


Curved Slit Caisson Breakwater

View of curved slit caisson breakwater completed in the construction
at the port of Funakawa. {Courtesy of Akita Port Construction Office,

the First District Port Construction Bureau, Ministry of Transport)

Faeilities for Ocean
Directional Wave
Measurement

Four step type wave
gauges and a two-axis
directional current meter
with a pressure sensor are
installed on the legs of
an offshore oil rig.
They are operated
simulianecusly for
detailed directional wave
analysis.




Serpent-type Wave Generator
The photograph shows the serpent-type wave generator in the short-
crested wave basin and the superimposition state of two different
oblique waves generated by the generator.

Wave-soil Tank

The experiments concerning the wave-soil interactions are conducted
in this tank. The soil tank and the test section are located at the
center of the tank. A movable floor is provided at the bottom of
the test section and the level of the interface of mud layer and water
can easily he adjusted to the level of the flume bottorn.
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Pararionospio Pinnata
The biomass of benthos is one of the most sensitive indices to know
the effect of sea-bed sediment treatments on the marine environmental
improvernent, The picure shows a kind of henthos, pararionospio
pinnale, which preferentially exists in the polluted sea-bed.

Breakwater Damaged by Storm

This photograph shows a breakwater damage by a storm,

The breakwater is of the composite type with concrete caisson on
a rubble mound. Two caissons were severly damaged due to the insta-
bility of a rubble mound.




Nondestructive Evaluation of -Pavement

Nondestructive methods for evaluating the load carrying capacity
of airport concrete pavements have been developed by using Falling
Weight Deflectometer(FWD).

Seismic Damage to Gravity Quaywall

The 1983 Nipponkai-Chubu earthquake(Magnitude : 7.7)caused serious
damage to port facilities in northern part of Japan. This photo shows
the damage to gravity quaywall. The concrete cellular block walls
were collapsed and completely submerged.



Model Experiment of Mooring Ship

Model ship is moored at a quay wall with fenders and mooring ropes
subjected to gusty wind and/or irregular waves.

Vessel Congestion in Japan

As Japan is surrounded by the sea, there are many crowded water
areas with various sizes and types of vessels. Arround there, many
construction works were planned such as ports and harbours, off-shore
airports, huge bridges and so on, so that many marine traffic
observations and marine traffic simulations have been carried out.




Underwater Inspection Robot

This is the six-legged articulated underwater inspection robot named
“AQUAROBOT” . The robot controlled by a computer can walk on
uneven sea bed without making water muddy.



Foreword

The Port and Harbour Research Institute iz a national laboratory under the
Ministry of Transport, Japan. It is responsible for solving various engineering
problems related to port and harbour projects so that governmental agencies in
charge of port development can execute the projects smoothly and rationally. Its
research activities also cover the studies on civil engineering facilities of air ports.

Last April we have celebrated the 25th anniversary of our imstitute because the
present organization was established in 1962, though systematic research works on
ports and harbours under the Ministry of Transport began in 1946. As an event
for the celebration, we decided to publish a special edition of the Report of the
Port and Harbour Research Imstitute, which contains full English papers only. These
papers are so selected to introduee the versatility of our activities and engineering
practices in Japan to overseas engineers and scientists. It is also intended to remedy
to a certain extent the information gap between overseas colleagues and us.

The reader will find that our research fields cover physical oceanography, coastal
and ocean engineering, geotechnical engineering, earthquake engineering, materials
engineering, dredging technology and mechanieal engineering, planning and systems
analysis, and structural analysis. Such an expansion of the scope of research fields has
been inevitable, because we are trying to cover every aspect of technical problems
of ports and harbours as an integrated body.

The present volume contains eleven papers representing six research divisions
of the institute. The materials introduced in these papers are not necessarily original
in strict sense, as some parts have been published in Japanese in the Reports or
the Technical Notes of the Port and Harbour Research Institute. Nevertheless they
are all original papers in English and are given the full format accordingly. We
expect that they will be referred to as usual where they deserve so.

It is my sincere wish that this special edition of the Report of the Port and
Harbour Research Institute will bring overseas engineers and scientists more
acquainted with our research activities and enhance the mutual cooperation for
technology development related to ports and harbours.

December 1987
Yoshimi Goda
Director General
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REPORT OF THE PORT AND
HFARBOUR RESEARCH INSTITUTE
Vol. 26, No, b (Dec. 1987)

5. Modeling for the Prediction of the Effects of Sea Bed Sediment
Treatment on the Improvements of Ecological Conditions and

Seawater Quality

Takeshi HoRIE®

Synopsis

This paper deals with the development of a numerical model for predicting the
effect of purifieation countermeasures in polluted seas on the improvement of sea-
water quality and sea bed sediment, and on the recovery of marine animals. The
present model includes biological processes such as zooplankton, benthos and peri-
phyton activities, as well as the processes of seawater circulation, dispersion, seftling,
the production of organic matter and its decomposition, releage rate, ete., which have
already been contained to the existing model, The present model can predict the
the effect of sea bed sediment treatment on such biological aspects ag the increase
of biclogical mass and biological activities.

The present study indicates that the seasonal variation of seawater quality, sea-
bed sediment in polluted seas, and of plankton, periphyton, and oysters, ete. can he
estimated by the nutrient cycle model of a phosphorus tracer. The calibration test
for this model is made for the case of the bay of Kure in Horishima Prefecture,
The spatial treatment of the calibration test js a uni-segment and eleven layers,
According to the calibration results, the seasonal variation of phosphate phosphorus
(PO+P) and dissolved oxygen (DO) agrees well with the cbserved data, and the stand-
ing crop of phytoplankton and henthos is the agreeable value, but the abrupt increase
of phytoplankton observed around June is not well reproduced. The biomass of the
caleulated zooplankton exceeds the observed values during the term between Decem-
ber to February.

This model is found to be a practical tool to estimate, from the viewpoint of bio-
logical aspect, the effect of the sediment treatment on the release-cut-off, and on
the biclogical activities, which result from changes in the grain size of the sedi-
ment, and the recovery of benthos and bottom fish,

% Chief of Purification Hydraulics Laboratory, Marine Hydrodynamies Division

- 175 —



5, WHEFROWUBIL X DERER LAKEORELR

FH OB FRIE
§ T g+
E &

B o SR £ oh 0 - BEEREAE, BIU, £H0EENELTUTE B, #ED
EFA—Tinbb, WAOHN, i, RS HEHRS FEosBEL0R B X 0BE
FROAALEEF AR LT, Ebk, BT s vy v v, Bl FEHr 3 E0aRE
ik, EEAEOED:, EEOBENETLH{ENELEGoEE, HEROHMINS O 43
HEPSOHREGLRRMT 52D TEL 2T ADBEET- e

AFRICBNT, FRERoRKE - BE, 73V 2 by, BALESY, 3 X0B8ERY, Vve
BELTEDERR T A CHACED  LEF LI, o F AR ESERHSLE LI #y 2 A,
Hge7 el UAREE, U VEHEY v, BFERHCWTRENT LY EDTRERRFTH-
oo HHF S v b vy RLE, EEERGETRLEBESh. LhL, 6 BfiEca
bBhBiEwm7 s v 7 + vor—sHoBERciiitsRFofibiBihi, By v 27+ vimow
Tk, 12~2 Bio i\ THEES LB - f.

