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Abstract

Princeton Ocean Model (POM) and eutrophication model (NEUTRO) are utilized to predict
hydrodynamics and eutrophication processes in Singapore Straits. Accurate bathymetry of Singapore
Straits is computed with the developed 2-D interpolation algorithm. The hydrodynamic modelling
strategies with respect to the sloped tidal forcing boundaries, monsoon effect, vertical salinity and
temperature stratification are presented. The output of the hydrodynamic model POM is coupled with
the input for the water quality model NEUTRO using file interface. NEUTRO considers eleven state
variables, including nitrogen, phosphorus, phytoplankton and zooplankton, dissolved oxygen and
suspended matter. The baseline concentrations are obtained from the field measurements using
statistical analysis . The model is calibrated to reproduce observed dynamics of the nutrients. The
hydrodynamics and water quality models can be used to predict impact of coastal development and
technogenic spills on marine environment.

Keywords: POM, bathymetry interpolation, tidal forcing, hydrodynamics, eutrophication,
plankton dynamics, water quality simulation.

1. INTRODUCTION

Rapid economic development in coastal zones
usualy involves large-scale land reclamation,
construction of port and harbour facilities, and
other changes of coastal line, which may cause
alteration of local equilibrium circulation patterns.
Land reclamation of the Singapore coast has started
since the mid-1960s and intensified in the 70s. The
reclaimed land modified southern coastline of the
mainland, as well as some of offshore islands.
Numerical model is the useful tool to predict
conseguences of coastline changes on circulation
currents. Development of numerical hydrodynamic
models for Singapore Straits has started since the
90s. Two-dimensional models were developed by
Cheong et a. (1992) and aso Shankar et a. (1997).
In recent years, developments were also made on 3-
D hydrodynamic models (Chao et al., 1999; Zhang
et a., 2000).

Urbanisation of coastal zones often leads to
increase of waste discharge into the aquatic
environment. Even though seawater has some
natural purification capabilities, extra loading of
pollutants may deteriorate the water qudlity,
causing eutrophication and adverse toxic effects on
marine ecosystem. The combined effect of
pollutant and nutrient load may cause outbreak of
harmful algal bloom and loss of natural habitat.
There are several commercial and research codes
available for eutrophication modelling. WASP
eutrophication model (Ambrose et a., 2001) can be

used to analyze a variety of water quality problem
in such diverse water bodies as estuaries and
coastal waters. The equations implemented in
WASP were derived from the Potomac
Eutrophication Model, PEM (Thomann and
Fitzpatrick et al., 1982), and are fairly standard.
WASP is the box-type model, which utilise space-
averaged nutrient fluxes instead of three
dimensional advection-diffusion mass transport.
Plankton and nutrient concentration depends on
variation of light, vertical stratification and current
gtructure of water column; therefore, the box-
integrated approach is less accurate compared to
the full 3-D models. The influence of these
parameters can be significant in the vicinity the
shoreling, where surface runoff and freshwater
river discharge tend to develop layered structuresin
the water column.

A number of three-dimensional eutrophication
models have been developed for temperate waters.
A comprehensive model, developed for the
Chesapeake Bay (Carl et a., 1993,1995), couples a
water quality module with the three-dimensional
hydrodynamics and benthic processes. Ecological
North Sea Model Hamberg (ECOHAM1, Andreas,
M. 1997) is a 3-D numerica model to quantify the
regional productivity on an annua basis. The
model utilizes a simple phosphorus cycle, takes
into account only two pelagic variables
(phytoplankton and phosphate). The three
dimensional flow and water quality model (EIA 3D)
by Kuusisto et al. (1998) was used to simulate
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phytoplankton biomass and dissolved nutrient
concentrations in the Gulf of Finland. The model
considers 4 date variables like dissolved
phosphorus, dissolved nitrogen, total
phytoplankton biomass in wet weight and detritus
biomass. In the model transport of nutrients is
based on calculated wind and river-flow induced
currents calculated with the 3-D baroclinic model.
To accommodate the spatid and tempora
variahility, the proficient kinetics of WASP model
sometimes is combined with the 3-D advection —
diffusion contaminant transport module, as it is
done by Gin and Tkalich (1998) in NEUTRO
model. This approach was later utilised in Zhang et
a’s (2000) model.

