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A simple ecosystem model of the upper layer of the north-western shelf of the Black Sea 
(NWS of BS) was considered. Estimates of phytoplankton, zooplankton, bioresources and 
oxygen concentrations were used as the basic biochemical characteristics of the ecosystem. 
The ecosystem was affected by external conditions: the seasonal temperature and 
chlorophyll-a concentrations. The adaptive balance of causes method was used to construct 
ecosystem model equations. The equations had the property of dynamic adaptation to 
variable external influences. 
Аpplying this model we illustrated the two-step method of modeling marine ecosystems 
processes, using adaptive models. On the first step, dynamics of water masses movement 
was calculated by a numerical model. On the second step, the ecosystem model made the 
local adjustment of ecosystem variables to each other, taking into account the available 
estimates of advection and diffusion of substances. In this simulation advection and 
diffusion calculated by the hydrodynamic model presented external forces relative to the 
ecosystem substances in the local volume. Maps of annual spatial and temporal variability 
of fields of phytoplankton, zooplankton, oxygen and biological resources concentrations in 
the upper layer NWS of BS were made. It was shown, that using data about the dynamics 
of marine environment in the adaptive models of ecosystems enable to detail the maps of 
biochemical fields. 
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I. INTRODUCTION 
Applied problems of monitoring the state of the marine environment for the use of its 

resources require the construction of diagnostic and prognostic maps of biochemical components 
of marine ecosystems, according to observations. The main source of these data, satellite 
observations are a component of the ecosystem, obtained by remote sensing of the sea surface. 
Therefore adaptation of model estimates of biochemical components of marine ecosystems, 
calculated on a relatively simple integral model, to satellite observations is one of the most of 
perspective directions using satellite information. 

For mapping the fields of biochemical components of marine ecosystems are usually 
applied numerical models of high resolution in which the concentration of biological objects and 
chemical substances are calculated by the equations describing the transport and diffusion of 
substances in the sea [1]. In this paper, the possibilities of a two-step mapping biochemical fields 
by the method of adaptive balance of causes (ABC-method) that has the property of local 
adaptation of the model variables of the ecosystem are shown [2, 3]. In the first step are carried 
out calculations of currents by hydrodynamic models to construct estimates of advection and 
diffusion in grid nodes covering the study area. On the second step these estimates and satellite 
observations are used as external sources of influence in special models of the marine ecosystem. 



Since the task of a detailed description of biochemical processes in this paper is not intended as a 
conceptual model of the upper layer of the marine ecosystem have chosen the simplest scheme of 
causality, including the concentration of phytoplankton, zooplankton, bioresourses and dissolved 
oxygen. 

 
II. ADAPTIVE BALANCE OF CAUSES METHOD 

Adaptive Balance of Causes method (ABC-method) was developed in the Marine 
hydrophysical institute and successfully used by the authors in the modeling of ecological-
economic systems [3 - 5]. System principle of the adaptive balance causes [3] postulates the 
desire of all natural systems to a state of dynamic equilibrium with each other and attached to 
them external influences. The existence of equilibrium is due to the balance of positive and 
negative feedbacks, which are formed inside the system by causal relationships between 
processes. On the basis of this principle, in [3] proposed an adaptive balance the effects of the 
method for modeling of complex systems, which is constructed on two system concepts: 

1. There is a universal modular equation expressing the rate of change of any of the 
processes modeled in the form of managed balance sheet growth trends and the decreasing of the 
process, which provides the internal balance of positive and negative feedback in each of the 
equations. 

2. Combining modular equations to the system of dynamic equations of model should 
ensure the simultaneous pursuit of solutions of these equations to the stationary state of the 
system in which the intra-relationship between the development processes are adapted to each 
other and to external influences, exerted on the system. 

To provide balance of feedbacks, to the right part of the universal modular ABC-method 
equation must have two basic function of causes )()( xF −  и )()( xF + . These functions impede 
both growth and decay of the simulated process x , directing its scenario to sustainable steady-
state value 
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It is sufficient to require that with increasing x  basic function )()( xF −  is monotonically 

decreasing, and basic function )()( xF +  monotonically increasing. In order to ensure the overall 
balance is necessary to put an additional condition for the normalization of the basic functions of 
causes 
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где С – current capacity of environment according to variable x  of the system, ri  – parameters 
characterizing of the rate of change of variables. 