FeFair, EEEBRR I HBERAHRE EENER LA £SOREPREY L vwhb
ik, v RAPEACHERORING Y v o B A ST TR E LTHB
TEHTEENT I,

*OEEAKES #REETRER

176 —



Contents

g 112 - T R R 175
INErodUCEIONR o ittt i ittt ieerareeanasarsoanrarran e st 179
Review of the Previous Investigations on Seawater Quality and
Seabed SedimMent ......vvveiiiirnranrnroseratssasssnsasanssosancarasnas 180
2.1 The role of the numerical model .......c.icriiiirirerearrairaeeas 180
2.2 Existing nutrient eyele model ... et it e 130
2.3 Phosphorus as the tracer of the model ......c...oooiiiiiiiila L 181
2.4 Basic equations of the nutrient cycle model ... ... ... vt 181
2.5 Prediction of the improvement effect of the sediment treatment on
seawater quality and nutrient release rate ........................ 186
Numerical Modeling of Ecolegical Processes ........cviviiiiinnennriannn 191
3.1 BEvaluation of the effect from ecological aspects ......... ... ... .0 191
8.2 Assumplions ....iiiiii i i it sy 193
3.3 Formulation of basgic equations .....civeimiiiimeiiiiiiiiniiean, 194
Fermulation of Each Process and Fitting of Parameters ................ 198
4.1 Ecological PIoCeSS ...uvuiererarernsenussretonerosssasonasosioansas 198
4.2 Physical PrOCeEE «.nvurenrerrenaoratarasssanssarnrrnssratesannseins 198
Calibration of the Model .........cvriirrninriiiinannaensasrenraansinns 203
81 Impub data ....vinin i e e i, 203
B ReBUIES  tvitiirreir it e tasscacaantneasaansasastaasnasssanenassns 206
5.3 Sensitivity analysis ...ttt i e e i et 208
Coneluding Remarks ...... ...ttt iiiinrararnasennnes 209
] Ry = (- T 213

— 177 —



Modeling of Ecosystem and Water Quality in Seas

1. TIntroduction

The Ports and Harbours Construction Bureau of the Ministry of Transport,
Japan has been carrying out an overall investigation on countermeasures to minimize
the seawater pollution in inland seas or inner bays. Seawater pollution due to organie
compounds is mainly caused by such processes as efffuent, internal production and
releage from the seabed sediment. These processes are quite influential to the seawater
quality, and interact complicatedly with each other. The release from the sediment
is determined by the sediment property, temperature, overlaying dissolved oxygen,
ete. The cut-off of the release by the dredging of the seabed sediment or by the
capping with clean materials, as well as the control of effluent load due to urban,
agricultural, and industrial sewages, seems to be an effective method for the im-
provement of eutrophic seawater quality. However, the volume of the treated sedi-
ment must be minimized for reasons of economy.

The feagibility studies on seawater improvement projects ave carried out for
selected bays where the seawater is highly polluted by organic substances. In
accordance with the above purposes, such field surveys as seawater guality, sediment
quality, release rate, growth rate, and biological activities were conducted for those
bays. The release-cut-off effect due to the dredging of the sediment or the capping
with the clean materials was then observed in the field.

At the same time, numerical analysis is also made by using a set of mathematical
models. A water quality prediection model is built on the basis of the phosphorus
cycle between seawater, phytoplankton and sediment. The phosphorus eyele in the
model ig formulated by the processes of the inner production, decomposition, settling,
advection and dispersion. The effect on water quality improvement, release-cut-off,
and sediment improvement is predicted by the above model,

According to the simulation results, the effect of sediment dredging or capping
with clean materials can be expected for some period, but the release rate gradually
inereases with the elapse of time owing to the newly deposited materials. The
apparent effect of water quality improvement is unexpectedly small because of
dilution due to advection, and dispersion by seawater circulation. However, the
ecological conditions seem to be significantly improved in the field, in consideration
of the fact that the number of benthos’ species and its population increases for
the treated sediment, even though the improvement effect for the water quality was
less than expected. Furthermore, the improvement effect should be discussed not
only for organic substances, but alse for dissolved oxygen. To cope with this problem,
a more elaborated model is required.

The present paper describes the review of previous investigations on seawater
quality and seabed sediment in the fivst paragraph, particularly for numerical
approaches. The role of ecological processes in seawater and sediment are then
described in connection with plankton, benthos and periphyton. The numerical
modeling of such ecological processes is explained by indicating assumptions for
the model formulation, basic equations, and the simulation procedures. The model
developed here is ecalibrated by application to Kure Bay. Iinally, the reliability
and the improvement items to the model are investigated.
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2. Review of the Previous Investigations on Seawater Quality and
Seabed Sediment

2.1 'The role of the numerical model

As the tool to predict the improvement effect, laboratory tests, field SUrveys
and numerical models are available. Laboratory tests are guite important to the
analysis of phenomena which control the processes of the organic pollution in bays.
For instance, the phytoplankton growth rate is formulated by laboratory tests with
different conditions of illumination, temperature and nutrient concentration. The
decomposition rate of organic matter iz also formulated by data obtained in labora-
tory tests. In the same manner, the oxygen uptake rate of the sediment and the
nutrient adsorption/desorption rate are formulated by data obtained in laboratory
tests where the temperature and dissolved oxygen are controlled. However, in
general, the similarity of phenomena between in confined-small-scale capsule and
in the natural field is not always satisfactory. Especially, experiments of the
phenomena concerned with hiologieal activities encounter many problems because
the experimental conditions between the capsule and the field differ greatly.

On the other hand, field experiments can be performed at the actual seale under
natural conditions, such as for field experiments on the settling rate, the suspension
rate, growth rate, etec. Though data obtained by the field experiment are of the
prototype, 2 lot of data with different conditions are necessary to build a certain
formula. In other words, field experiments ave carried out at so big scale that the
experimental conditions cannot be easily controlled. Therefore, the number of experi-
mental runs and the scale of the experiment are restricted for reasons of time and
cost. For the effective determination of the phenomena, the roles of laboratory tests
and field experiments should complement with each other. The phenomena which
eoncern chemical reactions or biological activities oceur at the same rate and at real
time, regardless of the model seale, and cannot be arbitrarily controlled.

Numerical models play a great role in compensating for the demerits of labora-
tory tests and field experiments. Numerical models, however, rely greatly on these
resulls because the model iz formulated by data obtained through laboratory tests
and field experiments. In other words, the reliability of numerical models depends
solely on the certainty of the data obtained by laboratory tests and field experiments.

2.2 Existing nutrient eycle model

Phenomena occurring in the field are not always treated in the model, but are
selectively treated for the reason of simplification fo correspond to the purpose of
prediction. Prediction models which treat the composition and the decomposition
of organic substances is clagsified into two categories: ecological dynamies model
and nutrient cycle model. The ecological dynamics models treal species and the
population of individual organisms. Namely, the model treats the mutual relations
between inorganie nuirients, phytoplankton, zooplankton, detritus, etc., and estimates
their stocks in consideration of the nutrient budget. Thus, as the number of param-
eters treated in the model is increased, the number of variables which determine
the nutrient cycle rates is also increased. Among those variables, parameters related
to biological activity are determined only with the greatest effort. Therefore, even
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if a more elaborated model is built while the above mentioned processes are still
uneertain, the result produced by the model is then not necessarily reliable.

On the other hand, the nutrient cycle model handles the mutual nutrient budget
between inorganics and organics. In this way, the nutrient budget between inorganics
and organics is formulated to such a simple relation as composition and decomposition.
It would be ideal to formulate each process to the ecological dynamics model and to
analyze the mutual relations between the seawater, the sediment and animals.
However, the ecological dynamics model has no evidence that it estimates such
complicated relations with high reliability. From this reasom, the previous nutrient
eyele model iy developed for the prediction of the effect of the sediment treatment
on seawater quality.

2.3 Phosphorus as the tracer of the model

Phosphorus and nitrogen compounds are most important nutrients which control
seawater pollution by organics. The content of phosphorus and nitrogen in organics
is generally kept in a certain ratio, but this ratio differs between species of
organisms or the stage of their growth., Therefore, the nutrient budget is deter-
mined by both phosphorus and nitrogen. The structure of the prediction model,
however, becomes more complicated if both nitrogen and phosphorus behaviors are
formulated. Thus, the nutrient cycle treated by only phosphorus is preferentially
applied to the previous analysis for the reason that the phosphorus would be a
limiting factor to the nutrient cycle in eutrophic bays. The following assumptions
are built into the formulation of the nutrient cycle model in seawater: i) the
system controlling process of the nutrient cyele is treated as the growth and
decomposition between phosphate phogphorug (PO,~P) and organic phosphorus (O-P},
and dissolved oxygen (DO) generates to correspond to the basic process, ii) COD,
DO, PO,~P and DO are used as the indices of the seawater quality, iii) the growth
of the phytoplankton occurs only in the photie layer, iv) COD, DO and phosphorus
concentrations vary through the processes of the growth, the decomposition, the
release, the settlement, ete., and v) the above indices are varied with advection and
dispersion due to seawater circulation.

