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A model for managing the balance of pollution (getting into the sea with the coastal runoff)
assimilation and accumulation, based on the negative feedback between the coastal economic system
efficiency and penalties for the sea coastal zone pollution is proposed. The model is constructed by
the Adaptive Balance of Causes method and is intended for finding a rational balance of profit from
the use of assimilative resources of the marine environment and the costs of maintaining its quality.
The increase of pollutions in the coastal zone is taken as proportional to the volume of product
realization. The decrease of pollution concentration is related to the envi-ronment protection activities
paid for by the production.

The model contains the agents for managing the volume of the economic system generalized
production release. The agents control pollution accumulation rate at different ones of the bio-
chemical processes resulting in the marine environment natural purification. Scenario analysis of
ecological-economic processes in the “Land — Sea” system is carried out, and the dependencies of
economic subsystem production profitability on penalty sanctions limiting the pollutant flux getting
into the sea are constructed. Sea temperature and water mass dynamics effect on these processes is
considered. The scenarios of their intra-annual variability are constructed. It is shown that the sea
temperature and near-water wind consideration in the model have a significant effect on marine
environment pollution level and production profitability.

The conclusion is that the proposed adaptive simulation model “Sea — Land” can be used for
forecasting the scenarios of coastal subsystem production processes (the volume of generalized
product manufacturing, production cost, profitability) in parallel with the forecast of pollution
concentration in the sea scenarios.
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Introduction. Sustainable development of the sea coastal zone suggests
rational usage of marine resources. New intensively developing area of knowledge
called “ecological economy” [1, 2] considers biodiversity of ecosystems and their
stability in relation to polluting substances (which get into the marine environment
due to economic activity taking place at the shore and in the shelf zone of the sea)
as the main marine resources. Assimilative capacity of marine ecosystems is
gaining importance with intensification of production and population density
increase in the coastal territories. Therefore, a control over a level of marine
environment pollution with industrial, agricultural and domestic wastes [3]
becomes more and more urgent.

This paper is based on the concept of controlled balance of accumulation and
assimilation of pollutions getting into the sea with coastal runoff in the form of
substances that upset natural chemical-biological equilibrium of the coastal marine
ecosystem. The main pollution sources are industrial and domestic wastes in the
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form of suspended and dissolved organic matter, toxic metals, phosphorus
compounds and other chemical compounds. They have significant impact on
coastal ecosystem when the velocity of pollutant flow (getting into the sea) exceeds
the rate of their assimilation with the marine environment. Pollution accumulation
and assimilation balance management should be based on this principle.

The purpose of this paper was to link economic benefit, obtained by
manufacture from the use of the sea and waste utilization, with the costs necessary
for maintaining a normal marine environment ecological condition. To achieve the
desired objective, a conceptual model of ecological-economic system unifying the
processes that accompany the release of product with the processes of pollution
accumulation and assimilation was developed.

The concept of marine environment assimilative capacity in relation to the
chemical-biological processes, taking place in marine ecosystems, is a particular
case of more common concept of environmental resource capacity that limits the
development of processes in complex systems which depend on finite volume of
development resources. Economic product and services production systems
situated in a coastal zone have limited possibilities of production release due to
finite material, financial and other resources, and marine ecosystems have a finite
assimilative capacity. Therefore, for the construction of ecological-economic
models of the sea coastal zone it is convenient to use general adaptive method of
balance (ABC-method) based on complex system adaptation to the environmental
conditions with regard to existing resource limitations [4].

In the paper [5] a model (constructed using ABC-method) for managing the
process scenarios in ecological-economic “Sea — Land” system is proposed. It is
intended for finding rational balance of incomes (obtained from marine resource use)
and expenditures for maintaining marine environment quality by means of scenario
analysis of impact of economic sanctions for pollution on marine ecosystem
processes. The increase of pollution concentration in marine environment was taken
as proportional to the volumes of product realization, and the concentration decrease
is related to environment protection measures sponsored by production.

