Journal of Computing and Information Technology - CIT 5, 1997, 2, 71-85 71

Invited paper

Modelling of Seawater Quality

Management

Tarzan Legovic

Laboratory for Ecological Modelling, Center for Marine Research, “R. Boskovi¢” Institute, Zagreb, Croatia

To find an optimum pollution management plan for
coastal sea or a lake, first existing measurements of cur-
rents and concentrations are used in order to reconstruct
movement of water and transport of pollutants. Then
models are used to predict cffect of various manage-
ment plans. Finally an optimum management plan is
selected. Three case studies are reviewed to illustrate the
procedure.

Keywords: optimum environmental management, sea-
water, lake, phosphorus, total suspended matter, heavy
metals, toxic substances, current field, concentration
field, lzmit Bay, Punat Bay.

1. Introduction

There is a rising concern about the quality of wa-
ter in the sense of pollution. Atmospheric water
becomes polluted on its way from the place of
evaporation to the place of deposition where it
may fall as a polluted rain (acid rain is a famil-
iar example). Freshwater is being polluted on
the way from its spring until it reaches the sea.
Ground water gets polluted by passing from the
surface through the soil. Finally, seawater is be-
ing polluted by direct disposal of waste waters
into the sea and by polluted rivers.

Although in this paper I will deal with seawater
only, methods for solving freshwater pollution
problems do not differ significantly.

Since majority of permanent pollution sources
are located on the coast, seawater becomes pol-
luted first in the coastal zone, especially in
bays and estuaries. Unfortunately, the zone is
used increasingly for recreational activity, fish-
ing and fish farming. Hence, there is a conflict

of interests: some want to dump their waste into
the sea while others need clean sea for food and
recreation. It is the resolution of this conflict,
and not the ecology of the sea, that has been
the primary drive so far of existing research,
technological implementation and lawmakers’
activity.

Following research recommendations, lawmak-
ers around the world have implemented a def-
inition of water quality consisting of four cat-
egories. The seawater suitable for all human
activities is termed the first category. In the
second category is the seawater suitable for all
human activities except fish farming. In the
third category is the seawater which is not suit-

‘able for human recreation, but may be used for

fishing. Seawater of the fourth category is not
suitable for any human activity.

The definition of seawater quality is based on
values of 10 to 15 parameters (depending on
the country) such as total coliform bacteria,
pH, temperature change, visible waste, dis-
solved oxygen, total suspended matter, oil and
its derivatives, surface active substances, ra-
dioactivity and toxic substances.

Why is there a need to simulate seawater qual-
ity? When a water body is found to be polluted,
would it not be simpler just to shut off all pol-
lution sources? Indeed, this is done wherever
economically profitable. In majority of cases
however, the cost would be enormous ( Con-
stanca et al., 1997). The very existence of pol-
lution sources is linked to economy. Often it is
much cheaper to transport pollutants to a place
where they would not harm people than to clean
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or turn them into usefu] products. Although the
pressure to clean up coastal waters is mounting
and simulation of seawater quality is being used
as one of the tools in the process, while more
efficient production and cleanup technologies
are being developed, polluted coastal waters are
still increasing in area.

2. The Role of Seawater Quality
Simulation

2.1. Direct simulation of pollutant
dispersion

Suppose that an area has been found to have
unacceptable water quality. Let location and in-
tensity of all the sources be known. How much
is each source contributing to the observed pol-
lution of seawater in the given area or at a given
location? This is often one of the first questions
that managers ask. The answer to this ques-
tion is important, because it enables managers
to set finances aside and tackle pollution prob-
lem according to a fair scheme. Clearly, the fair
scheme may deviate significantly from the rule
“financial contribution is proportional to pollu-
tion influx at the source” because it may be that
pollution from the major source does not enter,
or may enter only slightly, the area of interest.

I see two possible ways to answer the question.
The first is experimental: release from sources
of pollution as many different tracers as there
are sources and monitor their concentration in
the area of interest. This is indeed done in
small rivers and to a limited extent. In seawater,
the proposal would run into practical difficul-
ties due to large dilutions and hence very large
cost. The alternative is to use simulation of sea-
water movement and corresponding transport of
pollutants.

2.2. Estimation of sources

Let us now weaken the above hypothesis on
sources and suppose that not all major sources
(i.e. locations and/or intensities) of pollution
are known in the area of interest. This regularly
turns out to be the case. Clearly the estimation
of sources is important for any subsequent sim-
ulation. When sources are diffuse, the intensity

and even location may be very difficult to esti-
mate directly. However, if the area of interest
is monitored regularly, it is possible to estimate
sources indirectly from pollution measurements
in the sea. '

Indirect estimation of sources is also often per-
formed when verification of compliance to agree-
ments is needed. Suppose an authority has given
a license to a factory for polluting the sea up to
a specified intensity. If the seawater quality is
monitored, it is possible to estimate the intensity
of the source and check quantitatively to what
extent is the polluter acting in agreement with
the license.

2.3. Simulation of management scenarios

Simulation of various seawater quality manage-
ment scenarios involve answers to the following
questions. To what extent should sources be re-
duced so that the area of interest attains desired
seawater quality? How far and in which di-
rection should a source be relocated so that its
impact on the location of interest is reduced by
an amount specified in advance?

