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Annual cycles of nutrients and dissolved oxygen in a
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The annual cycles of plant major nutrients and dissolved oxygen in a nutrients-rich semi-enclosed
coastal inlet. Chinhae Bay. of the southem coast of the Korean Peninsula are first presented. The
water column of the bay is stratified during summer (April-late September) and well-mixed during
winter (October-March). During the summer stratification period. dissolved oxygen contents exceed
400puM in the surface but diminish to less than S0uM in the near bottom waters, which often
results in an anoxic environment in the inner part of Chinhac Bay. After the breakdown of the
stratification in October. dissolved oxygen concentration remains undersaturated until February. The
evidence of allochthonous input of N-nutrients throughout the year is readily seen in the water
column: however. crude budget calculations show that the nutrients are efficiently utilized within
the bay ecosystem. and that export of the nutrients from the bay to the shell must be negligible.
There is no sign of the enrichment of the nutrients in the water column. The eutrophication pheno-
menon sensu stricio is not observed in Chinhae Bay. Using the standing stock of dissolved oxygen
and estimation of the oxygen fluxes across the air-sea boundary, a benthic oxygen respiration rate
during winter is estimated conservatively at 21-24 mmol Cm~3d~". This oXxygen respiration rate accou-
nts for about 20% of the total phytoplankton production in winter.
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INTRODUCTION cterized by a long stretch of a Ria-type coast in
the southern and western parts, thus forming nu-
The coastline of the Korcan Peninsula is chara- merous inlets whose physiographic features signifi-
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cantly differ from cach other. Therefore. biogco-
chemistry in each bay bears little resemblance to
cach other due to the differences in the external
forcing functions. such as. buoyancy production
pattern by precipitation, solar radiation. kinetic
energy input from wind and tide induced current.
timing and amount of nutricnt input. and water
depth. For example. the inner part of Deukrayng
Bay is permanently well mixed due to its shallow
depth and its primary productivity peaks in winter
(Hong e al. 1988). However. the adjacent Yeoja
Bay is strongly influenced by the intermittent fre-
shwater input, and primary productivity peaks in
fall (Hong er al. in preparation). A seasonal varia-
tion of those environmental forcings is particularly
strong due to the prevailing monsoon. Besides the
seasonal varation of natural forcing functions.
each bay is under diverse man-made stress ra-
nging from the anthropogenic impingement of nu-
trient input. modification of community structure
introduced by practicing aauaculture. damming of
the inflowing rivers. reclamation. and dredging of
the seafloor.

Chinhae Bay is one of the semi-enclosed bays
of the southern coast. The C/N mole ratios (Yang
and Hong 1988) and the 8C values (Hong e
al.. unpublished data) of sedimentary organic mat-
ter suggest that the bay has a phytoplankton based
ecosystem. The bay is abundant in nitrogen-nut-
rients, and supports high primary productivity year
round (including red tide). Therefore it is believed
to be one of the most heavily polluted bays in
Korea.

Chinhae Bay has been extensively studied since
1974 (KORDI, 1974): the statistical analysis of wa-
ter quality parameters and red tide occurrence
(Lee er al.. 1981), a short-term variation of nutrients
and plant pigment (Yang and Hong 1932: Yang
et al, 1986). sedimentary heavy metals (Lee and
Lee. 1983; Hong e al. 1983). diatoms (Lee and
Yoo, 1986). dinoflagellates (Cho. 1978: Han and
Yoo, 1983). benthos (Hong and Lee. 1983). Howe-
ver, most previous works dealt with the data obtai-
ned in a limited time of the year, and a systematic
biogeochemical investigation has not been made.

The present paper deals with the first order des-
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Fig. 1. Station lacations in Chinhae Bay. Korea.

cription of Chinhae Bay system by examining the
seasonal cycling of nutrients and dissolved oxygen
in the water column associated with the external
forcing functions. and presents a budget calcula-
tion which attempts 10 place gencral guantitative
limits on the cutrophication. The purposes of this
paper arc:

1. To elucidate major forcing functions of the
biogeochemistry of the biologically important cle-
ments.

2. To describe the effects of change in delivery
of nutrients from land to sea on the coastal waters.

3. To understand the role of the coastal ocean
in the global carbon cycle.

MATERIALS AND METHODS

Five sampling stalions were occupied from the
head of the bay (Masan Harbor) to the mouth
(Fig. 1). Water column was sampled bimonthly
from June 1987 to April 1988. Water temperaturc
and salinity were measured using a T-S Bridge
(Type M.C.5. National Institute of Oceanography)
with the precision of +0.1C and ® 0.1 ppt. Dissol-
ved oxygen was measured using a Yellow Springs
dissolved oxygen meter (YSI model 57) with its
precision of *0.5umoll” . Surface water samples
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Fig. 2. Time series distribution of temperature (C). sali-

nity (0/00). dissolved oxygen (uM). nitrate (pM).
phosphate (pM). silicate (uM). in Chinhae Bay
(St.2).

were collected using a bucket. and subsurface wa-
ter samples were collected at 2 m intervals using
a Van Dorn water bottle. Water samples for nut-
rients analysis were filtered through Whatmann
GEE oglass fiber filters and deep frozen for later
analysis. Ammonium ion was fixed with phenol
immediately and was determined by the method
of Solorzano (Parsons et al.. 1984). Other dissolved
inorganic nutrients were determined using an au-

toanalyzer (Technicon ). Nitrate was determined
by the Greiss reaction (Armstrong e al. 1967).
Phosphate was determined by the procedure of
Murphy and Riley (1962). Silicic acid was determi-
ned by the molyvbdate method (Whitledge or ol
1981). Precisions ¢ nuirient analysis are within
1 1%.

