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ABSTRACT 

Significant concentrations of arsenic (As) in mine tailings and surrounding 

soils suggests that As-contamination is a matter of great concern in the studied 

mining area. The aim of this study is to evaluate the As contamination, stress 

responses, tolerance and phytoremediation potential of native flora of As-

contaminated tailings in an abandoned mine. The ‘Vale das Gatas’ mine tailings 

(Northern Portugal) contain high concentrations of As (541–5,770 mg/kg) and 

heavy metals such as lead, zinc and copper. Average As concentration in colonizing 

plants, such as Agrostis castellana Boiss. & Reut., range from 13.2 mg/kg in the 

stems to 30.9 mg/kg  in the leaves. Considering the high concentrations of As in the 

tailings, A. castellana may have developed resistance to these metalloid. In this 

study, two plant populations of A. castellana were tested in relation to As(V) ion as 

a possible damaging agent of root membranes in vivo. Stress responses and 

tolerance to As(V) was tested by a “root growth test” on specimens from the tailings 

(‘tolerant’), with reference to a population collected outside of the mine influence 

(‘sensitive’). The tests were performed in hydroponics, for several As(V) 

concentrations: 10, 20, 40, 80, 160, 320, 640, 1,280 µM. The tolerance index was 

determined, as the ratio between the average “maximum roots growth” in the 

presence of As(V) and the average “maximum roots growth” in the absence of 

As(V). The results allow to verify tolerance indices significantly higher in 

specimens that grow on the tailings (59.3% maximum), compared with specimens 

from non-contaminated areas (29.5% maximum). Arsenic concentrations higher 

than toxic level in A. castellana species, with significant tolerance indices, indicate 

that internal detoxification tolerance mechanisms might exist. Therefore, this 

species growing on tailings would be a great advantage in the revegetation of mine 

areas and can fulfill the objectives of phytostabilization, phytoattenuation, and 

visual improvement. 

Keywords: arsenate, mine tailings, phytostabilization, root growth test, Vale 

das Gatas mine 

INTRODUCTION 

It is possible to find a wide variety of plant species that can colonize areas 

highly polluted with heavy metals and metalloids, such as mine tailings or soils 

degraded and contaminated by mining/industrial activities. Therefore, many studies 

have been conducted in contaminated mining and industrial areas and in natural 



 

metalliferous soils in order to inventory and screen the indigenous species and 

evaluate their potential for phytoremediation of contaminated soils [1]. 

The aim of this study is to evaluate the arsenic (As) contamination, stress 

responses, tolerance and phytoremediation potential of native flora of As-

contaminated tailings in the abandoned ‘Vale das Gatas’ mine (Northern Portugal). 

MATERIALS AND METHODS 

Study area 

The abandoned ‘Vale das Gatas’ mine is located in northern Portugal (Figure 

1). The principal types of rocks of the region are Neoproterozoic – Lower Cambrian 

metasedimentary rocks of Douro Group (a subdivision of the Dúrico-Beirão 

supergroup, formerly known as the Schist-Greywacke Complex), Hercynian 

granites, and mineralized and non-mineralized vein rocks [2], [3]. Tin-tungsten (Sn-

W) mineralization is dominant in the study area. The ore mineralogy consists 

mainly of wolframite. Cassiterite, scheelite, several sulfides (pyrite, chalcopyrite, 

sphalerite, galena, arsenopyrite, pyrrhotite, stannite, covellite, marcasite), silver 

(Ag), lead (Pb), and bismuth (Bi) sulfo-salts and native Bi are also presente [2], [3]. 

The gangue minerals that host mineralization are essentially quartz, fluorite and 

muscovite. 

The deposit was exploited for tungsten and tin by underground mining from 

1883 till 1992. The ores were concentrated at the site, and the tailings (which 

contain high levels of sulfides) were deposited on the ground. The mines were 

abandoned without any environmental remediation. Exposure of these sulfides to 

air and water produces acidic water, facilitating the release of contaminants into the 

surrounding environment [4], [5], [6], [7], [8]. 

Sampling and sample preparation 

Soils, tailings and plants were collected from 69 random sites in the study area. 

On the selected sites, samples of soil, tailings and plant specimens were collected 

in an area of approximately 1 m2. At each location, four random partial soil samples 

weighing 0.5 kg each were collected from a 0 to 20 cm depth and mixed to obtain 

a single composite sample [7]. Plant sampling was focussed on the whole plant, 

considering plants of similar maturity and the separation of the different tissue types 

(leaves, stems and roots). In the laboratory, the soil samples were oven-dried at a 

constant temperature of 40 ºC, manually homogenized and quartered. Two 

equivalent fractions were obtained from each quartered sample. One was used for 

the determination of physico-chemical properties, and the other for chemical 

analysis. Samples for chemical analysis were sieved using a 2 mm mesh sieve to 

remove plant matter and were subsequently screened to pass through a 180 µm 

screen [7]. The vegetal material was washed thoroughly, first in running water 

followed by distilled water and then oven-dried at a temperature of 50 ºC. When 

dry, the material was milled into a homogenous powder [7]. 

 

 



Analytical procedures 

The determination of total element content in soil samples was performed using 

a tri-acid digestion (HNO3 + HClO4 + HF) in open Teflon vessels, followed by 

atomic absorption spectrophotometry (AAS, Perkin Elmer 2380) for heavy metal, 

and a hydride generation system (HGS) linked to an AAS device for arsenic [7]. 

The analytical processes for the plant samples involved digestion with HCl and 

HNO3 in open vessels. The analysis was performed in the same way as that for soil 

samples. Data were collected in triplicate. Certified reference materials were also 

used [7]. 

 

Figure 1. Location of the sampling sites of Agrostis castellana plant 

‘populations’: 1- sensitive population; 2- tolerant population (tailings). 



 

Root growth test 

Two plant ‘populations’ of A. castellana were tested in relation to As(V) ion. 

Responses to As(V) was tested by a “root growth test” on specimens from the 

tailings (‘tolerant’), with reference to a population collected outside of the mine 

influence (‘sensitive’). The tests were performed in hydroponics (Hoagland 

solution, without phosphate), for several As(V) concentrations: 0, 10, 20, 40, 80, 

160, 320, 640, 1,280 µM. The tolerance index was determined, as the ratio between 

the average “maximum root length” in the presence of As(V) and the average 

“maximum root length” in the absence of As(V). 

RESULTS AND DISCUSSION 

As expected, the ‘Vale das Gatas’ mine tailings contain high concentrations of 

As (541–5,770 mg/kg) and heavy metals such as lead, zinc and copper (Table 1). 

Significant concentrations of As in mine tailings and surrounding soils suggests that 

As-contamination is a matter of great concern in the studied mining area. 

Table 1. Total metal(loid)s concentrations in the tailings and surrounding soils 

from the ‘Vale das Gatas’ mine. 

 Tailings (mg/kg; n = 12)  Soil (mg/kg; n = 57) 

 As Cu Pb Zn As Cu Pb Zn 

Minimum 541 164 584 187 26.7 11.7 55.4 63.1 

Maximum 5,770 352 6,299 469 163 330 412 467 

Mean 1,963 259 2,152 302 73.4 76.5 129 173 

Median 1,322 253 1,455 280 51.8 27.9 94.3 124 

S.D. 2,175 75.2 2,372 103 46.6 107 115 130 

In contaminated soils and in the tailings the metal(loid)s concentration in plant 

tissues are high due to the high metal concentrations in the substratum. In general, 

the content variations in the plants were strongly related to the content variations in 

the soil samples. Holcus lanatus,  Pteridium aquilinum and Agrostis castellana were 

the main accumulators of As (Figure 2). 

 

Figure 2. Accumulation of As (mg/kg DW) in plant species of the ‘Vale das Gatas’ 

mining area. 



The Pinus pinaster trees growing on the tailings and contaminated soils also 

accumulated high quantities of As [7]. In the P. pinaster samples from tailings and 

contaminated soils, the older needles (2- and 3-years-old) show a tendency to 

accumulate higher concentrations of As [7]. This allowed to conclude that the As 

concentrations in plants depend as much on the plant organ as on its age and. 

However, the species showed a great variability in the As accumulation behaviour 

with the age of the organ. 

Considering the high concentrations of As in the tailings, colonizing plants 

such as A. castellana may have developed resistance to these metalloid. In this 

context, two plant ‘populations’ of A. castellana were tested in relation to As(V) 

ion as a possible damaging agent of root membranes in vivo, for several As(V) 

concentrations in hydroponic medium with a phosphate-free Hoagland solution. 

Due to the chemical similarity, phosphate and arsenate can compete either for the 

same adsorption sites on soil particles and for the same absorption mechanisms by 

the roots. Stress responses and tolerance to As(V) was tested by a “root growth test” 

on specimens from the tailings (‘tolerant’), with reference to specimens collected 

outside of the mine influence (‘sensitive’). The results (Table 2) allow to verify 

tolerance indices significantly higher in the ‘tolerant population’ (59.3% 

maximum), compared with the ‘sensitive population’ (29.5% maximum). 

Table 2. Root growth test (RGT) results considering the mean values of the 

maximum root length (MRL) and the tolerance index (TI). 

 Sensitive Tolerant 

Medium Mean MRL (mm) TI (%) Mean MRL (mm) TI (%) 

-P, -As 13.2  13.4  

-P, -As 13.6  14.0  

-P, +As (10 M) 3.96 29.5 5.90 43.0 

-P, +As (20 M) 3.23 24.1 8.00 59.3 

-P, +As (40 M) 1.47 10.9 5.73 41.7 

-P, +As (80 M) 1.06 7.90 3.37 24.5 

-P, +As (160 M) 1.15 8.50 4.00 29.2 

-P, +As (320 M) 0.59 4.40 3.11 22.6 

-P, +As (640 M) 0.00 0.00 2.59 18.9 

-P, +As (1,280 

M) 

0.00 0.00 1.60 11.7 

-P = phosphate-free; -As = arsenic-free; +As = with arsenic 



 

CONCLUSION 

Significant accumulation of As in both soils and native wild flora suggests that 

As-contamination is a matter of great concern in the studied mining areas. Arsenic 

concentrations higher than toxic level in A. castellana species, with significant 

tolerance indices, indicate that internal detoxification tolerance mechanisms might 

exist. Therefore, this species growing on tailings would be a great advantage in the 

revegetation of mine areas and can fulfill the objectives of phytostabilization, 

phytoattenuation, and visual improvement. Also, high As concentrations in the 

other studied species, H. lanatus, P. pinaster, P. aquilinum, indicate their utility for 

phytoremediation purposes. Furthermore, these plants could grow and propagate in 

substrata with low nutrient conditions which would be a great advantage in the 

revegetation of mine tailings. A vegetative cover is one of the most effective and 

inexpensive way to minimize the erosion of tailings and contaminated soils and 

attenuate the contaminants dispersion. Therefore should be taken advantage of the 

potential of colonizing plant species, which are adapted to the existing conditions 

and are representative of the local flora. 
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ABSTRACT 

During the operation of landfills for the storage of garbage, waste-processing 

complexes or during transportation of waste, hazardous substances contained in the 

composition of the waste can be released into the water bodies. The aim of the work 

is to ensure environmental safety in the field of hazardous waste management and 

improve the efficiency of assessing their integrated impact on water bodies using 

methods and means of multispectral environmental monitoring. The relevance of 

the topic is due to the need to ensure the environmental safety of water bodies by 

increasing the reliability of monitoring the parameters of water pollution and the 

ecological state of water bodies in accordance with the tasks of environmental 

monitoring, taking into account their optical and physical characteristics by 

improving multispectral methods and developing appropriate hardware and 

software. When solving the inverse problem, the parameters of phytoplankton in 

the near-surface layer of the aquatic environment are determined using multiple 

regression based on the resulting array of multispectral images of the surface of the 

water body. When using bioindication of the ecological state of water bodies by 

macrophytes using the method of multispectral environmental monitoring, it is 

possible to determine the concentration of the main chromophores in higher aquatic 

plants (chlorophyll a, chlorophyll b, carotenoids, etc.), the species composition of 

communities of higher aquatic plants, the relative sizes of damaged leaf areas. The 

assessment of the ecological status of water bodies is carried out on the basis of 

biodiversity indices obtained from the study of the species composition of 

phytoplankton or macrophytes. In a number of modern studies, the development of 

the synergetic theory of the management of complex natural-man-made systems is 

being carried out, which can be used to assess the ecological state of water bodies. 

At the same time, the properties of the ecosystem, its synergistic characteristics are 

manifested in the interaction with environmental factors. To assess the ecological 

status of water bodies using a synergistic approach, it is necessary to monitor the 

dynamics of populations of aquatic organisms, which will determine the phase 

portrait of the fluctuations in the dynamics of populations of aquatic organisms. In 

this context, it is possible to use the developed multispectral methods and means of 

control, which will allow to determine the necessary characteristics of populations 



 

for phytoplankton and higher aquatic plants in natural water bodies and model 

ecosystems. Research and improvement of measuring tools and new methods for 

monitoring the integral parameters of water pollution to improve the efficiency of 

environmental monitoring of water bodies and assessing the impact of 

anthropogenic factors on them has been conducted, which has allowed developing 

new concepts and methods for environmental protection and rational nature 

management.  

Keywords: environmental safety, water body, multispectral monitoring, 

phytoplankton, macrophytes.  

INTRODUCTION 

One of the important components of monitoring and controlling water quality 

is a comprehensive assessment of the ecological status of surface water bodies 

subject to anthropogenic pollution. The most common methods used for these 

purposes is the calculation of the water pollution index and the environmental water 

quality index, the lack of effectiveness of which is associated with the use of a 

limited list of (mainly hydrochemical) indicators, does not allow for a thorough 

comprehensive assessment of the state of the abiotic and biotic components of the 

aquatic ecosystem. It is impossible to assess the state of an ecosystem only by 

physicochemical parameters, since its main characteristic, the state of hydrobionts, 

is not taken into account. Analytical control is complicated by the synergistic effect 

of most compounds. The reaction of hydrobionts depends not only on individual 

physicochemical factors, but also on their interaction. 

In a number of modern studies [1-4], the development of a synergetic theory of 

management of complex natural-man-made systems is carried out, which can be 

used to assess the ecological state of water bodies. At the same time, the properties 

of the ecosystem, its synergistic characteristics are manifested in the interaction 

with environmental factors. Ecosystems meet the requirements for systems that are 

self-organizing: non-closed, unstable, non-linear, dynamic hierarchy. Therefore, 

ecosystem approaches should be considered from the point of view of a synergistic 

concept using a systems approach to conduct a study of changes in their state. The 

formalization of bifurcation processes in the biosphere is inextricably linked with 

an understanding of the synergistic patterns of the evolutionary development of 

biota.  

The reaction to seemingly insignificant environmental changes (the appearance 

of polutants, introductions, invasions, etc.) is characteristic primarily of the “living 

substance” of the biosphere of species of individuals, biocenoses. If the changes 

relate to certain boundary conditions that ensure the maintenance of the equilibrium 

of an ecosystem, then with time a substantial restructuring of its structure and 

functioning is possible, up to and including the destruction of the ecosystem itself. 

To assess the ecological status of water bodies using a synergistic approach, it is 

necessary to monitor the dynamics of populations of aquatic organisms, and it will 

be possible to determine the phase portrait of fluctuations in the dynamics of 

populations of aquatic organisms [5]. In this context, it is possible to use the 

developed multispectral methods and means of control, which will make it possible 



to determine the necessary characteristics of populations for phytoplankton and 

higher aquatic plants in natural water bodies and model ecosystems [6]. 

METHODS 

The analysis of integrated assessment methods for technogenic pollution of 

natural water bodies confirmed that the control of integral indicators of water 

pollution, in accordance with Ukraine’s international obligations and the need to 

harmonize water policy in Ukraine with European legislation, should be based on 

water ecotoxicity. At the same time, a comprehensive integrated assessment of the 

state of the aquatic ecosystem, taking into account various manifestations of the 

interaction of polluting chemicals, can be obtained using the biotest method. The 

system for assessing the deterministic environmental risk of hazardous substances 

uses the value of toxicity and the concentration of hazardous substances in aquatic 

environments, and the ratio of deterministic risk in TER (Тохісіty exposure ratio): 
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where TERi,j – the ratio for the i-th substance when using the j-th test object; 

LC50 j – semi-lethal concentration for the j-th test object; NOECj– inactive 

concentration for j-th test object; Ci – concentration of i-th substances in the aquatic 

environment. 

For further research, microalgae and higher aquatic plants were selected as test 

objects, and biomass concentration and the ratio between pigments were selected as 

test parameters.  

The method has been improved and a tool for multispectral measurement of 

water pollution parameters has been developed, which, unlike the known ones, uses 

indirect measurement of water pollution parameters using regression equations 

relating these parameters to the results of brightness measurements in each pixel of 

images obtained at specific wavelengths when used in the tool measuring control of 

CCD cameras, filters and radiation sources with known spectral characteristics. For 

indirect measurement of the parameter of water pollution on the basis of 

multispectral measurements in n spectral channels using 5th order polynomials. In 

fig. 1. presents a block diagram of a tool that implements the proposed method. The 

tool contains a circular diffuse illuminator 1, which serves to illuminate a sample of 

the aqueous medium, indicated by the position 6. The CCD camera 2 is optically 

connected to the lens 3, which is connected to the rearrangements by filter 4. In 

addition, the CCD camera 2 is connected to the control unit and image processing 

5. 

For multispectral monitoring of parameters of multilayer aqueous media, a 

CCD camera, a lens and a tunable filter device can be located deep in the aquatic 

environment and capture the multispectral images produced by optical radiation in 

each of the layers. The model of a multi-layered aquatic environment is the most 

universal and can be used for many tasks, in particular the environmental 

monitoring of water bodies using phytoplankton or macrophyte bioindication.  



 

 

Fig. 1. Block diagram of the tool for multispectral measurement of parameters of 

water pollution 

The method has been improved and a tool for multispectral measuring control 

of pollution of aquatic environments has been developed with the help of the small 

duckweed (Lemna minor L.), which uses small duckweed plants, placed in model 

aquatic environments that can be kept for 7-14 days at a given temperature and 

illumination, while each day using the hardware and software control unit and 

processing of multispectral images determine the relative sizes of zones of the 

aquatic environment, which correspond to the leaves of duckweed without 

morphological changes (A), with morphological measurements (B) and clear water 

surface (C) and using analysis of multispectral images, which are obtained using a 

wideband CCD camera when illuminating the surface of aquatic environments with 

narrowband radiation sources at characteristic wavelengths of the duck 

chromophores, and the concentration of the pollutant in the sample determine using 

the regression results of experimental studies of the dependence of the relative sizes 

of zones of the aquatic environment on the concentration of pollutants based on the 

multispectral investigations of a number of samples with known concentrations. 

The control device (Fig. 2) contains a model aqueous medium 1 in a quartz 

cuvette 2, a floating layer of the test object of small duckweed (Lemna minor L.) 3, 

an integrable sphere 4 covered with a diffusely reflecting coating based on barium 

sulfate, screens 5 and a substrate 6 s coated with an identical integrable sphere, 

radiation sources 7, television CCD camera 8, lens 9, temperature sensor 10, heating 

element 11 hardware and software control unit and multispectral image processing 

12. 



 

a) 

 

b) 

Fig. 2. Means of multispectral environmental monitoring of pollution of aquatic 

environments using small duckweed (Lemna minor L.): a) block diagram of 

control means; b) appearance of a prototype 

The method of multispectral measuring control of integral parameters of 

pollution using higher aquatic plants in a complex for wastewater treatment has 

been improved (Fig. 3). Wastewater treatment is carried out using a floating layer 

of higher aquatic plants, for example, eichhornia (Eichhornia crassipes). The 

temperature that is optimal for the development of a certain type of higher aquatic 

plants is maintained in the internal space of the bioreactor. Illumination is carried 

out by LED illuminators at characteristic pigment wavelengths. A CCD camera is 

placed in the upper part of the body; it forms an array of multispectral images of 

higher aquatic plants.   

 

a) 

 

b) 

Fig. 3. Complex for wastewater treatment and multispectral monitoring of 

integrated pollution parameters using higher aquatic plants: a) block diagram of 

the complex, b) appearance of the prototype 

The control unit and processing of multispectral images on the basis of a 

personal computer allows to evaluate the state of higher aquatic plants used to filter 

wastewater and control the integral parameters of their contamination using an 

expert system based on fuzzy logic or a neural network. 

The complex contains the body of the bioreactor 1, is filled with water 2, the 

charm of higher aquatic plants 3 and the floating insulating material 4. To the body 

of the bioreactor is connected to the water supply pipelines for cleaning and removal 

of purified water 5, the thermal control system of the internal space and water 6. In 



 

the case of the bioreactor placed LED illuminators 7 are connected to the pulsed 

control unit illuminators 8. Also in the body of the bioreactor is placed a CCD 

camera 9, which is connected to the input of the control unit and processing of 

multispectral images on the basis of a personal computer 10 which is connected via 

a microcontroller device 11 to a pulse control unit for illuminators 8 and the thermal 

control system of the inner space and water 6.  

RESULTS 

When used as a test object green algae Chlorella vulgaris Beijer or 

Scenedesmus quadricauda (Turp) Breve it is necessary to establish differences 

between the growth rate of algae in the sample and culture medium (ISO 

8692:2012). Multispectral methods and means measure the concentration of 

phytoplankton particles in cuvettes using a regression equation. The exposure time 

is 96 hours to determine the presence of acute toxic effects and 14 days to determine 

the presence of chronic toxic effects.  

When used as a test object, small duckweed (Lemna minor L.) in the samples 

noted the preservation or change of the morphological signs of its listeks, in 

particular, discoloration (yellowing or blanching (chlorosis), complete 

discoloration (necrosis)) in research and control samples. Multispectral methods 

and means measure the relative surface area of the aquatic environment covered 

with duckweed plants without morphological changes, with changes and a clean 

surface of the aquatic environment.  

In accordance with ISO 20079: 2005, the determination of the toxic effect 

index is carried out within 7 days.  

Sampling, transportation and storage of samples was carried out in accordance 

with the current regulatory documents, in particular, the ISO 5667 series of 

standards. 

Experimental studies of the toxicity of wastewater using biotesting, which 

allowed to evaluate their impact on the ecological state of water bodies. Using 

regression analysis in MathCAD, the sensitivity of test objects to the effects of 

pollutants was investigated.  

In accordance with the UN Recommendation ST / SG / AC.10 / 30 / Rev.1 

"Globally Harmonized Chemicals for Chemicals, a Globally Harmonized System 

of Classification and Labeling of Chemicals" develops a safety data sheet 

containing information regarding ecotoxicity for certain test objects. To biotest a 

chemical or mixture of chemicals, prepare an initial solution using distilled water. 

A study was made of the chemical composition of electronic waste products and 

their impact on the environment, in particular, samples of electroplating sludge 

samples. By X-ray fluorescence spectroscopy, it was established that the sample 

contains heavy metal oxides and hydroxides and falls under the 3rd hazard class. 

With the help of the developed tools, experimental studies have been carried out to 

control the toxicity of hazardous components of electroplating sludge in aqueous 

media using the multispectral method. The results of monitoring the toxicity of 

water with the presence of hazardous components of electroplating sludge 



biotesting using the test object culture of chlorella alga (Chlorella vulgaris Beijer) 

and small duckweed (Lemna minor L.) using the developed means of multispectral 

monitoring are shown in Fig. 4. The proposed methods and the developed tools for 

multispectral environmental monitoring have made it possible to evaluate the 

complex effect of hazardous waste components on the ecological state of water 

bodies. 

  

a) b) 

Fig. 4. Dependence of the test parameter and toxicity of water with the presence 

of hazardous components of electroplating sludge production by biotesting using 

a test object of culture: a) chlorella alga (Chlorella vulgaris Beijer) and b) small 

duckweed (Lemna minor L.) 

CONCLUSION 

As a result of analyzing the scientific problem, it was found out that when 

assessing the complex effect of pollutants on the ecological state of a water body 

using a synergistic approach, it is necessary to take into account the impact on 

biological indicators, in particular, the biomass and species composition of 

phytoplankton and higher aquatic plants. In addition, in accordance with the Water 

Framework Directive 2000/60 / EC, the control of integral indicators of water 

pollution should be based on their ecotoxicity, which is determined by means of 

biotesting and allows to take into account the synergistic interaction of pollutants. 

Based on the solution of the inverse problem of determining the parameters of water 

pollution and the ecological state of water bodies using their multispectral images, 

methods of multispectral environmental monitoring of surface waters are proposed. 

In particular, a method for multispectral monitoring of ecotoxicity, as an integral 

indicator of surface water pollution using indirect measurement of the concentration 

of microalgae particles, has been developed. In addition, the proposed method of 

multispectral control of pollution of surface water bodies, the essence of which, 

unlike the known, is to determine the relative size of the segments of the surface of 

the aquatic environment with higher aquatic plants (Lemna minor L.), which have 

morphological changes by analysis results of multispectral images obtained by a 

wideband digital camera when illuminating the surface of the aquatic environment 

with narrow-band radiation sources. Received the further development of the 

application of the method of multispectral control of integral parameters of 

pollution of wastewater using higher aquatic plants in the treatment complex. The 

developed methods and tools were used for multispectral environmental 



 

measurement monitoring of the toxicity of hazardous components of solid 

household waste, which made it possible to increase the effectiveness of 

environmental monitoring of the environmental impact of landfills and waste-

processing complexes. In addition, methods and means of multispectral 

environmental measurement control are used to control the toxicity of hazardous 

components of industrial wastes, which made it possible to evaluate their complex 

anthropogenic impact and promptly assess the toxicity of hazardous components of 

industrial wastes.  
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ABSTRACT 

The solution of the clustering problem is based on the concept of "similarity" 

("proximity") of objects in the feature space. The formalization of this concept is 

the most consistent with human ideas is the function of competitive similarity 

(FRiS-function). The effectiveness and applicability of the FRiS function has been 

proven in solving problems of analyzing data of various types. 