To the nutrient cycle in the sediment, the following assumptions are incorporated:
vi) both the O-P supplied from seawater and the O-P in the sediment are decomposed
into PO,—P, vii) the decomposed PO,—P is allocated, with a certain ratio, to the
interstitial water and sediment particles, viii) the interstitial PO~P and O-P are
transported in the sediment by adsorption/desorption, dispersion, bioturbance, ete.,
ix) PO,—P release is occurred by dispersion.

2.4 Basic equations of the nutrient cycle model

(1) Seawater guality model
Under the assumptions stated above, the O-P, PO,P, COD, and DO in each
layer are related as shown in Fig. 1 and their time variations are expressed in the
three-layer model ag follows:
Time variation of each concentration in each layer
= horizontal advection (T'y,)
+ vertical advection (Z'y,)
+ horizontal dispersion {(Typ)
4+ wvertical dispersion (Typ)
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Fig. T Nutrient Cycle Model to the Seawater System
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The left hand side of Eq. (1) is expressed as

d(M:Dy)
e (2)

where M; indicates the concentration of the index 7 (O-P, PO,-P, COD, DO), D, the
thickness of layer 4, and ¢ time. The first term of the right hand side is the horizontal
advection and is expressed as

— MDD == oD (3)

where %; and v; indicate the seawater circulation components of each layer 7. The
second term of the right hand side is expressed as

D (o OMN D (g OM
am\Kukam)+ay\KMhay) (4>

where XK; denotes the horizontal dispersion coefficient in layer 4. The rest terms of
Eq. (1) are listed in Table 1.

- 182 —



Modeling of Ecosystem and Water Quality in Seas

Table 1 Terms of the Nutrient Cycle Model to Seawater System

upper layer middle layer lower layer
Tra wm-OP* —w.ya‘OP*—i—ws;z‘OP** — s OpF*
Tvp —K,(OP,—OP:) K (OP,1—OP:)— K OPs—OPy) K (OPy~0OP;)
Te GeOP+Dy G+OPs D: ¢
Q.p Tn —B 0P D, —ByP+ QP D — B:P-0P3 D,
Ts 5 F-0P S:F - OP 53T - 0Py SeFOP—S5F 0P,
TL Lop 0 ]
Tw, 7o T 0 0 0
Tya Wy TP —wg,ae IPTquy s IPFH — a0 IPFH
Tyo — K, (IPy—IPy) K (IPy—IP)— K (IP;—IP5) K (1P IP;)
Te G e QP - Dy —G*QOPD» 0
POs-P Tg BFQP D, BB QoD BF 0Py
T 0 0 Rip
TL Lip 0 0
Ts: Te, Te 0 0 0
Tya waser COD* —waszr CODF 1050+ COD¥* — s CODY
Trp — K0P —0P) K.(OP—OP:)—K,(OP:—0OF;) K0P~ 0P;)
TG ,8'G‘OP1'D1 ﬁ'G'OPz'Dn 0
CcoD Tp —B%-C0oD, D, — B+ CODy» Dy — B3¢ CODy+ Dy
Ts —5%-D0OD 8§19+ COD— 8L COD: S:¥- CODy—5:%-CODy
Tr 0 0 Eyop
Tz Leop 0 0
Te, T 0 0 0
Tya gz DO* —thyse" DOt 1w p0- DOFF — w2 DO
Tvn — K (DO~ D03 K DOy~ DOs»— K (DO:—DO;) K:(DO:—D03)
Te -G OP~Dy T+G+OFP D 0
DO T —B%CODy Dy —Bi%CODy D, ~B,%-COD;-D
Te 0 0 DB
Tr ACHOWA—DOL) 0 0
T, Tm Ti ] 0 0

Parameters appeared in Table 1 are explained as follows:

wsse, wse 0 vertical velocity components of seawater circulation in the interface
between the upper layer and the middle layer, and the middle layer and
the lower layer, respectively

K, vertical dispersion eoefficient

G growth rate of phytoplankton

Bf COD decomposition rate in layer £

B oxygen uptake rafe by the decomposition in layer 4

SiF : O-P seltling rate in layer ¢

S° COD settling rate in layer ¢

Rie PO,-P release rate

Lop O-P external load
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I-P external load

COD external Ipad

reaeration constant

saturated oxygen concentration

oxygen uptake rate by seabed sediment
COD conversion factor

DO conversion factor

The parameters which contain asterisks indicate that

OP*=0P,, [P¥*=IP;, COD*=C0Ds, DO*=DO, for ws:»=0,
OP*=OP1, IP*=IP1, CO.D"zcﬂ CO.Dl, DO*=DO1 for 'LU312<0,
OP* =P, JP¥=[P,;, COD*=C0D;, DCG*¥=D0; for ws»=0,
OF**=QpP,, [P¥=[P,, COD¥=C0Dy DO*=D0; for ws»<0,

respectively.

Eg. (1) is transformed into a finite difference equation. Thus, the O-P, PO-P,
COD, and DO concentrations in each layer and each time stage is calenlated by the
set of difference eguations.

(2)

Seabed sediment model

Based on the assumptions stated at the previous paragraph, the seabed sediment
model is formulated to the O-P, inorganic phesphorus (I-P) in the sediment, and
interstitial PO—P are related as shown in Fig. 2, and their concentrations at each
time stage in each layer are expressed as follows:

1st

2nd layer

{thickness Ha)

n th layer

layer
{thickness H,)

. accumulation rate R relegse rate
{mg/m2/ day) * (mg/m2/day)
________ jﬂfc_"‘L"E'_‘“_iEn_______.________________m.mmm., | dispersion _
o-P decomposition dlssofution interstitial
(mg/g} adsorption PO(‘srr;—gP/”
!r ? i-P adsorption
| : (mg/e) /desoerption
|
disturbance | iaccumulution { juccumulaﬁon dispersion
B A 1T i
O-P decomposition 1 Idissolution igfoersgﬁat
{rmg/q) |adsorption # ;} %1 ¢ {mg/Z)
T T /
§ i I~-P adsorption
E ! {mg/¢) /desorption
. | R A B | dispersion
disturbence | ; accumulation ! 1 accumulation
. by
v \5, dtsfurbcnce? v
some below

Fig. 2 Nutrient Cycle Model to the Sediment System
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OP ' —OF = {—ra+ DSX(OP;-1—0F;)
N
decomposition accumuiation

+DSLX(OP;1—2X OPi+OPLy)} X At (5>

agitation

for O-PF in the n-th layer.