RESULTS

Nutrients and dissolved oxygen data collected
over the period of June 1987 1o Aprl 1988 are
listed in Appendix 1.

L Temporal variarions

Mainly discussed here are the data from St 2
as a typical temporal varation.

Hyvdrography

Time series vertical distributions of temperature
and salinity show that the water column is strati-
fied from carly April 10 September and destratified
for the rest of the year (Fig. 2). Winter mixing ap-
pears to be very strong. and virtually no vertical
gradient exists in temperature and salinity. al-
though surface salinity is diluted by freshwater in-
put due to the proximity of an narbor. Temperatu-
res vary from less than 4C in February to more
than 22T in July. Surface salinity is the lowest
(less than 24 ppt) in late August and the highest
(ca. 33ppt) in February-March.

Dissolved Oxygen

Time series distribution of dissolved oxygen co-
ncentrations  closely follows the hydrographical
feature (Fig.2). During the summer stratification
period, the dissolved oxygen content exceeds 400
uM (ca. 200% saturation with respect to the air)
in the surface and diminishes to less than 50 uM
(ca. 10% saturation with respect to the air) in the
near bottom waters. After the breakdown of the
stratification. the dissolved oxygen content in the
whole water column gradually increases from 200
UM {ca. 80% saturation) to 350 uM (ca. 100% satu-
ration) at the end of the destratification period.
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Nutrients

The ammonium (NH*') content varies from 1
pM (Aprl) to 70 uM (August) in the surface wa-
ters. and from 3pM (April) to 37 uM (August) in
the near bottom waters {Appendix 1). Time series
distribution patterns of nitrate (NO: plus NOa).
phosphate (POi") and reactive silicate (S(OH),)
contents in the water column are quite similar
to hydrographical features of the bay. Nitrate con-
centration is generally higher (more than 10uM)
in the surface waters than in the near bottom wa-
ters throughout the study period. However. a signi-
ficant reduction of nitrate concentration (less than
5uM) is noted during the onset of stratification
in April (Fig. 2). Denitrification in the near bottom
waters is also found during the stratification pe-
rod. The seasonal distribution patiern of phos-
phate is oppositc io that of nitrate. Phosphate con-
centrations are lower in the surface waters than
in the bottom waters (Fig. 2). In the surface waters,
phosphate concentrations arc less than 1uM du-
ring the stratification period. and after the destrati-
fication of the water column in October. phos-
phate concentration increases to SuM in Decem-
ber and decreases to the less than 1pM during
the onset of the stratification in April. During the
stratification perod. phosphate accumulation is
noticeable in the near bottom waters. Silicate con-
centrations decrease from 30uM (late August) in
summer to 1pM (February) in winter (Fig.2). A-
ccumulation of silicate in the near bottom waters
is noticeable during the stratification period.

2. Spatial distribution

The temporal varation of the hydrographical
features of the inner part of Chinhae Bay shows
that the bay may be characterized by two seasons:
warm, less saline stratified period (April-Septem-
ber) and cold. more saline destratified period (Oc-
tober-March). Therefore. August and February
were selected as the representatives of the two sea-
sons.

Hydrography
Surface water temperature decreases from the

head to the mouth of the bay duning the stratified
summer period (temperature difference between
Sts. 1 and 5 is 56C). however. it increases from
the head to the mouth (temperature difference bet-
ween Sts. 1 oand 5 is 1.6C) during the destratified
winter period duc to the differential heating of
land and scawater (Fig 3). In winter. the bottom
water is warmer than the surface waters. Durning
August. vertical temperature gradient is strong in
the head and weak 1n the mouth. and temperature
differences between the surface and near bottom
waters arc 6.6 and 1.6C in the head (Stl) and
the mouth (St. 5). respectively. During February.
water column is fairly well mixed from the top
to the bottom.

Salinity increases from the head to the mouth
and from the surface to the bottom (Fig. 3). Spatial
distribution patterns are quite similar to those of
temperature. High temperature and less saline sur-
face plume is developed strongly in the head and
weakly in the mouth which results in the forma-
tion of salt wedge along the seafloor.

Dissolved  Oxygen

In order to compare the warm and the cold
seasons. a percentage of dissolved oxygen satura-
tion with respect to the air is presented here ins-
tead of absolute value (Fig 3). Surface dissolved
oxygen content decreases from the head to the
mouth of the bay for the whole year. During Au-
gust. vertical gradient of dissolved oxygen is strong
in the head and weak in the mouth. The differe-
nce in the dissolved oxygen content between the
surface and the bottom waters is more than 90%
in the head and less than 30% in the mouth. Du-
ring February, the water column is homogeneous
with respect to the dissolved oxygen contents.

Nurients

In general. nutrients of nitrate. phosphate, sili-
cate concentrations are much higher in summer
than in winter (Fig 3). In the summer stratification
period. nitrate and silicate concentrations are both
high in the head and mouth but relatively low
in the middle. In the winter destratification period.
nitrate concentrations decrease from the head 1o
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Fig. 3. Temperature (T). salinity (ppt). dissolved oxygen (%). nitrate (uM). phosphate (uM). silicate (uM): Longitudinal
section in Chinhae Bay.

the mouth. silicate and phosphate concentrations, The current regime of chinhae Bay is well
however. increase from the head to the mouth. known (Kim er al. 1989). Kim e al show that
tidal current in the inner part of Chinhae Bay

DISCUSSION (Sts. 1 and 2) is very weak and somewhat isolated
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Fig. 4 Mean solar radiation during 1983-1986 near Ma-
san (Pusan). Data from Korea Central Meteoro-
logical Office.

from the main axis of tidal current (Sts. 4 and
S) by simulating tidal current. They further show
that the bottom waters of the mnner part of Chin-
hae Bay are not well communicated with those
of outer bay due to the presence of shallow sill
in St. 3 (Fig.3). Since the distinct nature of the
semi-enclosed basin is most pronounced in the
inner part of Chinhae Bay. discussion is mainly
focused on St 2.