In the ABC-method it is assumed that the current capacity of the environment is an 
average of the variability interval variable as the twice value of it sets the upper bound of the 
values x   
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Taking into account the condition of balance (2) total modular equation of ABC-method 
takes the form 
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Since as a function )()( xF +  any monotonically increasing function can be used, it is 

advisable to choose the most simple of them: xxF =+ )()( . In this case, the modular equation of 
the ABC- method coincides with Verhulst equation [6] when С = 0,5.  

The technique for combining modular equations (4) to the system to build ecosystem 
model is principle. The ABC-method introduce a suggestion that all influences ( )ijiji AxaF , , 

exerted on the variable ix , must be taken into account additively in the argument base function of 
causes of the modular equation (4). Therefore, the total system of equations of the ecosystem 
model constructed by ABC-method takes the form 
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where aij  – coefficients variables’ influences on each other. In this case, intervals of variation of 
the variables is (0, 2Сi). 
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If we assume that intersystem relation is linear, i.e. jiji xax = , then 
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In this case, the system of equations of ecosystem model written by ABC method takes the form: 
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The restriction of the limits to growth of variables depends not only on the current 

capacities of the natural environment in relation to the variables, but also on the intra-factors 
action. For example, the zooplankton concentration increase depends on the availability of all 
necessary resources: phytoplankton, oxygen, chemicals and other growth factors. At each time 



moment one of these factors is limited, because this type resources growth of concentration is a 
minimal amount comparing to the other resources. Therefore management agents should present 
in marine ecosystem models The management agents monitor and control the dynamics of 
resource provision of living organisms and the conditions of chemical reactions [3].  

As a rule, the management agents are logical operators that switch functions of causes by 
the prescribed rules. One of the convenient expressions for a management agent can serve as a 
formula 
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Such switching functions of sources and sinks in the process of solving the equations of the 
ecosystem model increase the demands on the stability of the solution algorithms. Therefore, the 
stability of adaptive models of the second order, which is provided by negative feedback , is very 
useful when using the management agents growth of concentrations of ecosystem living objects. 

 
III. АDAPTIVE MODEL OF THE BLACK SEA UPPER LAYER ECOSYSTEM  

We call the ecosystem models adaptive if at the presence of external influences a model 
tends to the state of dynamical equilibrium with them. A mutual adaptation of the model values 
to each other and to the external influences occurs in the adaptive models, and a set of equations 
of the model “monitors” varying external influences keeping a state of dynamic balance with 
them. 

As a conceptual model of the upper layer of the marine ecosystem have chosen the 
simplest scheme (Fig.1) of cause-effect relationships of processes taking place in the North-
Western shelf of the Black Sea (NWS BS).  
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Fig. 1. Conceptual model of the upper layer of the sea ecosystem. 
 



It includes the concentration of phytoplankton РР, zooplankton ZP, bioresource BR and 
dissolved oxygen OX. In addition to the structure of the model consists resource limitation agents 
of aquatic organism concentration in the food chain ),( PPOXAGZP  and ),( ZPOXAGBR . 
Advection and diffusion estimates obtained from calculations of the currents velocity 
components u, v by the hydrodynamic model, the satellite observations data on sea surface 
temperature TW and chlorophyll-a concentration СН are used as the external influences. 
Therefore, the model includes agents taking into account the dynamics of oxygen )(OXAGDYN , 

zooplankton )(ZPAGDYN  and bioresource )(BRAGDYN  concentrations. Also agents, taking into 
account the influence of the seasonal cycle of sea temperature on the concentrations of 
zooplankton AGZP(TW) and bioresource AGBR(TW), are used in the Black Sea upper layer 
ecosystem model. 