In the present study we used a somewhat different scheme of marine
environment pollution level management. A general model (constructed according
to the criterion of balance of pollution accumulation and assimilation rates in the
sea coastal zone) of production management of some generalized product of
coastal social-economic system is considered.

A method for model construction. Let us consider the essence of ABC-
method for model construction briefly [4, 6]. We suppose that for the description of
processes in ecological-economic system a multitude of interrelated processes
0 <u, < 2C,characterizing the motion to the desired modeling objective should be

used u, variables have intra-system effect on each other according to cause-effect

relationships which are assumed to be known. In the simplest case these relations

are linear correlations:
n-1
u= > au,+C N

j=Li#j
where a;are the coefficients of intra-system effects, n is a number of variables,

C, is their average values.
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Two main assumptions are introduced in ABC-method. The first assumption is
the following: there is a stationary state of system (1) equilibrium in which it stay
in the absence of any external effects (A =0). In this state the values of variables

may be considered as deviations from their mean values caused by intra-system
effects. Therefore, stationary condition is determined by the specified set of C,

mean values and a; effect coefficients.

The second assumption is the following: the balance of intra-system and
external effects is kept within the system. It is related to the resistance of natural
and economic systems against external effects A . It is assumed that all types of

ecosystems have this property, as the organisms living in them strive to adapt for
varying environmental conditions in order to survive. Therefore, varying external
effects on ecosystem result in the set of dynamic balance of conditions: the values
of ecosystem variables constantly “monitor” external effects and adapt to them
within their variability ranges. The same property extends to economic systems, if
the preservation of cause-effect relations (the system structures) at external effects
(managements) is insured. Thus, the property of adaptation to external effects mean
the preservation of balance of intra-system and external effects:

n-1

U= > au+C+A- (2
j=Li%j
Owing to these assumptions, in the ABC-method of modeling a universal
(module) equation, the solution of which is the expression (2), is used. The
application of this equation significantly simplifies the problem of construction of
ABC-model system of equations which acquires a standard form:

L arulc - - 3 au - AN ©

17

j=1,j#

It is obvious that balance relations (2) are the solutions of the system of
equations (3). In the series of studies [4, 6] it is shown that these solutions are
stable and unique in the domain of variable value variation of the model
0 <u, <2C,upon the condition that intra-system and external effects do not remove

the variables out of this domain:
u; = IF[u, <0;0; IF (u; > 2C;;2C;;u,)] - 4)

Moreover, numerical solution of system of equations (3) has a rapid
convergence of iteration processes even when using the simplest Euler scheme.
This is due to the fact that in each of equations (3) variable value variation rates are
related to the second-order varying negative feedbacks themselves which stabilize
the solutions equations. As ABC-models of the form (3) systems provide mutual
adaptation of model variable values to each other and to external effects, they form
a class of adaptive models [4, 6].

High stability of ABC-model system of equation solution provides a wide use
of non-linear logic operators — management agents in them. Application of
management agents make it possible to change the scenarios of modeling
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processes, bringing them closer to the expected objectives of sustainable
development. Resource limitation agents of ecological-economic development
processes are an important special case. They are applied in those cases when
system product formation occurs with the simultaneous use of several types of
resources. In each moment of time the reserves of one of the resources are minimal
in relation to other types of resources. This minimal resource type will limit the
system product increase and system (3) ABC-model equations will take the
following form:

k-1
% =2ruf{C —[u,— Y. ayu; — AG argmin(a,u,,...a,u,)~ AT} (%)
i1, i

AG, argmin = IF(g,u, =M,;a,u,;0) , M =min(a,u,,..au,,...,a,u,) - (6)
Coefficients of effectsa, ,
the increment in the quantities of each product u, through the use of resources for

its formation u; . In general case, if u; =u,(u;) =a,u;, then

in accordance with balance relation (2), characterize

ou,
ai‘ = —_—
' ou;

The assessments of the coefficients of effects can be obtained by the
regression analysis of observation time series for each pair of u, and u; processes.