1. Sratification and destratification

The mechanism of stratification and destratifi-
cation has not been clearly understood yet. A pre-
liminary thought is given here. Water column sta-
bility is determined by the relative strength of the
rate of delivery of buoyancy and the rate of dissi-
pation of buoyancy due to tidal. frictionally indu-
ced turbulent energy (Seliger er al, 1985). Buoyancy
contribution in this region is due to solar radiation
and precipitation.

The four-year-mean solar radiation for 1983-1986
near Pusan varies from 8 MIm™2d~! in December
to more than 20MJm™*d”' in June and Septem-
ber. and significantly reduces in wet monsoon pe-
riod (July-August; Fig.4). The amount of solar ra-
diation in winter greatly exceeds the requirement
of phytoplankton growth (06-08MJm “d™"; Par-
sons et al, 1977, Pingree, 1978). The annual mean
precipitation is about 1500-2000 mm. of which over
80% is concentrated in the summer stratified pe-
riod (Fig.5). High variability of the annual preci-
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Fig. 5. Annual variation of precipitation in Masan Area
Annual and stratified stand for total precipitation
over a year and total precipitation over a summer
stratified period. respectively. Data from Korei
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Fig. 6. A Y9-year mean wind speed at the coast near Ma-
san (Pusan) dunng 1978-1986 Data from Korea
Central Meteorological Office.

pitation in this region is particularly noticeable.
For example. annual precipitation of the year 1985
is twice than of the year 1982. The portion of fre-
shwater is estimated to be about 10% of the total
water volume, and decreases from the head to the
mouth. and its residence time is thought to be
about 30 days in wet season and 10 days in the
dry season (SNU. 1984).

Dissipation of buoyancy is made by the wind
and tide. Tidal current is very weak in this arca
(Kim er al., 1989). The 10-year mean monthly wind
speed shows the winds are strong (>4ms™') du-
ring January-April and relatively weak (3-4ms )
in summer and fall (Fig. 6). However. daily fluc-
tuations of wind speed are much higher due to
the surrounding land mass. A wind speed higher
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than 3ms ' may be sufficient to move the whole

water column of 17m deep (St. 2) judged by Ek-
man depth estimation. Since the temperature va-
riation between the air and surface water is closely
resembled, reduced solar radiation may be largely
responsible for destroying summer stratification
during fall in the presence of tidal motion. Depth
of the euphotic zone is estimated to be about 10 m
from the Secchi disk readings in winter (KORDI,
1980). which is less than the water depth of 17m
at St 2.

2. Warer column stabiline and nutrient distribution

Speculation is made on the temporal nutrient
variation in terms of hydrographical features of
Chingae Bay. In spring. stabilization of water co-
lumn through thermocline development by the in-
creased solar radiation and fresh water input tri-
ggers the intense phytoplankton growth. Relatively
high levels of nutrients are maintained via runoff
throughout the year. However. temporal depletion
of silicate occurs during the low precipitation and
low wind periods when the consumption of silicate
by diatoms exceeds the supply via surface runoff
and upward transport of the silicate-rich bottom
water (Pae and Yoo, 1991). In autumn. with the
disappearance of the thermocline, nutrients are
transported upward and subsequently utilized by
phytoplanktons (Fig.2). Since light decreases but
docs not limit phytoplankton growth, nutrients do
not accumulate in the water column throughout
winter (Figs.2 and 3). However, nutrient accumu-
lation in the water column during winter is usually
observed in the seasonally stratified pristine coa-
stal bay (Mann. 1982).

3. Nutrients and planktons

Ammonia, nitrate. and silicate concentration are
generally much higher than the half saturation co-
nstant for phytoplankton growth, however. these
nutrients concentrations are below the half satura-
tion constant during February to early April before
the onset of precipitaion in spring. The silicate
is supplied through land weathering. and usually
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Fig. 7. Annual variation of silicate concentration in the
surface and near bottom waters of Chinhae Bay.
Data from 1979-198] are taken from KORDI
(1980 and 1981).

does not change due to human perturbation. The-
refore diatom growth is limited by silicate concen-
tration in Chinhae Bay due to the relative increase
of anthropogenic N and P. Silicate production by
diatoms accounts about 1/3 of total phytoplankion
production in winter as discussed later and silicate
limitation is also found during the summer strati-
fied period in Chinhae Bay (Pae and Yoo. 1991).
Similar features are noted in the Dutch coasi
(Fransz and Verheger. 1985). The increase in N
and P and the essentially constant discharge of
reactive Si caused a change in nutrient, first deple-
ted by phytoplankton. from N or P some 50 years
ago to Si nowadays. The model of Fransz and
Verheger on the production cycle of phytoplank-
ton in the southern Bight of the North Sea in
relation to riverine nutrient loads suggests that ri-
ver discharge of nutrients has a limited effect on
primary production and algal biomass, because
other limiting factors will take over. They further
speculate that the area of eutrophication increases
rather than the increase of production itself. A
change in specics composition from diatoms to
other algae has been reported in several coastal
and estuarine areas as an effect of eutrophication
(Officer and Ryther, 1980).