PEH e 1/ ¢uttn [arape X ([P, — P,
1P =T o DSX (IP1— P
allocation adsorption/ accumulation
desportion
+DSLX (IPs—2X IPi+ IP5) X 4t (6)
agiation
for I-FP in the n-th layer.
1 __ b 1 1 1 n { I C atu_ C :‘{’:1
Ot = Chom| Ty gy ¥ g X B HIXDX S
—_—
aliocation gdsor_ptgpn] dispersion
escription
: Ci:—Ci, } 1
+ X DX T ES S tz]XAt (7>
dispersion
for ¢y, in the 1st layer.
TR s W 1 1 :
C$n C*u [ l+(l/¢n0-’n)w ¢n X.’f’n Sﬁn Xqu
: C*nmzhcatkn ; Caﬁwxu_c:i:n }
HodxDx (e St paxD X O,
1
X1 :|>< At (8)
for Cy, in the n-th layer.
S +1 = 1 ¢
(co+ X R X 4t) X DL <))

for C, in the overlaying layer.

where OP: O-P (mg/g), IP: I-P (mg/g), €y interstitial PO, P (mg/l}, C,: over-
laying PO-F (mg/l), v: O-P decomposition rate (mg/g/day), DS: O-P settling
rate (1/day), DSL: bioturbance coefficient {(m?/day), D: PO,—P dispersion coefficient
(m?/day), &: interstitial water ratio in dry sediment, ¢: void ratie, «: allocation
coefficient (g/1), H: layer thickness (m). The superscription and subseription of each
variable denocte the time stage and the layer, respectively. The fourth term in the
right hand side of Eg. (%) implies the release rate expressed as:

Cuw— Cxy

R=—-¢'X Dx——= s

%1000 (mg/m?%/day) C10)
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2,5 Prediction of the improvement effect of the sediment freatment on seawater
guality and nutrient release rate

(1) Prediction of the effect of sediment treatment on seawater guality

The model stated above was calibrated to several bays and found fo be
practical’)®, By using this model, the following simulation is carried out with
respect to predicting the effect of sediment treatment on the seawater quality in
Kure Bay. The computation area covers about 20 km in the east-westward and 30 km
in the north-socuthward as shown in Fig. 8, and is horizontally divided inte 500 mx
500 m grids. The number of the vertical layers is basically three: 5m in thickness
in the upper layer and 5m in thickness in the middle layer. Howsever, in the zone
where the water depth does not exceed 5m, the middle layer and the lower layer
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Fig. 3 Computational Area (arrow and number show
the points of external load injection)
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Table 2 Computational Conditions to the Present State of Kure Bay

Item Value
layer thickness upper layer: 5 m, middle layer: 5m
growth rate (1/day) 0.489X Eﬁﬁ?—fﬁgto the upper layer
O-P decomposition rate (1/day) upper (.04 middle 0.04 lower (.04
COD decomposition rate (1/day) 0.014 0.014 0.018
DO uptake rate by decomposition (mg/m?*/day) 0.078 0. 078 0. 067
Q.P settling rate (m/day) 0. 284 9, 264 0.792
COD settling rate (m/day) 0. 325 0.325 0. 650
DO uptake rate by sediment (mg/m*/day) from 350 to 1000
COD release rate (mg/m?/day) from 44 to 49
PO4-P release rate (mg/m?/day) from 7 to 33

dilution coefficient 0. 959
boundary treatment however, DO fixed 8 mg/! in the upper and the

middle layers, but 6. 0 mg/[ in the lower layer

effluent load from 27 points
about 67 t/day of COD, and 2. 8t/day of T-P

COD conversion ceefficient 71.0

DO conversion coefficient 143

reaeration (1/day) 0.1

dispersion coefficient (cm®/s) 10*

upper layer middle layer lower layer
O-F 0.04 Q.04 0.04
initial value (mg/l) PO,P 0.0 0.0 0.0

COD 1.4 1.4 1.4
Do 8.0 8.0 6.0

time increment 720 second

computation time for 120 tidal repetetion

disappear, and in the zone where the water depth is more than 5m but less than
10 m, the lower layer disappears. The seawater circulation which displays the great
influence to the seawater quality in the bay is determined by the three layer model.
The values at open boundaries are obtained by the precedent computation in the
greater grid of the wider avea. The target of the seawater quality is obtained by

processing field data observed by the local government for July, August and September
in the past five years.
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The total external loads in the computational area are, COD 7.31/d, POP
041t/d, O-FP 0.1t/d, respectively. The release rates of PO~P and COD from the
sediment are determined by the function of temperature, DO and the sediment
properties. Consequently, the PO,P release rate distributes from 7 to 33 mg/m2/4d,
and COD from 44 to 49 mg/m?/d. The parameters applied to the model are mostly
obtained by laboratory tests and field surveys, and are shown in Table 2. In general,
the simulation result of the water quality distribution agrees well with the target.

Sediments containing COD greater than 30 mg/g-SS in the surface layer are
distributed almost all over the bay. The COD content in the sediment here is
comparable to that of inner Tokyo Bay or Osaka Bay.

As one of the sediment treatments in Kure Bay, the capping methed is in-
vestigated for the area about 300 ha near Kure City as shown by hatching in Fig. 3.
The release rate in the treated area is assumed to be zero in this simulation.

The COD variation in the upper layer is shown in Fig. 4 on the basis of the
corresponding COD in the present condition. The greater negative values in Fig. 4
imply the greater improvement of seawater guality due o sediment treatment. The
balance of the improved seawater fo the present seawater is about 0.2 1o 0.3 meg/l
in the sediment treated avea, and decreases away from the treated site. The COD
in the middle layer and the lower layer display the same features as the upper
layer. However, the improvement of PO,—P and O-P is very small and does not

\S'Iiroshimu m \b-lér'oshima

L]
T
0O (mg/t)
UPPER

Fig. 4 COD and DO Improvement (COD: upper, DO: lower)
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appear to the magnitude of 10%mg/l. On the other hand, DO increases by about
1mg/l around the treatment site in the whole layers; and is especially greater in
the lower layer. This means that the DO uptake by the sediment is decreased by
capping with clean materials.

Generally speaking, the improvement effect of such sediment ireatment on the
seawater guality is unexpectedly small.
(2) Prediction of the effect of seabed sediment on the release rate

The seabed sediment model stated at the previous section is also applied to the
data for Kure Bay. According to the observation data for a eerfain point in the
bay, the PO,~P release rate is about 10 mg/m?/d in the period from June to October
and about 5mg/m2/d or less in the winter, and about 2 g/m?/year. The vertical
distribution of T—P in the sediment is higher in the layer within 30cm in depth
from the bed surface and almost constant in the deeper layer. The vertical distribu-
tions of O-P in the sediment and interstitial PO,~P also display a similar profile.
However, the I-P content in the sediment is nearly constant throughout the layer.
By using the above data and constants listed in Table 3, the vertical distribution of
nutrients in the sediment is simulated by the inerement time of 0.1 day. Figure 5
shows the simulation resulis of the calculated T-P, O-P, I-P, interstitial PO P,

Table 3 Computational Conditions to the Capping

Item Value or function
correspond to the accumlation
rate of 0.67 cm/year for the
Settling rate 5. 4 g-85/m?/day sediment of water content
0. 756 and unit weight 1. 21 g/
cm®
1.7 mg-P/g-S5

Phosphorus in settling { O-p 72% (1.22 mg-P/ig-SS)
LP 28% (0.48 mg-P/g-88)

thickness of the

correspond to one year
surface layer

0.7 cm accumlation

decomposition rate of | rp=0.023% (0-P/88—0,61)x 1. 077~ .
the fresh sediment (mg-P/g-55/day) T : water temperature (°C)

rs=0. 0012 (O-P/SS—0, 31) X 1. 077 %
for 0. 7~5cm layer

?ﬁgoﬁggggiosgdgﬁznzf 7=0. 00091 X (O-P/55~0. 31) % 1. 077"® | T : water temperature (°C)

(mg-P/g-S5/day) for 5~10cm layer
75=0. 00025 % (0-P/8S—0. 31) x 1. 077
for the lower layer

DO : the overlaying DO
allocation factor 22, 3% 0. 717291, 027-% (g/) concentration (mg/)

T : water temperature (°C)

T : water temperature {C)

correspond to 1, 1X10™%cm®/s
for T=25T

dispersion coefficient 9.9x107*x 1, 037°% {m?*/day)

correspond to the fully mixing
bioturbation coefficent | 3.4%107® (m?/day) of 15cm thickness for four
years
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Fig. 5 Calibration of the Sediment Model

PO,-P release rate and the corresponding observed values. The calculated values

agree satisfactorily with the observed wvalues,

This model is again applied to the prediction of the effect of capping with
clean materials on PO,—P release control. On the capping simulation, the following
items are considered as the conditions which vary with the sediment treatment:

i) the capping is carried out by clean material overlaid on the existing seabed sedi-
ment, and the thickness of the material is 30 em.

ii) the existing sediment is consolidated by the load of the material. The interstitial
water in the sediment is reduced by this consolidation, but the interstitial PO ~P
is conservative.

i) the substances deposited after eapping is contained in the pore of the material
until the pore is filled entirely with the substance, and is then deposited on the
material,

The variation of the porosity (¢') and the water content (#) due fo the con-
solidation is modified in consideration of the difference of the unit weight beiween
the material and the sediment. The grain size accumulation curve of the material
and sediment are shown in Fig. 6.