It was pointed out in [4, 6] that effect coefficients a; are related to each other by
mutual correlative relations R, = E{uu;} and G; = E{u,A;}. Therefore, they form

ABC-model of adaptive system themselves. In this model they exercise the
functions of variables interconnected with correlative relations. Coefficients of
effects should be determined at (-0,5;0,5) intervals, whereas the variables of ABC-

model are determined at the intervals of positive values 0<u, <2C;. So, this is

necessary to introduce the following ABC-model system of equations for a’;
variables which differ from the effect coefficients by a constant value
0.5 (ai’j =g +0,5):

da’ n-2 . ..
—J=a {1—2{@; ~R;+ aiR; +G; H (=12, ...,n), (i#]), (7
dt p=L, p=i

a{j = IF[ai’]. <0;0; IF(ai’j >1;1;ai’j)], 8

Thus, the systems of equations (3) and (7) under additional conditions (4) and
(8) allow one to construct an adaptive model of the ecological and economic
system of the sea coastal zone on the basis of a scheme of cause-effect
dependencies between its components.

An adaptive model for managing the level of coastal marine environment
pollution from controlled coastal runoff. Additional assumptions are taken to
construct the model corresponding to objective of this work which was formulated
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above. It was considered that the level of the sea pollution by the coastal runoff is
proportional to the volume of the generalized product produced by the coastal
territory economic system. Averaged over the volume of coastal marine water area
integral assessment

PinkaLK+PLO, (9)

k=1
which was a sum of m types of PL, pollutant concentrations (which are the most
harmful for the ecosystem biodiversity and exceed in value the assessment of
average multi-year (background) concentration of PL, pollutants) weighted with
p, weights, was applied as a pollution level characteristic. Therefore, the system
for pollution level management should not exceed the maximum permissible values
(MPV) of PL;. It was assumed that PL value may be managed by remote or

contact observations, and MPV integral value of PL" is also known.

Production Production Pollution ac- Integral bal-
] value P > demand D cumulation - ance ]
PLace S(PLace, PLass)
a a
v \ 4
Production Production Marine pollu- Pollution as-
management > volume > tion PL > similation
AGy \Y PLass(R)
A A A
A 4
Production Production Biochemical
cost E »| efficiency EF decomposi-
tion R
A A A
A\ 4
Sanctions for Sanctions Agent of tem-
environmental [ management petrature in-
pollution TX AGtx(PL,PL%*) fluence G(TW)
a -~ A
Sanctions Pollution bal- Pollution level Marine envi-
management ance control limit PL* ronment tem-
AG 1x(S, %) S* perature TW
a
Marine envi- Agent of dy-
ronment dy- namics influ- =
namics WF ence AG(WF)

Fig. 1. Conceptual model for managing the ecologic-economic processes of pollution accumulation
and assimilation in the coastal marine environment
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With the introduced assumptions, conceptual model for managing the
economic-ecological system is based on dependence of coastal economic system
products and services production profitability on sanctions imposed on it for
deterioration of marine environment ecologic condition in the coastal water area.
Current values of pollutant concentration PL(t) (getting into the sea with the

coastal runoff) and integral balance of volumes of accumulated and assimilated
pollutants S(t) are applied to assess this condition. PL" MPV and permissible

value of integral balance S* were taken as management criteria. Conceptual model
for managing the system with the mentioned model variables and management
agents is represented in Fig. 1.