Annual variations of standing stocks of phytop-
lankton and zooplankton are also relevant to the
nutrient cycling. Some limited available data are
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Fig. 8. Annual varation of standing crops of phyto and
zooplanktons in Chinhae Bay (St2) Data from
KORDI (1980. 1981).

briefly reviewed here. though highly variable coas-
1al ccosystems require a proper data set (Harris,
1986). More detailed systematic approach is being
made by Han e al(1991). In general. there are
two maxima in phytoplankton standing stocks. a
large one occurring in spring and a small onc
in autumn (Fig. 8). Zooplankton appears to deve-
lop about a month later than phytoplankton
bloom and individual numbers of zooplankton arc
quite low during winter (Fig. 8). Therefore a large
fraction of organic matter produced by the phyto-
plankton may be settled in the seafloor without
being eaten by herbivores and remineralized in
the sea floor. Large scale sedimentation of “fresh™
organic matter produced by the spring bloom is
probably a regular feature in areas with low over-
wintering zooplankton populations {(Smetack e al..
1978; Davis and Payne, 1984). Thus benthic oxida-
tion of organic carbon and remineralization of
nutrients seem to be important in this area.

4. Are numients accumulating in Chinhae Bay?

In recent years, nutrients input. especially N and
P. appears to increase in most coastal waters. The
increase of nutrent concentrations in the riverine
water is usually self-evident (e g Fransz and Ve-
rheger, 1985). However, nutrient enrichment in the
water column has not been observed successfully
due to the varable hydrographic regimes (¢ g
Spencer, 1985). Eutrophication is defined as nut-
rient or organic matter enrichment, or both, that

results in high biological productivity and a dec-
recased volume within ccosystem (Hasler. 1947, re-
ferenced in Likens, 1972). Although. the term “cu-
trophication” is widely used. it is poorly defined
for mannc systems. and vet there is a syndrome
caused by the addition of cexcess nutrients with
resulting undesirable conditions (Kelley and Nu-
guib. 1984).

The increase of nutrient input into the head
of Chinhae Bay may be seen in the historical re-
cord of population growth. Population in the drai-
nage basin almost quadrupled from 1966 to 1990
(Environmental Year Book. 1985, Environmental
Administration. Republic of Korea). Especially the
evidence of the nitrogen-nutrient input from the
head of the bay is readily seen in winter. despie
a significant reduction of the concentration of sth-
cate (Fig.2). Therefore. the incrcase of the recent
nutrient input is believed to be well established
in this study arca.

We attempt 10 assess the accumulation of nu-
trients in Chinhae Bay by examining the distribu-
tion of the dissolved rcactive silicate in the water
column. even though silicate is not so much afiec-
ted by human actvities. Because silicate and ni-
wate input is closely associated with precipitaion
and silicate accumulation or depletion is easily
scen. since silicate i not so reactive as nitrale.
silicatc may thus be used as a tracer for nutrienl
accumulation in the bay. Nitrate removal through
denitrification in the bottom waters is pronounced
during the stratified summer period (Fig.2). Land
usage has been changed through the development
of industrial sites in the drainage basin. Silicaic
concentration data arc available over the last 10
years {Fig. 7). and the method of silicate determi-
nation in the past is relatively more reliable than
N and P species. Annual variation of silicate con-
centration in the water column does not show any
systematic increase. but rather maintains the con-
stant summer high and winter low levels (Fig 7).
Summer high values may be related to the alloch-
thonous input from the adjacent land via surface
runoff. In the winter destratified period. silicate
concentrations decrease with time significanty and

_reaches less thun 1 uM (Fig. 2) which is far less
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than the limiting concentration for phytoplankton
growth (3-5uM: Goering e al.. 1973: D'Elia er al.
1983). The standing stock of Si (depth integrated
Si concentration) is 471, 116 and 9 mmol m °
in 19 October 1987. 19 December 1987. and 11
February 1988, respectively. Theiefore the rate of
change in standing stock of Si is 59 and 2.0 mmol
m “d ' during the periods of 19 October 1987 to
19 December 1987 and 19 December 1987 10 1}
February 1988, respectively. If we assuime the de-
pletion of Si in the water column to be entirely
attributed to the uptake by diatoms. then Si pro-
duction is 20-59 mmol Si m d"'. According to
Nelson and Gordon (1982) and Harrison o ol
(1977). the mean carbon/silicon mole ratio for the
10 diatom species is 848+ 4.11. Thus a C/Si mole
ratio should be a rcasonable estimate of the
amount of organic carbon produced per unit bio-
genic silica in a natural diatom assemblage consi-
sting of a number of species. Using this conversion
tactor. organic carbon production by diatoms is
1647 mmol C m “d"'. which is less than 1/3 of
the total phytoplankton production of 188 mmol
C m *d""' during December of 1988 (Hong & al.,
unpublished data). Also Si concentrations of the
inner part of Chinhae bay (Sts. 1 and 2) are lower
than those of the outer part of the bay (Sts. 3.
4 and 35) and the adjacent shelf waters (2-3 pM.,
November-December 1986; data from KORDI,
1987). Therefore Si pool is fully utilized inside the
bay ecosystem and export of Si from the bay to
the shelf may be minimal during the destratified
winter period.