Current version of NEUTRO takes into account
the nitrogen, phosphorus, carbon and silica cycles;
phytoplankton and zooplankton dynamics;, and
dissolved oxygen balance. Advective velocities and
eddy viscosity parameters are computed using the
Princeton Ocean Modd.

2. ACCURATE BATHYMETRY MAP

Due to the intensive reclamation work in Singapore
coastal areas, bathymetry map requires constant
update. The available data, originally designed for
navigation purposes of are often given in the form
of irregularly distributed points or contour lines,
which have to be interpolated on computationa
grid to be used in the numerica models. A 2-D
interpolation agorithm has been developed to
obtain accurate and up-to-date gridded bathymetry
of Singapore Straits.

Interpolation technique. The interpolation
algorithm utilises 3 irregularly spaced origina data
points to find the interpolated value in the target
point (grid-node). The data points form a triangle
which encloses the target point, as shown in Figure
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Figure 1. Three data points form a triangle that
enclose the target point.

If coordinates (X, ¥)a g c and depth (2)a g c of the
data points A, B, and C are known, the depth z; of
the target point T with the coordinates (x, y) can
be obtained by solving the equation of plane

Xp= Xy Yr=Ya Zr- 24
Xg- X, Yp- Vs Zp-Z,=0. (D

X~ Xg Ve~ Va4 Z2c™ 2y
Simple trigonometry considerations are used to
determine whether the 3 points A, B and C enclose
the point T, such that if gag is the clockwise angle
between the line AT and BT, then if gac > Qag,
Quz < 180° and qyc > 180° (2
and vice versa.

To make the agorithm more efficient, the
original points are grouped according to their
geographical location and a distance to the target
point. Only data points within the user-defined
distance are used for the interpolation. If no set of 3
points satisfy the enclosure of triangle criteria,
more groups within a longer distance from the
target point are called upon. The process continues
until the reguired 3 points are found or a user-
defined maximum range is exceeded. The linear
interpolation algorithm is chosen over nonlinear
ones because it would aways produce reasonable
estimation, even in region of highly uneven depths
where most nonlinear methods overshot or
undershot. To accommodate bathymetry data of
subgrid resolution, such as causeway, narrow
channels, bridges, smal idands and certain
important land geometry, manual node-to-node
editing has been applied.

Three sets of data are used for computation of
the new bathymetry, namely the Electronic
Navigation Chart (ENC) of Singapore, Navigation
Chart 202 (1998) by Maritime Port Authority of
Singapore (MPA) and MPA’ s digital map in isoline
form. The Navigation Chart 202 (originaly in a
paper form) was digitised into ASCII format using
in-house developed Matlab tools. In total, 550,000
pointsin Cartesian co-ordinates are obtained.

Figure 2. Domain of origina data (outer rectangle)
and domain of numerical ssimulation (inner dash-
line rectangle)
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Figure 2 shows the domain of numerica
simulation (enclosed by smadler dash-line
rectangle). The domain’s size is 110 km east-west
and 61 km north-south; and the interpolation grid-
size is 250m x 250m, resulting in a total of 50,000
target points. The results are then averaged to
obtain the 1km x 1km bathymetry used for test
simulation.

Resulting bathymetry map. Figure 3 shows a
typical target point (marked by the cross) with 4
enclosing triangles found. Figure 4 is a contour plot
of interpolated 250m x 250m resolution grid.