In the management system the operations were carried out in the following
sequence. With the increase in demand for the generalized product D, the
production volume V and the volume of pollutants getting into the sea (on which
the concentration of pollutants in the marine environment PL depended) also
increased. Management agent AG,, (PL,PL") monitored the increase in pollution

concentration and set the values of TX sanctions, greatening the production costs E.
Management agent AG, (P, E) compared production costs E with the market value

of product P and reduced (or stopped) production release when the EF profitability
condition was violated: production cost became higher than (E >P) cost. If the
pollution level exceeded PL" value, and additional penalty for exceeding the
pollution MPV was imposed. With a reduction of production volume a reverse
sequence of events took place: the volume of pollutants getting into the sea and the
amount of sanctions decreased, and, consequently, the production cost also
decreased. When the condition E<P came, AG,(P,E) management agent

restored the production release up to the existing level of demand for it.
Integral balance of pollutant accumulation and assimilation was considered as
S(t) difference of two components:

S(1) = Sae (1)~ Sass (1), (10)
Saee (1) = 2oy [V (@)1, (12)
0
Sas () =31y [REV (1, (12)
0

where S_(t) is an accumulated amount of pollutions; S,_(t) is their accumulated
assimilated amount. R(t) function — relative pollution assimilation rate
(assimilation coefficient) — was a relation of S_(t) pollution assimilation rate to
the rate of their accumulation S (t) . Under the natural condition S’ (t)<S..(t).
the values of R(t) function are enclosed in (0<R(t)<1) interval. The function

depended on biochemical pollutant decomposition reactions, the sea temperature
TW and also on transport and turbulent diffusion of water masses.
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The ratio of pollutant accumulation and assimilation rates in the sea
determined their concentration. As the marine environment assimilative capacity is
always limited, there was an upper boundary of assimilation rate at which
assimilation coefficient had the maximum value R <1. The balance of pollutions

(10) took S* value at that. Above this boundary, with S(t)>S", the rate of
pollutant refining into the products harmless to the marine ecosystem began
significantly falling behind the rate of their accumulation. A rapid increase in the
pollutant concentration took place. It threatened to ecosystem degradation, as R(t)

assimilation coefficient became an exponentially decreasing function:
R(t) = IF[S <S5 Ryyac: Ry ©X0(—0 )] (13)

In order to construct a model of pollution accumulation and assimilation
within the framework of the integral approach adopted in this paper, the following
assumptions are introduced:

— R(t)function depends on the intensity of biochemical pollution
decomposition reactions, on TW sea temperature, transport and turbulent diffusion
of water masses and determines the intensity of pollution accumulated volume
decrease per unit time (0 < R(t) <1);

— a modulus of near-water wind WF characterizes the impact of water mass
dynamics on assimilation rate;

— with the rise of temperature and near-water wind velocity increase, the
assimilation rate of accumulated pollutions rises according to exponential law with
saturation.

These assumptions allowed one to represent R(t) function by means of

AG[TW (t)] and AG|WF (t)] management agents:
R(t) = IF{R(t) >1;1; IF[S < S"L; R(t) exp(—br )] + AG[TW (t)] + AGIWF (1)}, (14)
AG[TW ()] = a5y IF{TW (t) > 0;1—exp[—bg, 1, TW (1)]; O},
AGIWF (t)] = ag e IF{WF (t) > 0;1— exp[—bg e WF (£)]; 0} -

Thus, the balance of volumes of accumulated and assimilated pollutants S(t)
depended on R(t) value. With R(t) coefficient equal to one, 100 % of all
incoming pollutions were assimilated, the pollutions were not accumulated and

their concentration in the sea was determined by the current production volume
only. In this case (R(t)=1) balance of volumes of accumulated and assimilated

pollutions (10) had (0,S™) interval of values at which the marine ecosystem was
able to adapt to such pollution levels. At S>S", R(t) coefficient became less than

one and accumulated pollution level exceeded the maximum permissible value.
That caused a dangerous ecological state for the ecosystem.