Nitrate concentrations are generally high, how-
ever, by the onset of stratification in April, nitrate
concentration reduces to less than limiting concen-
tration of 0.5-24uM (Eppley e al. 1965 Fig.2).
Ammonium concentration also decreascs to less
than 1 uM (Appendix 1} in April. Similar budget
calculations on the change of standing stock of
nitrate plus ammonia during 11 February-26 April
1988 (about 24 mol N m’ *d ') suggest that winter
nitrogen standing stock barely meets the require-
ments of the phytoplankion growth even in winter.
Therefore N pool is also efficiently utilized inside
the system. Broad-brush budget calculations of si-
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Fig. 9. Annual variation of dissolved oxygen (%) in the
surface waters of Chinhae Bay. Data sources
(KORDIL 1974, 1980. 1981).

licate and nitrogen clearly show that nutrients are
not accumulated in the water column of the bay.
Since the export of nutrients to the shelf waters
is thought to be minimal. nutrients burial in the
underlying sediments is the only remaining sink
for the nutrient introduced into the bay. A signifi-
cant depletion of sedimentary manganese has oc-
curred in the inner part of the bay (Hong er al,
in preparation). The depletion of sedimentary ma-
nganese appears to be due to the accelerated flux
of phytoplanktonic organic matter into the sedi-
ments. hence the bural flux of nutrients (N, P,
Si) has also increased. Walsh er al (1981 and 1985)
propose that there has been an accelerated rate
of storage of planktonic organic C residues in the
continental slope sediments during the recent de-
cades. They suggest that this increase has occurred
in response to a combination of increased plank-
tonic productivity resulting from large increases
in anthropogenic nitrate inputs from rivers and
from drastic reductions in the efficiency of recy-
cling of planktonic residues due to overharvesting
of higher trophic levels. The increased flux of ma-
rine organic C to sediments of continental slopes
was calculated by Walsh ¢r al. (1981) and recalcu-
lated by Emerson (1984) to represent a significant
fraction of the anthropogenic CO, taken up by
the ocean in recent decades. Carpenter (1987) fur-
ther elaborated the model of Walsh er al.
Recent acceleration of C storage in the bottom
sediments, through the early diagenesis of organic
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Table 1. Annual varations of Os fluxes across the air-sea interface over the year in Chinhac Bay (St2)

K, (O))

Date T S Csw C* Wind speed F (Os)
Ty (ppt) (UM} (uM) (Vi ms ') (cm h' Y mmolm ~d
1987 627 225 300 425 227 28 0.6 285
8.12 224 233 225 237 1.6 0.3 -10
10.19 19.7 30.1 177 239 22 0.1 - 64
12.11 79 320 292 301 202 0.3 -07
1988 211 36 320 365 331 1.0 0.1 0.8
426 13.8 327 375 264 235 0.3 90

matter, may have resulted in the undersaturation
of dissolved oxygen during the winter destratified
period in the inner part of Chinhae Bay.

5. Oxygen wtilization in the benthic regime

The annual distribution pattern of the dissolved
oxygen contents in the water column shows disti-
nct features especially at St. 2 for the period of
1987 to 1988 (Fig.2). Following the stratification
of the water column in April. the water below
the surface mixed layer becomes depleted in the
dissolved oxygen. and the whole water column re-
mains to be undersaturated even after destruction
of the stratification. Since 1980. winter undersatu-
ration of dissolved oxygen has occurred annually
(KORDI, 1980 and 1981: Fig.9). However, dissol-
ved oxygen was supersaturated in the water co-
lumn during the winter of 1974 (KORDI. 1974).
Anoxia in the near bottom waters during summer
was probably first found in 1980 (Hong, 1981) and
its influence on the distribution of benthos was
assessed (Hong. 1987). Constructing a simple bu-
dget of dissolved oxygen. we attempt fo provide a
first order estimation of the benthic oxygen utilza-
tion rates in winter and summer.

The exchange with the atmosphere

The fluxes of oxygen across the air-sea interface.
F“(0-). was calculated by means of the boundary
layer model of gas exchange (Deacon. 1977). be-
cause the eddy correlation technique (bubble en-
trainment) produces an order of magnitude or
more larger values than expected from the values
obtained by other geochemical techniques (mole-
cular transport through the diffusive boundary la-

yer: Broecker ¢ al.. 1986). The net gas flux across
the interface is given by

F{O.) = K(Csw-a Ca)

where K is the gas exchange coeflictent (or pis-
ton velocity: Broecker and Peng. 1974). Csw and
Ca are the gas concentrations in seawater and in
air, respectively. and a is the solubility of gas in
seawater {Weiss. 1970). The exchange coefiicient
K. changes from onc type of gas to the other.
is a function of wind speed and of temperature
of seawater through the Schmidt number Sc (=ki-
nematic viscosity/molcecular diffusivity. U/pD) de-
pendency (Oudot. 1989). where D is the molecular
diffusion coefficient and p is density of fluid. U
is the kinematic viscosity. The exchange coefficient
of oxygen gas was calculated by largely adopting
Oudot’s method (1989). Only a brief overview of
the computation algorithm is given here. The ex-
change coefficient K(O») is derived from the calcu-
lated value for CO- taking into account the propor-
tionality of K to Sc™* for wind speeds <36 ms™".
That is. D*? in between the predictions of the film
(D'} and surface renewal (D'?) models (Liss, 1983).
The relationships used for the calculations of the
CO- exchange coefficient are written as follows:

Kg(p(CO:) =017 Vm for O<Vm<36 ms"

Ko CO2) = 2.85V,965 for 3.6<V,y<13ms™'

where Ko(CO.) is the exchange coeflicient at
20C expressed in ¢cm h™' and Vy, is the wind
speed in ms ' measured at 10 m above sea sur-

face. The dependency of K(CO-) on the tempera-
ture is evaluated as:

K, = 70.74K+(Sc,} ' for 0<V ;<36 ms™!
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Table 2. Standing stock of oxygen (£0:) for whole water column and the lower layer below the surface mixed tayer.

and vertical turbulent diffusivity (k.) below the surface mixed layer

Date "1:0: {(mmol m™7) fl(); (mmol m 7) k-
h=whole water column h=hclow surlace mixed layer (x10 " m= 5 Y
1987 627 2537 1304 339
812 2698 1836 0.5
10.19 2720
1219 4805
1988 211 6035
4.26 4416

2596 1.48

K, = 2439K.(Sc,) ' for 3.6<V,,<13ms""

where Sc. the Schmidt number for K(CO-) at
(C. is linearly interpolated using.