Instead of reducing and relocating the sources,
sometimes it is worthwhile to consider relocat-
ing the activity that requires high seawater qual-
ity. Then the questions are: a) Where is the
nearest suitable location for such an activity?
and b) What needs to be done to insure that sea-
water quality at the new location is not degraded
during the life-time of the planned activity?

Presently simulation of seawater quality is the
only means by which answers to the above ques-
tions can possibly be given.

2.4. ldentification of pollutant extinction

Once in seawater, pollutant disperses accord-
ing to the movement of seawater masses, but
in addition, it may be inactivated by biologi-
cal organisms or photochemical reactions, or it
may attach to particles and sink. Any of these
and many other processes that exist in seawa-
ter cause extinction which is manifested by a
decrease in pollutant concentration. From the
multitude of natural processes and a number of
different pollutants, it is immediately clear that,
even for the major pollutants, researchers have
a huge problem in quantifying extinction pro-
cesses. It is therefore not surprising that such
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knowledge is far from adequate when one at-
tempts to simulate transport of substances in a
particular coastal sea. This means that it is prac-
tically impossible to accurately simulate trans-
port of pollutants in coastal sea by direct means.

However, by combining monitoring and simu-
lation it is possible to estimate the totality of
extinction processes and hence decrease uncer-
tainty in predictions of seawater quality.

3. Toward a Seawater Quality
Management Procedure

The restricted meaning of management in this
paper is related to three steps.

3.1. Getting to know the quality of water.

This step is executed by carrying out monitor-
ing program in the location of interest. The
program consists of choosing a representative
set of stations, sampling water with sufficient
frequency and analyzing it by agreed measure-
ment methods for the most likely pollutants.

In case water quality has been violated, one pro-
ceeds to estimate the meaning of the pollution
problem: its extent and likely consequences. If
the pollution problem poses a health risk or is
likely to cause a conflict of interests, a call for
solving the problem is issued.

3.2. Basis for solving the problem

3.2.1. Determining intensity of point
sources

Location of major point sources is usually well
known. The intensity is best determined by di-
rect sampling at the source and at representative
times. Here one must bear in mind that residen-
tial sources of some pollutants may vary three
orders of magnitude within one day. Since in-
dustrial sources may vary even more, it is clear
that a great care is needed fo design a represen-
tative sampling program.

In practice so far, as a consequence of: a) alim-
ited knowledge of what constitutes a represen-
tative sampling program, and b) a very limited
budget, a few representative sampling programs

have been performed. Therefore, sources are
assessed using standards of consumption per
capita or, in case of industrial activity, for a unit
product.

3.2.2. Discovering and determining intensity
of unknown (diffuse) sources

This step may be made satisfactory only if a
carefully designed monitoring program is per-
formed in conjunction with an inverse simula-
tion procedure ( Legovi¢, Limi¢ and Valkovic,
1990).

3.2.3. Determining relevant properties of
the pollution carrier

The step consists of discovering movement of
water, its temperature and salinity. Temperature
and salinity are indicators of seawater layers
with consistent movement properties. Move-
ment of seawater is determined by current me-
ters (Eulerian measurements) or drifters (La-
grangian measurements).

3.2.4. Determining pollutant extinction
processes

We expect that every pollutant or nutrient is to
a lesser or greater degree unconservative. This
means that once in water, it is degraded to other
forms, taken up by biota, sedimented or resus-
pended.

Pollutant extinction processes are determined
in the laboratory under controlled conditions.
However, such experiments have been done for
very few pollutants so far (Jorgensen, 1976).
For example, it is known that half-life of col-
iform bacteria in laboratory seawater is about
40 min ( GI, 1985). Alternatively, it is possi-
ble to estimate half-life of the pollutant if its
concentration has been monitored in seawater.

3.2.5. Predicting the consequences of
changing the intensity and/or relocating
pollution sources and selection of optimum
management plan.

Predictions are made of effects that possible
management actions would have on the water
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Fig. 1. Steps in constructing an optimum management plan for attaining desired seawater quality.

quality. The aim is to find the best manage-
ment action and provide relevant data for the
cost/benefit analysis.

The predicted concentration field may easily be
connected to Maximum Allowable Concentra-
tions in Water (MACW) that lawmakers have
established for each water quality category.
These limits have been set according to the ex-
isting scientific results which quantify effects
of pollutants on marine life and on humans. In
this paper we shall take such results as given,
although it is clear that with the discovery of
new effects, MACW will change in future.

Since a pollutant or a nutrient is moved around
by the current field, we have to estimate this
field first. Once the current field is estimated, it
is used to estimate the concentration field based
on the existing data on concentrations. Estima-
tion of the concentration field must be based on
relevant physical, chemical and biological prin-
ciples, so that at the time one has estimated the

concentration field, a justifiable model which
best represents existing data is obtained.

From this point on, one uses the obtained model
as a predictive tool in order to select among pos-
sible environmental plans (Figure 1).

3.2.6. Predicting monitoring needs.

Adopting a management action will require con-
struction of adequate monitoring program to be
carried out at least during the first year of op-
eration. This is needed in order to determine
whether the adopted management action is pro-
ducing expected results.