In order to take into account these assumptions in the scheme of ecological-
economic system management (Fig. 1), in parallel with the above described chain
of negative feedback between production volume V(t) and PL(t) marine
environment pollution level, one more management chain (which controlled the
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dynamics of volume of accumulated and assimilated pollutions) was applied.
AG,, (S,S")agent, which increased TX sanctions for pollution when the balance of
volumes of accumulated and assimilated pollutions S(t) exceeded the value S*,

determined by the adaptive properties of marine ecosystem, was included in this
additional control loop:

AG,, (S.8)=IF{S<S"0;a o (S-S l-exp(-h,  -DI}.  (15)

Dynamical equations of the model of ecological-economic system. The
equations were constructed by means of ABC-method modular formulas (5), (6)
and the scheme of effects of modeling processes depicted in Fig. 1. They are
represented by the system of equations (16) — (22). The equation for demand for
the system production includes D* external effect function (which determined the
dynamics of demand) and C_ constant — the average value of demand:

dD .

EzzrDD[CD_(Di_{—aDIPP_D IR (16)
D =IF[D <0;0;IF(D > 2C,;2C,;D)].

AG, (P,E) management agent, which reduced or stopped the production

depending on the value of V* management constant, was included in the equation
for products and services production volume:

dv
E=2rvv{cv -V +AG, (P,E)-a,,,DI}. 17)
V =IF[V <0;0; IF(V >2C,;2C,;V)],
AG, (P,E) = IF{P > E:0;V "[1—exp(-b, D]} (18)

Taking into account (10) — (12) relations, a logical operator considering the
value of accumulating pollution assimilation function R(t) was included in the

equation for the pollution concentration:

d—F’tL=zrpLPL{ch ~[PL-apy IF{RO =1V (t): [L- RON (dr 3. (19)
0

PL = IF[PL < 0;0; IF(PL > 2C, ; 2C,, ; PL)].

a,,p PL summand in the equation for the sanctions set a penalty for the

current flow of pollution. AG_ _.(PL,PL) management agent increased the

amount of this penalty when pollution level exceeded PL* MPV, and

AG, .. (S,S") agent added one more component (15) to the sanctions when the

integral balance of volumes of accumulated and assimilated pollutions S became
more than S”:

dg_tx: 26, TX{Cr, —[TX —ay, ;s PL=AG_ . (PL,PL")—- AG

TX/PL

(S,S")+TX"T3.(20)

TX /8"

TX = IF[TX <0;0; IF(TX >2C,,;2C.;TX)]
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AG,, - (PLPL)=IF{PL<PL0;a_ - (PL-PL)[l-exp(-h. -1}, (21)

where TX" is a constant regulating the amount of sanctions.
E* constant, which considered all the manufacturing expenses relating to the
release of a unit of production, was included in the equation for production costs:

dE .
E:erE[cE —(E—ag,TX+E"], (22)

E = IF[E <0;0; IF(E > 2C_;2C,;E)] .

To assess EF production economic profitability, a logarithm of relation of
economic system profits accumulated over the time period (0, t), lacc(t) to expenses
Eacc accumulated over the same time period is applied:

1+, (23)

1+E,.

Lo = j PV(t)dt, E,, = j E(t)V(t)dt, EF=In
0 0

Computational experiments with the model. A series of computational
experiments were carried out with the constructed model. For the convenience of
comparing the process scenarios, u’ dimensional variables of model and external

effects A, which have C, and A’ average values, respectively, were represented

in dimensionless form u; and were reduced to the general variability interval (O,
10) by means of the following identities:

0/ =C,u, AN =RA. (24)

In the first experiment controllability of the model and its sensitivity to the
variation of parameters determining the impact of sanctions on pollution level and
production profitability were studied. The values of model parameters are
represented below:

aop 0,3 by 0,1 Cu 50 D* 2,0
avip 1,0 ArR/WF 1,0 ] 1,0 V* 5,0
aAE/Tx 0,8 brrw 0, 1 arx/s,s* 0,5 E* 3,0
arx/pL 0,4 Drwe 0,5 Prxis. s 0,2 S* 50
arLv 1,0 DrxipLr 0,1 armw 1,0 PLo 2,0
arx/pL* 0,5 arx/pL* 0,7 p* 45 PL* 3,5

In the first series of experiments thermodynamic factors TW(t) and WF(t)

were not taken into account in order to assess subsequently their effect on pollution
accumulation and assimilation balance. The results of computations are represented
in Fig. 2.