Figure 3. A target point with 4 sets of 3 points
(shown as triangles) found.
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Figure 4. Contour plot of the computed 250m x
250m grid

3. HYDRODYNAMICS SIMULATION

The hydrodynamics of Singapore Straits is
simulated using the 3-D Princeton Ocean Model
(POM, Blumberg and Mellor, 1987). POM isa 3-D

free surface primitive equation modd with a
second order turbulence closure model. Originally
used for oceanic scale hydrodynamic modelling,
the model has in recent years been applied to
coastal water problems. The following sections will
outline some important features of the Singapore
water hydrodynamics and the corresponding
modelling strategies.

Tidal currents. Tides in Singapore are the results
of tidal generation in the South China Sea and
Northern Indian Ocean. Tida waves are semi-
diurnal and travel mainly in the eastern and western
directions. Prescribed tidal elevation values at the
open boundaries (Figure 5) ae wused to
parameterise the tidal forcing in the model.
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Figure 5. Open boundaries of the hydrodynamic
model. The main boundaries are marked with
numbers.

To maintain real-time simulation and forecast
capabilities, the tidal prediction software Total Tide
(http://www.ukho.gov.uk/total_tide.html) is used to
satisfy the boundary conditions. The program
makes use of harmonic constituents or published
data from the authorities of the respective countries
(Singapore, Malaysia and Indonesia for our case)
for tidal prediction. The harmonic predictions are
available only in certain locations (stations);
therefore, if a boundary condition is falling
between two stations, a linear interpolation of tidal
parameters is used. If there is only one station
nearby and direction of tidal wave is known, the
celerity of tidal wave propagation, Cr, is used for
correction

Cr= (gh)"”, (©)
where h is the water depth, g is the gravity
acceleration. If direction of tidal wave is unknown
or varying, the predicted tidal value of the nearest
station is used.

Monsoon influence. The local climate of
Singapore Straits is influenced strongly by the
Asian monsoon. There are two prevailing monsoon
periods in a year — the southwest monsoon from
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June to September and the northeast monsoon from
November to March. In Singapore Straits the
monsoon currents are significant and found to be
superimposed on the tidal current, as reported by
Tham (1953). The joint tidal studies of 1979
(Indonesia, Japan, Maaysia and Singapore) has
found that the average non-tida streams
(presumably monsoon), passing the southern weter
of Singapore at 10m below water surface, to be
around 0.5m/s during the two prevailing monsoons,
compared to tidal streams of 0.2-2.5m/s (depending
on tidal cycle) at the same location. However,
harmonic prediction of Total Tide does not take into
account the effect of monsoon, and amount of
respective data elsewhere is limited. While
numerical modelling of the Australian-Asian
monsoon is a possible aternative because the
monsoon wind regime is well studied and recorded,
it would require a domain much larger than
Singapore Straits, which far exceeds the scope and
resource of the project. Incorporation of the
monsoon constituent would require much more
field surveys and modelling efforts.

Water Column: Temperature and Salinity. Field
survey of the physica parameters in Singapore
Straits has been reported by Zhang and Chan
(1999). Verticad distribution of temperature and
sdinity is varied dightly along the Straits, and is
shown in Figure 6 for one of the locations.
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Figure 6. The vertical distribution of temperature
and salinity for one of offshore stations in
December 1997.

In majority places, the vertica variation of
temperature is insignificant. Another field survey,
conducted since March 2001 aso shows that
vertical variation of temperature is usually less than
1°C. On the other hand, vertical variation of salinity
can be high aong the inshore region of Johor
Straits and Pulau Tekong. It is believed tha fresh
water discharge from rivers and surface runoff can
be the contributors.

Considering the dominant hydrodynamicsin the
offshore region of Singapore Straits, the

simulations presented in this paper are barotropical.
Vertical mixing due to salinity dratification will be
included a the later stage, as more data become
available.