3.3. Implementation

3.3.1. Engineering implementation

Implementation of a management procedure in-
volves one or a combination of: relocation,
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merging, dispersing and decreasing intensity of
sources and relocation of activities that require
higher water quality. ’

3.3.2. Monitoring

Monitoring must be a part of the tentative so-
lution and it must be able to determine whether
and to what extent the implemented solution is
yielding expected results. If it is, then the de-
sired solution has been found. If not, the degree
to which reengineering is needed will become
obvious from a second series of simulation re-
sults. These simulations require monitoring re-
sults.

4. Transport of Substances in a Coastal
Sea

For simulating transport of substances from
their sources into the coastal sea, two approaches
have been developed: near field and far field.

The near field extends from residential and in-
dustrial sources of pollution to at the most 5 km
into the sea. In this region the source related de-
tails such as its geometry, ejection velocity and
specific density of polluted water are important.

In the far field, which extends to tens of kilome-
ters from the sources, the source related details
usually are not taken into account. More impor-
tant are movement of water masses, geometry
of the coastal sea and extinction of the pollutant.

4.1. Near field

There are several models which take into ac-
count details related to the source and surround-
ing water. In this paper I shall describe only the
most often used approach. It has been devel-
oped by Brooks (1960, 1973) and applied first
to determine the length of the submarine outfall
near Los Angeles, USA.

The approach is divided into three steps: initial
dilution, secondary dilution and extinction.

Assume the coast is far from the source, sea-
water column has a constant depth and is not
stratified.

Initial dillution, S, for point and line source is:

Point source §; = 0.089¢'1/30=2/34°/3 (1)
Line source Sy = 0.38g’1/3Q%2/3d (2)

where &' = g(ym — v) /7,8 = 9.81m/s?,  —
weight of 1 m? of seawater, y — weight of 1
m> of waste water, 0 — influx (m3/s), O —
- influx per meter length (m?/s), d - depth of
seawater column (assuming that the source is
on the bottom).

For example, if §1 = 100 this means that the
pollutant with the concentration at the outfall Cy
will reach the surface with concentration 0.01
Ci:

In case seawater column is stratified, another

pair of formulas has been developed (Fisher,
1979).

When the initial cloud is formed, it is subject
to dispersion. Dispersion of the cloud is called
secondary dilution:

Sy = {erf[[1.5/((1 +8az/B%)* —1]%3]}71 (3)

where erf is the error function, « is the initial
value of horizontal turbulent (or eddy) diffusion
coefficient, ¢ is the time since initial dilution. If
vis velocity of seawater, dilution at point x along
the velocity vector is obtained by substitution
P =X/

Finally, the extinction is computed from:
33 = CU/C(f) = exp(k t) (4)

where k is the extinction constant, ie. k =
(In2)/E where E is half-life of the pollutant
in the seawater.

Total dilution is computed as a product:
S = C[]/C(t) = 515283. (5)

The dilution is expected to hold along the center
line of pollutant movement.

The above approach is often used to compute
an approximate length (x = L) of the planned
outfall given the concentration at the outfall Cq
and selected final concentration Cy.

A more accurate estimate of the length is ob-
tained by taking into account stratification of
the seawater column, more details related to the
source and bottom topography toward the coast
(Fisher, 1979).
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4.2. Far field

The concentration field in a wider region around
one or several sources will depend on geome-
try of the coastal sea, movement of seawater,
location and intensity of sources and on the ex-
tinction of the pollutant.

It is clear that in order to obtain two or three
dimensional picture of the concentration field
one must solve the transport equation:

8C/8t = aAC —VVC —kC + Q (6)
subject to appropriate boundary conditions.

The equation (6) is far from being written in the
most general form. In fact, it is often restricted
to a homogeneous layer of water and then it is
applied to describe horizontal transport in a cur-
rent field ¥ with an eddy diffusion coefficient o
of a pollutant whose extinction can be approxi-
mated by a first order process. However, there
are serious problems in attempting to apply even
the equation (6). The problems are associated
with accurate estimates of «, v, k, Q and the
open boundary through which the coastal sea
meets open sea. These estimates will depend
on existing data.

4.2.1. Existing data

Geometry consisting of coastline and topogra-
phy of almost any area of interest readily exist.
Concerning the movement of water, data from
several measurements of currents may be avail-
able. When only momentary current measure-
ments are taken, they are of a very limited use.
Several days of current measurements at inter-
vals from 5 to 15 min are more useful because
they allow one to filter out tidal currents. Mea-
surements carried out for one or more months
are indeed rare but very useful to detect residual
currents. In general, current measurements of
such length are too expensive and hence rare.

Sometimes there exist data on drift experiments,
but they often supply evidence of surface cur-
rents only. These currents are known to be much
different from the currents deeper in the water
column.

Measurements of concentrations in the seawa-
ter are usually carried out on a larger number of
stations and with higher frequency. Such mea-
surements cost less and methods are available to

routinely measure concentrations of many sub-
stances, especially common forms of pollutants
and nutrients.

I expect the data on locations and intensity of
the sources of pollution to be incomplete. At
the best, direct measurements and estimates of
major point sources may enable one to represent
these sources within a factor of two.

Direct data on diffuse sources are an entirely
different story. If direct data on approximate
distributions of these sources exist, one should
not expect more. Indeed, it is practically im-
possible to estimate intensity of these sources
directly.