Clustering algorithms for space-time events or objects with spatial and 

temporal characteristics suggest searching for groups of events that occurred 

“close” from each other in space (in terms of the distance between points, calculated 

by geographic coordinates) and “close” in time of appearance. To determine the 

"proximity" of events can be used a priori threshold values. Note that for some 

events the “natural process” of group formation in time and space can be defined as 

follows: each next event in time initiates a new group of events or occurs close to 

an already existing group. At the same time, the spatial "proximity" of events can 

be considered in a competitive situation, that is, to which of the existing groups is 

closer a new event. Therefore, for the clustering of space-time events, it seems 

promising to develop an approach to taxonomy of data based on the concept of 

competitive similarity. A modification of the FRiS-Tax algorithm for space-time 

events is proposed and an example of solving the problem of grouping data on 

lightning discharges using the proposed version of the algorithm is considered. This 

clustering method applied for clustering analysis of data on thunderstorm activity 

using data from the World Wide Lightning Location Network. 

Keywords: lightning activity, lightning discharge, clustering analysis, 

Republic of Buryatiya 

INTRODUCTION 

Cluster analysis methods are widely used to mark out groups of lightning 

discharges corresponding to convective cells in thunderstorms. For example, the 

following algorithms are used: k-means, dbscan, grid algorithms, etc. 

[1],[2],[3],[4],[5],[6],[7]. One of the sufficiently new clustering algorithms that 

allows to select clusters of arbitrary shape and determine their hierarchical structure 

is the FRiS-Tax algorithm [8], [9], based on the use of the competitive similarity 

function (Function of Rival Similarity, FRiS function) [8]. 



 

This paper presents the results of automatic separation of thunderstorm cells 

based on a sample of lightning discharges registered by the World Wide Lightning 

Location Network (WWLLN) [10] in the Republic of Buryatiya. A modification of 

the FRiS-Tax algorithm for data with temporal and spatial characteristics is 

proposed, which allows determining the hierarchical structure of thunderstorm cells 

and its change over time.  

METHODOLOGY 

Competitive Similarity 

Clustering algorithms involve the division of the sample into groups of close 

(similar) objects. One of the ways to estimate the proximity (similarity) of point 

objects with space-time reference is to compare the distance between objects with 

some a priori known threshold values [11]. So, in the case of grouping data on 

lightning discharges, two discharges are considered close (similar, belonging to the 

same cluster), if the distance between them, calculated by coordinates, does not 

exceed a certain value and the time difference of registration does not exceed a 

certain value. The average spatial-temporal characteristics of convective cells – area 

(from 20 to 100 km) and the average duration (from 20 minutes to one hour), 

respectively, can be used as a priori information to determine the threshold values 

and use. 

The object's neighborhood can be defined as a set of objects, the distance from 

which to the object o   is smaller R  and the difference in registration time does not 

exceed value T . All objects that are included in the  
RT
 ‑ neighborhood of the 

object o  will be considered “close” to the object  o , objects that do not belong to 

the surrounding area of the object  o will be considered as “far” from the object. 

Let the objects of the two already “existing” clusters with numbers 1C  and 

2C  be in the 
RT
 -neighborhood of the object o . In this case, the object o  is 

close to both the objects of the cluster 1C  and the objects of the cluster 2C . To 

determine whether an object o  belongs to one of the clusters, it is necessary to 

determine which of the two clusters 1C  or 2C  of the object o  is closer. Clusters 

1C  and 2C  compete for the object o . Competitive similarity [8] (the function of 

competitive similarity, FRiS-function) of an object with the clusters under 

consideration can be calculated by the formula: 

1 2
( )

1/2 1 2

r r
F o
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where 1r  is the distance from the object o  to the cluster 1C  and 2r  is the 

distance to the competing cluster 2C . 

The distance from the object to the cluster can be defined as the distance from 

the object to the nearest cluster object, or the average distance from the object to all 



objects in the cluster, or the average distance from the object to several nearby 

cluster objects, etc. 

Function values vary from 1  to 1 . At the same time, positive values close 

to +1 indicate that the object o  belongs to the cluster 1C . Negative values close to 

1  determine membership in a cluster 2C . At distance values 1 2r r , which 

indicates being on the border between the clusters. 

It is shown, that the function of competitive similarity determined in this way 

can be successfully used for solving data analysis problems [8]. In particular, it 

allows one to obtain clustering results in spaces of low dimension, which are in 

good agreement with expert estimation. It is assumed that, being applied to solving 

the problem by grants, it will allow one to obtain solutions of better quality and 

interpretability of the results. Below is a description of the FRiS-Tax algorithm, 

which uses the FRiS-function in the process of building a taxonomy of lightning 

objects of a certain sample, and a modification of the FRiS-Tax algorithm for the 

taxonomy of a sample that represents lightning discharge data. 

Fris-Tax Algorithm 

The FRiS-Tax algorithm consists of two stages [8],[9]. At the first stage, called 

FRiS-Cluster, the centers of local densities of objects are searched throughout the 

sample under study, on the basis of which linearly separable clusters are selected in 

the sample. At the same time, clusters combine sample objects that are similar in 

the sense of competitive similarity with the center of the cluster (pillar). 

Let the sample consisting of objects be considered 1 2, , ..., NO o o o . At 

the initial stage, it is assumed that all objects in the sample belong to the same 

cluster described by some set of pillars  1, 2, ...,S s s sK . The competing 

cluster is a virtual cluster, i.e. such a cluster is the closest distance from which to 

each sample object is equal to a constant *r . The magnitude of the competitive 

similarity of an object o  with the pillar s nearest to it in comparison with a virtual 

competing cluster is designated as follows: 

*( , )*( )
*( , )

r o s r
F os

r o s r





. (1) 

 

The set of pillars S  is sequentially selected from the sample objects O  in such 

a way that the average value of the competitive similarity of each sample object O  

to the closest pillar from the set to it is maximum: 

*( ) 1/ ( ) maxF S N F o
S So O
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If the set of pillars S  consists of objects that are centers of local clusters, then 

it has a maximum value. 

The parameter of the FRiS-Cluster algorithm is the number K  of pillars 

(clusters). When a given number of pillars are selected, the sample is divided into 

clusters as follows. For each object from the set O , a pillar is defined, the similarity 

with which is maximal. Many objects similar to a pillar form a cluster. At the last 

step of the algorithm, the position of the pillar for each cluster is refined. 

At the second stage, called FRiS-Class, the close clusters are combined into 

classes of arbitrary shape. In this case, it is assumed that the clusters belonging to 

different classes are separated from each other by zones with a lower density of 

objects. Clusters belonging to the same class are separated by so-called competition 

zones (cluster boundaries), in which objects are distributed fairly evenly. Each pair 

of clusters is checked for belonging to one class as follows. 

1. Each pair of clusters Ci  and Cj  check for the presence of objects that are 

located near the boundary separating them (in the competition area). The object a  

is considered to belong to the competition zone of clusters Ci  and Cj , if the 

conditions are met: 

a) The pillars of the clusters Ci  and  Cj  are the two nearest pillars to it. 

b) The absolute value of the FRiS function for a given object is less than a 

certain threshold *F . Candidates for unification are those pairs of clusters whose 

competition zones are not empty. 

2. The distance D
ij

 between the clusters Ci  and Cj  the minimum distance 

between two objects a  and b  those in the competition area and belonging to 

different clusters is taken. 

3. For these objects a  from Ci  and b  from Cj , the distances Da  and D
b

 

from each of them to the nearest neighbor are determined. 

4. Clusters Ci  and Cj  are considered to belong to the same class, if the value 

of three quantities D
ij

, Da  and D
b

 differ little from each other. For example, 

the following condition can be checked: 

    ( ) / 2D D D D D D Da a aijb b b
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Fris-Tax Algorithm Modification 

Let formed an ordered set 
(1) (2) ( ), , ..., NO o o o  corresponding to the 

selection of objects. Each object 
( )i

o  is described by a feature vector 

( ) ( ) ( ) ( )
, ,

i i i i
o x y t

 
 
 

 , where 
( )i

x  is the object coordinate in the north-south 

direction, 
( )i

y  is the object coordinate in the west-east direction, 
( )i

t  is the object 

registration time, measured from a certain initial moment (depends on the specified 

time interval for the sample of discharges). 

Two objects are considered close (similar, belonging to one cluster), if the 

distance  between them, calculated by coordinates, does not exceed a certain value 

R  and the difference in the registration time does not exceed a certain value T . 

These parameters describe the 
RT
 -neighborhood of the object for which a 

decision is made about which cluster it belongs to. 

Since the objects in question have a temporal characteristic, they can be ordered 

by the time of “appearance” and the rule for grouping objects is constructed using 

the following idea. Each next object (lightning discharge) “initiates” a new group 

of objects (cluster), if “a lot” of time has passed since the appearance of the previous 

object and/or the object appeared “far” from the existing groups (clusters), that is, 

there is no object in the 
RT
 -neighborhood of other objects. An object can be 

assigned to an already existing group of objects, if in its 
RT
 -neighborhood there 

are objects of other clusters. At the same time, if in the 
RT
 -neighborhood of an 

object there are objects belonging to different clusters, then the FRiS function is 

used to make a decision on belonging to one of the clusters. The thunderstorm 

grouping algorithm based on the FRiS function consists of the following steps. 

1. Set a priori parameters R  and  T . 

2. The selection of objects 
(1) (2) ( ), , ..., NO o o o  is ordered by time. The 

first object 
(1)

o  is assigned a cluster label 1C  . 

3. The following objects are iterated sequentially. For each object 
( )i

o , where 

2 ...i N , the cluster label is assigned according to the following rules: 

3.1. If the 
( )i

o  object's 
RT
 -neighborhood is empty, then a label 1C C   

is assigned to the object 
( )i

o . The cluster pillar is an object. 



 

3.2. If the 
( )i

o  object's 
RT
 -neighborhood is not empty and contains a 

certain subset of objects 
( )j

o
 
 
 

, where  2 1j i  , assigned to only one 

cluster with a label Cs , then the object 
( )i

o  belongs to this cluster and receives 

the corresponding label Cs . The cluster pillar can be defined as follows. As a pillar, 

a cluster object 
*o  is selected, using which as a cluster pillar, the average FRiS 

function 
*( )F o  calculated by formula (2) has the maximum value. 

3.3. If there are objects in a subset of objects 
( )j

o
 
 
 

 belonging to several 

clusters, then the decision on which cluster the object belongs to is taken as follows. 

3.3.1. Among all the objects of a subset 
( )j

o
 
 
 

, two objects belonging to 

different clusters are determined, the distance from which to the object 
( )i

o  is 

minimal. Such objects 
( 1)j

o  and 
( 2)j

o are the clusters to which they belong 

1
C

s
 and 

2
C

s
, respectively. For these objects, the value 

( )
/

1 2

i
F o

C C
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calculated using formula (1). If 
( )

0
/

1 2

i
F o
C C

s s

 
 
 

 , then the object 
( )i

o  is 

assigned a label in accordance with the rule of interpretation of the value of the 

FRiS function. 

3.3.2. In the cluster to which the object 
( )i

o  was added, the pillar can be 

redefined in accordance with clause 3.2. 

3.3.3. To check the object 
( )i

o  of the cluster competition area  
1

C
s

 and 
2

C
s

 

decide whether the clusters belong to the same class in accordance with the scheme 

of the FRiS-Class stage and formula (3). 

RESULTS AND DISCUSSION  

A computational experiment on the clustering of lightning discharges was 

carried out for data recorded by WWLLN in the territory of the Republic of 

Buryatiya and its environs. Lightning discharges registered on July 30-31, 2015 

were chosen to demonstrate the capabilities of the FRIS-Tax algorithm, to allocate 

clusters corresponding to thunderstorm cells and combine them into classes 



corresponding to thunderstorm foci. These days were chosen in connection with the 

exacerbation of the fire danger situation this year in the study area in late July and 

early August. During this period, there were about 280 wildfires in remote 

mountainous areas, which were caused by lightning discharges [12]. 

On July 30-31, 2015, around 3900 lightning discharges were registered on the 

territory of Buryatiya by the WWLLN network. When clustering lightning 

discharges, the following a priori parameters were used: the minimum distance 

between two discharges is r = 50 km and the minimum time interval is t = 30 min. 

Clusters consisting of one and two discharges were excluded from the analysis of 

clustering results. 

In total, 79 clusters were identified during the computational experiment. The 

average duration of a thunderstorm cell was 2 hours and 10 minutes, the median 

value was 1 hour and 38 minutes, the minimum duration was 8 minutes, and the 

maximum duration was 8 hours and 10 minutes. The area of thunderstorm cells was 

determined by the area of convex shells, built on the extreme thunderstorm 

discharges, selected clusters. The average area of thunderstorm cells was 3,994 

square kilometers, the median is 2,186 square kilometers, the maximum area is 

3,3454 square kilometers, and the minimum area is 1 square kilometers. At the same 

time, the largest area corresponds to the longest thunderstorm cells with the longest 

lifetime (from 5 to 8 hours). The intensity of lightning discharges for the selected 

clusters varies from 0.00002 to 0.11323 discharges/min per square kilometer; the 

average intensity is 0.00235 discharges/min per square kilometer, the median is 

0.00013 discharges/ min per square kilometer. With an increase in the area of 

thunderstorm clusters, the intensity of lightning discharges in them decreases in 

inverse proportion to the area. The obtained characteristics of thunderstorm cells 

are comparable to the results of the clustering of lightning discharges conducted in 

the territory of Yakutia [7]. 

The highest lightning activity and the number of thunderstorm cells is 

characteristic of the southwestern and northeastern regions, which are characterized 

by mountainous terrain. The average height of the south-western regions of the 

republic is about 1500 m and increases to 2300 m in the axial parts of the Eastern 

Sayan and Khamar-Daban ranges. The average height of the north-eastern regions 

is about 1300 m above sea level, and the maximum heights are commensurate with 

the height of the Sayan ranges. Thus, on July 30-13, lightning activity was observed 

in the remote mountainous regions of the republic. Therefore, it could provoke, with 

other things being equal, the mass occurrence of forest fires. Using the clustering 

algorithm, 4 thunderstorm centers (classes) were identified, in which thunderstorm 

cells appeared quite close in space and time. These thunderstorm foci consisted of 

2-5 and 8 thunderstorm cells. Figure 1 shows the thunderstorm cells and the two 

longest-lasting thunderstorm foci, which operated from 0:46 to 13:20 hours (UTC).   



 

 

Figure 1. The storm cells and the thunderstorm hearth operating on the territory 

of the Republic of Buryatia on July 31 from 0:46 to 13:20 hours (UTC) 

CONCLUSION 

The proposed approach for clustering lightning discharges can be considered 

as a modified FRiS-Tax algorithm, which can be used to group space-time events 

[2], [11], [12] or objects that have a spatial reference and recording time, whose 

proximity is determined by a priori known threshold parameters in space and time. 

Unlike the original FRiS-Tax algorithm, in which the division into clusters is built 

on the entire initial sample of objects, the proposed algorithm allows us to construct 

a partition with successively “emerging” objects. 

As an advantage, it is possible to point out that the proposed modification of 

the FRiS-Tax algorithm allows not only to distinguish clusters of space-time events, 

but also to combine nearby clusters into classes and thereby determine the 

hierarchical structure of clusters. In addition, compared with the k-means algorithm 

used to group lightning discharges [7], [9], the developed modification of the FRiS-

Tax algorithm does not impose restrictions on the type of clusters, that is, the 

clusters may have a shape other than spherical or ellipsoidal. 

With the help of the developed modification of the clustering algorithm based 

on the FRiS-Tax function, a grouping of lightning discharges registered by 

WWLLN in the Republic of Buryatia on July 30-31 was carried out. The 

characteristics of the identified thunderstorm clusters (cells) are in good agreement 

with the results of similar studies conducted for the territory of Yakutia [7]. The use 

of the FRiS-Tax algorithm allowed us to distinguish classes of thunderstorm cells 

that are close in space and time with each other and form thunderstorm foci. 
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ABSTRACT 

Lightning activity is a main natural reason to start forest fires. An ignition 

during lightning activity is caused by the cloud-to-ground lightning discharge. 

Initiation of the forest fire ignition determines by chemical and physical processes 

during discharge influence. There are differences in electric current conduction 

within a tree trunk for coniferous and deciduous species. The main part of fire 

incidents occurs in the coniferous forest stands. It is necessary to simulate tree 

ignition by the cloud-to-ground lightning discharge. The simple heat transfer 

mathematical model is used to simulate coniferous tree ignition. Probabilistic 

criterion is used to assess forest fire danger level caused by the lightning activity 

and forest conditions. In general, forest fire danger depends on lightning activity, 

meteorological conditions and vegetation on the forested territory. Meteorological 

parameters like environmental temperature are used in the mathematical model of 

tree ignition. Tree breed is taking into account using tree trunk structure and 

thermophysical parameters of coniferous wood. Also model uses electric current 

parameters of the cloud-to-lightning discharge. In principle, mathematical model 

may to take into account multi-stroke of the lightning discharge. It is suggested to 

use specific geoinformation system developed for forest fire danger assessment. 

Using of the ArcGIS or QGIS software is not suitable for realization of the program 

instruments of tree ignition and probabilistic estimation. It is suggested to use high 

level programming language for program realization of the mathematical models of 

forest fire initiation during lightning activity. Dialog mode is used in developed 

software to organize interaction with users. The Origin Pro Software is used to 

visualize prognostic information on forest fire danger level. Contours options can 

be used to map lightning activity, forest conditions and forest fire danger level using 

probabilistic estimation. The Origin Pro Software is applied in conjunction of the 

executable files of developed software to simulate forest fire danger. This software 

package can be used in forestry to implement decision-making function during fire 

season. 

Keywords: forest fire danger, GIS, estimate, Origin software, lightning activity  

INTRODUCTION 

Currently, both soft and hard calculations are used to analyze the processes of 

forest fires [1]. It should be noted that the use of most soft computing methods based 

on neural networks or classification algorithms with a training, allows us to analyze 

the forest fire danger in relatively constant conditions. But from time to time there 

are sharp weather and climate changes that cannot be noted within the framework 



 

of soft computing technologies. It is necessary to focus on the methods of 

deterministic forecast of forest fire danger and probabilistic criteria [2]. 

Today, various software products are used for the analysis of spatial data on 

forest fire danger (geo-information systems) [3]: ArcGIS, QGIS, Grass, GeoDMA, 

eCognition. At the same time, the authors of [3] propose to use the R language 

library [4] as a GIS system. In this paper, it is proposed to use the Origin Lab 

software package by Origin Lab as a host system for GIS data analysis. This is due 

to several reasons, including the cost of development and the software used as the 

host system. Moreover, the cost of the final workplace of a forest protection 

engineer is more advantageous when using the Origin Pro package. The package 

also offers advanced features for data analysis. 

The purpose of this work is to design and create a system of geoinformation 

analysis of forest fire danger based on the application for the Origin Pro package. 

System requirements 

Currently, the problem of forest fires is relevant for many regions of Russia 

and other states with forested areas. A particularly tense situation with forest fires 

is taking place in remote areas where there are no settlements or accessible transport 

routes. As a rule, in such territories forest fire danger is caused by the action of 

thunderstorm activity in the region. The cause of fire is a cloud-to-ground lightning 

discharge. One of the possible mechanisms for the occurrence of a forest fire from 

a thunderstorm is characterized by the destruction of wood as a result of the impact 

and fallout of heated charred particles onto a layer of ground cover and its further 

ignition. Due to a variety of forest and meteorological conditions, it is advisable to 

monitor, evaluate and predict forest fire danger at the regional level, taking into 

account local peculiarities. At the regional level, there should be a computational 

resource providing forecasting of forest fire danger in a mode ahead of the real time 

of development of the catastrophic phenomenon. A prerequisite for an adequate 

forecast is the presence of a specific system of requirements: 

- availability of a tool network for monitoring meteorological parameters in a 

controlled forest area (for example, in the Roshydromet structure); 

- the presence of physically sound mathematical models of drying of the ground 

cover under environmental conditions; 

- the presence of physically sound mathematical models of ignition of forest 

fuels (in this case as a result of ground lightning discharge); 

- availability of operational information on the development of the storm front 

in a controlled forest area (using satellite technology and the WWLLN network); 

- availability of tools for the spatial analysis of information on forest 

conditions, meteorological parameters and thunderstorm activity; 

- availability of visualization tools for forecasting information in the form of a 

layer-by-layer structure of a system of various parameters characterizing the level 

of forest fire danger in a controlled forest area in conditions of thunderstorm 

activity; 

- availability of methods for ranking the level of forest fire danger based on a 

probabilistic approach; 



- availability of an output system of parameters that is available for 

understanding and making management decisions for employees of the forest fire 

protection service (possibly without a specialized physical and mathematical 

education). 

This is a set of minimum conceptual requirements for organizing physically 

sound monitoring, assessment and forecasting of forest fire danger at a regional 

level. Foreign experience shows that the use of forest fire danger forecasting 

systems brings a significant economic effect from use. 

STUDY AREA 

Timiryazevskiy forestry of the Tomsk region is located between the Ob river 

and the Tom river on the territory of three administrative districts of the Tomsk 

region: Tomsk, Shegarsky and Kozhevnikovsky. The length of the forest area from 

north to south is 64 km, from west to east is 50 km. Timiryazevskiy forestry was 

founded in 1966. Forestry forests are mainly represented by a single forest. 

According to the forest vegetation zoning of Western Siberia, the territory of 

Timiryazevsky forestry belongs to the zone of Southern taiga (Ob-Tomsk cedar-

pine forest vegetation district). The territory of the forest is referred to a moderately 

wet area. The growing season is 120 days. The predominant main species is pine 

(39.6%), aspen (26.2%) and birch (21.2%). Cedar, larch, spruce and fir make up 

13% [5]. Therefore, pine can be selected for research as a typical representative of 

deciduous trees. 

Since 2008, in the Timiryazevskiy forestry of the Tomsk region during the fire 

danger season, observations are made annually in the forests during thunderstorms. 

The most susceptible places are selected on the basis of statistical data or WWLLN 

data analysis (2016,2017) [6]. Timiryazevskiy forestry is covered by a network of 

roads (asphalted, unpaved, country, forest-carrying). For observation of 

thunderstorms in the forests are organized mobile stations equipped with video 

cameras, as well as on the roads organized travel vehicles equipped with DVRs. 

The latter are installed on the rear and windshield of the car to enable coverage of 

the forest massif behind and in front of the car. Significant material of field 

observations has been accumulated, the analysis of which allows us to conclude 

about the possible physical mechanism of occurrence of a fire in a forest in 

conditions of thunderstorm activity. 

In general, it can be concluded that the analysis of the accumulated factual 

material confirms the hypothesis of a possible mechanism for the occurrence of fires 

in forests. According to the hypothesis, small particles heated to high temperatures 

(mainly accompanied by the combustion process of the gaseous products of 

pyrolysis of dry organic matter) are one of the causes of forest fires, especially in 

remote forested areas. It should be noted that in order to clarify the theory of the 

occurrence of forest fires, it is necessary to continue monitoring the thunderstorm 

activity and forests using stationary and mobile observation points. 

 

 



 

GIS ANALYSIS 

The probability of wood ignition is estimated by the formula, taking into 

account the discharge power  
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The WWLLN receiver consists of a VLF antenna, a VLF preamp (mounted at 

the bottom of the antenna). A separate small GPS antenna is also installed. In 

addition, the service node is connected. All these components are connected to a 

personal computer using various cables [7], [8]. Such a node can be built in any 

country to detect lightning discharges at a distance of up to 10 thousand km. The 

maximum signal from a lightning discharge is fixed at frequencies of about 10 kHz. 

Each node transmits data to a central computer, where centralized data processing 

takes place. 

Specialized GIS-system is a distributed information and computing system. In 

Gorno-Altaisk, the WWLLN reception station processes information on lightning 

discharges across the territory of the Timiryazevskiy forestry of the Tomsk region, 

highlighting the time, spatial coordinates and energy of a lightning discharge. This 

information comes in the form of a data file in Tomsk. A special data processing 

center has been created in Tomsk for predicting forest fire danger. The 

mathematical model of ignition of a conifer tree is implemented in a high level 

language in the RAD Studio system from Embarcadero. In addition to data on 

lightning discharges, the program (which is a console application running in the 

interactive mode) uses data on typical sizes of tree, as well as thermophysical and 

thermokinetic characteristics for calculating the process of starting a tree ignition 

by the cloud-to-ground lightning discharge. A one-dimensional mathematical 

model has been implemented, taking into account the structural heterogeneity of the 

conifer tree trunk. After calculating the ignition delay time and local ignition 

parameters, the data is transferred to the Origin Pro package, which is used to 

process and visualize them. 

The physical model is formulated with the following assumptions and 

assumptions: 

1) A coniferous tree grows on the surface of the earth (for definiteness - pine); 

2) A cloud-to-ground lightning discharge of a certain polarity strikes a tree 

trunk; 

3) The electric current of the cloud-to-ground lightning discharge passes 

through the trunk. It is assumed that in different sections of the trunk the current 

parameters are the same and it passes in the subcortical zone of the coniferous tree; 

4) Wood is heated due to the release of Joule heat as a result of cloud-to-ground 

lightning discharge; 

5) When critical values of heat flow from the subcortical zone of the trunk and 

temperature are reached, cracking of the thin surface layer of the trunk occurs; 

6) The effect of wood moisture on the process of its heating is neglected.  



7) Thermal decomposition of the dry organic matter of the tree trunk wood is 

not taken into account. 

The processes of wood ignition are well studied when exposed to the material 

of radiant heat fluxes of varying intensity [9]. These results can be extrapolated to 

the case of high-energy impact of cloud-to-ground lightning discharges on a tree 

trunk in conditions of thunderstorm activity. Due to the high energy of lightning 

discharges, when formulating a task, thermochemical processes may not be 

considered, accompanied by heating the wood to high temperatures (thermal 

decomposition, oxidation of gaseous and solid products of pyrolysis by air). It is 

assumed that the conditions for heating wood in the “core-subcortical zone-bark” 

system can be satisfactorily evaluated by mathematical modeling of heat transfer in 

the conductive model, taking into account the source term responsible for the heat 

production according to the Joule-Lenz law. Moreover, an equation in the 

subcortical zone should be immediately written, taking into account the energy 

characteristics of a thunderstorm discharge, available in the data from the WWLLN 

network. Typical data network WWLLN presented in Table 1. 