The computation results concerning the release rate are shown in Fig. 7.
According to these results, the PO,—P release rate is controlled in the lower level
for the first five to eighteen years owing to the capping effect, and gradually in-
creased as the sediment pore is filled with the deposited substances. The release rate
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keeps nearly constant values over 22 years.

For the present investigatiorn, the release-cut-off due to capping is very effective
for the first fifteen years. However, the effect is reduced if the settling rate from
the seawater keeps constant with the present rate,

8. Numerical Modeling of Heological Processes

3.1 Evaluation of the effect from ecological aspecis

As stated in 2.5, the apparent effect of the sediment treatment on the seawater
quality is very small because of dilution and dispersion due to seawater circulation.
This means that a huge scale of the treatment, such as the capping all over the bay,
is required for attaining a clear effect on the seawater quality. This also means
that a huge cost is reguired. However, such. a hupge scale freatment is almost
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Fig. 8 Field Experiment Sites in Kure Bay

impossible to be carried out in a short period from the viewpoint of technological
and economical reasons. Thus, another evaluation methodology should be found
for the recognition of the necessity of reasonable treatment, and an ecologieal
approach is often helpful.

The Third District Port Construetion Bureau, Ministry of Transport, is carrying
out a field investigation on the recovery of sea animals around the seabed treatment
site in Kure Bay (see Fig. 8). The treatment was carried out twice; in October
to November in 1979, and in July to August in 1980. The treatment is by ecapping,
and the area was 1.92 ha and 0.5 m in thickness for the first one (Site A), and 4.48 ha
in area and 0.83m in thickness (Site B), respectively. The benthos was observed
inside and outside the treated sites for about four years after the freatment.
Figure 9 shows the observation results for the benthes. According to Fig. 9, the
number of benthos is less in summer both inside and outside the treatment sites.
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Fig. 9 Seasonal Variation of Benthos' Population inside and outside the Capping Sites

However, in the season from autumn to winter, the number of the benthos inside
the treatment sites obviously increases and exceeds that of the outside.

The obvious sensitivity of the sediment treatment to benthos ag shown in this
observation is quite courageous for the development of new criterion, and the
development of the new prediction model is required for this reason.

3.2 Assumptions

The seawater and related environment are described in Fig. 10. The seawater
guality is affected by the process as the external load, the release from the bottom
sediment, the internal production by marine organics, biological activities, the sea-
water circulation, and the seawater exchange with the outer seas, Among these
processes, the biological activities of zooplankton, benthos, periphyton, fish, ete. are
neglected in the previous model. However, the contribution of these activities to
the nuirient cycle in the seawater and the sediment is not always negligibly small,
especially in the period when the temperature rises and all biclogical reactions
become active. Organic substances in the seawater and the sediment are decomposed
by the bacteria. The respiration by phytoplankton, zooplankton, benthos and fish,
the extraeellular secretion by phytoplankton, the death, and feeding and excretion
by sea animals are all important processes in the marine nutrient cycle. The new
model is developed from this standpeint.

The following items were assumed in configuring the model.
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Fig. 10 Natural Ecosystems

i) the new model is built on the basis of the previous nutrient cycle model,

ii) the nuirient cycle between seawater and sediment is treated in the same system
by assembling two models of the seawater system and the sediment system.

iii) the computational area iz horizontally homogeneous but vertically stratified;
with eleven layers in the seawater and seven layers in the sediment.

iv) compartments of the model are phytoplankton, zooplankton, oyster, detritus,
dissolved organic phosphorus, inorganic phosphrus.

v) the nuirient cycle processes are growth, secretion, feeding, excretion, decomposi-
tion, respiration, death, and fish catching as biological processes, and advection,
dispersion, settling, external load and release as non-biological processes.

vi) the effect of the sediment treatment on the seawater is estimatied by the cut-off
rate of release and the reduction of the DO uptake rate due to the decrease of
T-P in the sediment.

vii) the effect of the sediment treatment on the benthos is estimated by the
reduction of the death rate of benthos due to the inecrease of sedimental median
diameter.

3.8 Tormulation of basic equations

Based on the above assumptions, the new nuirient cycle model can be formed.
Figure 11 shows the muiual relationship between each compartment.

For convenience, the bagic eguationg to the seawater system are explained in
section different to that of the sediment system.
{1) Seawater system

3-IPh __

n (photosynthesis) + (decomposition of DOP)

(decomposition of detritus)
(excretion by zooplankton)
(exeretion by oyster)
(excretion by benthos)

++ + +
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(excretion by fish) -+ (release)
(external Joad) 4 (vertical dispersion)
(respiration by phytoplankton)
(settling) + (vertical advection)
(horizontal advection)
=By Poh+ B DOPZ+ By DBy Z+h
+ By +Bis* B+ By F+ Bas+ RIN:»
K (TP 1 =2+ IPyu - IPas1)/ R Bs Pei— Bs+ (TP —IPn-1)
+ QZy IPH - QF e« IP¥ (O« AK-IP— Qour.TP) 1w

for PO~P (IP).

+ o+ + o+

DR o_ .

5 (decomposition} — (dissolution) — (settling)

(death of phytoplankton)

(death of zooplankton)

(excretion by zooplankton)

(feeding by zooplankton)

(excretion by oyster)

(feeding by oyster) -+ (vertical dispertion)
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B13‘D'k—KD'B;3'D'k'“Blz'(Du—Dn—[)'l'Bz'P'h
+ Bu+Zht By Z+h =y Bet 2+l Bs
s Bur+ RINp+ K (Doy =2 Dot Dasn/
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for detritus (D).

9-DOP+k_

= {secretion by phytoplankton)

+ (dissolution of detritus) —{dissolution)
+ (externa] load) 4 (vertical dispersion)
+ (vertical advection) + (horizontal advection)
=ByP it Kp* Bis* Do~ B+ DOP b+ RINpg»
+EKe (DOPy—~2+ DOP,—DOPur )k
+QZn DOP¥ — QZn1» DOPF+{Qm, » AK» DOP—QouT,* DOP)

for dissolved organic phosphorus ( DOP).

8 D0-h_

5 (photosynthesis) — (respiration by phytoplankton)

(respiration by zooplankton)

— (respiration by oyster)— (respiration by benthog)

— ({respiration by fish) — (uptake by DOP decomposition)

— {uptake by detritus decomposition)

<+ (reaeration) — (uptake by the sediment)

-+ (vertical dispersion) - (vertical advection)
&KPI-Bl-P-kme-B.;-P-hmBg-Z-k—gﬁL

“B]?'B—Bza'F—Kom'Bu'DOP'k

— Kp1* Bia* D h+ BAKI-(HOWA—DO) — Bas

+KZ'CDO:1-1 _Z'DOn+I+DOn+l)/k

+ 07, DO — Q7,1+ DOM* - (N » AR DO—QouT.- DO)

for DO.
Pk

{photosynthesis) — (death) — (secretion)
— {respiration) — (grazing by zooplankton)
— {feeding by oyster) + (vertical dispersion)
+  (vertical adveetion) + (horizontal advection)
=B+ Prh— By Pefi By i— By + Pl
_._13__.3 -Z-k——ﬁ——-B
P+D ¢ PLD+Z ¥
+K2'(Pﬂ—l""2Pn+Pn+l)/k
F @ PH —QZn» P¥ L (QN,» AK P— QouT, P)

for phytoplankton ( P).