4.2.2. Estimating the current field

By a current field it is ment either the measured
current field or the residual current field that per-
sists for days or months. The residual field is
obtained from the measured field when shorter
frequencies, including tidal contribution, are fil-
tered out. We have shown that even in areas as
small as 2 km with the tidal range of 50 cm, the
exchange of water attributed to tidal currents is
negligible (Legovi¢ and Limi¢, 1989). There-
fore when considering transport of substances
in coastal sea, one should concentrate on the
residual current field.

The residual current field may be estimated
from the data according to several methods:

1) Assume that some measurements of currents

have been made. The horizontal residual cur-

rent field v = (vq,1,) is sought subject to the

following properties (Limi¢, 1984):

divi=0, rotV=rot¥, and |V-¥,| — inf.
(7)

where V,, is the measured field.

Hence it is a solution to an optimum control
problem.

2) The linearized Navier-Stokes equations with
a diagonal viscosity tensor, constant pressure
and forces that are proportional to velocity, may
be fitted to data in the least-square-error sense
(Coffou and Limi¢, 1985). The result is a
unique residual current field that satisfies ap-
propriate boundary conditions.

3) First, relative velocities are constructed from
hydrographic data (temperature and salinity)



Modelling of Seawater Quality Management

FiF

............

...... P T P
B PR P
R ST W

[em/s)

S AN LRl YV
TYANANRO NS 1015 Oow
= T 2012 0%
l,; e 3003 01
14
|']
ll
(A
i
II
ll
e
|
v
)
i.
L]

Fig. 2.

Current field with source of water inside the bay. The vertical
is stretched 1.2 times {from Legovi¢ and Limi¢, 1989).

using an objective analysis. Then, an objec-
tive analysis is also applied to measurements
of currents. Finally the two are combined to
produce the estimated current field (Limié and
Orli¢, 1987). The estimated field is the abso-
lute geostrophic current field which satisfies the
appropriate boundary conditions.

4) In case the area contains submarine springs
and the current field is supposedly affected by
the inflow of freshwater, the residual current
field may still be estimated according to the
method 1 or 2 above, however the condition
divV = 0 must be substituted by divv = m(r),
where m(r) denotes existing springs. In ad-
dition, any change in the open boundary con-
ditions must also be formulated (Legovi¢ and
Limi¢, 1989). The resulting optimum control
problem leads to the unique residual current
field. Figure 2 contains one example.

Sometimes not only residual but an estimate to
the actual current field is needed, especially if
high tides are present. In those cases the total
current field may be represented by the sum of
tidal and residual parts, where the residual part
has been estimated by one of the above meth-
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Fig. 3.

Two Monte-Carlo simulations using two estimates
of the actual current field (from Limi¢, 1987).

ods. In addition, taking into account statistical
properties of current measurements, the total
estimated field may be very useful for Monte-
Carlo simulations of transport of particles re-
leased into the region (Figure 3). Being able to
create many trajectories gives rise to the statis-
tics as to where the particles will reside most
likely at any instant after their release. In this
way one can investigate pollution paths, loca-
tions where the pollutant accumulates and find
locations that the pollutant is unlikely to reach.
Such locations could be selected for activities
that require higher water quality.

An alternative to the above approach is to run
a dynamic model of water movement with the
wind forcing to a steady state and then use statis-
tics of current measurement to define Monte-
Carlo simulations. Model formulation, a set of
nice Monte-Carlo simulations and a comparison
with satellite observations in northern Adriatic
Sea may be found in Kuzmic¢ 1991, 1993.
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4.2.3. Estimating the concentration field

In order to reconstruct (estimate) the present
concentration field, a transport model needs to
be solved in a two dimensional domain. If we
consider that the velocity field has been obtained
by one of the above procedures and that the eddy
diffusion coefficient has been estimated using
the formula: AL*? where L is characteristic
scale of the region and A is constant (Okubo,
1980), it remains to determine the extinction
function. This can be done if measurements of
pollutant concentrations are available. In or-
der to deal with equation (6) such data must
be taken over an interval of time. This is in-
deed very rarely the case. More often data on
concentration are taken over the region once in
a season. Residual currents too are assumed
to hold stationary over the season. Hence one
seeks the solution to stationary or average trans-
port model which is fitted to the existing data in
such a way that the least-square-error criterion
is met 1.e.

—aAC + PVC + kC = Q, (8)

and
n

Z(Cl - ij)z - ii’lf. - (9)

i=1

where C is computed and C,, is measured con-

centration. The admissible boundary conditions

include measurements of concentration at the
sources, measured or estimated concentration
at open boundaries and the Neumann condition
on the rest of the coastal boundary.

In case the region of interest is a part of a larger
coastal sea, the eddy diffusion coefficient will
not be well approximated by the power law.
Then it can also be estimated by the same in-
verse procedure as above (Legovicet al., 1989).

Often, some sources are unknown and they may
be point or diffuse. Such sources may be es-
timated using a control problem that is an ex-
tension to the one above (Legovi¢ and Limic,
1991).