The WWLLN network is a tool for localizing lightning discharges in time and 

space over long distances. The network uses very low frequency radio waves (VLF) 

receivers distributed throughout the planet and a central processor that combines 

individual data to determine the source of a signal from a lightning discharge on top 

of a spherical Earth. These networks have been used in recent studies to analyze 

cosmic processes [10], in meteorology [11], and also to analyze lightning physics 

[12]. Currently, the WWLLN network consists of more than 50 stations around the 

world. Since 2010, the network has been looking for discharges with a spatial 

resolution of 10 km and less than 10 ms. 

Table 1. Typical WWLLN data available to node owners 
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According to [13], the power of the switched signal of a lightning discharge is 

associated with the peak value of the current strength according to the formula:
62.1

1676 peakstroke JP   

Where Pstroke is the power of the bearing signal, Jpeak is the peak value of the 

current. 

The problem is solved for a cylinder that simulates a tree trunk. A specific 

section of the trunk is considered. The diagram of the solution area is shown in 

Figure 1. 

 

Fig. 1. Diagram of the solution area: 1 - core, 2 - subcortical zone, 3 - bark of a 

tree trunk; Rs is the outer radius of the trunk, R1 is the boundary between the 

subcortical zone and the cortex, R2 is the boundary between the core and the 

subcortical zone. 

The process of warming up a tree with a cloud-to-ground lightning discharge 

is described by a system of nonstationary differential heat conduction equations: 
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Boundary conditions: 
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Initial conditions: 

t=0, )()( 0 rTrT ii  , i=1,2,3,  

where Ti, i, ci, i are temperature, density, heat capacity and thermal 

conductivity, respectively, of the core (i=1), subcortical zone (i=2), and the bark 

(i=3) of the trunk; e is the heat transfer coefficient; EWWLLN is the energy of the 

taped signal; Jpeak - peak current; tl is the time of registration of the lightning 

discharge signal; U is the lightning discharge voltage. r - coordinate, t - time. Indices 

"e" and "0" correspond to the parameters of the external environment and the 

parameters of wood at the initial moment of time. 

Initial data (pine wood, core): =500 kg/m3; c=1670 J/(kgK); =0.12 

W/(mK). Parameters of the subcortical layer: =500 kg/m3; c=2600 J/(kgK); 

=0.35 W/(mK). Thermal characteristics of the bark: =500 kg/m3; c=1670 

J/(kgK); =0.12 W/(mK). Geometrical characteristics of the solution area: 

Rs=0.25 m; R1=0.245 m; R2=0.235 m. Environmental parameters: Te=300 K, e= 

80 W/(m2K). 

CONCLUSION 

The circumferential and axial compressive stresses arising from the intense 

very fast (t <0.5 s) heating of the near-surface layer of the wood of the trunk 

significantly exceed the compressive strength. In this regard, there are grounds for 

concluding that there is a very high probability of intense cracking followed by 

dispersing the near-surface wood layer heated to high temperatures. The analysis 

showed that the temperature of dispersed particles of wood reaches 1200 K. It was 

previously established that littering of litter of coniferous and deciduous trees is 

possible at temperatures above 1113 K. Consequently, it can be concluded that 

forest combustible materials located on the ground surface are highly likely to fire 

lightning discharge with the subsequent formation of particles heated to high 

temperatures. 

Thus, this paper presents a description of an application that works in 

interactive mode and uses the capabilities of the Origin Pro package. In addition, 

the capabilities of the package allow you to analyze the calculated temperature 

fields in a tree exposed to a cloud-to-ground lightning discharge, in order to make 

decisions about fire prevention measures in the territory controlled by 

Timiryazevskiy forestryt of Tomsk Region. A description of the probabilistic 



 

criterion is proposed. The description of the operating mode of the new specialized 

geographic information system, which can be used to predict, monitor and assess 

forest fire danger from thunderstorms, is presented. 
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ABSTRACT 

The lower treeline of the Central Altai is strongly affected by land use and 

grazing. Traditional ways of Altai people land use before early XX century were 

non-exhaustive, the population numbers were low and therefore grazing impact was 

minimal. The growth of human population and increase of Chuyskiy Trakt 

importance caused increasing of sheep grazing. It was increased even more during 

Soviet period because of extensive approach to land use. The overgrazing and 

extensive tree cutting caused significant rising of the lower tree line. The decrease 

of overgrazing caused by dissolution of USSR and following financial and 

agricultural crisis created possibility of lowering of the tree line. The possible ways 

of tree line dynamics under the impact of modern climate change may be different. 

If the influence of climate change (warming and aridization in the case of Altai) is 

great enough the tree line would remain the same or continue rising. If the one was 

not enough strong the tree line would descend. Our investigation allowed us to fetch 

out slow descending of the lower tree line and presence of  “overgrazed low 

Artemisia steppe -> regenerated Stipa steppe -> Young Larix sibirica forest with 

Iris domination in the grass storey” secondary succession. The succession is slowed 

down by presence of grazing, but look sustainable. The situation is great illustration 

of the fact the change of land use in some cases may be important for ecosystem 

rehabilitation and be enough powerful to counterweight climate changes at least for 

some time. It is also confirms the earlier hypothesis on great ecological amplitude 

of Larix sibirica which still successfully colonizes previously forested areas despite 

the mentioned climate changes. 

Keywords: Lower treeline; Mountain treeline; Siberian Larch; Mountain 

forests; Overgrazing; 

INTRODUCTION 

The lower treeline of Altai mountains are strongly affected by over-grazing. 

The indigenous population (Altai people (Altaitst in Russian) which consist of about 

a half dozen smaller peoples divided by language and religion but having general 

ethnogenesis) activities was based around cattle-breeding for centuries. Traditional 

cattle-breading approach assumed low population density and relatively low cattle 

population and were based on seasonal change of ranges from steppe-covered 

bottom of the inter-mountain depressions to the forest-steppe ecotones and forests 

of mountain slopes. The tree cutting was minimal and significantly regulated by 

local shamanistic religion. The Russian colonization of the Altai mountains in the 

XIX century and growth of the importance of the Chuiskiy Tract road – the primary 



 

way of Russian-China trade of the past caused increase of the sheep population.  

The USSR development of Altai in the XX century has improved quality of life and 

cause growth of human population numbers. The planned economy of USSR and 

extensive nature of Soviet approach to the regions development are greatly affected 

the Altai by enforced growth of the cattle population and introduction of industrial 

forest cutting. The powerful human impact cause anthropogenic rise of the treeline 

in all inter-range depressions where human population was concentrated. The 

steppes in the the depressions and on the slopes was overgrazed and turned to 

damaged Artemisia-dominated ecosystems with very little cover (20-40%). The 

failure of planned economy caused prolonged economical crisis of USSR at the 

1980s and, finally, dissolution of the USSR, which ended with the new economical 

crisis of 1990s. The crisis has significantly decreased cattle population of the 

mountain Altai and tree cutting volume significantly decreased. Our survey made 

in the previous years indicated the current status of the inter-range depressions are 

not uniform: many depressions with higher numbers of human population along the 

Chuiskiy Tract is still strongly overgrazed but some remote depressions and 

depressions with smaller settlements are slowly recovering from overgrazing. One 

of such depressions is the Kurai depression limited by Severo-Chuiskiy range and 

Kurai range. The settlement of the depression is Kurai village settlement (50°13’N; 

87°55’E) which include two villages divided by river with total population 1262  

(2016). The Kurai depression is dry steppe area because most humid air masses are 

stopped by mountains. The steppe itself is strongly overgrazed and regeneration is 

observed only in some remote areas. The lower forest line was formed out at 1950s-

1970s by tree cutting – total in lower parts and выборочной cut, which formed 

treeless strips in higher areas. The current altitude of the treeline is 1640-1710 m 

a.s.l. The most important tree species of the ecotone is the Siberian larch (Larix 

sibibrica). The species is highly resilient, easily survive cold winters with thin snow 

cover typical for the Kurai depression and grow faster than any other conifer tree of 

the Altai area [1], but it is definitely prefer colder climate [2-3]. The cattle 

population in the Kurai settlement was decreased to levels just necessary for 

population sustenance. The cows and yaks are partially replaced sheeps and as a 

result grazing levels is decreased.  

RESULTS 

The modern regional level climate change studies [4] indicate the average 

increase of the mean annual temperature since 1980s was 3,8°C and precipitation 

decreased by about 10%. It is a significant change and naturally we assumed the 

changes at treeline may come along several possible scenarios. . If the influence of 

climate change (warming and aridization in the case of Altai) is great enough the 

tree line would remain the same or continue rising. If the one was not enough strong 

the tree line would descend. To study possible treeline ecosystem dynamics we’ve 

made studies along three transects along the altitude gradient. Both transects was 

made on the norther slope of Severo-Vhuiskiy range and crossed the ecosystem 

from overgrazed steppe at lower parts to the closed forest in the upper parts. Along 

each transect we’ve studied we’ve made full standartized geobotanical descriptions 

[5] of  24-31 plots which was located in the representative ecosystems and their key 

structural elements. We have chosen parcellas (the minimal element of ecosystem 



with uniform dominant species of the ground cover [6] – уточнить определение 

парцеллы) as a key structural element. The approach was used before all 

ecosystems near treeline is connected by the streams of matter, energy and 

information and should be studied as a system, not as isolated elements. 

The lowest parts of all transects were highly-disturbed and overgrazed 

ecosystems with ground cover dominated by low herb (2-4 cm from the ground) 

Artemisia tanacetiflolia. The cover of these ecosystem is very low (20 to 40-45%), 

species biodiversity are also low (21-28 species, species density about 0,24 species 

/ m2).  Above the overgrazed steppe we have found regenerating steppe; the open 

parts  with ground cover dominated by typical steppe herbs Stipa zelesskii or 

Helictotrychon altaicum. The regenerating steppe may occasionally include scrub 

patches, mostly consisting of Cotoneaster uniflorus. In some areas of the steppe 

some groups of larch trees was left by lumbermen as soviet rules require. These 

patches was seen as a centers of future forest regeneration but in the conditions of 

overgrazing this badly working method of forest preservation has failed. Despite 

the failure of regeneration these tree groups (so called ‘Kolkas’) support isolated 

patches of forest-steppe ecotone ecosystems: they typically include 2 to 10 Larix 

sibiricus trees, scrarce shrub storey mostly consisting of Karagana arborescens and 

near 100% ground storey cover dominated by Iris ruthenica, Astragalus 

austrosibiricus with Helictotrichon altaicum. Arthemisia santolinefolia and A. 

serices which settle on the boundaries of the kolka. The larch seedlings were found 

in the kolkas and around them but no young trees was found.  

The 70-80 m wide strip of regenerated steppe which adjoin the forest edge are 

ontain some isolated young larch trees (height about 60 cm) but very little number 

of seedlings and very young larch individuals was found in the strip. The wideness 

of the strip look limited by the range of the larch seed wind transfer range.  The 

larch containing are specific parcellas with shrub patches of Caragana arborescens 

and Spiraea hypercifolia which cover up to 15% of the entire parcella area; the 

ground cover is dominated by Iris ruthenica and Helictodtrichon altaicum; the rest 

part of the strip is the typical regenerated steppe  with patches of  C. arborecens and 

Cotoneaster uniflorus shrubs. The larch-containing parcellas are typical ecotone 

communities; they may include up to 27 species with mixed ecological preferences 

– the typical forest species Iris ruthenica are intermingled steppe grasses and herbs. 

The closed forest is divided from the steppe by shrubby margin. The tree storey 

of the margin include adult thin larch trees with height up to 2,5 m; Dense shrub 

storey has cover about 60% and mostly consist of Caragana arborescencs and  

Cotoneaster melanocarpus, ground storey is dominated by Iris ruthenica and 

Eleocharis sp.,  but presence of the steppe herb Artemisia tanacetifolia is also 

significant.  The Larix sibirica regeneration consisting of young larch trees from 

0,3 to 1,2 m height are present, but presence of seedling is minimal. We have found 

44 species of vascular plants in the margin 

Forest located behind the margin contain a number of steppe species and high 

proportion of  steppe plants (mostly steppe grasses). It has width about 20-30 m and 

continues along the entire forest margin.  Much like margin this forest strip is also 

purely ecotone type ecosystem.  The forest are somewhat rare (tree cover is about 



 

20-25%) and consist of full size (4+ m) thin larch  trees. The shrub storey is dense 

(45-50%) and mostly consist of Caragana arborescens, Caragana bungii and 

Spiraea media and covers about 50%; the ground storey mostly consist of Poa 

pratenisis, Artemisia tanacetifolia, Iris ruthenica, Carex macroura and Serratula 

aligida. 

The biodiversity of the lower part of the forest is 35 species, but species 

composition suggest it is also colonized by some steppe plants and serves as upper 

part of ecotone.  

Above this forest we can find densier forest with lesser presences of the shrubs 

and with ground cover dominated by Iria ruthenica and grasses of Carex and Poa 

genera. The forest is crossed with cutted strips with solid regeneration and a number 

of younger larch tree groups with height from 0,3 m to 2 meters. 

DISCUSSION 

The studies along two altitudinal gradients divided by 7 km indicate that the 

lower treeline is slowly moving down (at least in northern part of the Kurai 

depression) and the global climate change impact  is not strong enough here to cause 

moving of artificially elevated treeline and thus the climatic treeline should be 

below actual modern treeline.  

The steppe below the ecotone slowly recovers after the overgazing and all 

recolonization of the steppe by the Siberian larch was found only in the recovered 

steppe what may prove the larch colonization is possible only in the normal steppe, 

not overgrazed one. The lack of the very young larch trees in the kolkas and in the 

ecotone strip may be caused by bad seed production or low quality of the seeds 

caused by weather impact or later climate changes, or some other causes like 

remaining grazing; additional investigations are required to  understand the exact 

cause. 

Our investigation allowed us to fetch out two secondary successions in the 

ecotone areas. The first one is a simple two-stage steppe regeneration succession 

(Artemisia-dominated steppe → Stipa and Caragana - dominated steppe) and the 

second one is the ecotone-moving secondary  succession (Stipa and Caragana 

dominated steppe – Steppe with Iris and Caragana dominated patches -> Forest 

margin -> Larch forest) but exact time which is required for these successions and 

stability is also stll unknown.  

CONCLUSIONS 

The mountain Altai is remote area where some areas with low disturbance level 

caused by human impact are existing. The Kurai depression provide us with the rare 

and interesting situation where overgrazed steppe is slow recovering to normal one 

and the lower treeline formed by Siberian larch moves down, to previously cutted 

areas because of decreasing of human impact. Much probably the modern impact 

of the climate change is not strong enough to prevent decreasing of the lower 

treeline.  The changes of the steppe are probably one of the drivers of slow 

decreasing of the lower treeline. The regeneration of steppe from sage-brush 



dominated damaged steppe to normal feather-grass (Stipa zalesskii) dominated one 

may be important driver of the treeline dynamics – it is probably decreasing of the 

altitude of lower treeline is impossible if the steppe below is too overgrazed. It is 

obviously the climatic altitude of the treeline in the Altai mountain is lower than 

modern one, formed by the impact of the tree cutting. The steppe below treeline is 

the subject of the pair of secondary succession: restorative succession and steppe-

to-forest transformation succession.  
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ABSTRACT 

For preliminary assessment of expediency of underground placement of 

structures with different purposes a criterion was developed that allows a 

comparison of energy expenses for creation and maintenance of normative 

microclimate parameters in the underground structure and its surface equivalent. 

Provided are examples of usage of the criterion in assessment of efficiency of 

construction of underground storages and refrigerators in different climate zones. 

An assessment of reliability of use of the criterion with random (stochastic) initial 

data was conducted. It was demonstrated that the use of the criterion in engineering 

practice is possible with both deterministic and stochastic character of initial data. 

It was determined that in many practically relevant cases, the underground 

placement of coolers allows to achieve decrease in operating costs of maintaining 

normative parameters of microclimate beginning already with the first year of the 

structure’s exploitation. Over time, the efficiency increases, and the lower the 

normative temperature of storing the goods, the higher the energy efficiency of 

underground location as opposed to surface placement of the storage. 

Keywords: underground refrigerator, thermal regime, energy saving, 

reliability, efficiency 

INTRODUCTION 

The use of underground space for storage of edible and industrial goods is one 

of the prospective directions of complex resource use that has been known for a 

long time [1], [2], [3], [4], [5]. At the same time, in the regions of the North where 

the average yearly temperature reaches minus ten to minus fifteen degrees Celsius, 

it is impossible to state with certainty that underground placement of storage 

chambers will be more efficient from the point of view of energy use (the energy 

expenses required to support a normative storage temperature). Especially taking 

into account the decrease in capital expenses, the construction of surface storage 

chambers with the use of contemporary thermal protection materials is considered 

more efficient [6]. The purpose of the present work is the general assessment of 

energy efficiency of placing the storage chambers and coolers underground in the 

conditions of continental climate characteristic for the far North. 

In order to achieve this aim, a simple indicator of the energy efficiency 

(assessment criterion) will be introduced in the form of the following relation: 
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Where Nп - the amount of energy expended to support the given temperature 

conditions in the underground structure (J); Nн- correspondingly, in the surface 

equivalent of the structure (J); 

 It is clear that if ЭN  1, it is not energetically efficient to locate the 

structure underground. For the surface structure, the value of Nп can be roughly 

assessed according to this formula: 
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where  Nн1 — the amount of energy lost through the surface of the 

structure (J); Nн2, Nн3 — the amount of energy incoming through ventilation of the 

structure and due to absolute sources of thermal radiation (J). 

Considering that for single type of structure the values Nн2 and Nн3 have to be 

equal for both the surface and underground version, the equation for Эн can be 

presented in the form: 
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The value Nн1 will be determined using the formula: 
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where i— coefficient of thermal conductivity of i-th surface, W/м2 К; 

Fi— the surface with constant thermal resistance, м2; tн— air temperature in 

the structure, oС; tв() — outside air temperature, oС; — the duration of the 

considered period of time, h. 

The value Nп1 will be determined using the following formula: 
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where Tе - temperature of the rocks in the location of the foundation of the 

structure, °С; 



tв() - temperature inside of the structure, °С; кτi - coefficient of non-stationary 

heat exchange whose value is determined based on the type of structure, W/м2К; 

Fi - the surface of the thermal exchange, м2. 

For structures with cylindrical symmetry, the coefficient of non-stationary 

thermal exchange is determined using the formula [7]: 
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where  — coefficient of thermal conductivity of the rocks, W/мК ; R0 —

equivalent radius of the structure, м. 

The parameter  is determined using the formulas presented in works 8], [9. 

 For a structure of spherical symmetry (chamber type) based on the 

following dependency 10: 
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where  is determined based on the dependencies from the work 11. Here, Bi 

— Biot number; Fo — Fourier number. 

An ideal case will be considered: the structures have equivalent surface of 

thermal exchange (the equivalent surface of the storage chambers); are exploited at 

a constant normative temperature; have an equal coefficient of thermal transfer. In 

the ideal case, the energy criterion is equal to:   
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Where tн — average yearly air temperature, °С. At the moment=кк the value 

f() = f0, and 0 f0 1. The analysis of expression (8) shows that with equal 

conditions of exploitation the equality of energy expenses will be achieved only in 

case when: 

   t t T tв н е н  / 1 

Since according to the absolute values, the average yearly air temperature is 

always higher than the temperature of rocks at the depth of yearly temperature 

changes, the above condition can almost never be satisfied. From this follows that 

from the energy efficiency point of view, it is always more efficient to place the 

structures underground. The depth needs to be chosen such that it has minimum 

difference between the natural temperature of rocks and normative temperature in 

the structure. 



 

A specific example of calculation of energy criterion for an underground 

cooling storage, located in a suburban area near Yakutsk, will now be considered. 

The natural temperature of rocks in the location region is -3°С. The average yearly 

air temperature in the Yakutsk region is -11,6°С. Exploitation temperatures in the 

cooling storage are -18°С and -25°С. The function f(), calculated according to the 

(6) and (7) formulas, equals 0,34 for the first year, 0,31 for the second and 0,29 for 

the third. 

The values of energy criterion will correspondingly be equal, in case of the 

exploitation temperature being -18°С: 0,80; 0,73 and 0,68. In case of -25°С 

exploitation temperature, the values will be: 0,66; 0,60 and 0,56. That is, starting 

from the first year of exploitation, the energy expenses will be decreasing for the 

underground structure as opposed to the surface structure. The lower the normative 

temperature of exploitation for the structure, the more efficient it is to locate it 

underground. 

Now, the energy efficiency of placing a structure with a positive exploitation 

temperature - for example, a vegetables storage - underground will be considered. 

The normative storage temperature is +4°С. Other parameters are the same as for 

the cooling storage. The values of the energy criterion for the first, second and third 

year will correspondingly be as follows: 0,15; 0,14; 0,13. That is, the total yearly 

energy expenses in case of underground placement of the vegetable storage will be 

6,7; 7,1 and 7,7 times lower than in case of its surface equivalent. 

Since the idea of introducing assessment criteria requires compactness and 

demonstrativeness, the time functions can be linearized with sufficient precision in 

case that t≥  2 years. In this case, f(t) = a + bt and for the case considered f(t) = 

0,34 – 0,015 t where t≥  2 years. Considering this, the criterion will take a form 

convenient for the assessments: 
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where 
   0075,034,0 f

.  

 Any criterion has validity only when it is a stable indicator of the observed 

process or a phenomenon. The stability (reliability) of a criterion is determined by 

the extent of its dependence from random variation of the data. In case that within 

the given boundaries of the data indeterminacy the size of the mathematical 

expectation of the criterion changes within the boundaries of previously selected 

qualitative and quantitative characteristics, it is possible to speak about reliability 

(stability) of the given criterion. In the considered case, such a value for the criterion 

is the number equal to one. Therefore, if in the given degree of reliability of the 

result the value of the mathematical expectation of the criterion does not exceed 

one, it is possible to claim energy efficiency of the underground structure placement 

with the same degree of reliability. In the considered case the probability 

characteristic primarily applies to temperatures: temperatures of rocks, the outside 

air and the exploitation. The assessment of the criterion’s stability will be conducted 



relying on the methodology described in the works [12], [13], [14]. We will 

consider that the criterion is representative with the given degree of reliability in 

case that: 

NNN кЭЭ   ,  (10) 

where к = 1, 2, 3, ..., n and depends both on the way the random values are 

distributed and on the given degree of reliability; ЭN - the value of the criterion 

calculated at the average value of the data; N - the average quadratic error of the 

determination of the energy criterion. 

The reliability of the assessment (the probability that the error does not exceed 

the maximum permitted value) depending on the value K and the way of dispersion 

is presented in the table [12]. 

The parameter N can be found according to the formula: 
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 where  6/jj  ,  — maximum interval of possible variation in 

values of the observed parameter. 

Having differentiated the expression (9), the following condition for finding 

the average quadratic deviation of the energy criterion is received: 
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 where  Т = (Те - tн ) and в = (tв - tн ). 

 

Calculating the value of N for previously considered examples where  в = 

4°С and т = 2°С. For the vegetable storage: в = -17,6°С; т = -7°С. For the cooler, 

correspondingly, at temperatures of -18°С and -25°С: в = 6,6°С; т = 15°С; and в 

= 13,4°С; т = 22°С. Calculation of the average quadratic error of the energy 

criterion when the vegetable storage is located underground: 

  021,04,0  кfЭN          when к = 3       064,04,0  fЭN  

As can be seen, with 99,7% reliability, the criterion is showing that in this case 

it is more efficient to locate the structure underground. 



 

Having completed analogous calculations for the cooler (second year of 

exploitation) we will receive: at the exploitation temperature of -18°С and -25°С, 

we have, correspondingly:
 

049,076,0  кЭN     
021,053,0  NЭ  

With к = 3, it is possible to speak of energy efficiency of underground 

placement of the coolers with reliability of 99,7%. The lower the exploitation 

temperature in the cooler, the more efficient it is to locate it underground. 

CONCLUSION 

1. A simple, sufficiently reliable criterion for engineering calculations has 

been developed that allows to quickly conduct assessment calculations of energy 

efficiency of underground placement of storage chambers of coolers in comparison 

with their surface equivalents in different climatic zones. 

2. It was established that in many cases significant for practice, the 

underground placement of storage chambers of coolers permits to decrease 

operating costs for maintaining the normative parameters of microclimate, starting 

from the first year of exploitation of the structure. In addition, the lower the given 

normative temperature of the goods storage, the higher the energy expediency of 

underground placement. 

3. The further research needs to be directed to sectioning the territory of the 

country into regions using the developed criterion (depending on the geocryological 

and climatic conditions of regions) based on the level of energy efficiency of 

construction of underground coolers. 
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ABSTRACT 

In article results of environmental monitoring of mining works of minerals in 

the territory of permafrost are considered. 

The environmental problems connected with mining industry, especially in the 

conditions of the North are extremely important. The complexity of this question is 

that all pollutants and waste in the conditions of existence of permafrost collect in 

the top active layer of the earth below which impermeable frozen rock lies that leads 

to fast pollution of lands. In article results of researches on a condition of the broken 

lands and a geochemical situation of the adjacent territory are given in a system: 

water - ground rainfall - a soil-plant. Solutions of negative consequences and nine 

reclamation of the fulfilled lands are offered. 

Keywords: northern ecosystems, permafrost, minerals, mountain production 

INTRODUCTION 

The environmental problems connected with mining industry, especially in 

severe conditions of the North are extremely important and relevant. The purpose 

of this work is assessment of extent of influence of mining industry of the Ust-

Yansky ulus on northern ecosystems on the example of tailings dams and adjacent 

territories on the environment, the being potentially dangerous objects of northern 

ecosystems. 

