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Estuarine Circulation Processes in the Northern Hiroshima Bay, Japan

Tamiji Yamamoto, Shinobu Yoshikawa, Toshiya Hashimoto,

Yoshio Takasugi and Osamu Matsuda
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Magnitude of estuarine circulation in the northern area of Hiroshima Bay was estimated by incorporating
Riverine input contributed 98 94 of the total
Entrained seawater volume by the

current velocity measured in the lower layer into a box model.
freshwater input into the area, and of them, 90 9% was from the Ohta River.
estuarine circulation was estimated to be 0-320x 10 m® day~'. The average and maximum volume of seawater
entrained was 7 times and 14 times larger than the riverine freshwater input, respectively. This means that the
water exchange in the northern area is performed mostly by the estuarine circulation. Estuarine circulation is
assumed to have a characteristic feature that it works as a purifyer of the environment in case of high nutrient
concentration in the river water and low nutrient concentration in the entrained water, and on the other hand, it
functions as an eutrophyer in case of reverse conditions. This process is considered to play an important role on

the stability of biological production in the bay.
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Fig.1 Map showing the location of Hiroshima Bay in the Seto
Inland Sea, Japan. * Enlarged map shows the location of
inflowing rivers and the arrangement of boxes in the
northern Hiroshima Bay along with stations where cur-
rent velocity was measured (white circle) and tempera-
ture and salinity were measured (black circle).
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Fig.2 Seasonal variations in average temperature, salinity
and sigma-t in the northern area of Hiroshima Bay from
January, 1993 to December, 1995. Abbreviations J, A,
J and O denote January, April, July and October. Tem-
perature and salinity data were cited from Sixth
Regional Maritime Safety Headquarter (1993-1995).
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V\U(dslU / dt) = AXZUKhXZU(SZU—SlU) / X12+ AlKUKthU(SK_81U)
/X1K+AV1KV1(SIL—SIU)/ZI—(QR+PAV1—EAV1)SIU
—~UrvArSiwo+ UvAviSu 1.1

VZU(dSZU/dt) = AZCUKhZCU(SC—SZU)/XZC_AIZUKhIZU
(Szu - Sw) /X12 + AVZKVZ(SZL - Szu)/Zz - (PA\'Z
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Fig.3 Schematic diagram of box model showing salt budget
in the northern part of Hiroshima Bay.

—EAv:)Sw— Uscw AscuSav+ UrevAwSuw (1.2)
Vi(dSi/dt) = A Knia(Sa—Sw)/x12+ A Kaia (Sk—Su)
/XlK—AVIKV](SIL_SIU)/ZI+_GIZ_L AlZLSZL—m
AviSu. (1.3)
VZL(dSZL / dt) = AZCLKhZCL(SC - SZL) / Xoc— AlZLKhlzL(SZL - SIL)
/Xlz" szsz(Szx_ - Szu)/22+_U_2czA2c1.Sc ‘mAlzLSZL
(1.4)
22T, Vi, Vau, Vi, Vo Box1U, Box2U, Box1L,
Box2L offE (m?),
Aru, A, Aiu, Ak Ascu, Agc i Box1U
-Box2U i, Box1L-Box2L [, Box1U-&
#li, Box1L-R&TH, Box2U-[LEBFEH
i, Box2L-JhRERIER ORI (m?),
Ay, Av:: Box1U-BoxlL [EHormEfE (Boxl
O F W), Box2U-Box2L [ @ Wi i &
(Box1 @) (m?),
Slu, Szu, Su_, Szx,, Sc, SK' BOXlU BOXZU
Box1L, Box2L, LEERET, REWB
% WIS,
Kiizuy, Knizry Knzcus Knzer, Knixuy Knixe, Ky,
Kv.: Box1U-Box2U i, BoxlL-Box2L
fil, Box2U-[LEAME M, Box2L-KEE
PP, Box1U-Si&fH, Box1L-E&EH O
KB R B (m? sec™), 8B & UFBox1U-
Box1L [, Box2U-Box2L & D $3HE %
A% (m?sec™),
X1z, Xac, Xiks Z1, Zz: Box1-Box2 [, Box2-

LB BRI, Boxl-LHEER 0K

Table 1 Dimensions of the boxes applied for the northern area
of Hiroshima Bay.