An additional problem arises when data on con-
centrations in the water column are not very
reliable. If the data on measurements of concen-
trations in the sediment exist and the region of
interest is not more than 50 m deep, the concen-
tration field in the water column may be better

estimated from the data in the sediment through
a scaling procedure ( Legovi¢ et al., 1990a).

4.2.4. Predictions

By now it has become obvious that we are inter-
ested in fitting current and concentration fields
to the existing data by using the mechanisms
that produce these fields. Otherwise such fits
would have no predictive value.

Once models are selected and parameters es-
timated, based on the existing data, they are
ready to be used as predictive tools to calcu-
late concentration fields that will result from
implementation of an environmental manage-
ment plan (EMP) which proposes to change the
distribution of existing sources. Reliability of
prediction is based on both existing data and
validity of hypotheses upon which the models
have been built.

Building experience in processing various data
sets and experimenting with realistic hypothe-
ses, enables one to predict the effect of an EMP
with a smaller error margin. The consequence
is that less reengineering will be needed once a
tentative optimum EMP is implemented.

4.3. The software package: RECON

The ideas behind the development of a tool to
assist in the management of coastal sea is to au-
tomatically construct models satisfying as many
physical, chemical and biological laws as the ex-
isting data permit. The computer should do and
remember all that is needed to arrive at a desired
solution. The user should only concentrate on
the problem: decide what need to be done, en-
ter the existing data, and compare predictions in
order to select the optimum plan.

The software package RECON is one such ex-
ample (Legovi¢ and Limi¢, 1992). It includes
more than 40 modules which work interactively
to produce reconstructed current and concen-
tration field first. In the second instance it uses
identified models to produce predicted concen-
tration field.

The modules perform the following functions.
1. Recognition of numerous types of data that

might exist i.e. data on geometry, currents
and concentrations.
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2. Checking mutual consistency of data.

3. Automatic selection of methods based on
existing data.

4. Interactive building of models and bound-
ary conditions.

5. Estimating parameters for the models (solv-
ing inverse problems).

6. Reconstructing (estimating) the existing
current field.

7. Ability to experiment with the existing cur-
rent and concentration data. This feature
has been very useful in redesigning moni-
toring programs.

8. Reconstructing (estimating) the existing
concentration field.

9. Calculation of a complete mass balance
of any conservative or unconservative sub-
stance in the coastal sea or a lake.

10. Prediction of concentration fields follow-
ing various EMPs.

The package has been used for finding the op-
timum EMPs, performing environmental im-
pact assessment studies, teaching future envi-
ronmental engineers in ecology, environmen-
tal engineering, geography, geology and marine
sciences; finding mass balance of substances
in coastal seas and lakes and for discovery of
sources of various substances. In the following
section three studies are presented using RE-
CON package.

5. Case Studies

5.1. “B. Montanari” accident

The ship loaded with 1332 t of vinyl chloride
in four nonremovable containers sank into the
open sea of the Kornati islands (Figure 4) which
are situated in the middle of the east side of
the Adriatic Sea. The fluid was carcinogenic
and flammable. Following the accident, several
problems had to be addressed: Is the ship leak-
ing the substance into the sea? If it is, what
is the intensity and how much of the material
has leaked so far? What area need to be closed
for: a) trespassing; b) fishing? What is the area

of restricted actions (due to possible explosion
and intoxication) during each phase of the res-
cue operation? In case of the major leak during
the rescue operation, what area will reach val-
ues that exceed MACW? For how long should
such an area be closed?

During a controlled leak, from measurements
of concentrations of vinyl chloride around the
wreck, estimates of the following parameters in
the non-stationary transport equation (6) were
obtained: the angle into which the substance
is leaking (y ), horizontal eddy diffusion coeffi-
cient (), the extinction rate (k) and the source
O These parameters were obtained by solving
the inverse problem for the transport equation.
Most parameters were obtained as a function of
velocity. Then, using the value of v obtained
from measurements of currents, values of un-
known parameters were calculated. The influx
rate of the substance was found to agree with an
entirely different indirect method.

Estimation of « and k and the knowledge of v
near the ship made it possible to calculate the
area of restricted access as a solution to the di-
rect boundary value problem for the transport
equation. The result was needed in order to
avoid accidents due to possible explosion or in-
toxication of the personnel involved in the the
rescue operation.

Based on measurements of currents, the current
field in the larger region was estimated. Using
the estimated current field and parameters esti-
mated from concentration measurements adja-
cent to the ship, predictions of the concentration
field in the larger region were made. Predictions
covered for several possible intensities of unin-
tentional spills.

Since measurements of currents were made dur-
ing December while the rescue operation was to
take place during the following May, it was nec-
essary to predict concentration field following
the change in the current field. A number of
scenarios were calculated in order to guide the
rescue operation ( for one example see Figure
5). The operation involved underwater trans-
port of the wreck into the bay of Remeti¢ and
unloading into another suitably equipped ship.
The predictions allowed the appropriate region
to be closed for fishing and establishment of
measurement stations during and after the res-
cue operation. Computations of the areas to
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Fig. 4. Position where the ship had sank and location where it was later transported.

Fig. 5 a) The residual current field and
b) the concentration field around the location of unloading (from Legovié and Limid, 1990).

be evacuated in case of a major spill were also
performed.