Sloped boundaries vs. vertical boundaries. Inthe
case of rectangular grid for POM, the conventional
open boundaries are parallel to x or y co-ordinates.
However, such assumption can not be used for
Singapore Straits, where the tidal studies of 1979
show sloped co-tidal lines of the major tidal
constituents as in Figure 7 and 8. The Figures show
co-tidal chart of the dominant M2 and K1+O1 tides
as they enter and leave Singapore Straits. The M2,
K1 and O1 components contribute more than 60%
of the tidal magnitude in Singapore Straits.
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Figure 7. lllustrative co-tidal chart of M2 tida
component.

— K 1+O1 Tides

Q A
/QQ“llso AY ‘2;“ \ @

N

S, * !
fphﬁ";\ b& N vwr'b.é/)}’ ‘A

Figure 8. lllustrative co-tidal chart of K1+OL1 tidal
components.

Thetidal streams at the boundaries are expected
to travel aong the tidal waves, i.e. they aso arenot
paralel to x or y co-ordinates. As such, sloped
boundary conditions are used at the western and
eastern boundaries with orientation of 45° and 20°

respectively.

Simulation results. Simulation was performed for
a 7 days period during August 2002 in a dua
processor SunBlade 1000 system. The 1kmxlkm
grid is used with an external time step of 3 seconds.
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Figure 9. Predicted current ebbing pattern in
August 2002.
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Figure 11. Total inflow (negative for outflow) at
the four main boundaries for 7 days.

The predicted tide-induced current ebbing and
flooding patterns are shown in Figure 9 and 10.
Figure 11 shows the total inflow computed for the
four main open boundaries over 7 days. The figure
indicates that water comes into Singapore Straits
mainly through west and southeast boundaries, and
exit through the east and southwest boundaries.

4. EUTROPHICATION MODELLING

Eutrophication Model Structure. The developed
eutrophication model (NEUTRO) predicts water
quality with respect to nutrients, plankton and
dissolved oxygen, as well as bacteria decay and
other reactive pollutants in water column. The
conceptual  framework for the eutrophication

kinetics in the water column is based on the WASP
model. Seven interacting system are selected,
comprising the nitrogen, phosphorus, carbon and
silica cycles;, phytoplankton and zooplankton
dynamics, and dissolved oxygen balance (Figure
12).
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Figure 12. Schematic of ineraction between
nutrients, plankton and the dissolved oxygen
balance.

Organic
Phosphorus(OP)

The total of 13 state variables are considered
as follows. ammonia (C,), nitrate (C,), phosphate
(Cy), phytoplankton (Cy), carbonaceous
biochemical oxygen demand (Cs), dissolve oxygen
(Cs), organic nitrogen (C;), organic phosphorus
(Cg), zooplankton (Cg), coliform bacteria (Cyo),
total solids (C,;), available dissolved silica (Cyp)
and particulate biogenic slica (Cyg). The
interactions of the state variables are described
mathematically as follows:

dc B C
Fl = Dpanc(l' fon)Ca + k1 QJ1 ZOC7K:C4
) C
- klelz 20C1 K fC - GpancPunsCa
nit 6

+ death +mineralization - nitrification
— growth;
4
dC 2 T-20

— < =k C
dt 12 12 1

Gpan (1 - Pun 3)C4
k
- kZdQ;(;IZOCZ LoNeE
knos + Ce
+nitrification -growth — denitrification;

_Ce
Kt +Cog

a6 G -Ga,C,
dt

k,.+tC, "7

mpc

= Dpapc (1- f;)p )C4 + k83Q;; ZOCB

+death +mineralization — growth;

dc
dt“ =(G, - D,)C,

+growth — death;
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Here Gp =Kk, X gy X g XX gy IS phytoplankton
growth rate; Xgp =0 ° is temperature

b

adjustment factor; Xg =x—>exp§ i +1— .
o

Xi =l glsexp(- K x2)xday , 8=0.1;

is the light limitation factor as a function of
average daily surface solar radiation | and
saturating light intensity 1, fraction day that is
daylight f, depth z, total light extinction coefficient
Ke 1 Xry= mlnl kmncizlficz kmpcicsg is the
nutrient limitation factor as a function of dissolved
inorganic phosphorus DIP=C; and nitrogen
DIN=C;+C, ; Dp=kr(T)+kyg+kg*Cq is
reduction rate of phytoplankton;