At first, the scenarios of R(t) and S(t) functions were constructed by the
formulas (13), (14) of pollution accumulation and assimilation model (Fig. 2, a).
The maximum value of R, assimilation coefficient is equal to 1.0. Specified

*

assimilative environment capacity (S_.. = 5) provided the equality of pollution

ass
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accumulation and recovery rates to the 125" step of computations, when
assimilation rate reduced and S, scenario became falling behind the S,

scenario. From this time point integral balance S began to increase sharply.

An unfavorable case for ecosystem, when pollution assimilation rate is low
(R, = 0.05) but the penalties for air pollution are absent (7X = 0), is considered
next. These scenarios are given in Fig. 2 b — d. As follows from Fig. 2, b, product
costs £ was significantly lower than P product cost. Therefore, product release
occurred at the level of demand for it (V =D =5,6), and production profitability
EF was constant and high (Fig. 2, d). Due to low assimilation rate, pollution
assimilation and accumulation balance reached S* value at the 6" step of
computations when a dramatic reduction of R coefficient value took place

(Fig. 2, d). After that, the pollution level increased in proportion to the pollutant
accumulation in the marine environment (Fig. 2, c).

7
1.67 D
| 6 / V
1.27 s _ P*
4
0.8 3
2 E
0.41
] 1
t
0,0‘-|-|-|'|'|'|'|'O'I'l'l'l'l'l"—‘
50 150 250 350 50 150 250 350
a b

0,001S

- ——— = ——

t
350

50 150
c d

250

Fig. 2. The results of experiments with a constant volume of production without imposing economic
sanctions and with no regard to the temperature and dynamic processes in the sea: a — model example
of S balances of pollution accumulation Sacc and assimilation Sass at Rmax = 1.0 and S"acc = 0.5; b — d
scenarios of ecological-economic processes at Rmax = 0.05

Then, the sanctions for pollution were imposed and experiments with different
rates of accumulated pollution assimilation, specified by the selection of R
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function volume, were performed. Background value of PL, concentrations in the
experiments was taken as equal to 2, and assimilative capacity S”was characterized
by the value equal to 3.5. Computation results obtained at different rate of
accumulated pollutant assimilations are represented in Fig. 3.

At different assimilation rates the scenarios of processes in the ecological-
economic management system substantially differed in their types (Fig. 3),
although the management scheme was the same. In experiments the results of
which are given in Fig. 3, the penalties with assimilation rates within R (1.0,

0.05) range of values provided a pollution level below the maximum permissible
value (PL < PL"). Therefore, the scenario management was performed by means of
AG,, ..(S,S")and AG, (P, E) agents according to general scheme.

As an example, we are to consider the operations of system management at
pollutant assimilation rate equal to 100% of their accumulated volume per time
unit, i.e. when R__ = 1.0 (Fig. 3, a, c). In the initial time period (up to 160™ step of
computations) product release V coincided by its value with a demand for it D, and
pollution level PL= 2.0 remained constant due to equality of pollution
accumulation and assimilation rates. However, TX penalties increased within this
period as the accumulated volume of pollutants exceeded the prescribed threshold
value §"=3.5.

7 Rmax=1,0 8- Rmax = 0,01
T ] E

T T -1 r 1 r 11 0 —rtr . r - rrrrr+ 11
50 150 250 350 50 150 250 350
a b
67 Rmax = 1,0 77 Rmax = 0,01
6'_ TX
41 pL* 5__
___________________ 41 T~
] X e | S S _-
,LPL 37 / PL* PL
27
1_
t t
O —7rtr . r T rrrrr 1 0 —r 11T T
50 150 250 350 50 150 250 350
c d

Fig. 3. Scenarios of processes in the ecological-economic management system at different pollutant
assimilation rates.
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With the increase of penalties, production cost E also rose and exceeded the
cost of manufactured products at the 160" step. With increasing penalties, the cost
of production of E increased and at the 160th step it exceeded the cost of
manufactured products. The production has ceased to be profitable, and
management agent sharply reduced product release V. Decline in production was
short-termed: as pollutant accumulation rate and production cost decreased, the
production became profitable again and product release increased up to the level of
demand. Further, the considered cycle of management operations repeated.