In accordance with the conceptual model (Fig.1) the system of equations of the 
ecosystem model is constructed by the adaptive balance of causes method. This system has the 
property of dynamic adaptation to changing external influences: 
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For the comparison of scenarios to be easier, model variables were represented in 

dimensionless form and were reduced to the common interval of variability (0,10). It should be 
noted that phytoplankton advection and diffusion are indi-rectly taken into consideration in the 
equation (10) because the satellite measurement data on СН chlorophyll-a concentration, formed 
under effect of advection and diffusion, had been used as an external influence source in this 
equation. Through system of equations of the model this influence is also extended to other 
model variables. However, it is insignificant due to the fact that the influence of previous 
resource factors decreases with each transition to the new reaction. This is the cause of diffusion 



and advection inclusion in all other model equations. Current velocities and turbulent exchange 
coefficients, taken from the calculations by the hydrodynamic model, introduce an additional 
data on environment dynamics, therefore the management agents )(ϕDYNAG in the system (10) 
are the additional sources of influences on the substance concentration changes. 

 
IV. MAPPING BIOCHEMICAL FIELDS IN THE UPPER LAYER OF THE BLACK SEA 

The adaptive ecosystem model considered above is applyed to map phytoplankton, 
zooplankton, bioresource and oxygen concentrations for the NWS BS region. To initialize the 
model the literature data, which have approximate estimations of average values of 
corresponding concentration fields, are used. 

Based on the data characterizing the dynamics of the biomass of phytoplankton and 
edible zooplankton in 1954 – 2007s in the northwestern Black Sea shelf [7, 8], as estimates of 
the average values taken concentrations: PPC = 6 g/m3 и ZPC = 0.2 g/m3. The highest indicators of 
phytoplankton obtained on the shallow north-western part of the Black Sea, where the species of 
phytoplankton well supplied with nutrients coming from the waters of the Danube, the Dnieper, 
the Southern Bug, Dniester, and also due to intensive water exchange and closeness of the 
bottom   where the regeneration of nutrients is. Also a special feature of this area is the presence 
of hydrological fronts formed by contact of river and sea waters [9]. Spatial distribution of 
planktonic organisms associated with the proliferation of fresh water in the area of hydrological 
fronts, blooming areas, microorganisms spreading  and wind regime. The redistribution of 
zooplankton significantly affects circulation arising in ebbs and surges winds [10]. 

Observations on the concentration of bioresource is highly fragmented and confined 
mainly the estuarine areas of the Danube and the Dnieper. For an approximate estimation of BRC  
value the results of edible and gelatinous zooplankton biomass monitoring in these regions [8] 
are used. Relying on these data and also on the materials of [11] the value was adopted as an 
estimation of bioresource concentration average value BRC  = 0.1 g/m3. 

Literary sources contain a great number of data on oxygen concentration for the BS NWS 
region [12, 13]. It is noted that summer is a period of the lowest absolute oxygen content in the 
entire water column and water area of the region, which is due to increase of temperature and, 
consequently, rates of biochemical processes. Therefore the value equivalent to OXC = 7 ml/l was 
adopted as an estimation of average annual oxygen concentration. 

To map layer ecosystem fields in the BS NWS region there were used maps of chlorophyll-
a concentrations fields and sea surface temperature, constructed according to satellite 
observations for the year 2012 (Fig.2, a, b), and maps of horizontal current field in the sea upper 
layer, constructed according to the data of the region hydrodynamic modeling [14] (Fig. 2, c – 
the longest arrow corresponds to 30 cm/s velocity), for each node of a square grid (which covered 
this region) with 5 km step (4004 nods). Calculations of fields of the ecosystem carried out for 
the year (366 calculation time steps – days). To illustrate used 228 day falling on mid-August, is 
characterized by increased values of sea surface temperature and chlorophyll а budget. 
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Fig. 2. NWS BS maps, obtained on 228 days of the year (mid-August) 
according satellite observations: 

 a – chlorophyll-а (mg/m3), b – sea surface temperature (°С);  
according numerical simulation data: c – currents. 

 
Calculations of ecosystem variables were carried out in two stages. Initially, the model 

equations (10) were solved in each nod of the grid domain with no regard for advection and 
diffusion. As a result, the scenarios of within-year variation of all ecosystem parameters, by 
which the charts of substance concentration spatial distributions for each day were constructed 
subsequently, had been calculated. These data, alongside with the calculations of horizontal 
currents, were used to obtain the advection and diffusion assessments in each node of grid 
domain for each day of experiment. Advection and diffusion were calculated by standard finite-
difference formulas. 