Computations involved solutions to the mixed
problem for the transport equation. In addi-
tion, Monte-Carlo simulations were performed
on a number of stochastic realizations of the
current field. The realizations were constructed
from the statistics of the current measurements
in December. The details may be found in
Legovi¢ and Limié, 1990.

5.2. Punat Bay

Punat bay is situated on the south side of the is-
land of Krk which itself is located on the north-
east side of the Adriatic Sea. The problem in the
Punat Bay may be summarized as follows. In
the process of expanding the present marina, a
concern was expressed as to whether the present
quality of water in the bay is satisfactory and,

if not, how much should each responsible party
contribute to the cleanup of the bay (Figure 6).

Performed concentration measurements gave a
sketchy picture of the water quality. In addition,
the sources in the bay were largely unknown.

The task was to discover the sources of various
pollutants, mainly heavy metals. The justifi-
cation of obtained sources had to come from
the agreement between obtained concentration
field and measurements.

For this purpose, first the current field had to
be estimated. The difficulty was that sources of
freshwater became evident from measurements
of the salinity and hence the current field had
to reflect the influence of freshwater sources.
The procedure mentioned in section 4 was con-
structed. The resulting field is shown in Figure
2.

Based on the current field, we were ready to
consider the average transport equation for a
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pollutant in the bay. The averaging was per-
formed over a time interval spanning several
tidal periods.

For some heavy metals, the data on concentra-
tion in water were less reliable than concentra-
tions in the sediment, hence the latter was used
to construct the concentration field. Such a con-
centration field had to be scaled to at least one
reliable concentration measured in water. If one
does not know which measurement in water is
the most reliable, then the criterion stating that
the computed mean is equal to the measured
mean in the water may be used. The resulting
concentration field for Pb in water is given in
Figure 7.

The constraint that is used to estimate unknown

parameters ( the extinction rate and the distri-
bution of the sources) is the least- square-error
between measured and computed results. In ad-
dition, the solution is subject to the appropriate
boundary conditions for the equation (8). If N
sources need to be discovered then one inverse
and N direct problems need to be solved.

In case of the Punat Bay five sources of three
pollutants (Zn, Cu and Pb) were estimated. Re-
sults are summarized in the Table 1.

When all the parameters became known, it was
easy to solve the corresponding transport equa-
tion with any combination of inputs. (The con-
centration field if only marina were present is
given in Figure 8.) This means that any en-
vironmental management plan could have been
assessed and the optimum one selected.

marina working
% | marina collector shipyard area beach*
Zn | 20.2 35.2 9.6 158 192
Cu| 154 25.8 19.1 25.4 14.3
Pb | 17.1 26.8 16.6 24.1 154

Table 1. Percentages of the contribution to the total inflow of Zn, Cu and Pb by the five sources. * beach — means

that a diffuse source has been discovered on the location of the beach. Later on it was found out that the source
originates from an uphill community which does not have a sewage system so the waste waters came to the vicinity of
the beach through the soil.
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Fig. 9. Distribution of toxicity in the Izmit Bay. Isolines 2, 3 and 4 refer to four simulated cases. {(according to
Legovié, 1997)

It is worthwhile to note that the underlying op-
timum control problem involved in estimating
point and diffuse sources have the unique solu-

tion. The solution is unique under certain con-
ditions related to the extinction rate, distribu-
tion of inputs and the distribution of measuring
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points.

This shows that monitoring results are closely
related to the ability to determine sources. In
another words, if inappropriate monitoring had
been done, it would have been impossible to
uniquely determine the sources. Even worse,
inappropriate monitoring may lead to spurious
and misleading results. From this evidence only
(although there are many other reasons too) we
may conclude that monitoring without careful
modelling is mainly a waste of money and ef-
fort.

5.3. 1zmit Bay

Izmit Bay is located next to the Bosphorus on the
Anatolian side of the Marmara Sea (Figure 9).
Along its northern coast and owing to the vicin-
ity of Istanbul, about 85% of Turkish industry
is located together with significant residential
areas. Although a significant efforts have been
made to process all industrial sources, a con-
cern was expressed about seawater quality in
the bay due to the desire of residential commu-
nities to use seawater for recreational purposes.
A study similar to the one presented above for
the Punat Bay showed that the existing distri-
bution of total suspended matter, which is the
major water quality parameter in the bay, can
not be accounted for by considering its sources
neither along the coast of the bay, nor through
the exchange with the Marmara Sea (Legovic et
al., 1997). Instead, the existence of suspended
matter has been linked to phosphorus sources.
Once in seawater, phosphorus is consumed by a
phytoplankton which in turn makes the major-
ity of observed suspended matter. This means
that instead of direct sources of suspended mat-
ter along the coast, one has to concentrate on
sources of phosphorus. Furthermore, it was
found that, unlike in the rest of the Mediter-
ranean, occasionally not phosphorus but natural
concentration of silica is limiting phytoplankton
growth (Morkog et al., 1997). Curiously, a sim-
ilar phenomenon has been found in the northern
Adriatic (Justi¢ et al., 1995). The finding indi-
cates that phosphorus sources must be reduced
significantly before an improvement in water
quality is expected.

In this case study let us concentrate on an un-
usual application of the transport equation (8):

simulation of impact of unknown toxic sub-
stances in coastal sea.