Ky (T) = kyy (20°C) >, T~ 2 is endogenous
respiration rate; kiq= death rate representing the
effect of paradtization; k= grazing rate of
phytoplankton per unit zooplankton population;
Cgq = herbivorous zooplankton population grazing

on phytoplankton.

Nutrient Dynamics. Nitrogen is returned from
phytoplankton biomass pool to the organic nitrogen
pools as a result of phytoplankton death,
endogenous respiration and zooplankton grazing
and mortality. Organic nitrogen undergoes settling,
hydrolysis, mineralization and a bacteria
decomposition and the end product is ammonia
(NHs-N) a a temperature — dependent rate.
Ammonia nitrogen, in the presence of nitrifying
bacteria and a a temperature and oxygen
dependent rate, is then converted to (nitrification)
nitrate (NOs-N).  Denitrification occurs under
anaerobic conditions and CBOD decreases due to
stabilization. Both NH; and NO, + NO; are
available for phytoplankton uptake, however, the
preferred form is NH,-N for physiological reasons
but it will utilize NO; for growth as NH,
concentrations become depleted. The ammonia
preference  is described by a  factor

- G éa?cz +G) + Kmn 2
kmn"'(CZ"'Cs)gkmn"'Ol Ol+(c2+03);

There is an adsorption-desorption interaction
between dissolved inorganic phosphorus and
dissolved particulate matter in the water column.
The subsequent settling of the suspended solids
together with the sorbed inorganic phosphorus can
act as dignificant loss mechanism in the water
column and is a source of phosphorus to the
sediment.

Plankton Dynamics. Phytoplankton, the groups of
free floating microorganisms, play a critical rolein
coastal marine ecosystems because they are the
major source of energy for higher trophic levels
and for driving nutrient cycles. They produce
organic compounds and oxygen by consuming
inorganic nutrient using light as energy source via
photosynthesis. The phytoplankton growth relates
to multiple factors, including available nutrients,
water temperature, solar radiation, zooplankton
grazing and tidal flushing. This model characterizes
the aguatic plants as a whole by the total biomass
of the phytoplankton present. So its maximum
growth rate constant is adjusted throughout the
simulation and described as
G, =f (temperature, light, nutrients .

It is assumed that phytoplankton population
follows the Monod Growth Kinetics. Ambient light
levels are a function of time of day, depth and self
shading by phytoplankton themselves.
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Phytoplankton  losses  include  endogenous
respiration,  mortality,  exudation,  settling,
parasitization and grazing by herbivorous
zooplankton.  Zooplankton  kinetics  depends
primarily on grazing of phytoplankton and is
reduced by mortaity. When phytoplankton and

zooplankton die, they form the organic carbon pool.

A pat of this carbon settled and other part is
oxidized to oxygen by denitrification process.

Dissolved Oxygen Balance. Five state variables
plays important role in the DO balance which are
phytoplankton ~ carbon,  ammonia,  nitrate,
carbonaceous biochemical oxygen demand, and
dissolved oxygen. The sources of oxygen are
atmospheric  reaeration and  phytoplankton
photosynthesis. DO saturation  concentrations
depend on salinity and temperature in tropical
marine water. The reaeration rate coefficient is a
function of the average water velocity, depth, wind,
and temperature.

Total Suspended Solids and Fecal Coliform
Bacteria Decay. Inthe model, TSSis modelled as
a non-reactive material, with a settling velocity
similar to that of particulate organic matter. In this
respect, TSS can aso be used as a conservative
approach to predict the transport of non-reactive
toxic pollutants. In the model, pathogens are
indicated by fecal coliform bacteria, and are
modelled as a first order decay reaction, with a
decay rate constant (kb) of 10 day-1.