Sc, = 1065-23.51
Taking into account the wind speed effect.

K{O:) = 1.17KACO») for 0<V,<36m s~
K{O») = 113 K(CO-) for 3.6<V,<13m s°!

Therefore. the O, flux formula that we will use
for the calculation is

FYO-) = 024 K{O:XCsw-C*)

Applying the above equations. oxyen fluxes a-
cross the airsea boundary are calculated (Table 1).

The large uncertainties on FY(O,) determinations
are mainly due to the wide range of variations
of O, exchange coefficients, since the wind speed
Vio data is taken directly from the Masan Meteo-
rological Station and assumed to be the wind
speed at 10m above sea surface.

The vertical diffusional flux

The vertical diffusional flux in the water column
is evaluated according 1o the Fickian diffusion
equation of which the flux F¥ is given by

4 =1 9C

F/ = k. &

where FY is the vertical flux of oxygen, k. is
the vertical eddy ditfusivity, C is the concentration
of oxygen and z the depth. According to Denman
and Gargett (1983), a vertical turbulent diffusion
coefficient k. can be assumed to be a function

of observable quantities of ¢ the dissipation of tur-
bulent cnergy and N the buoyancy frequency on
dimensional grounds. k-=AeN"". Various values
for A have been suggested. but recent studies of
the onset of turbulence in stratified fluids suggest
a value near 025 and £ is 2x 10 * ' m* s % in a
thermocline in low wind environments {compiled
in Denman and Gargett, 1983).

In order to estimate the first-order conservative
benthic oxygen respiration rate, biological oxygen
production and oxygen consumption in the water
column are assumed to be negligible in the winter
period. Two sets of data (October 19 and Decem-
ber 19) are chosen during the well-mixed period
(Table 2).
80s, is:

Change of dissolved oxygen content

80, = ‘0 — ihOQ

where F'O- is the flux across the air-sea inter-
face and F*O; is the flux across the sediment-water
interface. The benthic respiration rate during Oc-
tober 19 to December 19, 1987 is estimated to be
31 mmol O, m * d". which is the equivalent of
2124 mmol Cm ° d . assuming the organic ma-
tier being oxidized in the benthic regime is made
of the hypothetical Redfield molecule (Takahashi
et al. 1985). This value is equivalent to the 13%
of the total phytoplankton production in winter
and similar to the one observed in the shallow
waters (Forsskahl er al., 1982). The benthic oxygen
respiration in Chinhae Bay is comparable to the
21-52 mmol O; m 2 d ' of Narragansett Bay. RI
(Seitzinger er al, 1983) and 56 mmol O, m™* d '
of South River Estuary, NC, USA (Fisher er al.
1982). During the stratification period. an attempt
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was also made utilizing the change of oxygen con-
tents below the surface mixed layer during April
to June. assuming the oxygen content in April
1988 is the same in April 1987. The vertical diffu-
sivity was calculated below the surface mixed la-
yer. Due to the scarcity of hydrographical data
and the nature of the rapid response of the ther-
mocline to surface forcing (Dillon and Caldwell.
1980). large uncertainty in the evaluation of K.
is involved. Change of dissolved oxygen content
below the surface mixed layer is 80.=F/O,—FO..
Then the benthic oxygen respiration rate is 259
mmol O, m * d"".

CONCLUSIONS

A preliminary description of some constraints
on the biogeochemical cycling of biologically im-
portant elements in the nitrogen-rich Chinhae Bay
of Korea has been discussed. The major findings
of this work are:

1. Hydrographical featurcs show that water co-
lumn is stratified from early April 1o late October
and destratified for the rest of the year. Winter
mixing appears 1o be strong. Stratification is strong
in the head and progressively weaker towards the
mouth.

2. In the inner part of Chinhae Bay. dissolved
oxygen concentrations excced 400puM in the sur-
face but diminish to less than 50uM in the near
bottom waters. which often results in anoxic envi-
ronments during the summer stratification period.
After the breakdown of stratification. dissolved oxy-
gen concentrations remain undersaturated until
the onset of stratification in April.

3. In general. ammonia. nitrate. phosphate and
silicate concentrations are higher than the limiting
concentrations for phytoplankton growth. How-
ever. diatom growth is often limited by low silicate
concentrations. Nitrate is being lost due to denitri-
fication.

4. Solar radiation appears to be largely respon-
sible for the creation and destruction of water co-
lumn stratification.

5. Nutrients accumulation in the water column
has not been detected. Phytoplankton appear to

fully utilize the available nutrients cither alloch-
thonous or regenerated ones. Nutrients are thought
to be efficiently utilized in the bay ccosystem, and
export of nutrients from the bay to the shelf may
be negligible.

6. A large fraction of organic matter produced
by phytoplankton seems to setile in the scafloor
without being caten by herbivores, due to the ume
lag between the phyto-and zooplankion develop-
ments.

7. Organic carbon produced by diatoms in win-
ter is estimated to be 1647 mmol Cm - d .
which is less than 1/3 of total phytoplankton pro-
duction in winter.