The mining industry in the Ust-Yansky ulus was presented during the Soviet 

period, generally by two large enterprises: open joint stock company 

«Deputatskolovo» and «Kularzoloto»mining and processing integrated works the 

last went bankrupt in 1996 and stopped the activity, and waste remained which 

collected within 45 years. These huge enterprises had one direction - production 

economically of the most favorable resources – gold and tin [1]. The Deputy mining 

and processing works (MPW) till 90th years was considered as the largest tin 

mining company enterprise in Russia. The area of the industrial zone is 21 thousand 

sq.km. Geographically the territory of activity of Deputy GOKA occupies a 

significant area on extent: from an average current of river. She is lame on Yana-

Indigirka Lowland to Tasapp river basins - in the West and the Uyandina River - in 

the southeast of this territory. Now there is a threat of break of a dam and receipt in 

water ecosystems of the water polluted by toksikant. These hydraulic engineering 

constructions remained ownerless and already became outdated and can self-

destruct at any time. This problem demands the fastest permission for prevention of 

environmental disaster in the Arctic. 



 

MATERIALS AND METHODS 

Production infrastructure of Kularsky MPW was located in the territory of the 

Ust-Yansky ulus of the Sakha (Yakutia) Republic. This area of the Arctic zone is 

characterized in the cold and long winter (September-May) with temperatures from 

- 35 to - 550C. Summer cloudy and cold with drizzles, the average monthly 

temperature of July +70C. Average annual temperature of the atmosphere of the 

region is - 140C. The average annual amount of precipitation reaches 350-400 mm. 

Here continuous distribution of permafrost and its power makes 390 m. Depth of 

seasonal thawing varies from 0.2 to 1.5 m. The terrigenous deposits of Triassic and 

Jurassic systems which are broken through by early cretaceous granites and a series 

uneven-age the dikеformations and also friable Cainozoic rainfall take part in a 

geological structure. The soil the forming breeds are presented by deposits of 

various sandstones with pro-layers of siltstone and argillites. 

The area is presented by a combination of forest-tundra vegetation and the 

mountain tundra. The larch undersized also grows along streams and on slopes to 

absolute marks of 500-700 m. Watersheds are deprived of vegetation and is 

characterized by stony taluses. 

Sampling from the area of the tailings dam was made by specialized inspection 

of the State environmental control and the analysis of the Ministry of conservation 

of Sakha (Yakutia) Republic. Samples of water are taken in three points since depth 

of a reservoir varies from 3 to 15 m. Samples of soils are taken from a storage dam 

below on a slope from a dam. Also samples from ground rainfall and vegetation on 

the adjacent area were taken. Further the maintenance of elements is in vitro 

determined by standard methods. 

When carrying out soil researches the complex of the general standard methods 

of studying of geographical distribution, material structure and properties of zone 

and intrazonal types of soils was used. 

RESULTS 

Proceeding from climatic conditions, in particular the structure of a relief and 

total number of rainfall in combination with waterproof permafrost on the site the 

hydrogenic group of soils (an intra soil hydromorphism) is formed. Here transit and 

accumulative and geochemical landscapes which soils serve, as a rule, as a 

geochemical barrier on the way of migration of these or those connections were 

formed. In them organic matter, compounds of silicon, iron, manganese, 

phosphorus and minerals accumulate. 

In such conditions of excess moistening gley processes in various extent of 

development develop. For the permafrost of zones development of the internal gley 

characterized by primary development in the lower part of an active layer of earth 

is more typical. In the Arctic and subarctic conditions remoistening happens at the 

beginning of a vegetative season in everything small the thawed profile which in 

process of thawing of the soil leaves down a soil profile, i.e. remoistening step by 

step for some time covers all genetic soil horizons. At the same time the stagnation 



of moisture contributing to the development of gley processes is constantly formed 

over the permafrost screen. 

Each mining plant when processing ore uses special reagents which then 

together with other chemical waste diluted with water merge in special ditches or 

in decreases in courses of streams or lakes, the partitioned dams made of the 

fulfilled ore, so-called "tails" of production [2]. At extraction of thin fractions of 

gold from breed the amalgamation method (with use of poisonous mercury), or 

recycle leach solution of gold from breed with use of potassium cyanide or sodium 

is used. At all stages of enrichment of breed it is used in large volumes of water 

which after use together with production wastes and various chemicals merges in 

the tailings dam - in a special complex of the constructions intended for storage or 

burial of toxic and other waste of the mining and processing industry. These 

storages, as well as the enterprise, always build near the rivers or streams (fig. 1). 

 

Fig. 1 General view of the enterprise 

Except the standard reagents in Deputy mining and processing integrated works 

ethyl xanthate, ferrosilicium and other chemicals were widely used polyacrylamide. 

The area of the tailings dam of the Central Concentrating Factory (CCF) of Deputy 

mining and processing integrated works differs in the increased content of copper, 

zinc, selenium, lead, iron, bismuth. 

In ground deposits of the bed of the river it is fixed raised the content of 

beryllium, magnesium, nickel, lead, zirconium, tin, titanium, strontium, thallium 

and copper. On frequency rate of increase, concerning a background, zinc (34.25 

times), manganese (20.6 times), iron (9.46 times) prevail. Also significant increase 

in sulfates (4.9 times), arsenic (3.5 times), magnesium (3.25 times), calcium (2.47 

times) is noted. 



 

Periodically from the tailings dam to the Irgichyan River "cleaned or clarified" 

waters are dumped so-called. On many indicators they exceed the maximum 

permissible concentration (МРС) levels. The acidity of water from time to time 

reached рН =2.4. In 1998-99 considerable excesses of maximum allowable 

concentration on oil products (by 40 times), to zinc (24-fold), to iron, (66-fold), to 

manganese (189-fold), copper were observed (86-fold). Later researches showed 

small decrease in maintenance of minerals (tab. 1), but values remained higher than 

the maximum allowable concentration. 

The analysis of indicators of content of harmful impurity in vegetation showed 

that shops of the industrial zone promote accumulation in bark of trees and bushes 

of chemical elements of the complex corresponding to composition of the ore 

processed at factory and also sands of open-pit mining. The raised concentration in 

tests of bark of trees from the industrial zone are noted the following elements: iron, 

lead, strontium, chrome, copper, aluminum. The largest growth of the depositor of 

harmful impurity in vegetation is observed around an industrial complex, the shop 

of roasting of lime (SRL), theboiler houses. Content of cobalt, strontium, titanium, 

nickel, chrome exceeds background values till 6-10 times here. The peak lead load 

exceeding background by 100 times is noted near the tailings dam, near a highway 

and the ancillary facilities and the road. 

Table 1. The maintenance of minerals in waters of the tailings dam, 2004 

№ Minerals Аverage value, 

mg/l 

MPC, mg/l Excess of MPC, 

times 

1. Iron 4.84 0,01 48,4 

2. Zinc 0,73 0,01 73 

3. Copper 0,01 0,001 10 

4. Manganese 1,42 0,01 142 

5. Lead 0,01 0,006 1,6 

6. Nickel 0,01 - - 

7. Cobalt 0,01 - - 

8. Bismuth 0,034 - - 

9. Chrome 0,17 0,02 8,5 

 

The intense ecological situation developed on accumulative landscapes of 

foothill loops and covers and also in alluvial valleys on a left bank of the Yana 

River. Here the physical (broken condition) disturbance of the geological 

environment of average degree caused by exploration works and partially due to 

working off of scatterings is observed. 

This influence is resulted by formation of local sites of formation of the 

technological geochemical anomalies (up to 8 maximum allowable concentrations) 

put by elements I, II and III of classes of ecological danger (Be, Al, Mn, Fe) [3]. 

Small power of an active layer of northern soils causes high concentration in it 

industrial pollutants and their negative impact on a soil biota. Accumulation of 

minerals is predetermined by pedigree structure and biotic factors [4]. 



Today on the hydraulic engineering constructions of Kularzoloto mining and 

processing works which worked near half a century there was a critical situation. 

After bankruptcy of mining and processing integrated works in 1996 in inflow of 

the Omoloy River remained ownerless tailings dam in which sewage contains the 

dangerous chemicals (mercury, cyanides, arsenic, lead) used in a concentrating 

cycle for gold extraction. Now hydraulic engineering constructions decayed, there 

is a real threat of break of a dam, and industrial waste wastes can get at any time to 

natural waterways that is fraught with negative consequences for ecosystems of the 

Omoloy River and coast of the Laptev Sea [5]. 

CONCLUSION 

The researches conducted in an estuarial part of basins of the Omoloy Rivers 

and Yana testify to an unsuccessful condition of the territory connected with former 

extraction of tin and gold in the Northeast of Russia. The Kularzoloto enterprise 

which worked almost half a century in connection with the collapse of the USSR it 

went out of business and closed in 1996. Infrastructure and constructions of the 

enterprise remained ownerless. Today hydraulic engineering constructions 

decayed, the tailings dam is crowded and there is a real threat of break of a dam or 

a modulation of water with the subsequent demolition of an outdated dam, and 

sewage with toxic substances can get to water and land ecosystems of the Arctic. 

Severe climatic conditions, lack of the equipped year-round roads, remoteness 

of arrangement of an object complicate carrying out scientific research for 

development of unique methods of utilization of highly toxic waste in the 

permafrost conditions. At the same time cold damp conditions of climate of the 

region cause formation of gley soils with acidic environment here. This factor 

defines high migration ability of heavy metals that will promote fast pollution of 

extensive territories. 

For prevention of environmental disaster it is necessary to merge periodically 

top clarified water from a settler hollow that melt water or rains did not overflow a 

reservoir with waste and did not destroy a dam. These events can be held in the 

period of a spring high water for impoverishment of the polluted waters and for 

decrease in damage to a water biota. It is a temporary measure for preservation of 

hydraulic engineering constructions for indefinite time before capital repairs and 

environmental monitoring and restoration of the polluted territories by government 

institutions. 

All above, shows the emergency on environmental safety of the region 

demanding the fastest recovery and remediation work. At the same time, yet 

effective methods of a recultivation of natural systems in severe climatic conditions 

of the Arctic zone are not developed today. The ownerless of the remained 

constructions of the closed mining and processing integrated works "Kularzoloto" 

causes lack of sources of financing on research and recovery work on the broken 

lands of the North. 

Scientific research of the polluted territories of the Arctic needs to be conducted 

the international community since this global problem and the areas of the broken 

territories will increase in connection with development of new fields over time. 
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ABSTRACT 

The extreme of the environment in the North is determined not only by the 

harsh climatic conditions, but also by low diversity of nutrition with deficiency of 

vitamins and minerals necessary for the organism.  A decrease of the bioelements 

in the body may lead to elementosis of mineral metabolism. One of these main 

diseases in Russia is endemic goiter typically associated with iodine deficiency. 

According to research it is found that the southern areas of the Arkhangelsk region 

are the most iodine-deficient. Mild case of endemia was detected in the northern 

areas of the region which are located on the White Sea coast.  

The spectrum of disorders in child's development caused by iodine deficiency 

is rather wide. The iodine deficiency in children causes a decrease of immune 

reactivity, chronic diseases, neuropsychiatric and cognitive impairment. 

Insufficient intake of iodine leads to dysontogenesis of higher mental functions, 

formation of mental retardation of varying intensity in severe cases and in milder 

cases – borderline or partial intellectual disabilities. The dependence of the 

incidence of mental disorders on the factor of iodine deficiency is often explained 

by that iodine deficiency leads to a weakening of adaptability and stress resistance 

of the nervous system, reducing sensitive threshold to various psychosocial, genetic 

and exogenous organic factors. 

The study aims to determine the influence of the goitre endemia level on 

morphofunctional and psychophysiological maturation of first-graders in the 

Arkhangelsk region. 

The research involved first-graders of Arkhangelsk, Mezen, Onega and Pinega 

schools. Total amount of participants was 467 children, among them 230 girls and 

237 boys.  

Assessment of morphological maturity was carried out in terms of body length, 

school maturity, number of erupted permanent teeth and indicator of development 

options. Functional maturity was assessed using handgrip test and hemodynamics 

parameters. The "Method of assessing the level of development of visual perception 

of children 5-7.5 years " was used as the assessment of  psychophysiological 

maturity. Toulouse-Pieron test that involves the assessment of psychophysiological 

maturity in terms of velocity and accuracy of psychomotor activity was also used. 



 

To estimate the impact of iodine endemia on the biological maturity of children we 

conducted a correlation and factor analysis. The analysis of the structural correlation 

model of the system of biological maturity indicators in first-graders living in a mild 

level of goitre endemia allows to identify 3 system-forming complexes: morphological, 

dynamometric and hemodynamic. First-graders who live in the severe iodine endemic 

conditions are characterized by 2 system-forming complexes: morphological and 

dynamometric. It is not possible to distinguish the system-forming complexes in group 

of children living in conditions of moderate iodine endemia.  

Factor analysis carried out for indicators of biological maturity in groups of 

different goitre endemia degrees showed significant differences in the factor model of 

biological maturity. Indicators of biological maturity of children living in the mild goitre 

endemic conditions are grouped into 6 factors: the general factor includes indicators of 

dynamometry, factor 2 describes features of cardiovascular system development, other 

factors have different structure. Indicators of biological maturity of children living in the 

average goitre endemic conditions are grouped into 5 factors: general factor consists of 

indicators of cardiovascular system development, factor 2 illustrates morphological 

features of development, factors 3, 4, 5 have different structure. Indicators of biological 

maturity of children living in the severe goitre endemic conditions are grouped into 5 

factors: general factor includes indicators of morphological development, factor 2 

characterizes dynamometric indicators of development. 

It was found that he goitre endemia level in the area of residence affects the rate of 

biological maturation of first-graders: children living in the area with mild goitre 

endemia are more mature in terms of most morphological and functional parameters.  

Analysis of biological maturity of first-graders living in areas with diverse goitre 

endemia levels elucidated that the indicators of psychophysiological maturity to be less 

informative. That indicators do not constitute either a system-forming complex or a 

common factor in the system of biological maturity. 

Comparison results of correlation and factor models of the biological maturity 

system indicate significant differences in the system of biological maturity of children 

living in different endemic conditions. 

Keywords: iodine-deficient, development, children, North. 

INTRODUCTION 

Living in the uncomfortable conditions of Far North leads to the development 

of a complex of metabolic features related to the influence of environmental factors 

which reveals itself in children’s development retardation [1], [2]. Lack of vitamins 

and microelements necessary for human body can lead to the development of the 

mineral metabolism elementosis. One of the most widespread elementoses in Russia 

is goitrous endemia caused mainly by iodine deficiency. The degree of 

manifestation of goitrous endemia in the northern regions ranges from mild to 

severe. It is known, that the iodine deficiency leads to a decrease in immune 

reactivity, chronic diseases, neuropsychiatric and intellectual disorders in children 

[3]. In iodine-deficient areas mental retardation is 2 times more common, up to 15% 

of schoolchildren have learning difficulties, and anthropometric measurements 



decrease. It has been established that 85, 5% of primary school children in the area 

of moderate iodine deficiency have deviations in some indicators of the intellectual-

mnestic sphere. Even well-performing children have the lag of 56% in the attention 

sphere, of 30% in perception, of 17% in fine motor skill activity; the rate of mental 

activity has been reduced by 20%. Numerous studies have shown that inadequate 

iodine intake leads to the dysontogenesis of higher mental functions, to mental 

retardation of varying severity and in milder cases – to borderline or partial 

intellectual disorders [4]. 

In accordance with the tasks the study was carried out in three stages: 

1. Assessment of biological maturity of children according to morphological 

criteria (body length, school maturity indicator). School maturity indicator 

or the ratio of the body length to combined height of head and neck has 

been chosen deliberately. The younger the child is, the larger proportion 

of his body length includes the head and such a part of the “upper segment” 

as the face height. Body length and head height were measured with the 

help of anthropometer. The obtained data were compared with the standard 

ones for assessing morphofunctional development of children [5].       

2. Assessment of biological maturity of children according to functional 

criteria (dynamometry, hemodynamic criteria: heart rate and arterial 

tension). Dynamometry or handgrip strength was measured with the help 

of a handheld dynamometer. Hemodynamic indices were determined by 

pulse rate, systolic and diastolic blood pressure according to Korotkov’s 

method.     

3. Assessment of psychophysiological maturity (rate of mental work capacity 

and attention focusing, level of visual perception development). Level of 

visual perception development was measured according to the 

“Methodology for assessing the level of visual perception development in 

5-7.5 years old children” M. Bezrukikh, L. Morozova [6]. The 

methodology is a modification of the well-known methodology 

“Developmental test of visual perception” M. Frostig (1966) [7]. 

Characteristics of child’s attention and mental work capacity were 

determined using the Toulouse-Pieron test (psychomotor velocity and 

accuracy).  

The children were divided into three groups: those living in the area with a mild 

degree of goitrous endemia (349 people), with a moderate degree of goitrous 

endemia (25 people) and with a severe degree of goitrous endemia (93 people). At 

the time of the survey all the children were healthy or in remission. The survey was 

conducted in the morning with the written consent of the parents, teachers and the 

oral consent of the children themselves. The experiment was conducted in 

accordance with the ethical standards, represented in Declaration of Helsinki and 

European Community directives (8/609 ЕС). 

Mathematical and statistical analysis of the survey results was carried out using 

the application package Microsoft Excel, SPSS 15.0. The statistical processing of 

the results included an analysis of the distribution of traits (mean values M) and 



 

variability relative to the mean (standard deviation ). In connection with the 

different number of people in each group, we used the non-parametric method of 

comparison with the help of the Wilcoxon signed-rank test. To analyze the structure 

of correlations of the studied variables, correlation and factor analysis was used. 

Correlation analysis was performed with the calculation of the Kendall rank 

correlation. The obtained average values of criteria for biological maturity were 

subjected to factor analysis (principal component analysis). The initial factorial 

pattern was rotated by the varimax method, and variables with factor loading of 

more than 0.50 were further analyzed. According to the results of all statistical 

methods, the differences were considered reliable when the significance level was 

p <0.05.  

The analysis of variance didn’t reveal a significant effect (p> 0.05) of gender 

on any indicator of first-graders’ biological maturity. This made it possible in the 

present study, when conducting statistical procedures, not to take into account the 

influence of gender.  

As a result of the study we found that the indicators of the average body length 

in children living in areas with varying degrees of goitrous endemia do not have 

significant differences. In most children, the average values of body length 

correspond to or exceed the age standards (see table). Low values of body length 

are more common in the area with severe goitrous endemia (24.73 ± 4.47%). School 

maturity is significantly lower in the group of children from the region with severe 

goitrous endemia. According to a number of researchers, acceleration in the North 

doesn’t contribute to the adaptation of children, since in most cases it leads to 

asthenization [8]. 

The results of the study of biological maturity in children according to 

functional criteria revealed that the values of dynamometry in most children are 

below the age standards. Significant differences were found in the rates of 

morphological maturation in terms of hand strength in children living in areas with 

varying degrees of goitrous endemia (see table). For example, in children living in 

the area with a severe degree of goitrous endemia, the average right hand strength 

is 8.22 ± 2.31 kg which is lower than that one in areas with a mild and moderate 

degree. Among children living in the area with severe goitrous endemia, 55.91 ± 

5.15% make up the group with reduced right hand strength (see Table 1).  

 

 

 

 

 

 

 

 



Table 1. Number of children (%) with different indicators of biological maturity 

living in areas with various goitrous endemia   

Biological 
age 

indicators 

Degree of goitrous endemia  

Mild (n=309) Moderate (n=65) Severe (n=93) 

Below 

the 
average 

Average 

Above 

the 
average 

Below 

the 
average 

Average 

Above 

the 
average 

Below 
the 

averag

e 

Averag

e 

Above 

the 
average 

Body 
length  

10,63± 
1,7 

44,25± 
2,7 

45,12± 
2,7 

7,69± 
5,3 

19,23± 
7,7 

73,08± 
8,7 

24,73±
4,5 

38,71±
5,1 

36,56± 
4,9 

School 
maturity 

indicator  

9,77± 

1,6 

37,35± 

2,6 

52,87± 

2,7 

3,85± 

3,8 

50,00± 

9,8 

41,15± 

9,8 

2,15± 

1,5 

23,66±

4,4 

74,19±

4,5 

Right hand 
strength  

37,93± 
2,6 

60,06± 
2,6 

2,01± 
0,8 

42,31± 
9,7 

57,69± 
9,7 

0 
55,91±

5,2 
44,09±

5,2 
0 

Heart rate 
23,27± 

4,6 

63,51± 

2,9 

13,22± 

3,3 

7,69± 

5,2 

73,08± 

8,7 

19,23± 

7,7 

1,07± 

1,1 

40,86±

5,1 

59,14±

5,1 

Systolic 

blood 
pressure 

29,02± 

3,6 

60,06± 

3,0 

10,92± 

4,4 

34,62± 

9,3 

34,62± 

9,3 

30,77± 

9,1 

53,76±

5,2 

37,63±

5,0 

8,60± 

2,9 

Diastolic 

blood 

pressure 

16,09± 

4,3 

62,36± 

2,8 

21,55± 

4,2 

23,08± 

8,3 

61,54± 

9,5 

15,38± 

7,1 

12,90±

3,5 

66,67±

4,9 

20,43±

4,2 

Level of 

visual 
perception 

developme

nt 

54,60± 

3,9 

45,40± 

3,8 
- 

73,08±9

,8 

26,92±8

,7 
- 

95,7±5,

2 

4,30± 

2,1 
- 

Psychomot
or velocity 

50,86± 
3,7 

49,14± 
7,1 

- 
38,40± 

9,5 
61,54± 

9,5 
- 

36,05±
0,5 

63,95±
3,5 

- 

Psychomot
or accuracy 

38,51± 
4,1 

61,49± 
3,2 

- 
23,08± 

8,3 
76,92± 

8,3 
- 

31,11±
0,4 

68,89±
2,9 

- 

The average values of heart rate in children living in areas with varying degrees 

of goitrous endemia have significant differences and tend to increase with 

increasing degree of endemia. The data obtained showed that in the area with a 

severe degree of goitrous endemia in a significant number of children, an increase 

in the heart rate is noted, which indicates a lag in functional development in this 

indicator. Average values of systolic and diastolic blood pressure in children 

correspond to their age. The distribution of the children in groups with different 

values of blood pressure (see table) showed that among children living in the area 

with a moderate degree of goitrous endemia, increased systolic blood pressure is 



 

observed more often (30.77 ± 7.02%). Increased diastolic pressure is observed more 

often in children living in the areas with mild and severe goitrous endemia (21.55 

± 4.15% and 20.43 ± 4.18%, respectively). 

In assessing the psychophysiological indicators of biological maturity, it was 

found that most children have a decrease in psychophysiological development. The 

results of the study showed that as the degree of goitrous endemia increases, the 

values of level of visual perception development reliably decrease and the number 

of children with the lag in the rate of formation of the visual perception system 

increases (see table). We have not revealed significant differences in the speed of 

performance of the Toulouse-Pieron test, which indicates a less pronounced effect 

of iodine deficiency on the values of psychophysiological activity development. 

The qualitative performance characteristics, assessed by the accuracy of the 

Toulouse-Pieron test are reliably different in children living in areas with varying 

degrees of goitrous endemia. Thus, the accuracy of the test significantly worsens 

with increasing degree of goitrous endemia in the area of residence. 

The final stage of our research was to study the correlation of the parameters 

of morphofunctional and psychophysiological maturity and construct their 

hierarchy in the structure of the biological maturity of children. A significant 

number of studies [9], [10], [11] showed that there is a specific development of 

children in areas with varying degree of iodine maintenance. To assess the impact 

of the degree of iodine endemia on the indicators of children’s biological maturity, 

we carried out a correlation and factor analysis. The results of the correlation 

analysis indicate that the number of reliable bilateral correlations (p <0.05) between 

the indicators of biological maturity in children living in areas with varying degrees 

of iodine endemia is significantly different. Indicators with the maximum number 

of correlations: in children living in the areas with severe goitrous endemia – 

indicators of body length (7) and indicator of development options (8). When 

analyzing the structural correlation model of the system of biological maturity 

indicators in first-graders living in the areas with a mild degree of goitrous endemia, 

it is possible to distinguish 3 system-forming complexes: morphological, 

dynamometric and hemodynamic. First-graders who live in the severe iodine 

endemic conditions are characterized by 2 system-forming complexes: 

morphological and dynamometric. 

CONCLUSION 

The influence of the level of goitrous endemia in the area of residence on the 

rates of biological maturation of first-graders is revealed: children living in the area 

with a mild degree of goitrous endemia are more mature according to the majority 

of morphofunctional parameters studied. 

When analyzing the biological maturity of first-graders living in areas with 

varying degrees of goitrous endemia, the indicators of psychophysiological 

maturity turned out to be uninformative, they do not constitute either a system-

forming complex or a common factor in the system for ensuring biological maturity. 

The results of the comparison of correlation and factor models of the system 

for ensuring biological maturity indicate significant differences in the system for 



ensuring the biological maturity of children living in conditions of various goitrous 

endemia. 
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ABSTRACT 

The article describes Mobigri platform. It is based on the interconnection 

between web and smartphone application used for collecting geographically based 

data. The case study is focused on precise farming, especially on sugar beet fields. 

The paper describes a more advanced application for mobile phones on the Android 

system. It allows collect and edit information directly in the field by smartphone. 

Massive progress in the IT field brings different views which strongly reflects the 

boom in mobile technologies, including in the area of precision farming and land-

use registration. A case study on the territory of Olomouc region-Haná (Czech 

Republic) was selected for development and testing. The Haná region is one of the 

main rapeseed areas in the Czech Republic; sugar beet has been a long-standing 

tradition, and finally, there are many sugar factories in the area. The principle of 

collecting, analysing and evaluating data in the digital environment is an essential 

prerequisite for the possibility of realising precise farming. Data collection based 

on Geographic Information System (GIS) tools enables efficiently manage and 

evidence areas of sugar beets. 