Surface Interface Volume Total Depth Average

area area volume depth
km?)  (km?) (X10°m®)(x10*m®) (m) (m)
Box 1 (upper) 72.4 3.6 9.3 5.0 12.9
(lower) 72.4 5.7 7.9
Box 2 (upper) 68.8 3.4 12.7 5.0 18.5
(lower) 68.8 9.3 13.5
Area of Total Distance of the
cross section area neighboring
boxes
) (X10°m%)  (X10°m®) (X10°m}
Cross section A (Box 1-2){upper) 4.1 142.1 6
(lower) 98.0
Cross section B (Box 1-K){upper) 10.6 47.91 14
(lower) 37.3
Cross section C(Box 2- H{upper) 12.5 86.00 9
)

(lower, 73.5

(m), B XU Box1U-Box1L &, Box2U
-Box2L fD#REEERE (m),
Qr : WHTEAE (mdsec™),
P:%/KkE (msec™),
E : Z&F8 (msec™),
Uszu,s BTZ:, Uszcus Uscr,y U_v : Box1U-Box2U
R, Box1L-Box2L [, Box2U-Ji & & RIER
[, Box2L-[j: B BrEErRg, Box1U-Box1L
FOWTHIIC B % dt KN O HE (m
secl),
ThH5, RA.D»50.HKBWT, KFELEFEHE %
1.0X10~1.0X10°m?sec™! ¢, $AEILEIRE %1.0X
1074~1.0X 10"  m? sec™* DFPTEALE R, ¥4 LA T
v 7R E LT » BROESRHEL, RHEE D
EDBRHNE LB LT RTOKE « SEILEIRE
BHE LT, FEITIZ19934F 1 A~1995%E128 @ 3 iz
DWTIFolz, BITHIERORME LT, 1993F0E R
Pl 2 S REOBENRBH Y, —7A, 194FEOHITEK
TH? (KFRFT, 1994, 1995)%7,

TR O TV TR (FHNE X LREAEE, 1993
-1995)10 OEH OFEFBEE B, Sy 2 ADF
HESE, ZORy 2 AR 22BN DWTHE
HEOMEEIEEZRD, FhoQEMEE L, K
HIC & 2 3K RE 1, REFEREEAREE, 1995
-1997) s B B B OES—HEBMAT (TE 514.6
km B3 Fig. 1) 0 A&, 2 LD THREOR
WHEEZEELTLIIZFELC LD O (UARES, 1996)™
E L7, MEERICEHEHIN THRWLEEFI, /gl
DV, AENOFERER & &M OFRER O L%
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Table 2 Dimensions of the watershed area of rivers flowing
into the northern area of Hiroshima Bay. Propor-
tions of the watershed areas of the Seno River and
Yahata River to the Ohta River were also shown.

Area Proportion
(km?)
Ohta River 1690.0 1.000
Seno River 122.2 0.072
Yahata River 83.0 0.049

R, 2R AKEIOFEEFEL THEE L 2 (Table
2), MNRE, SRTERERT, 1994-1996%12) 10
BEINTHWILETORNEYERERB W, §HO
BT H 72 0 R E (E) 138512 2 (1990) 12 & ok
BAZRE (1AL, 1985') % b LI kKb SEHE L.
E = 130(Ew—E.) W (2)
22T, WiLEBHCB 2 HFHEMSE(msec™?),

Ew : KB IZ T 2 SRS E (mb),

E. i REDOARESE(mb) (LEHizsF3H
EERB X3 3 BARKESE I B SEiE
EPELRDLOD)

ThH5, AFERE, AVHKES L UVATYEE IS
SITER (KT, 1994-1996) 4712 i o, ¥EREKIEIZYE
PERLIR R A X VB HREEAER, 1993-1995)% 7 & 2 h 2
ha[FAL 7.