In Fig. 3, b, d an example of low assimilation rate, equal to 1 % of pollutant
volume per unit time, is represented. In this case, with the same product release
initial volume (dashed line V in Fig. 3, b) PL concentration already exceeded MPV
(PL" =3.5) at 39" time step. Scenarios of processes became more unsustainable, as
in addition to AG,, ..(S,S") agent the A (PL,PL") one (that sharply

XIS GTX/PL*
increased the volume of T.X penalties for exceeding the MPV of pollutions) actively
joined to management operations. A cycle of production volume reduction and
recapture, that allowed one to keep pollution level near the maximum permissible
value PL" = 3.5 at the time interval from 50" to 235" computation step, arose in
the management system. In parallel with this control loop, the mechanism for
controlling S balance of pollutant accumulation and assimilation rates operated as
well. Due to low assimilation rate (high value of S balance), TX penalties and E
production cost remained high, and this fact did not allow resuming the previous
production volume after the 235" step of computations. This is evidenced by S
balance graph denoted by “1 %” inscription in the Fig. 4, a.

250" S 0.57
200
1507

1007

S0’ 50 150 250 350

1%

0-—

a b

Fig. 4. EF production profitability dependence on S balance of pollution accumulation and
assimilation rates in the sea with no regard to the effect of temperature dynamics of water masses.
Assimilation rate of pollutant volume accumulated due to biochemical decomposition reactions is
given in percent.

The dependence of EF production profitability on S balance of pollution
accumulation and assimilation rates in the sea with no regard to the effect of
temperature dynamics of water masses is represented in Fig. 4, b. It follows from

PHYSICAL OCEANOGRAPHY NO.1 (2017) 79



the given scenarios that profitability began to decrease sharply when assimilation
rate of pollutions became lower than 10 % of their volume per time unit. Thus, the
effect of product release volume management (the graphs of these volumes are
given in Fig. 3) manifests itself. The sharpest production profitability decline was
observed at low assimilation rates, i.e. at high pollution concentrations.

In the next experiment calculations of ecological-economic processes were
carried out taking into account the following external effects on the marine
ecosystem: changes in the temperature TW and the wind velocity modulus WF. To
perform these experiments, the scenarios of intra-annual variability of external
effects, represented in Fig. 5, a, were simulated. For comparing with the previous
computations (in which TW and WF effects were not taken into account),
biochemical decomposition rate of pollutants equal to 1 % of their volume per unit
time, which corresponded to the maximum value of assimilation rate function
R,. =0,01, was chosen.

The scenarios of ecological-economic processes obtained in this experiment
are represented in Fig. 5, b — f. The graph of pollution assimilation rate function
R(t) calculated by the formulas (13) — (15) is given in Fig. 5, c. Scenarios of
production volumes V and marine environment pollution concentration PL
(Fig. 5 b — d) were constructed with regard to all factors affecting the assimilation
of pollutions: biochemical decomposition rate with R =0,01, temperature TW and
wind velocity modulus WF. In the graphs for all variables of the model these
conditions are denoted as “1 % + TW + WF”.

R(t) function was calculated by the formula (13), taking into account
dynamical factors of effect. Its intra-annual variability R(t) graph is represented in
Fig. 5, c. It is known that with the sea temperature increase, pollutant biochemical
decomposition reaction rate also increases. Besides, under effect of near-water
wind an intensive mixing of upper layer occurs. This promotes the dissipation of
suspended phase and decomposition of the dissolved phase of pollutions [3]. This
effect is clearly visible in Fig. 5, b, d — f. From a comparison of the obtained
scenarios with the graphs of the processes shown in Fig. 3, b, d, it follows that
dynamic factors greatly increased pollutant assimilation rate and thus significantly
affected the management of ecological-economic processes. Pollution
concentration scenario shown in Fig. 5, d was kept at PL level equal to 2.2,
whereas in Fig. 3, d it exceeded the MPV (PL = 3.5).