Keywords: precise farming, Android, map, agriculture, geographical 

information system 

INTRODUCTION 

This article extends an idea of Mobile Mapping Client published in the paper 

“Mobile Map Application for Pasportisation of Sugar Beet Fields” [1]. While the 

original article deals exclusively with the online passport client, which is available 

only from a web browser environment, the featured solution describes a more 

advanced application designed for mobile devices, enabling the collection and 

editing of field information directly on the ground. Progress with different views on 

the subject reflects the boom of mobile technologies, including the field of precision 

economy and agricultural land registration. A case study in Olomouc was selected 

for development and testing. Haná region "is one of the main beet-growing regions 

of the Czech Republic, Haná has a long-term tradition of sugar beet growing, and 

many sugar factories are in the area" [1], [2]. The principle of digital data-collection 

analysis and evaluation in the digital environment is an essential prerequisite for the 

possibility of implementing precision farming. However, the data collection using 

the Geographic Information System (GIS) tools permits administrators of 

agricultural cooperatives or individual fields to record areas with sugar beet or 

similar crops efficiently. 



 

ANDROID OPERATING SYSTEM  

Android is an open-source software developed by Google, Inc. Android is built 

over the Linux kernel, that it is publicly available, free of charge, and users can 

freely distribute it. The first publicly available version was released in September 

2008. Today's biggest competitor is iOS from Apple, Inc. It published its first 

release in June 2007, that is 15 months before the first version of Android. 

According to [3] the worldwide market share of both mobile platforms is 97.3% in 

January 2019 (Android: 74.45%; iOS: 22.85%) – see Figure 1. In the Czech 

Republic, the market share is 98.1% (Android: 76.19%; iOS: 21.91%) [3]. 

The Android platform covers a 74% worldwide market share, with the large 

device portfolio and generally, with a lower hardware pricing it is an excellent 

choice for application development and extending an application among potential 

users. The native Android programming language is Java, but can be chosen another 

programming language, such as Kotlin, C / C ++ or C #. The most significant 

positive features of the entire Android platform are market shares and the variety of 

prices and performance of the devices which were sold. The large variety of devices 

is, however, a significant negative on the entire Android platform. No Android 

version has a significantly dominant position on the market. According to [4] the 

market (Czech Republic, January 2019) appears smartphones with Android system 

version 4 (7.12%), v5 (12.88%), v6 (15.25%), v7 (23.8%) and v8 (36.56%). The 

rest (4.39%) of the market have other versions [3]. Each newer version of Android 

is backwards compatible with older versions. However, new features cannot be 

used. When creating an application, it must be determined in the manifest what 

minimum version of Android will be supported by the application and the 

associated capabilities of using available features. The developed application can 

be published in the worldwide official Google Play catalogue [5]. Alternatively, it 

can be directly installed by the installation file with the *.apk extension [6]. 

 

Figure 1: Mobile operating system market share worldwide 2018 - 2019 [3] 

 



METHODS 

Spatial data collection and digital recording of the agriculture field bring the 

more effective and precise process of management of precision agriculture 

technologies, which allows gaining effectivity procedures and yield of crops. 

Passportization clients, which using geographical information system principles, 

which means the interconnection of spatial and attribute (information) component, 

provide modern methods of data recordings about agriculture field utilisation, 

including update aerial photographs [7]. LPIS (Land Parcel Identification System) 

is the most extensive data source in the Czech Republic. There are some difficulties 

for processing agriculture data from office, e.g. probability of intentional or 

unintentional errors (spatial accuracy of boundaries, points), delay and 

postponement of data processing, not familiar with the real situation in field or 

impossibility of gathering primary data.  

With the new era of smartphones, gathering the real field data by mobile 

applications is raising. Compared to the desktop application, the mobile phone 

application can collect more detailed spatial, multimedia, sensor, tabular and even 

informative information in real time in real field condition [8]. The mobile app is 

communicating with built-in hardware components of the mobile phone such as 

GPS chip, camera or microphone. That secure absolute accuracy of acquired data 

(precision of position of the mobile device on Earth using global navigation satellite 

systems with cooperation with mobile internet, Wi-Fi or mobile phone signal has a 

few meters’ tolerance). A mobile phone allows gain and edit records anytime and 

anywhere even without internet connection. A GPS localisation and the actual state 

of crops directly in the field is a certain asset. Mobile field application extends the 

principle and functionality of the original web client. The purpose of the authors’ 

team was to separate operations for managers of agricultural cooperatives. The 

existing web client is used to visualise and data management especially for office 

workers, while the mobile application is designed for field workers. Both systems 

are interconnected and allow two-way communication. 

A pilot study illustrates the deployment of the mobile application for both field 

managers or agricultural cooperatives and field workers. Existing current spatial 

data (land borders, parcels, watercourses, points of interest), tabular, informative 

and multimedia information can be download into the mobile application through 

the internet (Wi-Fi, mobile internet or by data cable). In the case of primary data 

collection, the user does not have to download any data and will create new data 

sets. Gather and edit of data can be done off-line in the field for an unlimited amount 

of time. After connecting the application to the internet can be data sent to the server 

via the internet. The data is immediately synchronised with the web application – 

see Figure 2. 

The web client allows assignment of the displayed and downloaded region for 

each user. This solution aims to minimise the size of transferred data during two-

way synchronisation. Secondly, it is leading to not overwhelmed a field worker with 

irrelevant information. From the server, it is possible to download into mobile 

application detailed aerial photo of the territory which leads to a better comparison 

of real condition and orientation in a field. Web client serves mainly for project 



 

preparation and data management. The mobile application is used for advanced and 

effective fieldwork with monitored data. 

 

Figure 2: The field work does not require an Internet connection 

APPLICATION BACK-END 

The application was developed in the native environment called Android 

Studio, which is free for charge by Google company. A programming language Java 

was used as a native development language [9]. There are many benefits when using 

native resources. The compatibility of all components is ensured, supported by 

complete documentation available. The Mobigri app is designed to work in both 

modes: online and offline. The Internet connection is required only for updating and 

synchronising - it downloads current information and data from the server and. The 

app is available for Android version 4.0.3 and higher. The application requires the 

basic access permissions only for localisation services - write and read of the 

memory card and access to the camera/photos. External modules have been used to 

develop the application to enhance the functionality of the application itself. These 

modules are OSMdroid, OSMdroid Bonus Pack, OpenCSV and Commons Net [9]. 

The most important module is OSMdroid, which provides tools for working with 

vector and raster spatial data and provides access to freely available map data. 

Spatial data are stored in the native Android SQLite database. 

All necessary data files are stored in the device's internal memory  – see Figure 

3. The "osmdroid" folder contains the "tiles" folder, where the tiles for the 

OpenStreetMap tile-layers are stored. The basemap is available at both online as 

well as offline mode. It is fully accessible also without internet connection if the 

users pre-download the map on the Internet. Moreover, data are automatically 

downloaded tile-by-tile if the user goes through the map online. Data are 

downloaded for the current zoom level only. Other files are created when the 

application is used. The "aktualni.mbtiles" file is a file that holds an aerial/satellite 

map; the file "export.csv" contains the submitted changes. The current 

aerial/satellite basemap (orthophoto map) can be uploaded into the application via 

Wi-Fi or uploaded manually to the "osmdroid" folder. The "import.sql" file contains 

data about user uploads. The "photos.zip" file contains new photos that have been 

captured and sent. 

The application is installed by using a *.apk file. Since the app is not currently 

available from the official Google Play store, you need to enable *.apk installation 

in your phone settings. This can be found in Settings -> Security -> Unknown 

Resources (Enable). Mobigri app requires only the basic necessary permissions - 

access to localisation services by GPS (and Wi-Fi or GSM to improve location), 

permission to write and read data to and from the smartphone (downloading new 



fields, capturing photos). Finally, an access to the camera is required to take 

pictures. Authors assume that the publicly available version will be distributed via 

the Google Play Store [5]. 

 

 

Figure 3: Data structure of “Mobigri” app in Android storage 

USER INTERFACE (FRONT-END) 

The application was designed for the simplest and the most intuitive operations. 

It has been assumed that the application will be working in the field without the 

ability to access the Internet, even in the worst weather conditions. The application 

consists of four parts: sign-in screen, signpost, map screen and the attribute input 

screen. 

Due to the Android application design architecture the application can be 

translated into any language, changing display information and appearance without 

changing any logic systems of the application itself. The user can download some 



 

aerial map in the online mode which will be stored in the memory of the device and 

will be available anytime later without the internet access. Its size may be hundreds 

of megabytes and the time of downloading depends on the internet connection. 

Therefore, it is not necessary to download aerial pictures every time. The menu of 

the map screen includes options for sending the changes to the server, shutting down 

the aerial images and shutting down the application. These following features are 

available in the map box: adding a point of the current location using GPS, adding 

points manually and returning the map to the current position of the user. 

The user can find the spatial, attribute or multimedia information about each 

field by clicking on the pop-up window in detailed information – see Figure 4. 

Multiple pop-ups can also be opened at the same time to be compared with each 

other. In the top right corner is the "pen" icon for editing the attributes. Furthermore, 

the user will be informed before submitting the changes about the number of 

changes and confirmation about the status will be displayed. If the user takes a new 

photo, it will be recorded along with the new attributes. Therefore, sending that 

information can take a long time depending on the size of the pictures. 

 

Figure 4: User interface of “Mobigri” app 

PILOT STUDY  

Installation of the application is being done using the *.apk file. However, it's 

considered to publish an app in the Google Play catalogue in the future [10]. After 



(depending on the version of Android system) the installation you need to allow 

some minimal access rights to localisation services, memory and camera. After the 

first start of the application, a new "osmdroid" folder is created in the memory of 

the device (the default name that can be customised). The folder is used to store all 

(except photo) data for the application. Namely, the raster tiles for underlying the 

map, the user´s bitmap tiles, some data file sent to the server storing the changes in 

the data communication and compressed photograph sent to the server [11]. The 

application can be used without internet access. Only for loading and transmitting 

the data, it is necessary to connect the internet in order to communicate with the 

server and perform synchronisation [12]. The application can be used to view data, 

control data, create new records and edit existing records. 

In total, the application contains four screens. It is about a sign-in screen, a 

signpost, map and editor. After logging in with the user name, it can download 

farmland data from server and raster user tiles (in *.mbtiles format). The map, dot, 

line, and planar elements that are going to be activated are displayed on the map. 

The pop-up window displays information about the shown elements, and it is also 

possible to switch into the editing mode. Creating the new elements can be done 

either from the current position or by clicking into the map. You can also add photos 

in the popup window of the chosen attribute. Clicking the CAMERA button will 

activate the camera. Images are stored in internal memory in the DCIM (Digital 

Camera Images) folder, which is a common part of Android systems. In this folder, 

a new "mobigri" folder will automatically be created which stores the images 

captured using the application. Two photographs can be taken for each record which 

will also be automatically signed to the attributes. 

Positioning accuracy depends mostly on the used equipment and the size area 

of the visible sky. Nowadays, the mobile devices (phone, tablet) with the Android 

operating system are almost always equipped with a chip for receiving a signal from 

the US GPS, but also Russian Glonass or European system Galileo. All three 

mentioned global satellite navigation systems could be used to calculate a more 

accurate location of the device. It can also be used a less precise and less energy 

intensive method for positioning using the Wi-Fi and GSM networks. 

CONCLUSION  

The article aims to demonstrate the benefits and possibilities of a terrain mobile 

map application called Mobigri. It is a fully functional mobile application for the 

Android platform which enables the real-time capture of attributes (descriptive), 

spatial (localisation) and multimedia (photos) data through the smart mobile phone. 

From the field data collection or native mobile phone applications perspectives, the 

records of crops and cultivated crops can be edited and downloaded at any time and 

from anywhere nearby the mobile signal, even without the need of the Internet 

connection. Above all, for both own (primary) data collection and status 

monitoring, the localisation and actual recording of farmland status - directly on the 

ground - are indisputable benefits. The case study and its testing are carried out as 

a pilot study on beet fields in the Haná region around Olomouc. The Mobigri 

application will be available at the official Google Play store for the Android 

operating system. It requires an Internet connection only for the downloading 



 

underlying data and synchronising with the server. On the other hand, the Internet 

connection is definitely not required for the data collection in the field. 
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ABSTRACT 

The existing methodological approaches allow to perform acoustic assessment 

in the territory with the allocation of zones of acoustic discomfort by hygienic 

criteria (СН 2.2.4 / 2.1.8.562-96) and by criteria of risk to public health (MP 

2.1.10.0059-12). However, the zoning of the urban area is of a population nature 

and does not reflect the individual scenario of the development of noise events. This 

study examined the possibility of using the method of establishing an individual 

dose of noise as a measure of human contact with the noise factor. An individual 

dose of noise is one of the stages of assessing the risk to the health of the population 

with an estimate of the daily weighted average daily noise level (Lden), which 

includes the main normalized periods of human life (during the day (Lday) and at 

night (Lnight)). The proposed methodological approaches are tested on the example 

of pre-school institutions of a large urban settlement, including the influence of the 

main sources of industrial and traffic noise. According to the results of the study, it 

was established that the population’s presence in the premises, namely, pre-school 

educational institutions, do not form significant levels of noise exposure. The 

highest levels of noise exposure are formed in the residential area, in the zone of 

direct influence of transport infrastructure facilities. At the same time, the weighted 

average daily level of equivalent noise is formed at a high level, which is caused by 

the occupancy of the groups of preschool institutions and the level of noise 

generated by groups of people. In general, the influence of noise from certain factors 

of industrial, domestic or transportation origin requires justification in terms of each 

person’s stay. Methods of assessing the risk to public health allow us to establish 

the main organs and systems exposed to noise, as well as to establish the age limit 

for the transition from one risk group to another under the conditions of the existing 

level of noise exposure. The results obtained make it possible to conduct timely 

assessments and develop an action plan to reduce the levels of the formulated public 

health risk in the context of dense urban development. 

Keywords: noise dose, noise exposure estimate, noise risk assessment, daily 

average noise dose, weighted average equivalent noise level.    

 

 



 

INTRODUCTION  

In recent years, the urgency of issues related to high noise pollution is 

increasing every year, which is primarily due to the growth of motor vehicle fleet, 

an increase in railway transportation and passenger air traffic. The development of 

industry and enterprises has the opposite character, aimed at reducing the emitted 

noise at the source, which is associated with introduction of the best available 

technologies ensuring maximum noise exposure reduction at the source, in the 

room, on the territory. The need to reduce the generated noise levels in the regulated 

areas is also explained by additional complaints to the regulatory authorities [1] and 

judicial appeals in case of exceeding the established hygienic noise standards [2]. 

In this regard, transport is a fundamental factor in acoustic environment formation 

in both small and large urban settlements. 

In 2017 on the territory of the Russian Federation according to the State reports 

"On the state of sanitary and epidemiological well-being of the population in the 

Russian Federation in 2017", in the structure of complaints of the population about 

poor living conditions, the largest share is noted for noise (58%), affecting the 

human environment [1].   

In the majority of cases, the population living under a certain level of noise 

exposure serves as an indicator of unfavorable environment creation due to noise 

factor according to the acoustic zoning results of the study area [3].  However, such 

an assessment is individual in nature and does not reflect the individual 

characteristics of human stay in different conditions and situations associated with 

the noise exposure. An individual noise dose, which might lead to possible creation 

and aggravation of diseases of cardiovascular and nervous systems, as well as 

hearing organs, has been used as an individual assessment of noise exposure. 

In 2018 World Health Organization (WHO) published “Environmental Noise 

Guidelines”, which presents review of the scientific literature on the effects of noise 

pollution on human health and the development of scientifically based 

recommendations to protect public health from the adverse effects of noise [4].  The 

facts of public health disorders living under the influence of noise factor are found 

in many studies [5], [6]. 

Taking into account the current need to assess the impact of noise factor on 

public health, the scientific studies aim to obtain and study real information 

concerning the levels and dynamics of noise impact on the population in terms of 

spatial and temporal features of the acoustic situation. The existing methodological 

approaches to the development of noise maps of residential areas enable to assess 

the complex impact of noise from all territory sources, as well as to perform 

situational modeling and estimation of noise levels in different scenarios of urban 

environment [7]. Mathematical models of noise impact on health, including 

dynamic ones, make it possible to assess risks to the exposed population [8].    

This study presents the experience of assessing the risk of possible health 

disorders under the influence of noise, based on the noise exposure, established 

taking into account the individual noise dose, on the example of the child population 

staying in a preschool institution.    



THE AIM OF STUDY 

The study aimed to assess the individual noise dose of children while staying 

in preschool institution in a large urban settlement, associated with high traffic 

congestion, to assess the risk of possible health problems resulted from noise factor. 

The object of the study was the territory of three preschool institutions in Perm 

city (the total population of city amounts to more than 1 million inhabitants). The 

territory was characterized by high congestion in all modes of transport: 

automobile, railway, air. 

METHODS OF THE STUDY  

The assessment of the impact of the noise factor on the preschool population 

was based on the methodology for estimating the dose noise load based on 

instrumental measurements of noise levels for individual periods of time or 

individual noise events according to the methodological recommendations 

“Evaluation of acoustic exposure based on measuring individual noise dose for 

health risk assessment tasks”, developed by FBSI “Federal Scientific Center for 

Medical and Preventive Health Risk Management Technologies” in 2018. The 

proposed methodological approaches are based on the calculation of average 

weighted daily dose level according to the formula 1: 
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where  

ND d.ave. is the average daily noise dose (Pa2); 

рn is the sound pressure of the actual measured equivalent sound level for a 

certain period (Pa); 

tn is the time (period) of the impact of the measured noise level (noise event) 

(h); 

T is the total time counted - day (24 hours) (h). 

pden is the sound pressure of the average weighted daily noise level 

characterizing the daily dose (Pa). 

As part of the study, in three kindergartens, from February to August 2018, 

more than 300 instrumental measurements of the equivalent noise level inside and 

on the territory were carried out in order to assess the generated levels of transport 

noise and establish the connection between children's health disorders. The noise 

exposure level was assessed in the following areas: 

– Municipal Autonomous Preschool Educational Institution "Kindergarten No. 

370", Perm city (Perm city, Parkovy Ave., 26) (hereinafter referred to as 

kindergarten No. 370). The location of the kindergarten is characterized by the 



 

acoustic silence zone and is characterized by the general background influence of 

city noise (This kindergarten No. 370 is selected as the control territory). 

– Municipal Autonomous Preschool Educational Institution "Kindergarten No. 

80", Perm city (Perm city, Motorostroiteley street, 14) (hereinafter referred to as 

Kindergarten No. 80). The location of the kindergarten is characterized by the 

acoustic impact zone of the railway line passing through the entire city in the valley 

of the Danilikha river at a distance of about 250 meters from the kindergarten. In 

addition, at a distance of about 330 meters, there is one of the largest highway in 

the city - Stakhanovskaya-Chkalova, which forms the general background pollution 

in the area where kindergarten No. 80 is located. 

– Municipal Budgetary Preschool Educational Institution "Savinsky 

kindergarten "Sozvezdie"" (Perm district, village Vanyuki, Zelenaya street, 29) 

(hereinafter referred to as kindergarten "Sozvezdie").  The location of the 

kindergarten is characterized by the acoustic impact zone of air transport and is 

located under the elevations of the take-off and landing zones of civil and state 

aircraft at a distance of about 500 meters from the runway course and at 1,400 

meters from the runway strip (hereinafter referred to as RWY). 

Instrumental measurements were carried out on weekdays during the daytime 

(7.00 – 19.00 (Lday)) to assess noise levels when children are staying in the 

kindergarten. In addition, it was assumed that in the evening (19.00-23.00 

(Levening), rest at home) and night (23.00-07.00 (Lnight), sleep at home) children 

were in conditions of permissible noise exposure level according to CH 

2.2.4/2.1.8.562-96 [2], with a noise exposure level of 40 dBA and 30 dBA 

respectively. 

The public health risk assessment at the control points was based on the 

calculated equivalent average weighted daily noise (Lden), which was introduced 

by the European Commission Directive 2002/49/EC dated June 25, 2002 [9]. 3 time 

intervals were taken into account: daytime (Lday), evening (Levening) and night 

(Lnight), when calculating average weighted daily noise level.  

To compare the data, the results of instrumental measurements of noise levels 

were associated with the results of acoustic calculations carried out on the model 

areas of kindergarten taking into account the contribution of transport noise. Model 

acoustic calculations were carried out within the district, where kindergarten is 

located, taking into account additional sources, transport noise in particular, to 

determine the formed background. The modelling was carried out with using 

geoinformation technologies (GIS) with the creation of shielding, nodal calculated 

points and calculated rectangles for visualization of acoustic discomfort zones. 

Acoustic calculations are carried out using the software package "Ecologist-Noise" 

version 2.4 ("Integral"), implementing the basic regulations on noise transmission 

through the territory [10]. 

As part of the data comparison, the results of acoustic calculations and the 

results of instrumental measurements were connected by establishing the 

correspondence coefficients between the two types of data in the control points of 

the territory, and further inter - and extrapolation of data according to the Delaunay 



method [11]. Using the data obtained, the average weighted daily noise level was 

calculated, which was assumed as the average annual noise level in the study area.  

Public health risk assessment was carried out according to methodological 

recommendations MP 2.1.10.0059-12 through the calculation of risk index (
Acoâ

tR
) [8]. The methods is based on the average weighted daily level of equivalent noise, 

which characterizes a personal stay under specified noise conditions. These 

conditions of stay of children in kindergarten were adopted to assess the chronic 

effects of noise on humans with an assessment of the possible risks to public health 

with prolonged exposure to established noise levels. 

MAIN RESULTS  

1. Instrumental measurement results  

According to the instrumental measurement results, levels of noise exposure in 

stay of preschool children in the territory of kindergarten (indoor and outdoor) were 

determined. Noise level measurements were carried out during various activities 

corresponding to the day mode in kindergarten. Table 1 shows the measurement 

results in the three studied kindergarten. 

Table 1 – The results of instrumental measurements in kindergarten No. 370, No. 

80, kindergarten "Sozvezdie" 

No. 

Day schedule of children staying in 

kindergarten 

(07.00-19.00, in accordance with p. 1-15) 

Duration 

of the 

event 

(hour) 

Average per period, dBA 

Kinder 

garten 

No. 370 

Kinder

garten 

No. 80 

Kinder 

garten 

"Sozve

zdie" 

1 The arrival of children to the kindergarten, 

free games, independent activities 
1 67 71 69 

2 Morning gymnastics 0.083 68 68 69 

3 Preparation to the  breakfast, breakfast 0.5 56 59 58 

4 Games, children's   independent activity, 

individual work with children 
0.417 60 63 65 

5 Organized  educational activities 0.667 56 56 61 

6 Second breakfast, preparing for a walk 0.167 59 62 58 

7 Walk 2 64 68 66 

8 Return from a walk, independent activities 0.25 66 71 69 

9 Preparation for the lunch, lunch 0.417 64 63 53 

10 Preparation for the nap, daytime nap 2.5 31 31 47 

11 Gradual waking up,   waking up gymnastics 0.333 50 46 48 

12 

Games, independent   and organized 

educational activities; individual work with 

children 

0.667 68 71 70 



 

13 Preparation for the   full afternoon snack, full 

afternoon snack 
0.333 55 57 59 

14 Games, children's   independent activity, 

individual work with children 
0.667 66 71 68 

15 Preparation for a walk, walk, going home 2 67 69 71 

16 Rest at home   19.00-23.00 4 40 40 40 

17 Sleep at home   23.00-07.00 8 30 30 30 

Summary results of instrumental measurements show that noise exposure 

levels up to 68 dBA, including outdoor activities, are observed for kindergarten No. 

370. Primarily, elevated levels of noise exposure might be associated with 

maximum number of children per group, which proportionally increases the noise 

exposure in the group in general, and affects the individual dose of noise in 

particular. It should be noted that background noise pollution in the area adjacent 

to the kindergarten amounted to 46.3 dBA. The total exposure level, taking into 

account the children's walk, amounted to 64 dBA. 

As for kindergarten No. 80, the highest measured levels were 71 dBA, taking 

into account the daily walk, which is characterized by the proximity of the railway 

line relative to kindergarten passing through the territory of the urban settlement. 

The average value of background noise in the area adjacent to the kindergarten 

amounted to 55.3 dBA. The total exposure level, taking into account the children's 

walk, amounted to 68 dBA. 

The measurement results in the kindergarten "Sozvezdie" were at the level of 

71 dBA in some periods of children's stay in the kindergarten. Background noise in 

the area adjacent to the kindergarten amounted to 52.6 dBA, the total exposure 

level, taking into account the walk, was 66 dBA. It is necessary to point out that the 

absence of elevated noise levels during periods of flight of state aircraft is caused 

by the absence of children on the territory of the kindergarten; the exposure inside 

the premises of the kindergarten is shown in the instrumental measurement results. 

2. Acoustic calculation results. 

To assess the noise exposure based on an individual noise dose, it makes sense 

to use the results of acoustic calculations, in addition to instrumental measurements, 

to assess the influence of external sources on indoor levels and to take into account 

additional noise sources as a background [12]. 

The location of the kindergarten No. 370 is characterized by the acoustic 

silence zone and by the general background influence of city noise. The 

kindergarten is located in the second zone of capital facility in terms of the nearest 

noise sources - city roads on the following streets: Parkovy Avenue, Podlesnaya 

street, Comissara Pozharskogo street, Zhelyabova street. The influence of railway 

transport in the territory of kindergarten is absent due to the significant distance 

from the railway lines. In addition, the background noise pollution is created from 

the flights of civil and state aircraft (hereinafter referred to as aircraft) near the 

kindergarten, the take-off and landing routes of which are located at a distance of 



about 1000 meters from the kindergarten. The acoustic calculation results are shown 

in fig. 1. 

 

Figure 1 – Acoustic calculation results of noise load in the area of kindergarden 

No. 370 

According to the acoustic calculation results, it was found out that during high 

intensity of road traffic (at the average up to 24336 cars pass through the busiest 

highways per day), the calculated noise levels in the territory of the kindergarten 

were at the level of 40 – 45 dBA, which meets the established hygienic standards 

for the territory of residential development [2]. 