8. Benthic oxygen respiration rate is conservati-
vely estimated to be 21-24 mmol Cm - d "
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Appendix 1-1. Water column chemistn ol Chinhae Bay in 27 Junce 1957

9 Depth T S DO NH NO3 NO?2 PO4 Si(OH)4

' m C ppt uM uM uM uM uM uM
TA 0 229 291 419 2421 2874 284 0.40 528
1 0 220 292 413 1.14 823 219 0.55 443
2 21y 294 325 1373 0.95 073 183K

3 211 296 RRA)
S 19.7 306 128 Sl 0.06 0.88 514

8 187 309 72
10 %1 RIR 19 421 0.75 0.02 393 13.11
JA 0 202 296 43] 1.01 1.66 0.38 0.21 1.86
2 0 225 300 425 870 kAL 0.75 0.65 6.56
2 221 303 419 147 002 0.35 343

3 21.8 305 363
5 19.8 308 175 1.47 0.02 0.35 343

8 187 30 100
10 180 312 39 258 002 1.28 R27
135 17.2 RIS 16 3093 (45 002 207 25.50
3A 0 26 04 419 0.0 142 0.34 1.66 0.73
3 O 225 02 409 .62 0.70 002 (.18 0.44
2 213 0.7 300 0.51 0.02 0.18 0.73

3 203 RN 325
5 19.7 32 288 0.89 0.02 0.18 471

8 194 32 272
10 190 312 194 147 1.85 002 0.58 7.70

12 181 313 131
4A 0 207 309 313 0.79 462 0.26 1.66 073
4 0 208 310 300 0.67 1.72 002 0.18 3.86
2 203 RIK] 300 0.96 0.02 025 6.71
s 199 RIN! 309 236 0.02 0.38 6.56
10 189 312 266 0.58 (.02 022 799
15 187 312 238 251 .06 048 357
20 17.2 318 178 210 259 .30 0.68 784
SA 0 196 310 272 041 0.75 002 092 471
5 0 199 310 272 0.40 042 205 048 2507
2 199 309 278 280 002 041 2934
) 194 310 278 073 0.18 0.22 6.71
10 194 310 281 1.34 002 0.28 2.58
15 188 312 263 209 0.10 0.31 500
20 18.1 314 234 0.94 0.18 036 727

25 17.5 317 219

30 173 317 213
35 16.6 320 200 235 222 1.1 0.62 13.66

Appendix 1-2. Water column chemistry of Chinhae Bay in 12 August 1987

S Depth 1 S DO NH4 NO3 NO2 PO4 Si(OH)4
' m C ppt uM uM uM uM uM uM
1A 0 4923 582 309 29.78
1 0 232 179 275 6847 4393 563 123 23.50
R 18.6 30.1 131 2345 1.04 1.67 18.37

10 16.6 320 72 434 1.89 0.28 452 27.50




Annual cycles of nutrients and dissolved oxygen in the Chinhae Bay 219

Appendix 1-2. Continued

NO2 PO4 SI(OH»4

Depth T S DO NH4

St m C ppt uM uM uM uM uM uM
2A 0 54.56 40409 8.37 0.29 14.37
2 0 224 230 225 70.65 1244 590 0.36 30.35

2 212 270 222

4 201 285 197
6 18.0 302 184 13.58 (L8O 102 1608

8 176 304 184
10 16.6 315 147 28.10 0.57 1.89 1408

12 16.2 315 138

14 158 320 119
16 153 324 69 3664 226 0.60 339 0.64
3A V] 5,56 1541 205 0.54 10.94
3 0 213 26.1 278 26.14 0.02 2X1 0.80 17.22
5 18.3 29.7 228 64) 1.60 043 1294
9 174 300 216 8.28 8.2%8 2.36 0.83 27.21
4A Q 2302 0.82 1.53 1494
4 0 180 215 234 hAR 1267 0.61 .54 19.51
S 180 295 225 3112 (.63 149 16.37

8 17.5 299 206
10 16.5 309 206 804 0.03 091 1637
15 160 RN 194 1547 1.33 112 %.36
20 152 320 184 842 3003 194 178 23.50
S5A 0 16.26 1248 0.80 047 19.79
5 0 17.6 277 231 16.60 2451 10K 131 16.37
5 174 280 234 16.19 171 0.6l 2579

8 168 290 219
10 158 310 216 1292 38K 1.38 3863
15 154 315 203 6.89 1.33 094 17.22
20 154 319 191 10.20 110 1.20 2822

25 15.1 320 191
30 150 320 191 16.30 1.60 1.20 20.65
35 150 320 191 1.74 1000 152 105 2122

Appendix 1-3. Water column chemistry of Chinhae Bay in 19 October 1987
st Depth T S DO NH4 NO3 NO2 PO4 Si(OH)4

’ m C ppt uM uM uM uM uM uM
1A 0 68.20 2678 387 4.14 3565
1 0 19.8 299 183 3R27 16.80 249 256 3285
5 19.7 30.1 163 6.90 1.54 218 3314
10 198 303 158 2321 SO8 0.89 201 27.30
2A 0 37.80 695 1.15 182 22.84
2 0 197 30.1 177 3214 559 1.34 1.86 2646
S 197 30.2 175 534 142 1.86 3091
10 198 303 169 370 1.03 1.52 2841
15 198 304 163 1278 3.66 1.01 1.67 3091
3A 0 28.39 3.57 105 1.23 220
3 0 19.6 304 206 992 319 0.87 112 20.61
5 196 304 203 326 0.85 1.19 2061

10 19.6 304 202 562 3.58 0.87 127 2117
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Si(OH