Penalties for pollution were associated mainly with the balance of pollution
accumulation and assimilation rates, i.e. with R(t) function value. Production
volume reduction occurred at the 146" step of the calculation when its production
cost E exceeded the cost of the generalized product P*. However, the production

was already resumed at the 167" step, as 7.X penalties were sharply reduced due to
a decrease in the balance of accumulation and assimilation rates below the control
value S*=5 (Fig. 5, ). A second product release limitation occurred at the 315"
step of computations when the balance of pollution accumulation and assimilation
rates decreased below S*=5 value again. The reason for it was a simulated
seasonal sea temperature decrease (Fig. 5, a) Thus, the experiments revealed a

80 PHYSICAL OCEANOGRAPHY NO.1 (2017)



significant effect of thermal and dynamic factors on the assimilation rate of
pollutants: the obtained scenarios of ecological-economic processes were more like
aPL scenario in Fig. 3, ¢, when the assimilation rate was the maximal (R =1)

due to biochemical processes.
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Fig. 5. The effect of sea temperature TW and wind velocity modulus WF on ecological-economic
processes with the biochemical assimilation rate of pollutions R =0,01 (1 % of their volume per

unit time): a — simulated scenarios TW and WF; b, d — model variables with regard to TW and WF
(1 %+TW+WF); ¢ — R(t) assimilation rate function; e — the balance of volumes of accumulated and
assimilated pollutions; f — production profitability without taking into account TW and WF (1 %), with
regard to TW (1 % + TW), with regard to TW and WF (1 % + TW + WF)
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Conclusion. In the given paper a general method for managing a complex
system that includes a coastal socio-production complex and an ecosystem of the
coastal marine environment is considered. Coastal subsystem of the complex saved
resources for utilization of industrial and domestic wastes at the expense of the
assimilative resources of the sea, while the objectives of rational nature
management consisted in preventing irreversible degradation of the marine
ecosystem. The purpose of this study was to test the proposed mechanisms for
management of ecological-economic processes the application of which is possible
with the introduced assumptions. It was assumed that coastal ecosystem
assimilative capacity was determined by the intensity of biochemical
decomposition processes of harmful substances carried out into the sea with the
coastal runoff. The intensity, in its turn, depended on the sea temperature and
dynamic activity of water masses. For taking into account all the affecting factors,
the assimilative process rate function, which determines the dynamic balance of
pollution accumulation and assimilation [7 — 15] in comparison with the pollutant
flux velocity, was introduced.

A scheme of cause-effect relationships between the marine environment
pollution level and penalties that limit the flux of pollutants by the reduction of
production profitability is proposed. The formalization of this scheme by the
Adaptive Balance of Causes method allowed one to construct a simulation model
for carrying out the computational experiments. According to their results, the
following conclusions are drawn:

— adaptive simulation model (10) — (24) can be used for forecasting the
scenarios of coastal subsystem production processes (the volume of generalized
product manufacturing, production cost, profitability) in parallel with the scenarios
of pollutant concentration and balance of accumulated and assimilated pollution
volumes;

— due to the inclusion of management agents in the model, it became possible
to determine the most advantageous modes of the marine environment assimilative
capacity use by varying the amount of penalties for pollution;

— the model takes into account the fact that the sea temperature and wind
mixing of water masses significantly increase the marine environment assimilative
capacity.

Further development of the proposed approach to the complex “Coastal runoff
— Coastal marine environment” system management involves specification of the
source and chemical composition of pollutions getting into the sea, as well as
detailing of the marine ecosystem model (its variables are the most sensible to such
an effect).
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