8-Zhvi_
ot

(grazing of phytoplankton) -+ (feeding of detritus)
— (urination) — (excretion of faeces)
— (death) — (feeding by oyster) + (vertical dispersion)
- (vertical advection) -+ (horizontal advection)

- P - - 4----D_. - L] e L] - — . -
—-P;—D-Bazlz+P+DBaZk By Zeh—Byr Zeh
"‘Bm'Z'k “ng'Bzi"}'Kz(Zn—l"2‘Zn+Z‘n+I)/h

Q2 2% — Q71 Z¥+(QiNa AR Z— Q0UT, 2D

for zooplankton ( Z).
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where,
h :  layer thickness
AK : dilution factor at open boundary

RINe : effluent load of PO,-P
RINe : effluent load of POP (particulate organic phosphorus)
RINnop @ effluent load of DOP (dissolved organic phosphorus)

Kz : vertical dispersion coefficient

Ky : ratio of detritus dissolution to its deeomposition

BAKI : reaeration coefficient

Kop : ratio of DOR/TOD

Knm : ratio of TOD/P in detritus

HOWA : saturated DO in the 1st Iayer

Qrxen : horizontal inflow mass balance of seawater in the n th Iayer

Gour : horizontal outflow mass balance of seawater in the » th layer

Q= :  vertical mass balance from n+-1 th layer to # th layer (upward positive)
Q7.1 : vertical mags balance from « th layer to n—1 th layer (upward positive)
Ip* : IP¥ =[Py for QZ,=0, IP¥'=IP, for QZ,<0

p¥ 1 IP¥=]P, for Q@Zu1=0, IP¥=IP; for QZ,-1<0

(The similar manner is available for other compartments.)

The underlined terms in the above eguations imply that the treatment of terms
differ with the layer: the external loads are taken into account only in the 1st layer,
oysters are treated at the layers from the 1st to b5th, and the excretion by benthos
and fish are treated only in the lowest layer.

The vertical distribution, the wvertical advection, and the horizonial advection
are treated in whole layers.

(2) Sediment system

ﬂ%_m*;""ﬁm (supply by settling) + (decomposition of detritus)
—  (release) — (outflow)
= B, IP 4+ the seabed sediment model an
for PO-P in the sediment { IPg).
i‘%i'—'li= (supply by settling) — (feeding by benthos)
+ (excretion by benthos) + (death of benthos)
+ (excretion by fish) + (death of fish)
—  {(decomposition) + (bioturbance) — (outflow)
= Bip* D= By* Dp~} Bis+ B Big» B~ B2+ F'
-} Bag- F--the seabed sediment model {as)
for detritus in the sediment ( Dgz).
%?_—_- (feeding of detritus) — (excretion of faeces)
— (urination) — (death) — (feeding by fish)
=B;4'B"‘Bls'B—st'B—Bis'B—Bw‘F (19)
for benthos ( B).
—Eg—r {feeding of benthos) — (excretion of faeces)

— {urination) ~ (death) — (eatching)
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=BIQ'F_BEU'F—BZI'F"’"BzE'F""ani (20)

for bottom fish ( F ).
The seabed sediment model in equations (17) and (18) is identical to the model
stated in 2.4(2).

4. Formulation of Each Process and Fitting of Parameters

4.1 Ecological process

Parameters from B, to B,, appeared in equations (11) to (20) and are mostly
determined on the basis of previous investigations obtained by many researchers.
The function and the value of these parameters are determined for the application
to Kure Bay, as listed in Table 4.

4.2 Physical process
(1) Light

Solar radiation plays an important role in the phytoplankton growth. It would
therefore be desirable to formulate a scheme for the incident solar radiation that
incorporated day-to-day variations. However, for the present model, daily averaged
sunlight at the sea surface (J,) is used by fitting observed data to a smooth average
curve for the seasonal trend.

The illumination at an arbitrary layer (I;) is estimated by the following equa-

tion:
Li=hexp(—k-2) (21)
where
k: extinction coefficient (1/m)
z: vertical distance from the sea surface (m)
The extinction coefficient (k) is estimated by
- 1
loge k=1, 430X T 0. 885 (22)
where

Tr: transparency of the seawater
The transparency is related with the O-P in the surface layer in Kure Bay as
shown in Fig. 12, and formulated into the following equation:

Tr=0. 764X (O-P) 047 (23

(2) Seawater temperature and salinity

Seawater temperature is one of the most influential forces that control physieal
and ecological processes.

The vertical distribution of salinity and temperature related with the stratifica-
tion of the seawater and the vertical dispersion of substances. In the same manner
as for surface illumination, the daily averaged temperature and salinity are formulated
into a smooth average curve for the seasonal trends.

(8) YVertical dispersion
The vertical dispersion is generally promoted in the mixing period during winter,
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Table 4 Parameters, Functions, and Constants of the Nutrient Cycle Model

Parameter Function Value Reference
{Phytoplankton)
Blzﬂms.x'f(ID'f(T)'f(N) Hmex=1, 4(0— 4~2.1) ref, 0%
Jope=1, 7X10*(10%~2, TXx 10° Ryther, J. H. ¥
f(f):.m.].'__.exp(lm 1 ) opt : (‘ - TX ) yther, J
Bi: growth rate Jopt Topt Tope s optimum illumination (1956)
(1/day> F(T)=exp 0. 053(T—18)} (lux) 3rd District Port
FOND = P T: temperature (C) Construction
K tHIP Kt 0.015 Bureau
By: mortality 0.040 (0. 010~0. 10 ref &%
(1/day)
By extracellar 0.130 €0.127~0. 135) Watt (1966)%
secretion
Ba: respiration Bi=0.03exp (0. 0527 0. 025 ref 1
rate (1/day)
Byt settling rate | | o oo oao g ref 19
(m/day) Nakata (1985)'%
(Zooplankton)
Vmex ¢ Maximum grazing rate ref 10
Bo= Vinex+exp E1( T—20)} at 20C (1/day) Nakata (1985)0
* [1—expia(P¥—P—D)}] Vmax=1.4 (1.5~2.5) Adams &
Bg: grazing rate X F(DO) K| : temperature factor Steel™ (1966)
(1/day) DO—1 (=0.0693> Parsons &
f(D(D:m 21 comstant (=8.2) (mg/D™ | | et
L3N —
P*: threshold=0. 0020 (1970)
(0. 0012~9. 0024) (mg/D
By excretion of Bo=(1—a)+B, o : assimilation efflciency ref 19
faeces(1/day) =0 6 (0.5~0.6)
Bs: excretion of By=Ca—r)+B; 71 growth efficiency=0. 21 ref.1?
urine (1/day)
Rmex: maximum respiration
By respiration rate (mgO/mg-P/day)
rate (1/day) By= Rmaxrexp i (T—200} =2.973 Tkeda (1977)'%
K : temperature factor
={. 0693
Bu: mortality | ¢y p yw_q, 5 Bio=0.02 ref 1®
{1/day)

(Dissoived organics)
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Parameter Function Value Reference
Bmax ' decomposition rate

Byt decomposi- | Bi= Buaxrexp(K, T (1/day)=0.005
tion rate «_ Do Ki: temperature factor ref,1®
(1/day) DOg+DO (1/°C)=0. 0693

DOy constant (mg/I)=0.25
(Detritus)

Bia: settlir;gI Shimizu
rate of I.P 0,036 (1985)11)
(m/day)

Bmex: decomposition rate at

Bis: decomposi- | Bis= Bmex exp(Ki1+7T) 0C (1/day>=0.005
tion rate N po K, : temperature factor ref.!?
(1/day) DG+ DO (mg/D=0.07

