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Sea surface heat transfer and its effects

on the formation of coastal bay anoxia

Yoshiyuki NAKAMURA, Daisuke ICHIMIYA, Norio HAYAKAWA and Hajime NISHIMURA

Field data on coastal anoxia observed during nine years in Osaka Bay were analysed and examined using a
numerical model. Field data suggest that the development of thermal stratification in the middle layer and the
subsequent retardation of oxygen transport to the bottom layer is the principal mechanism in the formation of
anoxia in the bottom water. The numerical model, which was developed by Nakamura and Nishimura? to predict
the changes of temperature and oxygen districution, has been improved by taking account of heat exchange through
the air-water interface. The improved model well reproduces the characteristic terperature variation and the
dissolved oxygen content in the bottom field condition during the stratification period as well as the mixing period
in autumn. Important parameters for the determination of surface heat exchange have further been evaluated by
sensitivity analyses. The results show that the vapor pressure in the atmosphere and the wind velocity are the most

sensitive to the total heat flux.

Key words: anoxia/coastal sea/heat exchange/density stratification

1. & L]

BER(LL 2R EBIc BV TER AP LITL
ITEBRILT L LTS, KRVEREIL
HHVIIEERILT 2 & AERUCTFERESOEEEY
CEBERZICLIIEZEOEEI NLEL» N TE,
Kzl RIS AEL, RERICERTHEL T
TEEZLNTWBY,

bAETIE, KRB, HEEY, ZiEY, ) H#
70 X OB E DR CIGEIRIC B VW T RBEEAKROTK
PREINTWD, BEELIIKROLEEIBTE
HlzBWwT, JLICHEETH), BMEEEIHLTH
DI AKEEHEEELME L L > TS,

Bz BT BERLIETT 5 REIICSW T,
BEREKIZE VT, BREVSERIHENTL VI E
W BR Y, KBOREIC L N KRITEL
MR OATBEOWNENLET T v 7 AVBITEEW
S WERRE N 2 ArETF o, BEHRILT LKE

Bt FRTtH#4A5 B
R RE R
IER
SR FRFE LR TR

MRME $£11%5 (1989)

R BRI ECERYEE L BRNELE
FHKBTHN, 2oz, BERBORELRSTY
BN KBTHL, ok, BFEEMLLAK
BThdIEEBERBIEELRTWENR) I L
I3, NEEICBIT 2 EBBCOBITOULEERTHS
FEZLNBY,

—RglD, BEBICBCTHRAIEE =KL
Hazolz, WENZ Z25LET, BRIICL 58
BAEETLUESEL S, L Larh, EEKD
BHEBENZICNT 2BKIC L DMEXENFS R,
MRETLHBRUESICL-TEL S, EAKRLY
ITBEEICBIT LRy 2 AETANEHOER, B
2B B ER~OBHERENMBIZIZIZEDOL L DK
FERFICE > TXRENE sk~ Tv32, —7F, Ochi
and Takeoka® iz, #WHRNF U 5 LEETIIBRIZ &
2EEIILEC, ARBY LOWET7 7y 7 AEER
AEEOBBETHS L HEL Tvb, KEREIHL
Tii, fRe-TAOP, SRTRy ZRAETNICE B
Fd gy, EdRREicon TR AKREEREIC L 28R
HE L, BRI OV TIINELEIC L 28RN
B Thd EWEL TS, FRHEMIZKITEER
EFNCE B RBREBNEBERLNL I2aL—ar?

— 69 —



PAHBT-—EARHG-BRINRE-BHN &

T, BEERILA ABEIC R AT 2 BRIIC W T,
ERMEZINTWAKREFEREYL DL, &) KA
WHTHN, KBNOBEHFERBEISRELEK 77 7
A& - THBICHEEIND Z 2R, 5T,
KIRERE T, DOWFICHT 2 KEBEBRNAFS
BBz B WAk, SHEEEYXENTH D &
EzZbLb,

SREIEEL 7 7 v 7 AZAKROTEEIZE CKFL,
TEREVREZET 2 EMIcB VT, ShEEEREI
ZNINECERERDS Z AL T V5, IREETIE,
EaRUKBEIGEEEZFHE L EELREE LD,
FErARKLL, BEBICEWT, BanEEER»HE
B TH 5 LiR~XTvr %, —7F, Ochi and Takeoka®|3,
V) bETIIKERBOREVEBERILOERENFER
THd I ErERLE, KREETIZOWTL, B,
EEOBEFBRE R  BBEOKEZE L BOHEELFS
BIEEHRELTEY, KEBBIEEELIZHCHE
BELTw3Z ETRBENTWS,

PrlondznFz, P - B2, BE-KRT=
BoRE- - BmmikTs o (Lig, ZBET VS
FRARL T, KREICHT 2 ERELH BN <
WIFL T2 Z 2R, ZBET B WTIL,
EREAIR & RIB ORI RN ABBIBEFR 2 EL, K
FEIZBITHBNFT IR LN Tizview, Edotd
BERERIZmHMI > % N KEEEHI BT TR E
<, EADBEEROBIBREY S F(HHI N
T, W T, RHETIIKERRICE T 2BINEX 2K
RT— S LEMICEEL, —BETAEREBILLT
BB R UKD JEIRIA S8 L 2R EBETRET L2
BT L2EMNETE. &5, BaRRET
DL, MIEICBRNIEXRLL TWI002852
275, :