In a series of experiments it was shown that
some unknown substances inhibit uptake of
nutrients present in wastewaters (Okay et al.,
1996). The inhibition was decreasing with the
decrease of the wastewater present in seawater.
The experiments were made with wastewater
from each major source. Suppose that there is
a critical dilution d (indeed regularly found in
experiments) at which the inhibition of uptake
is zero. Let us denote with d * Q; the inflow
of unknown toxic substance(s) from the source
i. If we take the residual current field recon-
structed for each season and somehow set the
extinction coefficient (k) of toxic substances,
we would be able to simulate the effect of un-
known toxic substances (but not the concen-
tration). It has been found that the coefficient
k for various substances such as phosphorus (
Legovicetal., 1989; Legovicetal., 1995), vinyl
chloride ( Legovi¢ and Limi¢, 1990), total sus-
pended solids (Legovi¢ et al., 1997) heavy met-
als ( Legovi¢ et al., 1990a; Legovi¢ et al. 1990b
) may vary between 1 and 23 days. Assuming
that to some extent phytoplankton avoids toxic
substances, let k£ = 24 days.

Results of simulations for four characteristic sit-
uations occurring in Izmit Bay are presented in
the Table 2.

Let us mention two curious conclusions that fol-
low from these simulations:

1) Toxic substances present in wastewaters are
likely to inhibit phytoplankton uptake well into
the region of coastal sea where nutrient concen-
trations are higher. This means that if a solution
of an ecological model:

oC
E:OCAC—UVCL'—{—]CL'(C] fr
(10)
where there are m (m < n) nutrients and n — m
phytoplankton, zooplankton and fish species,
with appropriate boundary conditions, corre-

sponds exactly to measured concentrations i.e.

k n
Z Z(Ci’j - Cmi)j)z = 0.

j=1 i=1

(11)

during all of k measurements in the region,
then the model must have been miscalibrated

-C11)+Qla i=1,...
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Conditions over the bay

Region of the bay where
uptake is inhibited

summer, v = 0,
negligible phytoplankton
concentration, k£ = 365 days

throughout the bay

winter, v up to 20 cm/s,
negligible phytoplankton

throughout the east

phytoplankton concentration
is high, k = 24 days

concentration, k = 365 days part of the bay
summer, v = 0,
phytoplankton concentration north half of the
is high, £ = 24 days the east part
winter, v up to 20 cm/s 2 to 3 km from

major sources in
the east part

Table 2. Distribution of toxicity in the bay.

(Legovié, 1997). Since toxicity could not have
been built in any model so far, a well calibrated
ecological model had to exceed (not correspond
to) phytoplankton concentration found in the
coastal region.

2) In the process of nutrient uptake, phytoplank-
ton probably takes up toxic substances as well
and deactivates them to some extent. As a con-
sequence, coastal waters operate as giant, al-
though rather inefficient, wastewater treatment
plants.

We have examined above the inhibition of nutri-
ent uptake in phytoplankton, but how far from
sources are coastal waters toxic to fish remains
an open question. It is known however, that
toxic substances inhibit defence system in fish
which makes them more susceptible to para-
sites. The following quotation, however cir-
cumstantial the connection may be, will serve
as areminder. A recentscientific cruise examin-
ing the health of fish from the sea, where major
fishing grounds exist, found the following:

“From the outside all the fish looked healthy
enough. But when the fish were sectioned ev-
ery liver was infested with parasites. In many
cases the liver had been all but completely con-
sumed. How had the fish stayed alive? Some
fish possessed a bloody liver. In others the liver
was smaller or larger than normal. Some livers
were green. All were discoloured. None were
normal. None were healthy . ..” (Karakog and
Doran, 1995).

6. Conclusions

The present state of coastal seas is a result of an
increasing exploitation by people living on its
coasts. The cheapest way toward the formula-
tion of an optimum management of the coastal
sea against pollution is through an appropriate
modelling, experimental research and monitor-
ing.

Today there exist software packages which may
help in integrating the above three activities so
that the optimum environmental management
plan can be selected. The implemented proce-
dures include estimation of the residual current
field, estimation of an average concentration
field, inverse (indirect) estimation of sources
and construction of predictive models. Existing
models can be used to assess effects of various
environmental management plans. Comparing
the impact to the level of financing required
to implement each plan leads to the optimum
plan. This means that necessary procedures
to perform a reliable cost/benefit analysis are
available.

Acknowledgments

I'am grateful to N. Limi¢, D. Kasum, B. Toma$ and
R. Benis for years of cooperation on presented
ideas and case studies. This work was sup-
ported by the Croatian Ministry of Science and
Technology.



Modelling of Seawater Quality Management

85

References

Brooks, N. H., Diffusion of sewage effluent in an ocean
current. In Proc. Int. Conf. Waste Disposal Mar.
Environ., Pergamon, Oxford, 1960, 246-267.

BROOKS, N. H., Dispersion in Hydrologic and Coastal
Environments. Environmental Protection Agency
Rep. 660/3-73-010, Washington, USA, 1973.

Corrou, E. AND LIMIC N., A minimization problem in
residual current modelling. Applied Mathematical
Modelling, 9(1985), 325-330.