)4

st Depth T S DO NH4 NO3 NO2 PO4
m C ppt uM M uM uM uM uM
4A 0 2409 279 0.71 097 15.05
4 0 19.7 305 211 6.24 1.01 0.63 0.68 1393
5 19.8 30.5 212 211 0.55 0.90 13.10
10 19.8 30.5 210 2.56 0.77 112 1699
15 19.7 308 208 1.52 091 0.90 2161
20 19.7 306 206 1401 314 047 1.08 13.10
SA 0 432 1.63 097 0.79 2145
5 0 19.8 305 309 2116 192 0.51 0.79 1282
5 198 30.5 312 1.50 0.65 0.79 1644
10 19.8 30.5 i 208 0.63 0.86 1993
15 19.8 305 312 1.54 0.83 0.68 19.50
20 19.8 305 30 2.0 0.77 090 17.55
25 19.8 30.5 310
30 19.8 30.5 310 1.99 0.55 0.82 12.54
35 198 305 310
40 198 30.5 310 10.12 236 0.69 0.90 14.21
Appendix 1-4. Water column chemistry of Chinhae Bay in 19 December 1987
St Depth T S DO NH4 NO3 NO2 PO4 Si(OH)4
' m C ppt uM uM uM uM uM uM
1A 0 5293 889 1.98 939 1143
1 0 8.2 321 299 3459 830 1.74 5.85 9.85
5 8.2 321 302 346 151 498 840
10 84 324 299 1445 217 1.37 478 761
2A 0 39.57 8.63 203 7.52 11.70
2 0 79 320 292 3384 582 1.51 632 840
S 84 324 299 294 1.40 498 721
10 84 324 304 245 133 4.58 7.08
15 83 324 306 9.85 1.76 133 438 6.82
3A (1] 21.16 3.58 149 725 7.74
3 0 80 322 307 21.89 261 0.88 358 4.84
5 80 322 304 422 1.54 5.58 8.66
10 8.6 324 298 2798 245 133 4.58 7.08
4A 0 644 0.04 081 217 1041
4 0 9.8 327 289 385 0.84 0.85 344 10.51
S 9.7 328 287 0.79 0.88 384 10.25
10 97 328 285 081 0.88 391 998
15 98 128 285 1.01 0.86 572 9.59
20 9.8 328 283 4.19 0.86 0.86 338 9.19
SA 0 9.23 0.06 0.78 304 919
S 0 9.6 329 289 201 0.75 0.85 278 8.53
5 10.1 328 287 0.75 0.83 298 8.60
10 103 328 285 0.79 081 378 8.80
15 104 329 282 0.82 081 384 8.66
20 104 329 283 0.88 0.79 398 827
30 103 329 286 644 (.68 083 278 774
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Appendix 1-5. Water column chemistry of Chinhac Bay in 11 February 1988

St Depth T S DO NH4 NO3 NO2 PO4 Si(OH)4
' m C ppt M uM uM uM uM uM
1A 0 7247 2835 1.85 217 316
1 0 38 327 325 999 19.63 099 0.17 0.67
5 40 327 324 1893 097 0.17 0.62
10 44 330 323 34 10.73 0.72 033 0.54
2A 0 11.21 20.84 1. 0.37 0.62
2 [U 38 326 356 36.71 19.44 097 (.40 0.62
5 38 327 356 1940 1.01 037 0.62
10 39 328 355 17.65 0.80 0.33 0.54
15 39 328 356 6.71 1382 082 0.30 0.50
3A 0 508 17.32 093 040 0.50
3 0 39 328 362 2.62 991 070 033 0.37
S 40 328 367 9.56 0.70 0.17 0.37
10 4.1 329 362 208 5.63 0.51 0.20 037
4A 0 249 7.70 0.66 024 0.58
4 0 55 333 307 1.26 1.30 031 0.20 118
5 5.6 333 308 1.54 0.33 0.30 1.23
10 56 334 301 1.46 031 043 123
15 6.2 334 296 198 035 043 1.40
20 62 334 296 1.81 200 037 0.53 1.40
S5A 0 235 1.72 .35 047 149
5 0 64 334 309 1.40 149 0.33 0.50 118
5 64 334 300 1.74 033 037 1.14
10 64 334 302 1.56 0.31 040 1.23
15 64 334 302 1.51 031 047 118
20 64 334 302 1.48 0.29 047 1.14
30 64 334 302 140 1.32 029 0.50 1.10

Appendix 1-6. Water column chemistry of Chinhae Bay in 26 April 1988

Depth T S DO NH4 NO3 NO2 PO4 Si(OH)4
St m C ppt uM uM uM Y| uM uM
1A 0 149 313 546 0.73 1504 1.90 027 0.54
1 0 13.8 320 411 L1 10.56 1.04 042 0.64
5 11.6 326 225 1565 1.19 0.58 201
10 11.2 329 208 2.84 0.19 121 1.73 201
2A 0 138 325 369 257 999 0.86 122 119
2 0 13.8 327 375 077 237 030 0.55 0.54
5 130 328 355 037 0.15 044 221
10 11.0 330 206 0.70 022 1.34 552
15 114 331 197 263 1.02 0.18 143 6.54
3A 0 13.0 327 324 0.57 242 039 026 095
3 0 132 329 314 0.66 0.77 0.31 033 1.62
5 128 330 315 0.71 0.21 031 LI13
10 12.2 333 275 0.56 043 0.15 037 1.07
4A 0 12.8 330 308 0.65 1.20 024 0.31 1.00
4 0 124 331 304 044 081 0.26 025 1.03
5 122 331 304 033 0.15 048 0.73
10 12.1 332 293 0.19 0.17 030 099
15 12.1 333 285 0.17 0.15 024 0.73
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Appendix 1-6. Continued

NO2

< Depth T S DO NH4 NO3 PO4 Si(OH)Y4
o m C Ppt uM uM uM uM uM uM

20 120 336 275 .26 0.14 0.18 0.26 1.50
SA 0 124 330 299 0.65 0.18 0.14 0.19 0.64
s 0 12.8 331 299 0.30 0.12 018 0.14 0.53
3 122 331 299 002 0.13 0.17 083
10 12.2 332 292 002 0.16 0.17 103
I3 12.2 333 285 043 .11 0.17 0.85
20 12,1 34 277 047 0.14 025 0.77
30 120 337 273 0.15 0.50 0.25 0.87

Q.15