Ry 7 2 TEOWRR 2BET 2 BT, KENFEOM
#13km (Box 1 & 2 o3RO LIL) OME I FREE
(7vy 7BTHE, v7—§EE ACMI6M-4CH3,
Yasuda ef al., 1997)'® 224 L, 199649 B 6 B~10
H6BHDH1 » Afflich7: > THEZAIE L - (HIBIF
B, 1996'9), B MFEL2m) OWHEFOREEH S
HESmE2EHL, 20IbARS (U) 2EIIHE
(Qr) EH#UL7zLZ %, Fig. 4 DBRNO L 5 it
Boni:, T THOEROBESHREOEIES I
B ERERZ EREENT WSS, FEIEWERS
OELE D S ¥ L TS EORAICET < B ESTEOM
RS DIELA Y BBEERIZE > TBIEBI SO
ThHBEFEZI
. %27, Figd4wesoy banmlEng Q) &
65> (Uo) & DBARZ RDOFA)TIEML, ZHNEBE
FHEIL TR F27V)—ER, Kkab0kakl
7z,

U = 4.8510g1o(Qr)—7.79
22T, U BREE (cmsec™),

Qr . AN EDFAR (m®sec™),

ThH5.
RNAOFLTULBRO S 2T L, S5k, B
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Fig.4 Relationship between riverine volume inflow and cur-
rent velocity measured at 2 m above the bottom at a
fixed station shown in Fig. 1. The current velocity was

the north component of daily mean velocity during

September 6 to October 6, 1996 (Data were cited from

Ueshima et al., 1997). Corresponding - daily riverine

volume inflow were cited from Japan River Association

(1995-1997).
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Fig.5 Monthly variations in precipitation at Hiroshima
Weather Station, and in river inflow, precipitation and
evaporation from 1993 to 1995 at Box1 and Box2.

# %, Box1L & Box2L ¢85 AHE O ¥ iE#H9.8X 10 m?
REIIZ» ALY T, BTIAK X 3B5E (Qsc, m®
sec™!) & L7z,

Qec = Upz X9.8X 10 (4)
% 7- Box1U-Box2U [ & Of Box1U-Box1L E D& KT
MB35 27 ) —EECHES & (U, Uv)
BRI & DRIz, '

m == QEC/Alzu (5)

Tv = QEC/AVI (6)

TR T & 50T, JABEACEREE IR AR HA R D

B, £FECBLTHFOESERBEIER SN Z
BB s, BEITMAORIINECD > THE
HU 7.

I, BRrER
19934 1 B~19954E12H DILBIZ B 5 HEKE,

B Oogmsicnt s 2@ ARAZ, BRLEREDOR
% Fig. 5 129, 19930 H 3FIEIC 2 { KEDKER
kb, —7, 194FEQEREBKTHoI e (EHR
¥, 1994, 1995)7, WNIZRFAEDLEENC b KELL T
DT ENnGh s, BREEFENKEASEE D IHENHK
BAEERL, LB EHELTFIEANA SN, HEFR

Table 3 Volume of riverine inflow (River) and the estimated
volume entrained by the estuarine circulation
(Entrainment), and the ratio of them (Entrainment/
River). Estimated horizontal velocity due to advec-
tion and the upwelling velocity in Box 1 were also
shown.

