka and S. Hosoda (2016) Long - term
variability of surface nutrient concentrations in the North
Pacific. Geophys. Res. Lett., 43, 3389-3397.

Yasunaka, S., H. Mitsudera, F. Whitney et al. (2021) Nutrient
and dissolved inorganic carbon variability in the North
Pacific. J Oceanogr., 77, 3—16, https://doi.org/10.1007/
$10872-020-00561-7.