D@y constant (mg/)=0.1
(Benthos)
Gmax: fesding rate (1/day)
=7.9 (7.9~9. 87
B14= G F1{T) f2{O-P) K.: temperatare factor T | (198
Bu: feeding rate | f1(T)=exp {K.(T—25)} 1/ =0. 0785 ama:
{1/day) OP,—0. 55 . . Yokoyama
fz(O'P):W OP,: O.P content in the (1082)
10 55+ s surface layer of the sediment
{mg-P/g-dry)
K: constant (mg/D=0.30

Bis: excretion of Bis=Bull—a) a: assimilation efficiency Kurihara®
faeces(1/day) =0. 50 {19886)

Bt excretion Yamamote®’
of urine Big=Bula—7t) 71 growth efficiency=0.20 €1972)
{1/day)

Bi;: respiration
rate {mgOz/ | Br=3. 86 exp{0. 0693(T—15)} Ueno {1982)%
mg+-P/day)

(1—D)*3=0,5
D: mortality (1/day)
Bis=max[f1{D0O2, fx(M)]

Big: mortality (1/day) D=0, 0038

(1/day) DO: DO in the bottom layer

0.0038 (Mz1.7)
Fol M)z 40, 02525 M-+0. 04673
(M<1.7)
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Parameter

Function

Value

Reference

M: median diameter of the
sediment
F1(Do)Y=
0. 0038 (3.42D0)
—0. 3646+ D01, 2434
(L.6EDO=3.4)
—0. 4857 D01, 4371
{0.9=DOX1.6)

1.0 (DO=0.9)

(Bottom fish)

B

: feeding rate
(1/day)

1319=Rmax'f1(T)°f2(B)
- Fa(DO)
AT =exp{0. 0503(T—27)}
F(B)=
{1 for B/Fz=10
B/F/10 for B/F<10
J(DO)=
1 for DO=4
{0. 25«00 for DO<4
B standing crop of benthos
F: standing crop of fish

Ruay: maximum feeding rate
(1/day>=0.195

Hatanaka®
Q977>
Ibrev (1979)

Byt excretion of a: assimilation efficiency
facces Boo= B1g(1=a) ={), 882
(1/day>
By : eXCI'f.BtIOIl 71 food conversion efficiency | Kawamoto™
of Ltl’lne Bu=Bula—71) =0, 91 (1966)
(1/day)
Bsa: mortality (1~ Bas)Y =0, 59 Be=0. 0014 ref®?
(1/day>
Bz respiration Kawamoto?®?
rate (g0o/g | Bu=1.47 exp {0. 0693(T—25)} (1965)
+P/day)
Bas: catching Kawameoto
rate (1—Bu)*™=0.657 B2=0.0012 (1966720
ref 2
(Sediment)
Bos: DO uptake Dmex: DO uptake at 18C 3rd District
rates {mg0s/ Bo=D, m;x-exp {E(T—183% (mgQ./m?/day) = 365 Port Construc.
m?/day) (T-P3% Ki: temperature factor tion Bureau
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Parameter Function Value Reference
=0.034
K;: constant=0, 299
T-P: T-P content in the
sediment (mg+P/g-dry)

Bag: PO4-P

release rate

{mg/m*/day)

(Oyester)

By feeding rate 14. 83~221. 84

(kg-P/day)
Bas: excretion 2. 69~155, 45

of faeces

(kg-P/day) saasonal
Bay: excretion of 8. 20~ 58.82 variation

urine

(kg-P/day)
By catching 0~ 37.42

(kg-P/day)
B3, : respiration | Ba=(TOD/F}X Bay TOD/P=146,6

(kg-P/day)

TR transparency

(m}

0
0.00

TR=0764x (0-P) 0473

001 002 003
O-P in the surface layer (mg/i)

004 005 006

Fig. 12 Relation between O-P in the Surface Layer and Transparency
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Fig. 13 Seasonal Trend of Seawater Density at Surface and That of
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and weakened in summer. The seasonal trend of the seawater density gap at the
depth between the sea surface and the bottom in Kure Bay is greater in summer
and less in winter, as shown in Fig. 18. The vertical dispersion is related with
the density gap, and assumed to vary in reverse proportion to the gap. Con-
sequently, the value of the vertical dispersion coefficient varies from 1.6 em?/s in
December to 0.1 emZ/s in July.

5. Calibration of the Model

5.1 Input daia

(1} Computational area

The newly developed model is applied to Kure Bay. The computational area is
4800 ha and adjacent to the inner bay in the north and Hayase Straits in the south.

The present model is horizontally homogeneous, e.g., uni-segment, and vertically
divided into eleven layers in the seawafer system and seven layers in the sediment
system as shown in Fig. 14. The layer thickness in the seawater is 2 m each. How-
gver, in the sediment, the layer thickness varies to increase correspondingly with
the depth.
(2) Tidal circulation and exchange

The interaction of the local tides, river flows, winds, and geography affects the
dynamies of the ecological systems in many bays. However, in the uni-segment
model, the inflow and the outflow to the system and the vertical mass transport of
seawater have significant implication. These values are determined, as shown in
Fig. 15, by the simulation results, which have already been obtained on the previous
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investigation as stated in 2.5(1).
(3) External loads of PO,—P, dissolved O0—P and detritus
The external loads of PO,—P, dissolved O-P and detritus are respectively
summed up to those within the computational area. Consequently, these values are
estimated as:
the external load of PO~P (RINy) 0.129 t/day
the external load of dissolved O-P (RINgp) 0.089 t/day
the external load of detritus (RIN,) 0.089 t/day
These loads are given to the surface layer of the seawater in the model.
(4) Target
The target of the phosphorus to the present simulation is determned on the
basis of the observation data for several years in Kure Bay. PO,—P, DO, total
phosphorus (T-P) and chlorophyl & (which is contained only in the phytoplankton)
are determined by averages of the data obtained at 2m and 20 m below the surface
from 1983 to 1986. The phosphorus in the phytoplankton is estimated by multiplying
the phosphorus-to-chlorophyl o ratic (=1.8 mg-P/mg- chl-g) into chlorophyl ¢. The
phosphorus in the zooplankton is estimated by multiplying dry-weight/wet-weight
ratio (=0.15) and phosphorus/dry-weight ratic (=0.006) into the dry-weight of
zooplankton. In the same manner, the phosphorus in the benthos is estimated by

=
) Ist tayer (0O~ 2m)
2nd layer (2~ 4m)
3rd layer (4~ 8m)
g 4th tayer (&~ 8m}
:,’, 5th layer ({8 ~10m)
. 6th layer (10~i2m)
hat t
- b L}
1 | ‘
o i ;
$ ] ]
| ] = ;
: :
] | : !
i 1
] [ : :
! i
I1th leyer (20~22m)
Ist {0 ~ 0.7cm)
2nd (0.7 ~ 5cm}
£ 3rd (5 ~10cm)
bt i 21 ath {10~I5¢m)
w
;‘ // 5th {15~30¢cm}
b / &th {30~45¢cm)
(L)
E Tth (45~60cm)
[2]
[':)

Fig. 14 Vertical Partition of Seawater and Sediment Systems
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x10% m¥/Itide

{st layer '—:>I9.23O 1. 764 _;!;_—-:»20.994
2nd tayer %19.230 ,3.528 —:~20.994
3rd layer -%19.230 * 5.292 -':”20.994
4th tayer -:*3"]9.230 1?.036 %’20.994
5th layer —;’19.230 :8.824 —;’20.994
6th fayer g 9,572 7.353 -—'~8.IOI
71h layer —:l> 9.572 :5.883 '-;'B.IO[
8th loyer -;r 9.572 4412 —Ib 8. 101
9th ftayer —jlr 9.572 1'\2.94I -I:-B.lot
10th layer ~:> 9.572 ' 1.471 %B.IOI
11th lavyer ~Ib 9.572 ' —:» 8.101