River Enaimet  Ratio  Horizontal velocity — Upwelig
Cross section velodty
A(Box 1-2) C(Box 2-H)

Upper Lower Upper Lower

(x10°m* day™") (xI0Pmiday) (x10?msec™') {10 msec™) (X 1"msc)
Jan, 1993 4.4 31 7.0 0.8 0.4 2.8 0.5 0.05
Feb. 7.0 94 13.0 2.5 1.1 8.7 1.5 0.15
Mar. 7.0 93 13.0 2.4 1.1 86 1.5 0.15
Apr. 40 17 4.3 0.5 0.2 1.6 0.3 0.03
May 6.4 8 13.0 2.2 1.0 7.6 1.3 0.13
June 12.7 170 13.0 4.6 2.1 16.1 2.7 0.28
July 32.9 300 9.1 7.9 3.5 27.8 4.7 0.48
Aug. 37.2 320 8.6 8.3 3.7 29.3 5.0 0.51
Sept. 16.0 200 13.0 5.3 2.4 18.9 3.2 0.33
Oct. 56 63 11.0 1.7 0.7 5.8 1.0 0.10
Nov. 7.0 93 13.0 2.4 1.1 8.6 1.5 0.15
Dec. 59 70 12.0 1.8 0.8 65 1.1 0.11
Jan, 1994 5.1 50 9.9 1.3 0.6 4.6 0.8 0.08
Feb. 8.8 120 14.0 3.3 1.5 11.5 2.0 0.20
Mar. 9.4 130 14.0 3.5 1.6 12.3 2.1 0.21
Apr. 10.8 150 14.0 4.0 1.8 14.0 2.4 0.24
May 56 63 11.0 1.6 0.7 5.8 1.0 0.10
June. 46 37 81 1.0 0.4 3.4 0.6 0.06
July. 2.2 0 0.0 0.0 0.0 0.0 0.0 0.00
Aug. 1.1 0 0.0 0.0 0.0 0.0 0.0 0.00
Sept. 0.9 0 0.0 0.0 0.0 0.0 0.0 0.00
Oct. 1.0 0 0.0 0.0 0.0 0.0 0.0 0.00
Nov. 0.9 ¢ 0.0 0.0 0.0 0.0 0.0 0.00
Dec. 1.1 0 0.0 0.0 0.0 0.0 0.0 0.00
Jan, 1995 2.9 0 0.0 0.0 0.0 0.0 0.0 0.00
Feb. 3.1 ¢ 0.0 0.0 0.0 0.0 0.0 0.00
Mar. 5.1 51 10.0 1.3 0.6 4.7 0.8 0.08
Apr. 5.2 54 10.0 1.4 0.6 5.0 0.8 0.09
May 10.7 150 14.0 3.9 - 1.8 13.9 2.4 0.24
June 3.8 10 2.7 0.3 0.1 1.0 0.2 0.02
July 26.5 270 10.2 7.1 3.2 25.1 4.3 0.43-
Aug. 2.6 0 0.0 0.0 00 0.0 0.0 0.00
Sept. 58 68 12.0 1.8 0.8 6.3 1.1 0.11
Oct. 3.0 0 0.0 0.0 0.0 0.0 0.0 0.00
Nov. 1.8 0 0.0 0.0 0.0 0.0 0.0 0.00
Dec. 3.4 0 0.0 0.0 0.0 0.0 0.0 0.00

Average 7.5 7% 7.2 2.0 09 6.9 1.2 0.12

KRS K E»o Tz, EATAR S O™ KFIAR X
0.88~37x10°m*day TZ & L, ¥¥7.5X10°m’
day™ (87 m*sec™) THhotz, £z, JLEREHICHAT
BRKRDRIZFINIKRTH Y, D5 HDRIN%LAKH
MyroDfEEicl2bDTH- T,

HINARAEL L ULXF2 7Y BRI L 2BHE
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Fig.6 Comparison between measured and calculated salinity
values in two layers of each box from 1993 to 1995.