The location of the kindergarten No. 80 is characterized by the acoustic impact 

zone of the railway line and background pollution because of largest highways in 

the city. The kindergarten is located in one of the central districts of the city in the 

valley of the small river Danilikha and bounded by Motorostoiteley and 

Marshrutnaya streets. There are no many capital facilities around the kindergarten, 

which eliminates noise shielding of transport infrastructure facilities on the 

kindergarten. The acoustic calculation results are shown in fig. 2a. 

    

a    b 



 

Figure 2 – Acoustic calculation results of noise load in the area of kindergarden 

No. 80 (a) and "Sozvezdie" (b) 

The acoustic calculation results have shown that during high intensity of road 

traffic (at the average up to 41520 cars pass through the largest highway 

Stakhanovskaya-Chkalova per day) and quiet intensity of railway traffic (up to 3 

trains per hour), the calculated noise levels in the territory of the kindergarten were 

at the level of 60– 65 dBA, which does not meet the established hygienic standards 

for the territory of residential development [2].   

The kindergarten "Sozvezdie" is located on the territory characterized by the 

acoustic impact zone of air transport and is located under the elevations of the take-

off and landing zones of civil and state aircraft at a distance of about 500 meters 

from the runway course and at 1400 meters from the runway strip. The kindergarten 

is located in Vanyuki village, Perm district, Zelenaya street. There are no many 

capital facilities around the kindergarten, which eliminates noise shielding of 

transport infrastructure facilities on the kindergarten, flights of civil and state 

aircraft in particular. The acoustic calculation results are given in fig. 2b. 

According to the acoustic calculation results, it was found that during high 

intensity of road traffic (at the average up to 38280 cars pass through the highway 

Perm-Kultaevo per day), the calculated noise levels in the territory of the 

kindergarten were at the level of 55– 60 dBA, wh ich meets the established hygienic 

standards for the territory of residential development (55dBA) [2]. 

3. Estimating an individual noise dose  

In the framework of this study and according to the developed methodological 

approaches, an individual noise dose in each kindergarten was calculated, based on 

the results of instrumental studies in places where children stay.  

As a result of the individual noise dose assessment calculated according to day 

schedule of children staying in kindergarten, the following results were obtained for 

the study areas:  

– in kindergarten No. 370, the excess of the average daily noise dose is 22.2 

times, which forms an equivalent level of average weighted daily noise of 61.1 

dBA;  

– in kindergarten No. 80, the excess of the average daily noise dose is 46.6 

times, which forms an equivalent level of the average  weighted daily noise of 64.3 

dBA;  

– in kindergarten “Sozvezdie”, the excess of the average daily noise dose is 

41.8 times, which forms an equivalent level of the average weighted daily noise of 

63.8 dBA. 

4. Public health risk assessment 

As part of the substantiation of the evidence of the harmful effects of noise 

factors on children, a procedure for assessing the risk to children's health attending 



kindergarten in accordance with MR 2.1.10.0059-12 “Assessing the risk to public 

health from traffic noise” [8] was carried out in the framework of this study. 

According to the results of the hygienic study "Public health risk assessment" 

the following results were obtained: 

In children attending kindergarten No. 370 from 3 years old age and living (for 

the future) in the exposed territory throughout their life under equivalent level of 

the average weighted daily noise of 61.1 dBA, the following  risk levels are created:  

a moderate risk of cardiovascular disorders arises by the age of 52, with a transition 

to a high at 85 years, and an extremely high one at 87 years; a moderate risk of 

disorders of the nervous system occurs at 65; a moderate risk of hearing impairment 

is not formed. 

Kindergarten No 80. equivalent level of the average weighted daily noise of 

64.3 dBA was formed, which led to the following risk levels for person living from 

3 years old age and throughout their life: a moderate risk of cardiovascular disorders 

arises by the age of 25, with a transition to a high at 57 years, and an extremely high 

one at 66 years; a moderate risk of disorders of the nervous system occurs at 56; a 

moderate risk of hearing impairment is not formed. 

In children attending kindergarten "Sozvezdie" from 3 years old age and living 

(for the future) in the exposed territory throughout their life under equivalent level 

of the average weighted daily noise of 63.8 dBA, the following risk levels are 

created: a moderate risk of cardiovascular disorders arises by the age of 27, with a 

transition to a high at 60 years, and an extremely high one at 68 years; a moderate 

risk of disorders of the nervous system occurs at 57; a moderate risk of hearing 

impairment is not formed. 

Table 2 presents a summary table of the critical age points of risk transition 

from one category to another. It should be noted that for the risk assessment, the 

established individual noise dose is considered as a measure of human contact with 

the noise factor throughout life. 

Table 2 – Critical age points of risk transition from one category to another. 

Point number 

Noise 

level, 

dBA 

Age of transition from 

low to moderate risk 

Age of transition from 

moderate to high risk 

Age of transition from 

high to extremely high 

risk 

Hearin

g 
CVS NS 

Hear-

ing 
CVS NS 

Heari

ng 
CVS NS 

1 2 3 4 5 6 7 8 9 10 11 

Kindergarten 

No. 370 61.1 - 52 65 - 85 - - 87 - 

Kindergarten 

No. 80 64.3 - 25 56 - 57 - - 66 - 

Kindergarten 

"Sozvezdie" 63.8 - 27 57 - 60 - - 68 - 

* A dash in the table " – " indicates that an unacceptable risk to the organ or 

systems is not created because of the noise factor.  



 

The highest level of equivalent average weighted daily noise was formed in the 

kindergarten No. 80 and amounted to 64.3 dBA. Table 3 shows calculation of the 

risk of health problems in children staying in kindergarten No. 80 and subsequently 

residing in the exposed territory  

Table 3 – Calculation of the risk of health problems in children staying in 

kindergarten No. 80 

Age 

Reported   

risk of 

hearing 

impairment 

caused by 

factor  

Reported   risk 

of diseases of 

the 

cardiovascular 

system caused 

by the factor 

Reported   

risk of 

diseases of 

the nervous 

system 

caused by the 

factor 

Reported   risk of 

diseases of the 

circulatory system, 

nervous system and 

hearing organs   

caused by the factor  

3 0.001 0.004 0.002 0.007 

4 0.001 0.005 0.003 0.009 

5 0.001 0.006 0.004 0.011 

10 0.003 0.014 0.008 0.024 

15 0.004 0.023 0.012 0.039 

19 0.005 0.033 0.015 0.053 

20 0.006 0.036 0.016 0.057 

25 0.007 0.051 0.020 0.078 

30 0.009 0.071 0.025 0.103 

40 0.013 0.131 0.034 0.172 

50 0.017 0.235 0.044 0.281 

55 0.019 0.315 0.049 0.361 

56 0.019 0.334 0.050 0.380 

57 0.020 0.354 0.051 0.400 

60 0.021 0.424 0.055 0.467 

65 0.024 0.577 0.060 0.612 

66 0.024 0.615 0.061 0.647 

70 0.026 0.799 0.066 0.817 

80 0.032 1.000 0.078 1.000 

90 0.038 1.000 0.090 1.000 

95 0.041 1.000 0.097 1.000 

CONCLUSION 

The study devoted to the assessment of impact of traffic noise on the health of 

children staying in the kindergarten, based on the developed methodological 

approaches to establishing an individual noise doses and the current methodology 

for public health risk assessment enables to draw the following conclusions: 



– at almost all stages of children's staying in kindergarten there were observed 

exceedances of the established maximum permissible limit [2].  The obtained 

results of instrumental measurements show and prove that the main source of noise 

in rooms is self-induced noise usual for a person or a group of persons;  

– sources of urban noise form the background noise level, which impact on the 

local and inter-block territory does not create significant excess noise levels; 

– assessment and management of noise exposure is purely individual in nature, 

associated with the mode of life of each person individually;  

– the proposed methodological approaches make it possible to assess and make 

a forecast of the development of the situation when a person is exposed to noise 

with a subsequent decrease or exclusion of a harmful effect on a person.  

According to the results of a hygienic study to assess the impact of noise factor 

on the health of the child population attending kindergartens, using the 

methodology for assessing an individual noise dose, the following conclusions can 

be drawn: 

– at all stages of the hygienic assessment according to the daily schedule of the 

kindergarten, there were observed exceedances of the established hygienic 

standards for rooms and sleeping quarters in the preschool facilities according to 

the CH 2.2.4/2.1.8.562-96, except for daytime sleep (for the kindergarten No. 370 

and No. 80) which is caused by the stay of children in the kindergarten, which is 

the main source of noise inside;  

– for individual territories, levels of background noise pollution on the territory 

of the kindergarten without the presence of children were formed within the limits 

of the established maximum permissible limits, and are 46.3 dBA and 52.6 dBA for 

the kindergarten No. 370 and the kindergarten “Sozvezdie”, respectively.  

Background noise pollution on the territory of kindergarten No. 80 was slightly 

exceeded and amounted to 55.3 dBA; 

– the cumulative level of noise exposure in the territory of the kindergarten 

(transport noise and children's stay) exceeded the established maximum permissible 

limits in all the studied territories: kindergarten No. 370 - 64 dBA, kindergarten No. 

80 – 68 dBA, kindergarten "Sozvezdie" – 66 dBA;  

– the increased levels of noise exposure in kindergarten No. 370 are due to the 

maximum number of children per group, whereas in kindergarten No. 80 those are 

due to the proximity of the location of the railway. The absence of increased noise 

levels during periods of flight of state aircraft in the kindergarten "Sozvezdie" is 

due to the absence of children on the territory of the kindergarten during the period 

of flight of aircraft.  
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ABSTRACT 

The article deals with the simulation and short-range forecast of the current, 

temperature and salinity fields as well as contamination distribution processes in 

the easternmost part of the Black Sea covering the Georgian Black Sea coastal zone 

and surrounding water area. These studies are carried out on the basis of the coupled 

high-resolution Black Sea regional dynamics and transport models which are 

components of the regional forecasting system. By-turn, this system is one of the 

parts of the Black Sea basin-scale Nowcasting/Forecasting System. The regional 

model of the Black Sea dynamics developed at M. Nodia Institute of Geophysics of 

Ivane Javakhishvili Tbilisi State University is nested in the basin-scale model of the 

Black Sea dynamics of Marine Hydrophysical Institute (MHI, Sevastopol). 

Atmospheric forcing is provided by the atmospheric limited area model ALADIN 

adapted to the Black Sea region. Equations of the mathematical models involved in 

the forecasting system are solved by finite-difference methods using two-cycle 

splitting method with respect to physical processes, coordinate planes and lines. 3D 

dynamic fields – the current, temperature and salinity, also pollution concentration 

fields are calculated on a uniform grid with the horizontal grid step 1 km. Some 

results of 3-day forecast of dynamic fields are compared with the results obtained 

from MHI model using coarse grid and with observational data.   

Keywords: Numerical modeling, boundary conditions, forecasting system, 

salinity field, satellite data. 

INTRODUCTION 

Numerous experimental and theoretical researches show that the coastal and 

shelf zones of the Black Sea are characterized with intensive vortex formations and 

high variability of dynamic processes [1], [2], [3], [4]. Such eddies make a 

significant contribution to transportation of different substances, heat and 

momentum in the coastal zones, which undergo the great anthropogenic loading. 

According to [3], the most intensive formation of the meso and submesoscale eddies 

are detected on the North-Western Shelf, near the Crimean Peninsula, the Caucasian 

and Anatolian coasts. The easternmost part of the Black Sea is one of the most 

dynamically active regions of the sea basin, where intensive generation of 

mesoscale and submesoscale eddies takes place [5], [6]. In [5] the results of 

observations of submesoscale eddies (with diameter of 2-8 km) on the narrow Black 

Sea shelf in the Gelendzhik (Russia) region for 2007-2008 are discussed. In [6] on 



 

the basis of an analysis of the results of modeling of the basic hydrophysical fields, 

the features of annual variability of regional circulation processes are investigated 

in the easternmost part of the Black Sea for 2010-2012. It is shown that the 

easternmost water area is dynamically very active zone with alternation of eddy-

dominated circulation systems.  

Besides the fact that coastal dynamic processes make an important contribution 

to the space-temporal distribution of various substances, studying these processes 

is of great importance due to the fact that the Black Sea and atmosphere are unified 

hydrothermodynamic system and circulation and thermal processes developing in 

the upper layer of the Black Sea play the significant role in the formation of the 

regional weather and climate.  

In this study some results of modeling and forecast of hydrophysical fields with 

1 km space resolution in the easternmost part of the Black Sea (the forecasting 

domain is limited by the liquid boundary from the West coinciding approximately 

with meridian 39.080E) are presented. Some forecasted fields are compared with 

observational data and modeling results obtained from the basin-scale model (BSM) 

of the Black Sea dynamics of Marine Hydrophysical Institute (MHI, Sevastopol) 

using coarse grid with 5 km space resolution. Forecasted dynamic fields are used to 

simulate spreading of polluting substances emitted from hypothetical sources.     

METHOD OF RESEARCH AND FORECASTING 

At the present stage of development of Geosciences the method of 

mathematical modeling is one of the main tools for studying and understanding 

processes going in the natural environment. This method allows simulating and 

reproducing natural processes and phenomena on a computer,  quantifying the role 

of various physical factors on the development of the studied processes and, finally,  

forecasting the evolution of these phenomena. 

In the present paper the study of regional dynamic processes in the easternmost 

part of the Black Sea (including Georgian coastal zone and surrounding water area) 

is carried out on the basis of the regional model of the Black Sea dynamics 

developed at  M. Nodia Institute of Geophysics of I. Javakhishvili Tbilisi State 

University (RM-IG). This is a z-level, hydrostatic model with upper rigid surface 

based on a primitive system of ocean hydrothermodynamics equations [6], [7]. The 

model takes into account: nonstationary atmospheric forcing provided from the 

atmospheric limited area model ALADIN adapted to the Black Sea region, quasi-

realistic bottom relief, runoff of the main Georgian rivers, the absorption of solar 

radiation by the sea upper layer, space-temporal variability of turbulent viscosity 

and diffusion.   

the total solar radiation flux I is an exponentially decaying function with depth 
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where I0 is the total flux of solar radiation at the sea surface z = 0. Diurnal 

variation of radiation is calculated by the Albrecht formula [8]
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 Here α is the parameter of absorption of short-wave radiation by seawater; h0 

is the zenith angle of the Sun; A is the  albedo of a sea surface, which depends on 

the zenith angle; φ is the geographical latitude, η is the factor which takes into 

account influence of a cloudness  on a total radiation;  ψ is the parameter of 

declination of the Sun; a and b  are the empirical factors.  

Like prior articles of authors [6], [7], factors of horizontal turbulent viscosity 

and diffusion for heat and salt were calculated by formula given in [9] and the factor 

of vertical turbulent diffusion – by formula presented in [10]. In case of arising 

unstable stratification ( 0 /  z ) during integration of model equations, the  

realization of this instability is taken into account by increase of heat  and salt 

diffusion factors 20 times in appropriate columns from the surface to the bottom.  

The RM-IG is nested in the BSM of MHI using one-way nesting technology, 

which provides forcing of basin-scale processes on the coastal processes via open 

boundary. Boundary conditions on the lateral liquid boundary for velocity 

components, temperature and salinity are provided from the BSM with an hour 

frequency during integration of model equations. More detailed description of the 

methodology of nested grid modeling used in the paper is given in [7].  

The 3D transport model of polluting substances, which is coupled with the 

regional model of the Black Sea dynamics is based on solution of the advection-

diffusion equation    
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where 
 
is a volumetric concentration of a substance,    and   are 

horizontal and vertical diffusion factors, σ is the parameter describing changeability 

of concentration because of physical and biochemical factors, 
Gw  

is the speed of 

gravitational sedimentation of particles, that could be determined by Stock’s 

formula: 

.
9

2 2

p

p

G r
g

w



  

Here pr  is particle’s radius, p  is particles density,   is the coefficient of 

kinematic viscosity of the sea water, g is gravitational acceleration,  is marine 

water density, which is defined by the formula [11]  
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were T and S are the sea temperature and salinity. Nonstationary current, 

temperature and salinity fields are provided from the regional model of the sea 

dynamics on each time step of integration. To calculate turbulent diffusion 

coefficients the same formula are used as in RM-IG.   

To solve the problems involved in the forecasting system a finite-difference 

methods are used based on the splitting method with respect to both physical 

processes, coordinate planes and lines [12].  

RESULTS AND DISCUSSIONS 

Numerical experiments carried out on the basis of RM-IG with use of real input 

data provided  by MHI show that the hydrological mode of the easternmost water 

area of the Black Sea is characterized with alternation of eddy-dominated 

circulation systems, which make a significant contribution to the distribution of 

thermohaline fields and polluting substances. In most cases the Rim Current jet is 

located further away from the cost and is out of the considered easternmost water 

area. 

Realization of the numerical models is carried out on a grid having 215 x 347 

points on horizons with 1 km resolution. On a vertical the non-uniform grid with 30 

calculated levels on depths: 2, 4, 6, 8, 12, 16, 26, 36, 56, 86, 136, 206, 306,…, 2006 

m are considered. The time step is equal to 0.5 h. 

Fig.1 illustrates the surface current field after 24 and 48 hours (time is counted 

from the initial moment of the forecast), when the forecasting time period was from 

00:00 GMT, 25 August to 00:00 GMT, 28 August 2018. It should be noted that the 

sea surface current patterns showed in this Figure are not typical for summer 

circulation usually formed in the easternmost water area. Generally, for a warm 

season the circulation mode has anticyclonic character with dominating the quasi-

permanent  

Fig.1. The surface current fields predicted by the RM-IG at 24h (a) and 48h (b). 

The forecasting period is 25-28 August 2018, 00:00 GMT. 

(a)               t = 24 h 

 

(b)             t = 48 h 

 



 
Fig.2. Geostrophic current field on 26 August 2018, 00:00 GMT reconstructed 

using satellite altimeter data. By rectangle the forecasting area is marked. 

Batumy anticyclonic eddy, intensity of which is different in different years.  

Calculations presented in [6], [7] showed that the Batumi eddy was very stable 

formation in 2010 and 2011 and it covered entire Georgian Black Sea coastal zone 

and surrounding water area. From Fig.1 it is clear that in August 2019 during the 

forecasting period regional circulation mode was characterized by the narrow 

cyclonic jet which was passing near the Georgian shoreline. Comparison of model 

results (Fig.1) with the geostrophyc current (Fig.2) for 26 August 2018 

reconstructed using satellite altimetry data (http://dvs.net.ru/mp/data/main.shtml) 

shows that the forecasted cyclonic current represents the eastern branch of the Black 

Sea Rim Current jet, which usually passes far from the Georgian Black Sea area, 

especially in summer season, but in August 2018 it passed near the Georgian 

shoreline. From Fig.1it is well visible submesoscale eddies of very small sizes near 

the coastline which are unstable formations and their lifetime is 1-2 day. Such 

eddies are not identify in Fig.2 because their very small sizes. 

 

Fig.3. The surface current field predicted by BSM of MHI at 00:00 GMT, 27 

August 2018. 

http://dvs.net.ru/mp/data/main.shtml


 

In Fig.3 the current field on 27 August 2018 predicted by the BSM of MHI is 

shown. Comparison between Fig.1b and Fig.3 shows some differences of the 

predicted sea current obtained with use of both fine and coarse grids. The current 

calculated by the BSM has a relatively smoothed character with less expressed 

nearshore submesoscale eddies.  

Fig.4. predicted salinity fields by RM-IG at z = 0 (a) and z = 20 m (b) on 26 

August 2018, 00:00 GMT.  

The sea current field has a significant effect on the formation of the salinity 

field. Comparison between Fig.1a and Fig.4, where predicted salinity fields by RM-

IG on the depths of  z = 0 and z = 20 m on 26 August 2019 are illustrated, shows 

that zones of cyclonic rotation provide formation of water areas with relatively high 

salinity, whereas in areas of anticyclonic rotations waters with low salinity are 

observed. Unlike the anticyclonic gyres, cyclonic motions promote the raising of 

waters with high salinity from the lower layers. 

Fig.5. Predicted (a) and satellite (b) SST (derived from NOAA) on 26 August 

2018. By rectangle the forecasting area is marked.  

(a) 

 
 

(b) 
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In Fig. 5 the sea surface temperature (SST) on 27 august 2018, 15:00 GMT 

(predicted by the RM-IG) and satellite SST derived from NOAA for the same 

moment are presented (http://dvs.net.ru/mp/data/201806bs_sst.shtml). From Fig.5 

it is visible that, in general, the predicted and observed SST are in a good agreement 

with each other. According to both model and satellite results SST on 27 August 

was characterized by significant spatial uniformity and the water temperature in 

most of the considered water area was 270-280С. 

(a)    t = 4 h 

 
 

(b)    t = 48 h 

 

(c)     t = 72 h 

 

 
Fig.6. Simulated surface current fields and oil spill transport corresponded to the 

following time moments after oil flood: (a) -  4 h, (b) – 48 h, (c) – 72 h. The 

forecasting period is 21-24 June 2018, 00:00 GMT.   

In the present paper we illustrate applying of 2D version of the transport model 

to simulate oil spill transport on the Black Sea surface in case of hypothetical 

accident. Nonstationary current field was derived from RM-IG. In case of short-

range forecast evaporation is the most important factor. Taking this fact into 

consideration we accepted: σ = 1.6.10-5 if t ≤24 h and σ = 8.2.10-7 if t > 24 h. The 

first value corresponds to double reduction of concentrations for 12 hours, the 

second one – to double reduction of concentrations during 10 days.   Fig. 6 

illustrates regional surface circulation and drifting of oil slick in case when 10 t 

hypothetically occurred during 4 hours on distance about 80 km from the Georgian 

shoreline. The forecasting period was: 00:00 GMT, 21-24 June 2018. From Fig.6 it 

is visible that the surface circulation structure strongly differs from the circulation 

mode taking place during 26-27 August 2018 (Fig.1). In the course of migration the 

oil slick gradually extends, is deformed and drifts under the influence of circulation. 

Other numerical experiments show a significant role of circulating processes in 

distribution of pollution areas. These calculations also showed sensitivity of oil spill 

transport  to the turbulent diffusion coefficient.  

CONCLUSION 

Numerical experiments presented in this paper have been carried out on the 

basis  of the high-resolution regional model of the Black Sea dynamics and coupled 

with him the transport model. These models are the basis for the easternmost Black 

Sea regional forecasting system. All input data – the initial and prognostic 

http://dvs.net.ru/mp/data/201806bs_sst.shtml


 

hydrophysical fields on the open boundary obtained from BSM of MHI and 2D 

meteorological fields at the sea surface calculated from the atmospheric numerical 

model ALADIN needed for simulation and forecasting mesoscale circulation and 

thermohaline fields are provided by MHI in the near-operational mode.    

Comparison of dynamic fields derived from both models with fine (RM-IG) 

and coarse grids (MHI model) confirmed our previous results that identification of 

small coastal eddies requires high-resolution modeling [7].  

Nonstationary forecasted dynamic fields derived from RM-IG are used to 

simulate space-temporal distribution of polluting substances.  

Using the regional forecasting system since 2010 we accumulated a significant 

volume of the results of modeling and 3-days forecasts of dynamic fields in the 

easternmost part of the Black Sea on the basis of which we created a unique 

database of 3D dynamic fields – the current, temperature and salinity with 1 km 

resolution in the Georgian coastal zone and surrounding water area. In perspective, 

an analysis of this material will promote better understanding the mechanisms of 

formation and evolution of hydro and thermodynamic processes in one of the 

dynamically active regions of the Black Sea and improve our knowledge about the 

regional dynamic processes, to estimate trend of the Black Sea temperature and 

salinity fields for the last decade, which is important indicator of regional climate 

changeability.  
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ABSTRACT 

Serpentine soils derived from ultramafic rocks have a worldwide distribution. 

These soils are rich in nickel (Ni), chromium (Cr) and sometimes cobalt (Co), but 

are poor in essential nutrients, such as nitrogen (N), phosphorus (P), potassium (K) 

and calcium (Ca). Plants that hyperaccumulate Ni colonize serpentine soils as 

endemics. The rhizosphere of these endemic plants provides a complex and 

dynamic microenvironment where the roots, along with associated microorganisms, 

form unique ecosystem with an extraordinary phytoextraction function. This study 

considers the use of serpentine soils in Northeast Portugal as potential producers of 

Ni using an endemic species (Odontarrhena serpyllifolia) for phytomining. In this 

sense, the present study had the following objectives: (1) to investigate the 

relationship between Ni concentration in the soil and the concentration in the plant 

(O. serpyllifolia) in ultramafic areas of Portugal; and (2) to assess the potential of 

this species for Ni phytomining as bio-ore. This species is endemic to serpentine 

soils of the Bragança and Morais massifs and is a Ni hyperaccumulator that can 

accumulate more than 12,000 mg/kg (dry weight). Under natural conditions, the 

results show that considering only the aerial parts of the plant, the biomass varies 

between 4.08–9.37 t/ha, containing a range of 0.25–1.23% Ni, allowing a 

withdrawal of between 12.2–98.1 kg Ni/ha per crop under natural conditions. The 

amount of Ni extracted by the plant is similar in both ultramafic areas, having a 

mean value of approximately $US 500 per ha considering the January 2019 Ni 

prices. The results of this study indicate that some of the land in these ultramafic 

areas are potential producers of Ni from this endemic species. 