Silica. The model incorporates two siliceous state
variables, available (dissolved) silica and
particulate biogenic silica. The silica cycle (Figure
12) is a magor biogeochemical cycle in which
diatom tekes up available silica and recycle
available and particulate biogenic silica through the
action of metabolism and predation. A portion of
the settled particulate biogenic silica dissolves
within the sediments and returns to the water
column as available silica by minerdization. The
silica kinetics is represented by diatom production
and metabolism, predation, Dissolution of
particulate to dissolved silica which depends on
alkainity (higher in sea water), settling and
exchange rate. Silica is very important state
variable where diatoms biomass (40% of world
phytoplankton) (Marine Botany, 1999) dominate
ecosystem. Silica amounts limit the growth and
behavior of diatoms. Diatoms have the ability to
uptake silica, reducing it to very low concentration
very rapidly. In open ocean, diatoms depend on
transport of silicaterich water from below the
thermocline. The largest fluxes of silicate in the
ocean’s budget are driven by biological activity,
potentidly indicative of a system that can be
biologicaly controlled. Because of their penchant

for aggregation and sinking, it plays an important
role in the biological pump of carbon (20-25% of
all organic carbon fixation by diatoms on the planet)
(Marine Botany, 1999) to the deep ocean. Max
Diatom cell counts of 554050 in 1965/1966 in
Johore Straits (Chia, 1988) and of 35000 (approx.)
in 2001 in Singapore Straits. So they have aso
been an indicator of water quality and pollution, as
they are able to uptake and bind both organic and
inorganic substances (pollutants).

Governing equations and numerical
methodology. The mass conservation equation for
dissolved congtituents in the water column must
account for all materials entering and leaving
through direct and diffuse loading; advective and
dispersive transport; and physical, chemical, and
biological transformation. Consider the rectangular
coordinate system with x- and y- coordinates are in
the horizontal plane, and the vertical z- coordinate.
The 3-D advective —diffusive equation with
contaminant fluxes and the kinetic terms is
described as follows:

fCc, fcu, oV 1cw-w) 1 ‘;E 1Cu

oy Tz WETHE g
__gE fcu & fcu_Qs-c),
K% ﬂng T2l ooy

Here C isthe concentration of N pollutants; Sisthe
contamination of the liquid source with N
pollutants; Q is the discharge of the liquid source;
R is the chemical reaction description
corresponding to the interaction equations for state
variables, E,.E,,E, ae the turbulent eddy

coefficients; w is the settling velocity; U, V, W are
the currents velocity in x-, y-, and z- directions,
respectively.

Model Calibration. Each utilized in the model
kinetic coefficient is characterized by a certain
range, depending on respective physica
phenomenon. The coefficients may vary within
these ranges according to local environmental
conditions. Most of the kinetic coefficients were
initialy taken from the Potomac Estuary study by
Thomann and Fitzpatrick (1982). Using baseline
vaues of the state variables along with the
analytical solution of the set of equations (4),
majority of the coefficients were calibrated.
Ambient light levels at different depths were
calculated from extinction coefficients (Jayaraman,
2000).

The model was run using a horizontal grid of 1
km x 1 km, and a time step of 10 minutes. Two
alternative types of contamination sources can be
prescribed in the model:- C=C; and dC/dt=C,

The vertical grid is non-uniform, based on output
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from the hydrodynamics model. For this study the
following layers were used: 0, 2.5m, 5m, 7.5m,
10m, 20m, 40m, 60m, 80m and 120m. Iterative
runs were performed to finetune the kinetic
coefficients into a final set of coefficients, which
gave an equilibrium system response (Table 1).
Output results of nutrients, plankton, bacteria
and suspended solids concentrations are analyzed
as time series at selected locations at different
depth or as spatid plots at selected times and
depths. A typical model simulation run for a period
of 30 days using above kinetic coefficients is
obtained. In generd, value of each state variable is
fluctuating around the equilibrium state (baseline
concentration). The period and amplitude of
oscillations is due to combined effect of daily
photosynthetic process and tidal forcing. The
model is refined constantly as more field data
become available. The computed values are
compared against different sanitary criterig;
including the safety of swimming beaches, and
protection of cora reefs and aguaculture farms.