R e

— . upper layer
--=~middle Eayer
--= lower layer

Higashinohmi
Island

Fig. 15 Seawater Mass Balance among Each Layer

multiplying the dry-weight/wet-weight ratio of prionospio pinnele (=0.18) and
phosphorus/dry-weight ratio (=0.0084) into macrobenthos. Some of the above targets
are shown in Fig. 156 to Fig. 21,
(5) Initial values

Tnitial values of the seawater quality and the sediment are given as listed in
Table 5. The initial values of PO,~P, DO, phytoplankton, zeoplankton and benthos
are determined on the basis of the data obtained in winter observation. Imitial
values of O-P, I-P, and interstitial PO,~P in the sediment are obtained from the
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Table 5§ Initial Values

Item Value Based on
(Seawater)
P0,.P average with respect to total depth
O 0.02mg/l from Ist to 11th layer | " 5=,
detritus 0.007 mg/! from 1st to 11th layer | detritus: phytoplankton=1:1
DOP DOP=TP-—PQ;-P~detritus-—phyto-
&) 0.004 mg/i from lst to 1ith layer plankton—zooplankton
DO 9.0 mg/t from lst to 11t layer | 2Verage with respect to total depth
phytoplankton 0,007 mg/! from 1st to 5th laver ;)rlfs‘irl:giéirvalue in the uppper layer
zooplankton 0.002 mg/l from 1st to 11th layer | observed value in winter
(Sediment)

P in benthos

30 mg/m® in lst layer

observed value in winter

P in bottom fish

3.57 mg/m® in 1st layer

catching amount of bottom fish/
catching efficiency/10

lst
layer 2nd 3rd 4th 5th 6th Tth

0O-P in the sediment
(mg/g)

0.57 0.56 0.55 0.55 0.43 0.31 0.31

L.P in the sediment
(mg/g)

0.28 0.28 0.26 0.26 0.26 0.26 0,24

interstitial POy-P

0.03 1.17 0,91 1.00 1.09 0.91 0.7%

simulation results by the sediment
model

(mg/D
time increment

1 hour calculation stability

repetation time needed to reach a

for five years certain trend of seasonal variation

calculation time

result of the seabed sediment simulation described in 2.4(2).

5.2 Results

By using the developed model and the obtained data, the simulation was carried
out with a time increment (4t} of 1 hour. Most of simulated variables are found to
have their own seasonal trends over five years. Figures 16 to 21 show the simulation
results with the corresponding observed values, in the surface layer and the bottom
layer, except for Fig. 21. According to these results, the caleulated PO,~P generally
agrees well with the observed values, especially those in the bottom layer through
the year, but from September to December, half or less in the surface layer. Contrary
to PO,~P, the caleulated O~P values are about twice of the observed values. The
caleulated DO genervally agrees well with observed values both in the surface and
the bottom and the calculated phytoplankton in the surface layer are higher than
the observed values from August to February (about twice or more), and about one
half in June. Some biologists may insist that the significance of the peak value of
phytoplankton because this peak value, called ‘spring blooming’, may make a great
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Fig. 20 Calibration of the Model on
Zooplankton

contribution to the nutrient cycle in the bay. For this sense, the calculated phyto-
plankton in June is about one half of the observed one and is so small that it should
be modified as to increase. For the zooplankfon, the calculated values agree well with
those in summer, but are almost twice of those from September to June. Calculated
values for benthos in the sea bed are greater than the observed values, except for
June and September and the observed values for henthos are greatest in June, and
have almost the same trend as phytoplankton.

5.3 Sensitivity analysis

Of the many coefficients and parameters used to specify the rates and interactions
in the developed model, only a few may be assigned numerical values with a high
degree of certainty, and any of them will be more or less influential to the nutrient
cycle in the whole system. This uncertainty is not avoidable if one considers the
large amount of biological, spatial, and temporal variability that is characteristic of
naturai systems. In addition, there are numerous technical diffieulties that one
encounters when trying to estimate ecological processes in the laboratory or in the
field. For these reasons, the choice of any one value for a coefficient may be
questioned. When one tries to perform reasonable modification for the values used
in the standard run, one is also careful fto find out how sensitive the simulation is
to those particular choices. The procedure of varying coefficients, functions, or initial
conditions not only provides insight into the behaviors of the model, but into the
more complex natural system as well.
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Phytoplankton
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Fig. 22 Sensitivity Analysis (Phytoplankton)

Thus, a series of sensitivity analyses are carried out by varying such coefficients
as the vertical dispersion coefficient (K.), the settling rate of detritus (By.), the
dilution factor (AK), the reaeration coefficient (BAK), the external load of PO.P,
POP, and DOP (RINp, RIN,, RINpyp), the growth rate of phytoplankton (K.}, the
the grazing rate of zooplankton (B}, the mortality of zooplankton (B,,), the feeding
rate of benthos (B,,), the feeding rate of bhottom fish (B,;), the standing crop of
oysters, and the mortality of oysters (B,g).

The above coefficients are varied with the range from one half to twice to those
of the standard run. The relationship between the standing crop of compartment and
varied coefficients, normalized with those of the corresponding standard run, are
shown for phytoplankton, zooplankton, benthos, and bottom fish in Fig. 22 to Fig. 25,
respectively. From the above comparisons, the hiological compartments like zoo-
plankton, benthos, and bottom fish are seemed to be very sensitive to coefficients or
parameters in the model. To conduet a successful solution for the ecolegical analysis,
the modification of coefficients, parameters, functions, or numerical constitutions of
the model should be carried out with the deep consideration of the above sensitivity.
Fortunately, such intense sensitivity of the compartments gives us the encourage-
ment for improving the biological aspects of the marine environment.

6. Concluding Remarks

A numerical ecosystem model is needed as a tool for predicting the response
of natural systems to environmental improvement works of various kinds. Such
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Fig. 23 Sensitivity Analysis (Zooplankton)

applications may be useful, but the results vielded must be interpreted with a deep
understanding of the natural systems for there are still many difficuities between
model systems and real ecosystems at the present stage of development of numerical
techniques. In this sense, the model developed here is only the beginning, and cpens
to future development. The author intends to improve the model through future
investigations and to respond to the demand for a tool for the prediction of natural
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ecogystems.

The main items clarified in the present investigation are summarized as
follows:
1. The numerical model generally plays an important vole in compensating for

the demerits of laboratory tests and field experiments, but the reliability of
the model depends on the certainty of the data obtained by laboratory tests
and fleld experiments.

Nutrient eycle models, which treat the mutual nutrient budget between inorganic
and organic substances, is formulated to such a simple relation as growth and
decomposition.

The nutrient cycle treated by only phosphorus is applied to the present investi-
gation for the reason that phosphorus is a factor limiting the nutrient cycle
in eutrophic bays.

The apparent improvement effect of the sea-bed treatment on seawater quality
is unexpectedly small because of advection and dispersion due to seawater
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Fig. 25 Sensitivity Analysis (Benthos)
circulation.

The release-cut-off by the capping is predicted to be very effective for the
first fifteen years, but is reduced fo the present rate with the elapse of time.
The field observation proves that the population of benthos inside the treatment
sifes obviously increases and exceeds that of the oufside, in the season from
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autumn to winter.
The new nutrient eyele model iz built by assembling two models for the sea-
water and the sediment systems, which consist of compartments for phyto-
plankton, zooplankton, oyster, detritus, dissolved organic phosphorus, and in-
organie phosphorus.
According to the calibration results of the model, the seasonal trend of PO-P,
DO agrees well with the observation data, and the standing crop of phyto-
plankton and benthos is the agreeable value, but the phytoplankton observed
around June ig not well reproduced. The caleulated zooplankton exceeds observed
values from Descember to February.
The biclogical compartments like zooplankton, benthos, and bottom fish are
very sensitive to coefficients or parameters in the model.
The intense sensitivity of the compartments implies the high possibility to the
marine environmental improvement in biological aspects.

{(Received on November 11, 1987)
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