&, KELFAOBTRTHE (Us) 3L U Box1 C& U 2
AROHEE (Uy) % Table3125RT, ZXF 27V —1F
Bk 2B FE I Box 1U-Box 2U R ¢ 0 ~8.3X
1072msec™, Box 1L -Box 2L R T 0~3.7X10"%*m
sec”! Thbh, BRETOBABEEIZ0~0.51xX10"m
sec™' (0~4.4mday™) ERFEboht, i, BRE
B3 0~320X10°m* day™ &EFE S, WJIKRART
HLUTEHTIE RATIUMETH - -, BEEE»

(1996) I3 FHBBIEZ B I 2 LR F 27V —FBIZE B
BORBOBRMEE1.6~4.6 X10">msec™!, EEH
E%0.4~1.5mday™ LEHELTWS, 7, @IFHA
R 2B ME22.5~0FELHELTW 3, SEDE
BI85 R OHEHERIR, TASHBEIZoOWnT
RDSNIAEIGENDDTH S, 12721, FEETIRY
KAWL LBZAF 27 ) —BRID b, LBOREE
WWEBLINEFRVKELFEL T B ETSEDE
REBEESEL S, SEOHETIIAEIC X 2 28 IIH
EEREE K& S Ueds (), WREFH DEMwEEi
WEBBERLYRFg4DF— R4 v bOiFsD s
ZREELTWwW3 D rEbiL s,

[AEBALE#EE (Boxl + Box2) 1281 2 A0
R (T % .

BooER BB hR-BEH O®

Table 4 Estimated horizontal diffusion coefficient (i), and
vertical diffusion coefficient(K;).

Ky (X102 m?sec™)
Cross section
A(Box 1-2) B (Box 1-K) C(Box 2-H)
Upper Lower Upper Lower Upper Lower Boxi Bgy

T
Kz (x107*m” sec)

T
Jan,, 1993 10 10 10 10 10 10 3.0 29
Feb. 10 10 10 10 10 10 4.0 14
Mar. 10 10 10 10 10 10 7.0 39
Apr. 7.0 3.0 3.0 3.0 1.0 0 l.u g5
May 5.0 5.0 6.0 6.0 8.0 8.0 2.0 34
June 0.1 0.1 0.1 0.1 0.1 0.1 10 0.1
July 0.1 .1 0.1 0.1 0.1, 0.1 5.0 ¢4
Aug. 10 10 10 10 10 10 0.5 35
Sept. 10 10 10 10 10 10 1.0 0.1
Oct. 10 10 10 10 10 10 3.0 4.0
Nov. 6.0 5.0 2.0 2.0 0.4 0.4 6.0 59
Dec. 10 5.0 10 10 10 10 3.0 29
Jan, 1994 10 10 10 10 1.0 10 1.0 0.1
Feb. 10 10 10 10 1.0 10 2.0 0.1
Mar. 1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Apr. 7.0 3.0 3.0 3.0 10 3.0 1.0 05
May 10 3.0 6.0 6.0 4.0 7.0 1.5 0.1
June 4.0 2.0 4.0 2.0 5.0 4.0 1.2 1.2
July 2.0 1.5 2.0 2.0 3.0 4.0 1.0 1.0
Aug. 2.5 2.0 3.0 35 80 80 1.2 1.2
Sept. 4.0 4.0 4.0 4.0 10 10 3.0 10
Oct. 50 5.0 5.0 5.0 10 10 6.0 10
Nov. 1.5 1.5 15 1.5 7.0 7.0 6.0 10
Dec. 2.0 2.0 2.0 2.0 10 10 6.0 10
Jan, 1995 7.0 7.0 7.0 7.0 5.0 10 5.0 4.0
Feb. 9.0 6.0 80 80 7.0 10 3.0 3.0
Mar. 50 5.0 50 60 6.0 80 2.3 1.8
Apr. 50 5.0 1.0 50 0.1 50 1.5 0.1
May 10 7.0 80 7.0 4.0 7.0 5.0 0.1
June 1.0 1.0 0.1 0.1 0.1 0.1 0.1 0.1
July 0.1 0.1 0.1 0.1 0.1 0.1 1.0 0.7
Aug. 1.0 1.5 15 50 1.5 7.0 0.5 1.5
Sept. 10 8.0 10. 8.0 5.0 80 1.5 1.0
Oct. 6. 6.0 6.0 6.0 8.0 85 3.0 3.0
Nov. 7.5 7.5 75 75 7.5 8.0 6.0 4.0
Dec. 10 10 10 10 10 10 8.0 4.0