At the second stage the local adaptation of model variables to the obtained advection and 
diffusion assessments was performed by means of model (10). These assessments were included 
into the management agents (11had the meaning of time intervals during which the advective 
and diffusive supplements to the concentrations of substances. Thus, the assessments of 
advection and diffusion have served as additional sources of external influences in the ecosystem 
model equations. 

In Fig. 3, а map of phytoplankton concentration, constructed without taking into account 
the marine environment dynamicsпо by the temporal scenarios calculated in the nods of grid 
domain, is given. The structure of isolines on this map basically follows the one from Fig. 2, а 
(the map of chlorophyll-a concentration constructed according to the satellite data).  

The map of oxygen concentration represented in Fig. 3, б demonstrates that it was 
sufficiently affected by satellite data on sea surface temperature and phytoplankton 
concentration. The map of sea surface temperature (Fig. 2, б), constructed by satellite data, 
contains a notable anomaly in the area of south-western coast of the Crimea, and this anomaly is 



due to anticyclonic gyres. This anomaly clearly manifested itself in the oxygen concentration 
field (Fig. 3, б). 

A dominant role in the formation scenarios of zooplankton and bioresource 
concentrations play the minimum oxygen concentrations. Therefore it should be expected that 
the oxygen field anomaly will manifest itself in the maps of zooplankton and bioresource 
concentrations. The maps of these fields, represented in Fig. 3, c, d confirm this statement. The 
greatest zooplankton and bioresource concentrations are observed in the Danube estuary coastal 
regions and the lowest concentrations – in the area of oxygen field anomaly near the south-
western coast of the Crimea. 
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Fig. 3. Maps of ecosystem fields, calculated without taking into account the dynamics of the marine environment 
228 computing days (mid-August): 

a – phytoplankton (dimensionless units), b – oxygen (dimensionless units), 
c – zooplankton (dimensionless units), d – bioresource (dimensionless units). 

 
The map of phytoplankton concentration, which was calculated taking into account the 

marine environment dynamics on the mid-August (the 228th day of computations is represented 
in Fig. 4, а. This field appeared to be more changeable in comparison with the one given in 
Fig.3, а, which was obtained at the first stage. Local inhomogeneities of chlorophyll-a field, 
which had been observed on the chart of its concentrations in Fig. 2, а near the north-western 
coast of the BS NWS water area, , were not visible in the chart of phytoplankton concentration 
(Fig. 3, а), constructed excluding the water dynamics. Taking into account the dynamics, they 
explicitly manifested themselves in Fig. 4, а.  

This conclusion also extends to other ecosystem fields constructed with regard to 
advection and diffusion. This is evidenced by the results of the comparison of appropriate 
oxygen (Fig. 3, b and 4, b), zooplankton (Fig. 3, c and 4, c) and bioresource (Fig. 3, d and 4, d) 
concentrations. Thus, marine environment dynamics sufficiently affects the results of ecosystem 
field modeling using the Adaptive Balance of Causes method. 
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Fig. 4. Maps of ecosystem fields calculated with advection and diffusion 
228 computing days (mid-August): 

 a – phytoplankton (dimensionless units), b – oxygen (dimensionless units), 
c – zooplankton (dimensionless units), d – bioresource (dimensionless units). 

 
V. CONCLUSIONS 

Adaptive NWS BS marine ecosystem model was used to illustrate the suggested two-step 
method of mapping fields of the upper layer of the sea ecosystem, which allows to assimilate 
transport processes and the diffusion of substances calculated by hydrodynamic models. The 
equations of the ABC-method provided the construction of maps of phytoplankton, zooplankton, 
bioresourse and oxygen concentrations by the use of satellite data and results of the advection 
and diffusion numerical modeling for investigated region of marine environment. ABC-model of 
the marine ecosystem has been used for mapping interannual spatial and temporal variability of 
phytoplankton, zooplankton, oxygen and biological resources concentrations fields for the upper 
layer NWS BS adapted to satellite observations of chlorophyll concentration and sea surface 
temperature. Thus, according to satellite data spatio-temporal dynamics of the ecosystem for this 
year's conditions were restored. It is shown that taking into account the dynamics of the marine 
environment and the agents of the resource limitation in adaptive ecosystem models allow to 
assess the detailed maps of biochemical fields. 
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