Keywords: agromining, bio-ore, hyperaccumulation, phytomining, serpentine 

flora 

INTRODUCTION 

Ecosystems of serpentine soils are known to contain distinct communities of 

endemic plants [1]. These soils contain high levels of nickel (Ni), chromium (Cr), 

and cobalt (Co), and have a low calcium/magnesium (Ca/Mg) ratio [1]. Ni-

hyperaccumulator species have been found in these serpentine soils, containing very 

appreciable amounts of this metal in their tissues, at concentrations higher than 

5,000 mg/kg dry weight [2]. Hyperaccumulator plants can store high concentrations 



 

of specific metals in their aerial parts (0.01% to 1% of the dry weight, depending 

on the metal). For Ni, the threshold for hyperaccumulation in plant dry matter is 

1,000 mg/kg [2]. The first discovery of Ni hyperaccumulation was documented in 

1948 [3]. In this study the authors found Ni concentrations of 7,900 mg/kg in the 

leaves of Alyssum bertolonii Desv. These hyperaccumulator plants can be used for 

extraction of metals by phytomining (Figure 1). In phytomining, the plant biomass 

is processed, after harvesting, for extraction and recovery of commercially valuable 

metals, such as nickel (Ni) [4]. In an integrated approach, phytomining could 

provide to the local communities an alternative type of “agriculture” on degraded 

lands or low agricultural productivity soils, such as serpentine soils. 

 

 

Figure 1. Phytomining operations with harvesting of biomass and processing of 

bio-ore to produce high-value Ni compounds or pure Ni metal. 

In Portugal, the capacity of the Odontarrhena serpyllifolia (Desf.) Jord. & 

Fourr. species as Ni hyperaccumulator has been known by the scientific community, 

at least since the 1960s [5]. This species is also known by the synonyms Alyssum 

pintodasilvae T.R. Dudley and Alyssum serpyllifolium subsp. lusitanicum T.R. 

Dudley & P.C. Silva [6]. In this context, the present study had the following 

objectives: (1) to investigate the relationship between Ni concentration in the soil 

(total and bioavailable fraction) and the concentration in the plant (Odontarrhena 

serpyllifolia) at ultramafic areas of Portugal; and (2) to preliminarily assess the 

potential for this species in phytomining Ni as bio-ore. 



MATERIALS AND METHODS 

Study areas 

The study areas are located in the Northeast of Portugal, in a serpentinized 

region with characteristic geology and flora. The ultramafic rocks of this region are 

represented in two massifs, namely, the Bragança massif and the Morais massif. 

Geologically, the Bragança and Morais massifs are composed of four main 

sequences [7], [8]: 1) a parautochthonous complex, with close palaeogeographic 

affinities with the underlying autochthon that are composed primarily of 

metasediments; 2) a lower allochthonous complex consisting of Ordovician 

metasediments, acid and basic metavolcanics and alkaline to peralkaline gneisses; 

3) a middle allochthonous complex (or Ophiolitic Complex) formed by several 

thrust sheets made of ophiolitic rocks (amphibolites, serpentinized peridotites, 

gabbros, etc.) displaying variable outcropping extension in each of the massifs; and 

4) an upper allochthonous complex made of partly oceanic high grade metamorphic 

rocks (paragneisses, eclogites, mafic granulites, pyroxenites and peridotites). 

Sampling and sample preparation 

Samples of O. serpyllifolia and soil were collected from 62 random sites in the 

study areas (Bragança and Morais massifs). On the selected sites, samples of soil 

and all plant specimens were collected in an area of approximately 1 m2. At each 

location, four random partial soil samples weighing 0.5 kg each were collected from 

a 0 to 20 cm depth and mixed to obtain a single composite sample [9]. Plant 

sampling was focussed on the whole plant, considering plants of similar maturity 

and the separation of the different tissue types (aerial parts and roots). 

In the laboratory, the soil samples were oven-dried at a constant temperature of 

40 ºC, manually homogenized and quartered. Samples for chemical analysis were 

sieved using a 2 mm mesh sieve to remove plant matter and were subsequently 

screened to pass through a 180 µm screen [9]. The vegetal material was washed 

thoroughly, first in running water followed by distilled water and then oven-dried 

at a temperature of 50 ºC. When dry, the material was weighed for an initial 

calculation of biomass. Then, the material was milled into a homogenous powder 

[9]. 

Analytical procedures 

The determination of pseudo-total element content (Co, Cr, Cu, Ni, and Zn) in 

soil samples was performed using microwave-assisted aqua regia digestion in 

closed Teflon vessels (Multiwave 3000, Anton Paar) followed by atomic absorption 

spectrophotometry (AAS, Thermo Solar M2) [9]. We also performed a single 

(partial) chemical extraction to determine the bioavailable fraction, using 

ammonium acetate (1 M NH4 acetate pH 4.5, 25 ºC, shake for 2 hours) [9]. The 

analytical processes for the plant samples involved microwave digestion with an 

HNO3–H2O2 mixture in closed Teflon vessels. The analysis was performed in the 

same way as that for soil samples. Data were collected in triplicate. Certified 

reference materials were also used. 

 



 

RESULTS AND DISCUSSION 

As expected, the results  showed that the soils of study areas have high levels 

of Co, Cr and Ni (Table 1). Regarding the potential bioavailable fraction, Ni was 

the most bioavailable metal. These results are in agreement with observations 

reported by other authors [9]. 

Table 1. Pseudo-total and bioavailable metal concentrations in the soils and metal 

concentrations in Odontarrhena serpyllifolia from the ultramafic sites of 

Bragança and Morais. 

 Soil (n = 62) 
O. serpyllifolia (n = 

62) 

 
Pseudo-total 

(mg/kg) 

Bioavailable 

(mg/kg) 

Aerial parts 

(mg/kg, dry weight) 

 Co Cr Ni Co Cr Ni Co Cr Ni 

Minimum 34.2 107 706 0.01 0.55 5.01 0.14 0.06 2,497 

Maximum 309 1,372 3,516 7.05 6.65 185 87.2 42.5 12,261 

Mean 107 527 1,855 1.96 2.12 51.7 10.9 7.27 6,253 

Median 101 462 1,766 1.39 1.73 39.8 9.68 5.69 5,600 

S.D. 58.5 272 736 1.76 1.25 41.2 12.4 6.19 2,444 

With regard to plant material, this study confirms the hyperaccumulation 

capacity of this species (Table 1). The concentrations of Co, Cr and Ni are of the 

same order of magnitude as obtained in other studies with the same species [9]. 

Over the past two decades some studies have been carried out to evaluate the 

phytotechnological potential of hyperaccumulator plant species, namely in order to 

assess their ability for phytoextraction of toxic metal(loid)s from soil and water 

[10], [11], [12], [13], [14], [15], as well as to evaluate its feasibility for the economic 

recovery of valuable metals, by phytomining [4], [9]. 

In this study, under natural conditions (i.e., without fertilizers or other 

agrochemicals addition), it is possible to obtain between 4.08 tonnes and 9.37 

tonnes of biomass per hectare, with a Ni content that varies between 0.25 to 1.23% 

(Table 2). The results show that the production of Ni in kg per hectare (extraction 

rate) varies between 12.2 and 98.1 kg/ha (Table 2). Given the current Ni price 

(January 2019), it appears that the economic value obtained per hectare per crop 

varies from approximately $US 140 to $US 1,100, with a mean of $US 500 (Table 

2). 

Table 2. Values of the biomass, the Ni accumulation, the Ni extraction and their 

economic value (n = 62). 

 
Biomass 

(kg/ha) 

Ni concentration 

in plants (mg/kg, 

DW) 

Ni 

phytoextraction 

yield (kg/ha) 

Economic 

value 

($US/ha) 

Minimum 4,080 2,497 12.2 138 

Maximum 9,370 12,261 98.1 1,107 

Mean 7,265 6,253 45.5 513 

Median 7,920 5,600 43.0 486 

S.D. 1,590 2,444 19.9 224 



CONCLUSION 

Under natural conditions, without fertilizers or other agrochemicals addition, 

the Ni concentrations found in the plants in the studied ultramafic massifs ranged 

from 0.25% to 1.23% Ni, with a mean of 0.63% Ni. In addition, this species shows 

a high biomass yield. The average biomass was calculated at 7.26 tonne/ha, with a 

minimum of 4.08 tonne/ha and a maximum of 9.37 tonne/ha, indicating a higher 

productivity. The amount of Ni extracted by the plant is approximately 45.5 kg/ha 

on average, having a mean value of approximately $US 500 per ha considering the 

January 2019 Ni prices. The results of this study suggest that some non-agricultural 

land, and land not suitable for agricultural uses in these ultramafic areas, are 

potential producers of Ni from O. serpyllifolia species. Although, it is necessary a 

better understanding of Ni accumulation mechanisms by this endemic species, to 

identify optimum cultivation practices, such as fertilization, addition of chelating 

agents, hybridization or cloning, to increase the Ni hyperaccumulation potential and 

biomass production. The Ni concentration in the aerial parts of O. serpyllifolia is 

higher than in the roots. So,  realistically, any phytomining operations should use 

preferentially the aerial parts of the plants. Furthermore, this is a perennial species, 

which allows successive harvests without requiring seeding, greatly increasing the 

phytomining potential as a function of time. 
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ABSTRACT 

Forest fires affect vegetation, atmosphere, living organisms and soils. The 

nature of these influences is different. After a fire the elemental composition 

changes, water erosion occurs, and the soil micro fauna dies in soil. Therefore, it is 

important to be able to assess and predict the effects of a forest fire on the upper 

soil horizon. The goal of the work is numerical simulation of heat transfer in the 

near-surface layer of the soil when exposed to an inert heat source, taking into 

account the available experimental data. An experimental equipment was developed 

that allowed physically simulating the process of inert heating of the near-surface 

soil layer. An electric heater was used. Thermocouples with a step of 1 cm along 

the vertical were placed in the soil layer. An electrical signal through an analog-to-

digital converter is fed to a personal computer. Data is processed using the LabView 

program. Thus, an array of data is generated, which demonstrates the experimental 

dependence of temperature on time at various depths of the soil layer. Then a one-

dimensional mathematical model of heat transfer in the soil layer was developed 

under the influence of an inert heat source. The heating rate was set on the basis of 

the available experimental data. Mathematically, heat transfer in the soil layer is 

described by non-stationary heat conduction equations with the corresponding 

initial and boundary conditions. Scenarios of the impact of an inert heater on the 

soil layer have been developed. The verification of the mathematical model was 

carried out using experimental data obtained at a heater temperature of 130 °C. 

Satisfaed agreement was obtained between experimental data and numerical results 

for some scenarios. Then, other scenarios of an inert heater effect were simulated 

using mathematical model. Conclusions on the work done are formulated. 

Keywords: soil, fire, heat transfer, simulation, experiment  

INTRODUCTION 

In the last century, forest fires have become a catastrophic phenomenon [1], 

which manifests itself in many countries of the world. To date, the technology of 

prognostic modeling of forest fire danger has been successfully developed. The 

output of forest fire danger models can be used in systems for assessing and 

predicting the environmental consequences of forest fires. 



 

Soil thermophysics is one of the most important branches of technical and 

agronomic physics [2], [3]. The thermal effects of forest fires on the surface layers 

of the soil are important [4]. After the fires in the soil, a change in the 

physicochemical properties, water balance and activity of microorganisms is 

observed [5], [6], [7], [8]. Therefore, an important problem that needs to be solved 

is the development of mathematical models for assessing the effect of thermal 

conditions of forest fires on soil. 

The purpose of the study is a numerical study of the inert heat effect on the soil 

layer, taking into account the experimental data. 

STATEMENT 

The soil layer is considered as a two-layer system [9], in which zones rich in 

organic matter (upper layer 5 cm thick) and clay (lower layer 5 cm thick) can be 

marked out. Heat transfer to the subsequent layers in the work is taken into account 

by setting boundary conditions of the 3rd kind using the heat transfer coefficient. It is 

supposed that heat transfer in the “clay-layer-organic-layer-forest fuel-air” system is 

carried out only due to the mechanism of thermal conductivity. Model soil is 

considered without reference to a specific soil type [10]. The solution area is 

represented by four layers: clay, organic layer, forest fuel layer and air above the forest 

fuel layer. The boundary conditions of the 4th kind are set at the interface of the layers. 

Unperturbed temperature values (temperatures deep in the soil and in the air, 

respectively) are set at the boundary of the computational domain, taking into account 

heat transfer coefficients. In the forest fuel layer, an area of elevated temperature 

corresponding to the source of ignition is given. Gas phase processes in the air layer 

in this version of the mathematical model are neglected. 

In accordance with physical assumptions, mathematically, the process of heat 

propagation in soil is described by a system of heat conduction equations with 

corresponding initial and boundary conditions. 

The energy equation for the air layer: 
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The energy equation for the layer of forest fuel: 
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The energy equation for topsoil: 
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The equation of energy for the lower layer of soil 
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Boundary conditions for equations: 
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Initial conditions for the equations: 
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,   I = g,1-3) 

where Ti, i, ci, i - temperature, density, heat capacity, thermal conductivity (g 

- air layer, 1 – forest fuel layer, 2 - upper soil layer, 3 - lower soil layer); 1 is the 

heat transfer coefficient; 2 is the heat transfer coefficient; z is the spatial 

coordinate. t is the time coordinate. The es, ea, 0 are the indices correspond to the 

environmental parameters in the depth of the soil, the air, and at the initial moment 

of time. 

The following initial data were used in the numerical simulation: 1=1330 

kg/m3; 2=1070 kg/m3; 3=500 kg/m3; 4=0.03 kg/m3; c1=801 J/(kgK); c2=976 

J/(kgK); c3=1400 J/(kgK); c4=1200 J/(kgK); 1=0.84 W/(mK); 2= 0.5 W/(mK); 

3= 0.102 W/(mK); 4=0.1 W/(mK); 1= 20 W/(m2K); 2= 80 W/(m2K). 

All foci were simulated by setting in the computational region of the high 

temperature zone. The temperature of the external source of exposure, characteristic 

of the combustion of forest fuels, was set. In the process of exposure, there was no 

additional heat release from the chemical reaction of oxidation of the gaseous 

pyrolysis products, that is, an estimate was made from below (the minimal effect of 

a forest fire on the surface soil layers). 

 



 

RESULTS AND DISCUSSION 

The influence of the ignition source on the soil layer was studied using a 

mathematical model. In fig. 1. and fig. 2. shows the temperature distribution in the 

system “clay-organic layer-organic matter – forest fuel-air”, respectively, after 5 

and 20 minutes of activity of the forest fire. 

 

Fig. 1. Temperature distribution in the system “clay-organic layer-forest fuel-air” 

after 5 minutes of activity of the fire 

 

Fig. 2. Temperature distribution in the system “clay-organic layer-forest fuel-air” 

after 20 minutes of activity of the fire 

As can be seen from fig. 1, with such a short-term effect of the focus of a forest 

fire, significant differences in soil temperature are noticeable at a depth of 1-1.5 cm 

from the interface of the “soil-forest fuel” media. In the soil in a layer rich in organic 



matter at a depth of 1.5-1.7 cm, the medium warms up above 100 ° C and high-

temperature evaporation of the soil moisture is possible. In the upper centimeter 

layer of the soil, its charring and pyrolysis of vegetation residues is possible. 

According to Fig. 2, with a longer exposure to the focus of a forest fire, 

significant differences in soil temperature are noticeable at a depth of 4–5 cm from 

the interface of the “soil-forest fuel” medium. The medium also warms up above 

100 °C and high-temperature evaporation of soil moisture is possible in the soil in 

a layer rich in organic matter at a depth of 2-2.5 cm. Its charring and intensive 

pyrolysis of plant residues is possible in the upper two-centimeter layer of the soil. 

In fig. 3 and fig. 4 shows the dependence of soil temperature at a depth of 1 cm 

from time for two different periods of exposure to forest fires. 

Analysis of the data presented in Fig. 3 and fig. 4, allows us to conclude that 

the significant effects of various forest fires on soils at a depth of 1 cm. In this 

subsurface layer, zones of inert heating, evaporation of soil moisture, and thermal 

decomposition of plant residues and soil organic matter can be distinguished 

according to temperature. For example, a difference of 30 K is observed for the 

most intense focus of a forest fire (fire storm). It is clear that both short-term 

exposure and a long burning process will lead to changes in the soil. 

 

Fig. 3. Dependence of soil temperature at a depth of 1 cm from time (exposure 

time 5 minutes) 

The initial values of the surface temperature of the soil, ambient air, and soil 

layers were set on the basis of reference data. In the future, it is possible to use more 

detailed mathematical models for estimating undisturbed temperature profiles in the 

soil along the vertical coordinate. 

A comparative analysis of the algorithm was carried out using experimental 

data on the inert heating of the soil layer with an electric heating element. The 



 

heating was carried out with a maximum temperature of 130 °C in order to avoid 

the influence of the thermal decomposition of organic matter, which was part of the 

model soil. The starting point of temperature is from ambient to Tmax = 130 °C. 

 

Fig. 4. Dependence of soil temperature at a depth of 1 cm from time (exposure 

time 20 minutes) 

In the numerical calculation, two options were used: a) a linear increase in 

temperature during the warm-up period of the electric element (Fig. 5); b) the 

averaged value of the heater temperature in the calculation process (Fig. 6). An 

experimental stand was created that included a group of thermocouples embedded 

in the soil layer. Thermocouples through the controller were connected to a personal 

computer on which information processing was carried out using the LabView 

software. 



 

Fig. 5. Temperature curves in the soil layer at different depths depending on time 

(gradual heating - linear approximation): solid line - numerical calculation; 

dotted line – experiment 

 

Fig. 6. Temperature curves in the soil layer at different depths depending on time 

(time-averaged temperature of the heater): solid line - numerical calculation; 

dotted line – experiment 

 



 

CONCLUSION 

For the first time, the simplest one-dimensional mathematical model for 

assessing the influence of the thermal regimes of forest fires on the near-surface soil 

layers is presented. Considered a two-layer soil structure. It has been established 

that significant changes in soil temperature occur only in a layer rich in organic 

matter. What will lead to a significant impact on the functioning of 

microbiogeocenoses. 

The temperature distribution in the system “clay-layer-organic-layer-forest 

fuel-layer-air” is obtained for various types of forest fires and at different points in 

time. The obtained data can be used to assess the boundaries of the influence of 

forest fires on the functioning of microbiogeocenoses. 

It should be noted that for a number of scenarios for calculating the temperature 

in the soil layer, satisfactory agreement between the calculated curves and the 

averaged values of temperature obtained in the experiment was obtained. It should 

be noted that for thermocouples at a depth of  2, 3, 6 centimeters, curves with a large 

deviation from the average were obtained. Statistical analysis showed that for 

thermocouples at a depth of 2 and 3 centimeters confidence intervals intersect. 

Basically, overestimated temperatures were obtained by numerical calculation. 

Good agreement between the results of numerical simulation and experimental data 

was obtained at a depth of 1 cm for the scenario of averaged heater temperature. 

This suggests that the model needs further improvement, namely, it is necessary to 

take into account the thermal decomposition of organic matter and the evaporation 

of moisture from the soil layer with inert heating of the soil layer. However, this 

model can be used for a preliminary estimate of the temperature at a certain depth 

of the soil when exposed to a source of forest fire. 
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ABSTRACT 

Unfavorable climatic and environmental conditions in the region lead to a 

steady increase in the incidence of medical workers. The state of health of 4062 

people, medical and non-medical personnel of health care institutions located in the 

European North of Russia was studied. The results of the study showed that the total 

incidence of medical workers was 1990.4 cases per 1000 people, with respiratory 

diseases in health workers occupy a leading position, and 45-49% of the surveyed 

persons have chronic diseases, which is significantly higher than that in non-

medical workers. Health status of medical workers was assessed in age and 

experience groups, as well as the analysis of the frequency of occurrence of classes 

of diseases. The surveyed noted the deterioration of their health, linking it with the 

nature of their work. The results of the study indicate that the work of medical 

workers in the European North of Russia should be considered as an additional risk 

factor for chronic diseases due to the influence of a wide range of production 

factors. 

Keywords: Medical workers, occupational diseases, respiratory diseases, 

morbidity rate. 

INTRODUCTION 

On the territory of the Arkhangelsk region, which is part of the European North 

of Russia, due to the peculiarities of geographical location, severe weather 

conditions on temperature and wind characteristics, sudden changes in atmospheric 

pressure, significant magnetic and gravitational perturbations, specific 

photoperiodicity, high humidity and the prevalence of cloudy weather creates 

uncomfortable climatic conditions of residence [1]. In the Arkhangelsk region, the 

condition of the atmosphere and water is determined by the influence of 400 

enterprises that emit harmful substances into the atmosphere. 

Environmental problems of the region are the result of anthropogenic pollution 

of the environment, which is facilitated by climatic conditions, which largely 

determine the spread, dispersion and accumulation of pollutants entering the natural 

environment. 



 

The level of morbidity of the population of the European North of Russia 

significantly exceeds similar indicators for the Russian Federation due to cancer, 

diseases of the cardiovascular system, diseases of the musculoskeletal, nervous, 

genitourinary and endocrine systems, including among various professional groups 

[1], [2], [3], [4]. One of these occupational groups includes medical workers, whose 

functional has increased significantly over the past five years, which has a negative 

impact on their health. This situation has led to a deterioration in the health of health 

care workers; they are ill for a longer time than other professional groups, there is 

the formation of severe forms, leading to permanent disability [5], [6], [7], [8]. Our 

analysis of the level of morbidity allowed us to establish that the first place in their 

environment is occupied by respiratory diseases. 

The revealed unfavorable demographic situation in the region against the 

background of steady growth of morbidity among medical workers in the Russian 

Federation within the last decade were the basis for studying of level of morbidity 

of medical personnel of standard healthcare institutions of the Arkhangelsk region. 

MATERIAL AND METHODS OF RESEARCH 

The object for the study were typical health care organizations of the European 

North of Russia, represented by health institutions of the Arkhangelsk region: the 

Central district hospital, the city multi-profile hospital, the regional hospital and the 

oncology medical center. 

Using the data of periodic preventive medical examinations and sociological 

survey, we have studied the health status of 4062 people, including 796 doctors, 

2217 nurses and 1049 employees from non-medical personnel (control group) of 

the same health care institutions, almost identical in sex, age and work experience, 

but their work was not associated with the impact of harmful factors. All patients 

were at the age group from 20 to 64 years with the average age  38.4±0.7 years, 

work experience in the specialty – from 6 month to 40 years with the average work 

experience 14.0±0.7 years. 

In order to estimate health condition and quality of life of medical workers 

among doctors and nurses, a sociological survey was conducted on a specially 

designed questionnaire based on the questionnaire SF 36 (The MOS 36-Item Short-

Form Health Survey), questionnaire and the questionnaire of the world health 

organization SAGE [9]. The questionnaire developed by us included the following 

blocks of questions: marital status, working conditions, health status, the presence 

of chronic and occupational diseases, the level of medical activity. The survey was 

conducted individually, face-to-face. The analysis of questionnaires was performed 

by modifying the classical version of the method of statistical processing "Delphi". 

For these purposes, we have created and modified a computer program that allowed 

us to process personal data. 

RESULTS AND DISCUSSION 

In order to identify age-related peculiarities, all the examined patients were 

divided into three age groups: 1st - 20-29 years, average age - 26.2±0.3 years, 

average work experience in the specialty 6.7±0.5 years; 2-nd 30-39 years, average 



age 37.3±0.8 years, average work experience in the specialty 12.7±0.9 years; 3-rd 

40-49 years, average age 46.4±0.6 years, average work experience in the specialty 

18.6±0.7 years. 

In addition, to study the impact of work experience of the specialty on the state 

of health, three groups were divided: 1st up to 5 years, average work experience in 

the specialty 4.7±0.5 years with average age 26.2±0.3 years; 2nd with work 

experience from 5 to 14 years with average work experience in the specialty 

12.7±0.5 years and average age 36.2±0.5 years; 3rd 15 years and more with average 

work experience in the specialty 18.7±0.5 years and with the average age 47.2±0.3 

years. 

The prevalence of women was 90.3%, men – 9.7%, with the majority of persons 

aged 40-49 years (29.6%) and 30-39 years (32.5%). The age group of 20-29 years 

was insignificant and amounted to only 16.2%, while they had a total medical 

experience of 15 years and more than 31.7%, from 5 to 14 years 52.0% and up to 5 

years  16.3% of the surveyed. 

The total incidence morbidity of medical workers in the European North of 

Russia was 1990.4 per 1000 people, which is almost two diseases per person for the 

whole examined sample, exceeding similar indicators for other professional groups 

of the population of the Arkhangelsk region and the Russian Federation (table.1). 

Table 1 Comparative prevalence of the general morbidity of medical workers, the 

population of the Arkhangelsk region and the Russian Federation (per 1000 

people) 

 

Registered patients-total 

Surveyed 

health 

workers 

Arkhangelsk 

region 

Russian  

Federatio

n 

All disease 1990,4 1901,0 1583,2 

Diseases of the respiratory 

system 
531,4 478,6 379,3 

Diseases of the circulatory 

system 
246,8 241,5 227,1 

Diseases of the digestive 

system 
155,2 149,5 112,5 

Diseases of the musculoskeletal 

system and connective tissue 
153,3 152,6 128,2 

 
The most common nosological forms were diseases of the respiratory system, 

circulatory system, digestive system and diseases of the musculoskeletal system. 

The analysis of the data of medical workers revealed that 45-49% of the examined 

persons have chronic diseases. In the control group of non-medical workers among 

the leaders were the same classes of diseases as that of health workers, but the 

frequency of their occurrence was lower in most groups of diseases. Among all 

identified classes of diseases, the first place belongs to respiratory diseases (26.7 

%), the proportion of other classes of diseases was several times lower. 



 

It should be noted that 55% of people were diagnosed with respiratory diseases, 

with more than 11% were observed in two nosological forms of this class of 

diseases. The most common were the following nosological forms: allergic rhinitis 

(143 º/º), chronic bronchitis (122 º/ºº), laryngitis (90 º/ºº), sinusitis (90 º/ºº), 

tracheitis (85 º/ºº). In the structure of respiratory diseases in medical workers the 

leading place was occupied by allergic rhinitis (27 %), chronic bronchitis (23 %), 

laryngitis and sinusitis (17%), tracheitis (16%).  

Health status of health care workers was assessed in age and experience groups. 