2. KERBICH 5 RBEFEKROBR

B, KIREBERICBWTL, fOERELLL 28
BERBCEEKyGrERR(LTLIZ LML T
5, KREIZBIT 5 BEEKRDEHIT Nishimura
LRI N T2, HF - RV E T2 EH
LT 28I 2D ERIUBELE L ENT, I THHE
2§ 5,

KERIFAKERBEIE, Fig 1 IoRT@EEMSIcBNT
1972 LI, RBERBEN & L TEA—EULNEE
T, BHBZOBE, KiE, HEoR EUE, A3%
DREET-> T 5B,

1976 FIZBR S N EBKOBHEERRED S

50" 135'E 107 20 30,
T T T 50

440

34°30'N

20°

continuous monitoring station

Wakayama

107

Fig.1 A typical example of salinity distribution in sur-
face water in Osaka Bay observed in July 1977.
Numeral on each contor denotes salinity in ©/oo.
Dots (®) represent observation stations where
water temperature, salinity and dissolved oxygen
were measured by the Osaka Prefectural Fisheries
Experimental Station. At stations symbolized (®),
pH, SS, COD, nutrients, chl a and cell numbers of
dominant species of phytoplankton were measured.
Numbers by dots and symbols denote observation
stations. Observed values at stations 13, 17 and 18
are averaged for the mathematical model.
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Fig.2 Changes of horizontal distribution of dissolved oxygen concentrations in the bottom water in
1976. Numerals denote DO concentrations in saturation. Obliquely hatched area is the anoxic
region where DO concentration is less than 10%, whereas horizontally hatched area is the
hypoxic region less than 30% DO. (From Joh®)
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Fig.3 Vertical cross-sections of DO from the inner part
(stn.17) to the mouth (stn.3) of the bay in 1976.
Numerals denote DO concentration in %. Broad-
faced lines represent contour of 100% DO con-
centration.
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Fig.4 Typical examples of vertical distributions of water temperature, salinity, sigma-t, DO and PO,-P observed at stn.
18 in July 1977. Surface layer above 5 m exhibits strong salinity gradient, whereas a thermocline develops below
10 m where DO decreases abruptly to zero. (From Nakamura and Nishimura®)
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Fig.5 Correlations between observed DO concentrations

of the bottom water and the surface-bottom tem-
perature differences (a) and sigma-t differences (b).
Data observed in August from 1972 to 1983 were
avaraged over 13 stations which are situated at the
eastern part of the bay. A clear correlation is seen
in (a) except for a data of 1983. (From Nishimura
et al.¥)
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Fig.6 Correlations between observed bottom DO con-
centrations and surface - bottom terperature
differences in 1976. Arrow indicates trajectory.
(From Nishimura et al.®)
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Fig.7 Schematic diagram of the actual vertical temper-
ature distribution (a) and modelled temperature (b)
and DO concentration distributions (¢) under
stratified conditions. In the model, three-layer
structure is considered. Temperature is allowed to
jump at the surface-middle layer interface and is
assumed to be homogeneous in the surface and
bottom layers. Temperature is linearly distributed
from 7, to 7% in the middle layer, or thermocline.
¢s are heat fluxes from upper to lower layers.
Hyperbolic DO distribution whose gradient is zero
at the bottom is assumed in the middle and bottom
layers. Fyu denotes DO flux from the surface to
middle layer.
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[cal/cmzday] 1976 solar radiation
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Fig.9 Predicted seasonal variations of heat flux by solar radiation, long-wave
radiation, evaporation and conduction in (2)1976 and (b)1983.
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Table 1 Monthly averaged meteorological parameters over nine years (1976
-1984). Data were applied for the sensitivity analyses.
MONTH Ta Ty ea u C A
cC) Q) (mb) (m/s) (—) (y/d)
1 5.2 10.3 5.3 3.7 0.54 82
2 5.5 7.9 5.4 7 0.59 29
3 8.8 9.9 7.8 4 0.63 86
4 14.5 12.5 10.2 5 0.65 358
5 19.4 17.8 13.9 3 0.63 24
6 3.3 20.5 19.5 1 0.79 64
7 6.9 24.3 24.7 1 0.71 97
8 8.2 37.8 25.7 3.3 0.67 383
g 23.9 27.2 20.4 3.2 0.7 297
10 18.5 23.9 13.9 3.1 0.56 259
11 13.2 19.3 10 3 0.58 184
12 8.1 14.7 6.8 3.2 0.5 163
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Fig. 10 Results of sensitivity analyses of each meteorological parameters of air temperature, vapor pressure, wind
velocity, cloud cover and surface water temperature. Effects of 10% increase of each parameter on the total heat
flux were examined by comparing with the control case.
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