CONCLUSIONS

The hydrodynamic model is developed with
emphasis on accurate description of al known
regional  phenomena, including previously
neglected ones, such as accurate bathymetry,
refined boundary conditions, as well as numerical
incorporation of monsoons. Some of these
considerations are presented in this paper, while
further refinement is undergoing. More features
would be added as data becomes available.

Simulations using NEUTRO model show that the
model output is achieving baseline levels, and is
able to reproduce the general features of the
Singapore coastal waters. While the results
presented in this paper are preliminary in nature,
further calibration and validation of the model is
going on as more field data become available. The
ability of the model to predict the fate and transport
of a number of nutrients, plankton, suspended
solids and bacteria, makes it useful in the study of
environmental impacts from coastal developments
and discharges from outfalls. The model can be
used to assist in the management and protection of
Singapore’'s coastal water and the surrounding
region.
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APPENDIX
Table 1. Kinetic coefficients and other variables
used in NEUTRO Modéd

an.= Nitrogen/carbon ratio = 0.25; f,, = Fraction of
dead phytoplankton recycled to the organic
nitrogen pool =0.5; a,. = Phosphorus/carbon ratio
=0.025; f,, = Fraction of dead phytoplankton
recycled to the organic phosphorus pool =0.5; ks,
= Organic nitrogen mineralization rate = 1.15x10®
s, ky, = Nitrification rate = 1.66 X107 1/s; kpg =
Denitrification rate = 1.04 x10° 1/s; kg3 = Organic
phosphorus mineralization rate = 2.15 x10° 1/s; fy3
= Fraction of dissolved inorganic phosphorus in
water column = 0.7; fgs = Fraction of dissolved
CBOD in water column = 0.5; fy; = Fraction of
dissolved organic nitrogen in water column = 0.8;
fag = Fraction of dissolved organic phosphorus in
water column = 0.8; k;, = Endogenous respiration
ratle @ 20C = 0.7 x107 Us, ¢, = Temperature
coefficient = 1.045; ki = Max specific growth rate
@ 20C = 2.32 x10° Vs, km = Haf-saturation
constant for nitrogen uptake = 25; kg, = Half-
saturation constant for phosphorus = 1; ¢, =

Carbon/chlorophyll ratio = 30.0; g, = Temperature

coefficient for SOD = 1.024; k,y = Death rate for
phytoplankton = 1.18 x10’ 1/s; DB = Non-algal
extinction coefficient = 0.1 1/m; f = Fraction of day
that is daytime=0.5; sol = solar radiation = 483.2
ly/day; Ps = saturating light intensity = 200.0
ly/day; kiq = Grazing rate of zooplankton = 1.00
x10° I/mg Cs ; ke = Death rate for zooplankton =
1.16 x10" 1/s; a,. = Oxygen/carbon ratio = 2.67;
knos = Haf-saturation constant for oxygen
limitation denitrification =0.5; kgop = oxidation
=0.5 mg/l; kmpe = Half-saturation constant for
phytoplankton limitation of phosphorus recycling =
1.0; k,; = haf-saturation constant for oxygen
limitation (nitrification) = 05 mg/l; kg =
Deoxygenation rate for CBOD = 2.47 x10” 1/s, Cq,
= Saturation concentration of dissolved oxygen =
5.5 mg/l; k, = Bacteria decay rate = 11.57 x10” 1/s.
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