—_—

Te = (Viw+ Vau+ Vie+ Va) /(Qe+PAv, —
EAvi+PAv:—EAvV:+Qxc), (7)

ELUTHEBL L 22, BARTR O L BBy
BUIRAKOFHEABMIZAIB L Y, AN

(1975) DR L 7248 (F#5929H) & k< —& L. b
EEILEER 0AR22 X 10° m® (Table 1) 23 LT ¥4
FANKRMAEIZ7.5X10°mPday™ TH 2 D (Table
3), i 2 HHE TEH B LK A ORFER 342908
LwIKERENGESNS, —H, LEBIEEE 0%
BWEIRAF 27 ) —fEEIC X 2 M, S DA
£7.5%10"m3day! (Table3) T&|2 +29H & &5,
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(@)

purifyer
L

(b

Fig.7 Schematic diagram showing a characteristict feature of
estuarine circulation ; (a) in case of high nutrient concen-
tration in the river water and low concentration in the
lower layer water out of the bay (purifyer), and (b) the
reverse case (eutrophyer). H, L and M denote the level
of nutrient concentrations, high, low and medium,
respectively.

BKEEA B AT, RB)D SR OBER (PAv,, PAv,)
P#%F (EAvy, EAV,) OBEIRZX S/ B|ETE B
ETHAHOT, LEBIEREROHAZRICRI -T2
FaT7)—EROEBENPKEOI LHWHFETE S,
BN 515 & T BT EAR o O AL AR 5L
(Kn), AEHERE (Kv) % Tabled 12773, 19934
6, THE%Exx, HOoOHEMEPEIMEIC L —KEY
bl bt (Fig6), AFILEAEI0.1~10% 10
m*sec™ BBETH - 2, —H, HEHEEURBIILTICKR
&L, RS WEAM S S R, 0.1~10X107* m?
secT' Thotr, TN LS, KBOEZRICIBITS
FE - KFOHS (Fig. 2) BEBIRROEHEIZ B <
BhTwa e 3ansd,

b Bh Y (C

REZEER ciRE b i KENIc L > T3 2R
NBEZRF 27 ) —EEICE D, WINRAROEY 75,
BR OSSR 5> FBICHALTWSE 2 L
Vo, oD, LEEROEATIIDS C Sx X
Fa7)—ERICE > THPATWEES2 3. 22T,
BEBISEESR O EMEEREI LT, ROk > i
WavBE s h s (Fig. 7). (K QFFHEBET) > (4
MBS TS O RIE) OBAITI, TAFaT ) —

EERILEER OB e LTERT % (Fig. 7a), —4,

QAR ORBRAE) < (FHEHRERDORFEIES
) ok, iR osERaERRETI IR
% (Fig. o), Z0 &3z, =X F27 ) —ERIZA—
HERMOYEEEEHSOAKEEOEVICLY, Hr4d
ErmE (Bl S HEEOFER2FERTs 2
2D, UBEEWC BT EMEREOEE IR
2TWLEEZLNS,

FEHFL) Vi CBEMTROBRN T OWKIC R T
IAF 27 V) —EBROBRENCOWT OEBNRIFITIZD
WIS HORERETH 508, FlIZ X5 ABEL LI
FBHMNKER L UKEDOENIZ, TAF 27V —MEER
BREOZLEZNL TABERBRRICKELZEMES5Z 51
FTTH2, TOZ s, AKkEEAERZIY bo—
NTBHIET, EYOEEREB L AERPHIHETE 29
HEM L b5,

F
ENBEEERFELOR 0k, BERZEYEEZLS
#i#2 Narasimmalu Rajendran B4 12 &7 L 2 5.
APIFRIL B RKERABS 2T TLEBOREN S
FEIAC BT 2ECEEN O, O—#E L TiThbhlk
LDTH5.
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