CONSTANCA, R. ET AL., The value of world’s ecosystem
services and natural capital, Nature, 387 (1997),
253-260.

JPRGENSEN, S. E., Handbook of Environmental Data
and Ecological Paramateres, International Soci-
ety for Ecological Modelling, Copenhagen, 1979.

GI, Study of Sanitary and Hydrotechnical Conditions
for Kantrida Autfall. Civil Engineering Institute,
Zagreb, 1985 (in Croatian)

KARAKOG, F. T. AND DORAN F.,, How do they live with-
out liver? Saving the Black Sea, Black Sea
Environment Programme, Istanbul, Turkey, No. 3

(1995), 1.

Kuzmi€ M., Exploringthe effects of bura over the north-
ern Adriatic: CZCS imagery and a mathematical
model prediction. [Int. J. Remote Sensing, 12
(1991), 207-214.

Kuzmi€, M., A satellite observation of the Adriatic Sea

response to a spatially heterogeneous wind. Ge-
ofizika, 10 (1993), 1-18.

Lecovi¢, T., Toxicity may affect predictability of eu-
trophication models in the coastal sea. Ecological
Modelling, 99 (1997), 1-6.

LEGOVIC, T. AND LIMIE, N., A method to estimate dif-
fuse inflow of freshwater into a coastal sea. Applied
Mathematical Modelling, 13 (1989), 242-247.

LecovIC, T. AND LiMi¢ N., The “B. Montanari” incident
— A modelling study of vinyl chloride monomer
dispersion at sea. Oil and Chemical Pollution, 6
(1990), 113-125.

LEGOVIC, T. AND LIMIC N., An efficient model of sta-

tionary transport. Int. J. of Environment and
Pollution, 1 {1991), 87-96.

LEGOVIC, T. AND LiMi¢ N., RECON: Reconstruction of
velocity and concentration field, calculation of
mass balance and diffuse input. User’s Manual.
ITEA, Zagreb, 1992,

LEGOVIC, T., LIMIC N. AND SEKULIC B., Reconstruction
of a concentration field in a coastal sea. Estuarine
Coastal and Shelf Science, 29 (1989), 217-231.

LecovIC, T, LiMIE, N. AND VALKOVIC V., Estimation
of diffuse inputs to a coastal sea: Solution to an
inverse modelling problem. Estuarine, Coastal
and Shelf Science, 30 (1990a), 619-634.

LEGOVIG, T., LIMIE N., VALKOVIC V., NAGJ M. AND IN-
JUK J., Pollution of the Punat Bay by Zn, Cu and
Pb., Fizika, 22 S1 (1990b), 126140

LEGOVIC, T., MORKOGE., OKAY O.S., EGESEL L., TUFEKCI
H., TOFEKCI V., Mass balance of total phosphorus
in the Izmit Bay. Waier Science and Technology,
32 (1995), 193-198.

LEGOVIC T., MORKOC E., OKAY O.S., EGESEL L., TUFEKCI
H., TUFEKCI V., Towards optimum management of
total suspended solids in a coastal sea: The case of
Izmit Bay, Marmara Sea. Croatica Chemica Acta,
70 (1997), 373-388.

LiMIC N. An interpolation of velocity field from data.
Applied Mathematical Modelling, 8 (1984), 53—
56.

LiMIC N. Estimation of nutrient transport. In Environ-
mental Impact of Study Nautical Center Punat.
Institute R. BoSkovi¢, Zagreb, 1987, 160-174 (in
Croatian).

LiMIC N. AND ORLIC M., A method for determination of
absolute geostrophic velocities in the sea. Tellus,
39A (1987), 82-94.

MoRrkoC E., TUGRUL S., OKAY O. S., AND LEGOVIC T,
Eutrophication of the Izmit Bay, Marmara Sea.
Croatica Chemica Acta, 70 (1997), 347-359.

OKAY O. S., LEGOVICT., TUFEKCI V., EGESEL L., MORKOG
E., Environmental impact of land based pollutants
on lzmit Bay (Turkey): Short term algal bioas-
says and simulation of toxicity distribution in the
Marine environment. Arch. Environ. Contam.
Toxicol., 31 (1996), 459-465.

OKUBO, A. Diffusion and Ecological Problems: Mathe-
matical Models. Springer, Berlin, 1980.

Received: July, 1997
Accepted: July, 1997

Contact address:

Tarzan Legovic

Laboratory for Ecological Modelling
Center for Marine Research

“R. Bo3kovi¢” Institute

P.O.B. 1016

Bijenicka 54

10000 Zagreb

Croatia

E-mail: Legovic@olimp.irb.hr

TARZAN LEGOVIC received his B.S. degree in mathematics and physics
from the University of Rijeka, Croatia; M.Sc. degrec in mathemati-
cal ecology from the University of Toronto, Canada and Ph.D. degrec
in physics from the University of Zagreb. He has been with the “R.
Boskovi¢” Institute since 1974 where he is currently a research pro-
fessor. In 1990 he received the national prize “R. Boskovi¢” for a
significant scientific discovery. He is a member of editorial boards
of Ecological Modelling and Aquatic Sciences journals. Presently he
serves a vice-president of International Society for Ecological Mod-
elling and the president of its European chapter. He also serves as the
president of the Croatian Society for Simulation Modelling,