There was an increase in the prevalence of respiratory diseases in older age groups 

and with a long experience in the specialty. With age, the prevalence of respiratory 

diseases increases from 24.5 % (age group 20-29 years) to 28.7% (age group 40-49 

years) (р˂0,05) with the difference of  1.2 times. In groups with different work 

experience the difference in indicators is 2.3 times (р˂0,05). In persons with less 

experience in almost 20% of cases there were no respiratory diseases, while 

specialists with longer work experience, such persons were three times less, only 6 

% (р˂0,05), and 1.5 times more people with two respiratory diseases (almost 80% 

against 52% in the group with less work experience). The average work experience 

of persons without diseases of this class was 4,5±1,2 years, having one nosological 

form-14,0±1,5 years, two diseases – 20,2±2,6 years. 

The frequency of occurrence of different nosological forms of respiratory 

diseases in age and age groups was analyzed.  

In age group: 

– allergic rhinitis occurs 2.2 times less frequently in the younger age group than 

in the older age group, 18% and 37% respectively; 

– chronic bronchitis was 2 times more common in the older age group (16 %) 

and only 8 % in the younger age group, but these values were statistically 

insignificant; 

– laryngitis and sinusitis occurred with the same frequency (17 %) in different 

age groups; 

– tracheitis occurred in the older age group in 18% cases and 12% in the 

younger age group (р˂0,05). 

In groups of work experience: 

– allergic rhinitis is common among health workers the younger group 

experienced 2.1 times less than in individuals older experienced groups (17 % and 

36 % respectively); 

– chronic bronchitis was 2 times more common in the older study group (18% 

vs. 9 % in the younger study group); 

– laryngitis and sinusitis met with the same frequency (16.7 %) in different 

study groups; 

– tracheitis occurred in individuals of the older study group in 20% vs. 12 % in 

the younger study group (р˂0,05). 



Receive data allows us to conclude that we have not been able to find a clear 

link between work experience in the specialty and the presence of respiratory 

diseases in the examined medical workers, but there is a clear trend of increasing 

diseases of this class with age. Attention is drawn to the fact that 24% of all 

respiratory pathology falls on persons not older than 35 years with work experience 

of not more than 4 years. At the same time, it should be noted that these persons 

undergo a medical examination upon admission to work, which does not detect the 

presence of diseases. 

Self-assessment of the health level showed that 64.0% of health workers rated 

their health level as "satisfactory", 29.0% – as "good". The "bad" rating set to 4.0%, 

the "excellent" level of health is appreciated only by 3.0% of respondents. 

44.5% of doctors and nurses reported deterioration in their health over the past 

three years, and 37.5% attributed this deterioration to the nature of their work, 

including the use of medical equipment and personal computers. 

69.4 % of examined medical workers rated their level of medical activity as 

average, 26.4% – as high and 4.2% – as low. The revealed low medical activity of 

medical workers contributes to a more rapid progression of their chronic diseases. 

Despite the high level of morbidity, health workers, having a high availability 

of medical care, rated their health level "excellent" only in 3% of cases, while only 

15% of the examined were registered at the dispensary and regularly visited doctors. 

CONCLUSION 

Thus, as a result of the study revealed that respiratory diseases were the leading 

class of the diseases among health workers. At the same time, the level of 

prevalence of chronic diseases in hospital teams ranged from 45% to 49%, 

statistically significantly exceeding the same indicator in non – medical workers of 

these health institutions (6% - 12%). 

In our opinion, the work of medical workers in the European North of Russia 

should be considered as an additional risk factor for chronic diseases due to the 

influence of a wide range of occupational factors that differ in type and intensity of 

exposure. The identified negative trends in the deterioration of health of medical 

workers demand the need for the organization and implementation of preventive 

measures aimed at early detection of respiratory diseases, followed by therapeutic 

and recreational activities. 
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ABSTRACT 

Birch species have excellent natural regeneration and their share is increasing 

in hemiborea forests, especially in Baltic States and western Russia. Thus, it is 

important to develop recommendations for management of birch stands to reduce 

major risk – wind damages. Number of factors are affecting probability of wind 

damages for a tree. Aim of our study was to assess the potential differences those 

traits between silver birch (Betula pendula Roth.) and downy birch (Betula 

pubescens Ehrh.) in order to comprehend, if the same recommendations for damage 

reduction could be used.  

Data on above-ground biomass and branch parameters by 1m sections were 

collected from 16 Silver birch and 12 downy birch trees at the age of 63 years (c.a. 

10 years before the final harvest). Height of the mass point of aboveground part of 

trees was determined.  

Relative height of mass point was not significantly affected by tree diameter 

(ranging from 15 to 25 cm) or birch species and was ranging from 35.21 to 35.51% 

of tree height. Also mean lower border of the green crown or the branch length in 

the middle of the green crown differed between both birch species. Thus we can 

conclude, that both birch species will have similar wind resistance based on their 

above-ground phenotypic traits.   

Keywords: natural disturbances, storm damages, resilience, windfirm trees  

INTRODUCTION 

Birch – silver birch (Betula pendula Roth.) and downy birch (Betula pubescens 

Ehrh.) – classified as one species in forest inventory and statistics – cover a 

significant share of forests in eastern part of Baltic Sea region. It is a fast growing 

tree species with valuable wood, used mainly in veneer industry. Private forest 

owners prefer it due to good natural regeneration. However, analysis of forest tree 

breeding trials had demonstrated a clear benefit from planting a selected material 

that can be increased with every breeding cycle [1], [2]. Considering that and 

improvements in soul preparation and plant quality, essential to ensure fast growth 

in fists years after forest regeneration [3], share of birch planting is gradually 

increasing. It is the most widely used tree species in afforestation of abandoned 



 

agricultural lands. Additional benefit – both in terms of growth as well as in terms 

on carbon sequestration in above and below-ground biomass (and further in soil) – 

can be achieved, if also fertilization is used [4], [5], [6]. However, all of these 

measures of forest regeneration are rather costly and establishment costs of a 

plantation are gradually rising. Therefore it is important to minimize the damage 

risk in forest plantations. Birch, in contrast to coniferous trees or aspen, is not often 

affected by browsing; however, impact of this type of damages might be severe [7]. 

Protection against browsing damages is relative simple. In contrast, protection 

against damages by abiotic factors might be complicated. Temperature and 

precipitation regime is changing and predicted to change even further as the Global 

climate change accelerates. It affects forest trees, shifting the limiting impact on 

their growth from minimum winter temperatures to summer temperatures and 

drought [8]. Also for birch, to ensure maximum height growth, faster growth rate 

(thus – favourable meteorological conditions) at the beginning of vegetation period 

are essential and genotypes capable to achieve such growth rates form the largest 

total annual height increment [9]. Birch has relative high phenotypic plasticity and 

better than other tree species are capable to adjust to an altered summer precipitation 

regime (prolonged drought periods) [10]. Its phenotypic plasticity has been 

demonstrated also in geographical provenance trials. This tree species is not 

resistant to fire, the occurrence of which is affected primarily by increasing drought 

[11], thus, will be more frequent in future. However, this can be rather efficiently 

controlled. In contrast, there are less possibilities to control impact of storms: it can 

only by minimized while applying silvicultural measures. Storms are changing the 

forest composition and are predicted to continue to do so [12], [13]. Birch is rather 

wind resistant [14] and therefore its share in forest cover can be increasing in future 

[13]. The information of wind resistance of birch is based on empirical data – 

analysis of historical storms [14] and models [13] that have been built on limited 

number of sample trees. To further elaborate the models, additional empirical data 

are needed, however, collection of such data are labours. Therefore, to design the 

study as well as to understand the potential limitation of its results, it is important 

to know, if there are differences between birch species in traits important to wind 

resistance. Wind resistance is affected by a set of traits, like wood properties [15], 

root properties, mass centre of the tree etc. Aim of our study was to assess the 

differences in above-ground traits between silver birch and downy birch in order to 

comprehend, if the same recommendations for storm damage reduction for both 

species could be used.  

MATERIAL AND METHODS 

Study sites were located in hemiboreal forests, central region (56°N, 25°E) of 

Latvia (Fig. 1). Climate in this region is maritime, annual sum of precipitation 

ranges from 700 to 800 mm in accordance to data of Latvian Environment, Geology 

and Meteorology Centre; mean air temperature in the warmest and coldest month 

(July and January, respectively) is 18 and -6 °C, respectively.  



 

Figure 1. Study area. 

Dominant silver and downy birch trees were sampled in stands on fertile 

mineral soil: with normal moisture regime (Oxalidosa forest type) and excess 

moisture (Myrtillosoi-polytrichosa forest type). These conditions are suitable for 

highly productive birch stands. Random selection of compartments was done from 

the pool of pure birch stands, determined by: a) age of trees 60-65 years (mean – 63 

years), e.g. below the final harvest age, determined by legislation as 71 year, stands; 

b) density – in range 230-260 trees per ha-1; c) management history – previous 

thinning not less than 10 years ago. This was done to ensure similar conditions of 

the growth for both birch species. Dominant trees were sampled in autumn, with 

leaves – at the state, where they quite likely could be affected by major storms in 

future. In total 28 trees (12 downy birch and 16 silver birch) were selected, their 

diameter at breast height, height, height to the crown base measured. Trees were 

harvested and weight of the branches in each quartile of the green crown length 

obtained. Also stem was weighted by 1m section. In each of the section branch 

length was measured. All calculations were based on the fresh weight of the stem 

and branches, considering, that wind will affect the tree as it stands.  

RESULTS AND DISCUSSION 

Length of the green crown did not differ significantly between the species and 

was on average 11.0±1.1 m (here and further in text 95% confidence interval noted 

to characterize the distribution) for downy birch and 11.9±1.0 m for silver birch. 

Also the proportion of green crown was similar between birch species – on average 

52±5.7% and 47±3.6%. It indicates a rather large green crown and limited impact 

of competition that is in line with selection of dominant trees in the stand.  

Trees of both birch species were of the same size – breast height diameter 

ranging from 15 to 25 cm with the mean 22±2.5 for downy birch and 20±1.5 for 

silver birch (Fig. 2); that being only slightly lower, than the average values in birch 

stands at this age on fertile mineral soils with normal moisture regime based on 

National forest inventory data.  



 

 

DBH – diameter at the breast height, cm  

Crown height – height of the green crown base, m 

Branch length – mean length of branches at the middle part of the green crown, 

m  

Figure 2. Characteristics of the dominant birch trees on fertile mineral soils 

Base of the green crown was at 10 to 13 m and length of mean length of 

branches at the middle section of the crown was 3.7 m. Also the information on the 

crow shape, as reconstructed form the length of branches at different height in 

crown, did not differ notably between both birch species. Results indicate, that 

similar impact of the wind could be expected for trees of both downy and silver 

birch with the same dimensions.  

Most of the fresh branch biomass was allocated in the lower part of the crown 

(Fig. 3) – in first quartile 33-35%, in second – 35-40%; in the upper quartile – only 

4-7%. Relative large variation between trees in this respect was found and no 

differences between both birch species. On average lower half of the green crown 

had 70±6% from the total branch biomass.  

There was a relative large variation between trees in the proportion of the 

branch biomass in each of the quartiles of the green crown (especially in lower two), 

that was partly linked to the tree diameter: link between tree diameter and branch 

biomass at lower half of green crown was significant, R2=0.43 for downy birch and 

R2=0.35 for silver birch (Fig. 4). The rest of the variation in crown weight can be 

explained by number of factors affecting the development of tree, like historic stand 

density.  
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Figure 3. Distribution of branch biomass in the green crown of the birches  

Relative height of mass point was not significantly affected by tree diameter or 

birch species and was ranging from 35.21 to 35.51% of tree height. Thus, the 

differences in wind damages between birch stands can be expected due to other 

factors (like the different soils, where each of them is more common, or different 

growth rates – this different dimensions at the same age) rather than due to species 

itself. 

 

Figure 4. Fresh branch biomass in lower half the green crown depending on 

breast height diameter (DBH) of birches 
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CONCLUSION 

Birch is economically important tree species with high climatic plasticity. 

Thus, its share in eastern part Baltic Sea region might continue to rise in future. 

There are extensive tree breeding programs and planting of Sliver birch is promoted. 

However, much less attention is paid to regeneration and silviculture of downy 

birch. Both birch species are noted as one (birch) in the forest inventory. Thus, it is 

important to assess the potential differences in traits characterizing potential impact 

of wind (storms) between silver birch (Betula pendula Roth.) and downy birch 

(Betula pubescens Ehrh.) in order to comprehend, if the same recommendations for 

damage reduction could be used. It was done, using set of sample trees from upper 

layer of stands with similar dimensions from both species. Crow characteristics 

(length and proportion of the green crown, branch length) did not differed 

significantly between downy and silver birch, thus, creating a similar surface that 

can be affected by the wind. On average lower half of the green crown had 70±6% 

from the total branch biomass. The amount of biomass in this part of crown was 

linked to the tree diameter (R2=0.43 for downy birch and R2=0.35 for silver birch), 

but not affected by species. Relative height of mass point was not significantly 

affected by diameter or species and was 35% of tree height. Thus, the differences 

in wind damages between birch stands can be expected due to other factors rather 

than due to different birch species in present in the stands. This conclusion is based 

on phenotypic characteristics of above-ground part of tree. Further studies shall 

address the potential differences in root characteristics and wood properties to have 

a complete information on all traits affecting wind resistance.  
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ABSTRACT 

Some parameters of human physiological responses serve as markers of eco-

friendly and comfortable living. Given that 50% of the world's population lives in 

cities, the study of the impact of the urban environment on humans is of high 

relevance. The urban visual environment, which can be comfortable or 

uncomfortable, is an important environmental factor.  We studied features of eye 

tracking, brain activity and responses of the autonomic nervous system during 

perception of urban environment images of different comfort. Participants included 

50 healthy people of both sexes aged 21. It was revealed that while viewing modern 

monochrome minimalistic and homogeneous urban space, the number of saccades 

increased, the duration of saccades and fixations decreased. This eye tracking 

corresponds to the work of the human visual system in search mode. At the same 

time, the intense work of the visual system is accompanied by the flow of absolutely 

identical information to the brain. This changes the scenario of evolutionarily 

conserved brain mechanisms of visual stimuli processing.  Bioelectric activity of 

the cerebral cortex is reduced even in areas that are specialized for this activity. The 

activity of subcortical structures of the brain responsible for the formation of the 

emotional component increases. Furthermore, we recorded activation of the 

ergotropic system of the brain, that favors the mobilization of the body reserves. 

Such physiological changes are also typical for  stress response of the body. 

Spending long time in visually uncomfortable environment leads to chronic stress 

and the development of pathologies. 

Keywords: bioelectric activity of the brain, video-ecology, visual environment 

of different comfort, eye tracking, autonomic nervous system. 

INTRODUCTION 

Eco- friendliness of the environment depends on many factors: water and air 

pollution, noise and radiation levels, etc. An important component of eco-

friendliness is the visual environment [1], [2]. It is well known that we receive up 

to 90% of all information about the surrounding world through vision [3].  Our eyes 

detect and see best of all the moving objects. The retina does not perceive stationary 

images. Their statics is compensated by eye movements. Thus, our eyes are in 

constant motion [4], [5], [6], [7]. There are dynamic (saccades) and static (fixations) 

parameters of eye movement. We scan the environment during saccade, while 

processing of information occurs during fixation [8]. The duration of fixations and 

saccades, their number per unit of time, the correlation of saccades and fixations are 



 

optimal during visual perception of the natural environment. Such an environment 

is full of elements and color combinations and is regarded as comfortable [9].  

More often a resident of any modern city sees an artificial urbanized visual 

environment, which is made up of different building designs created at different 

times. While viewing the surrounding space, a city dweller can experience aesthetic 

pleasure or discomfort, depending on the presence of details in the visual field, 

dynamics and variety of lines, relation of planes, the variety of colors and tones, the 

diverse texture and structure of the building material. [10]. Let us consider two 

opposing variants of urban visual space in relation to the physiological impact and 

architectural style. Most modern districts of urban agglomerations, administrative 

and business centers are represented by multi-storey buildings, whose facades are 

made of large panels, mirror or glass. This creates a specific featureless 

(homogeneous) visual environment, which provides poor information. In terms of 

video ecology such space is regarded as uncomfortable. In the context of global 

urbanization historic city centers coexist with modern minimalist buildings. 

Flowing lines, multiple moldings and colors are seamlessly intertwined in the 

architecture of the historic buildings. In terms of video ecology, such a visual 

environment is regarded as comfortable. It brings satisfaction and a sense of 

harmony.  Most of his life a city dweller is plunged into the visual space of the 

modern part of the city with offices, banks, shopping centers, creating homogeneous 

visual field by architecture. 

The level of any comfort and eco-friendliness is determined by the deviation 

of physiological responses of the body and its systems from the norm or by the 

change of evolutionarily conserved physiological mechanisms. In the case of visual 

perception, the markers of comfortable visual environment are the parameters of 

eye movement. Oculo-motor activity is an essential component in mental processes, 

related to obtaining, transformation and use of visual information. The brain activity 

and the parameters of its bioelectric activity (BEA) will naturally change during 

perception of images of different comfort [11]. In addition, the process of visual 

perception as any other function requires participation and support from other 

systems of the body. The autonomic nervous system (ANS) is of paramount 

importance in the activation and coordination of these systems. One of the 

characteristics of the autonomic nervous system is its sufficient plasticity. It easily 

changes the parameters of its functioning at the first presentation of any significant 

sensory stimulus [12]. It is obvious that under the influence of visual environments 

of different comfort, the tension of the divisions of the autonomic nervous system 

will be different.  

In connection with the above, it would be interesting to study the features of 

eye tracking measures, bioelectric activity of the brain and the ANS reactivity 

during perception of images of modern and historic urban architecture. 

Participants included 50 healthy people of both sexes aged 21. The experiment 

was conducted in accordance with the ethical standards represented in Declaration 

of Helsinki and European Community directives (8/609 EC). Visual-motor 

reactions based on saccadic movements tracking (eye-tracking) were recorded via 

iView X ™ RED (Remote Eyetracking Device).  The electroencephalogram (EEG) 



and caused skin vegetative potential (CSVP) were simultaneously recorded to 

assess the state and activity of the brain and the autonomic nervous system. EEG 

was recorded using Neuron-Spectrum hardware and software solution. EEG 

recordings were monopolar from 16 symmetrical leads installed according to the 

international 10–20 system. CSVP was monitored by use of ANS-spectrum 

apparatus, which is compatible with a computer. The studied parameters were 

continuously recorded in a state of relative calm with eyes open (background) and 

while viewing the images of the urban environment of different comfort. Visual 

stimuli were photos of modern high-tech buildings, creating a specific type 

of architecture of business centers in large cities (1 series of stimuli) and images of 

barocco and gothic buildings built from the early 17th to the late 19th century and 

giving a special flavor to the historic centers of the largest cities in the world (2 

series of stimuli). In addition, images of nature selected in accordance with the 

classification were used as a standard of comfortable visual environment [1], [9]. 

The duration of recording for each series of visual stimuli was 90 seconds. Each 

series included 3 images. SMI BeGaze program analyzed eye tracking recordings. 

The curves of CSVP were processed using the VNS-Spectrum Copyright programs. 

EEG analysis was performed using Neuron-Spectrum.NET software v. 1.4.1.0. The 

maximum power of coherence (COH)  was analyzed in 120 pairs of leads by the 

main bands of bioelectric activity (BEA): theta-4-8 Hz, alpha-8-14 Hz, beta-LF 

(low frequencies)-14-20 Hz, beta – HF (high frequencies) - 20-35 Hz.  The 

statistical analysis of the studied parameters was assayed using Statistical Package 

for the Social Sciences (SPSS) for Windows v. 22.0.  Statistical processing of the 

results included Analysis of Variance Test for Normality (Shapiro-Wilk's test) and 

Levene Test for Equality of Variances. Based on the results, all further statistical 

analysis was conducted using parametric processing methods. The data were 

presented as mean value and mean error (Х+m). One-way Analysis of variation 

(ANOVA) was used to determine significant differences in parameters of visual-

motor activity during perception of visual environments of different comfort. Post 

Hoc Multiple Comparisons were based on Bonferroni test. Differences were 

considered to be statistically significant at p<0,05.  To determine statistical 

correlations between different measures of caused skin vegetative potential, BEA 

and eye tracking during visual stimuli perception Spearman's rank correlation 

coefficient was calculated.  In the subsequent discussion, the statistically significant 

coefficients with the correlation value r ≥ 0.75  were taken into account [13]. Since 

the studied parameters in persons of different gender did not have significant 

differences, the results are presented without regard to gender. It should be noted 

that according to the results of statistical processing, during perception of nature 

images (3 series of stimuli) and historic buildings (2 series of stimuli) the 

parameters of EEG, eye tracking and CSVP showed no significant differences and 

were almost identical. In this connection, we will further present the results of the 

study on the 1 and 2 series of visual stimuli.  

Oculo-motor reactions during perception of modern and historic buildings also 

have their own characteristics. In analyzing eye tracking parameters, it should be 

noted that when viewing images of modern minimalist buildings (stimuli I), number 

(99.4 +3.9 count), frequency (3.6 +0.1 count/s) and amplitude (5.9 +0.2о) of 

saccades are significantly higher than similar parameters during perception of 



 

historic building images (stimuli II) (Table 1).  Number of fixations (66.3 +2.4 

count) and their frequency (2.2 +0.1 count/s) are significantly lower, while fixation 

duration (340.3 +13.4 ms) is significantly higher. The presented images of modern 

buildings were characterized by a small number or lack of visual details, because 

their facades are made of large monochrome or mirror panels. In such conditions 

the scanning work of the eye dramatically increases. Due to the lack of fixation 

points, the eye stops in the "empty space" where there is no information for analysis. 

As a result, the physiological and evolutionarily conserved scenario of visual 

perception mechanisms is disturbed. There is an active scanning of the visual field 

in search of new visual information, but due to its absence in 30% of cases the 

saccade is followed by another saccade instead of fixation. Under these conditions 

the eyes operate in search mode: the number of saccades increases, the number of 

fixations decreases. Spending long time in such an empty homogeneous space leads 

to overstrain of visual system, its fast fatigue and psychological discomfort.   

Table 1. Eye tracking measures during presentation of visual stimuli 

Values Experiments 

I, M+m II, M+m 

Fixation count  (fix) 66,3+2,4 82.0+4,2** 

Fixation frequency (fix/s) 2,2+0,1 2,6+0,2**  

Average fixation duration (ms)  340,3+13,4 294+11,1*  

Saccade count (sac) 99,4+3,9 84.12+3,8* 

Saccade frequency (sac/s) 3,6+0,1 3,2+0,1  

Average saccade duration  (ms) 48,2+2,4  45,2+3,1 

Average saccade amplitude (0) 5,9+0,2  5,1+0,2* 

1 – I series visual environment; column II - II series visual environment;  * 

or** - differences reliable   (p≤0,05 or 0,005). 

The situation is different during perception of images of historic buildings. In 

this case, oculomotor reactions are characterized by an increase in the number and 

duration of fixations, a decrease in the number of saccades. Almost every saccade 

is followed by a fixation. This alternation of saccades and fixations is the most 

natural and evolutionarily conserved. The abundance of information in such a visual 

environment stimulates brain activity, as we can see in the increased 

synchronization of bioelectric activity in almost all areas of the cerebral cortex 

(Fig.1, second row).  

The solid lines in the brain mapping between the EEG registration points show 

the synchronized activity of brain structures. During perception of images of 

historic buildings rich in details and color combinations, a significantly high level 

of synchronization of bioelectric activity was revealed in large areas of the cerebral 

cortex. Facades of such buildings attract attention and are scanned in detail. During 

the fixation period, the information received by the brain is actively analyzed. This 

brain activity is supported by the development of extensive constellations of 

working neurons in the cerebral cortex. The development of statistically significant 

long and short intra - and inter-hemispheric correlations in the high beta frequency 

band in visual and association cortices testifies that the cortical neurons specialized 

for visual perception and analysis of this information are involved in the activity. 



The increase in synchronization and neural activity in the theta band is undoubtedly 

due to the positive emotional component of the perceived image. Such brain activity 

during perception and processing of visual information is natural and evolutionarily 

conserved.  While viewing  images of modern homogeneous buildings, spatial 

synchronization of brain bioelectric activity is limited and localized only in occipital 

cortex specialized for visual activity. At the same time, there is a dissociation of 

statistical correlations in the remaining EEG bands within and between hemispheres 

(Fig. 1, first-row), which testifies to the lack of information for analysis.  

 

         Teta                           Alpha                    Beta low                    Beta high 

Figure 1. Significant changes of coherence during the perception of urban 

architecture images compared to the background (solid line - statistically 

significant increase, dotted lines -statistically significant decrease) 

First-row - changes of coherence at visual perception of modern buildings; the 

second row-historical buildings. 

The comfort of the visual environment causes changes in oculomotor responses 

and brain activity and can undoubtedly affect the emotional state of a person and 

the overall state of the body. These changes are controlled by the autonomic nervous 

system (ANS). Any emotional response, experience, stress, tension are justified by 

changes in the parameters of the ANS functioning. These changes can be identified 

by the level of the caused skin vegetative potential (CSVP) [14], [15]. Following 

are the results of studying the parameters of the ANS functioning during visual 

perception of images of modern and historic urban environment (Fig. 2). 

There was a significant increase in the amplitude of the first and second phase 

(A1 and A2) during the presentation of modern buildings images (0.12 mV, 0.39 

mV, respectively), compared with historic buildings images (0.06 mV, 0.09 mV, 

respectively) (p<0.05). A1 and A2 measures show the activity levels of trophotropic 

and ergotrophic centers [14]. A significant increase in the amplitude of CSVP 

during perception of modern buildings images confirms the active role of the 



 

sympathetic nervous system in the perception of homogeneous images. In this case 

the height of the waves (amplitude)  depends on the strength of the emotions 

experienced. Accordingly, images of modern minimalist buildings can be 

considered as the most negative ones. Analysis of wave duration (S) of CSVP 

revealed that S1 significantly increases during the perception of historic buildings 

images (1.15 seconds, at p<0.05). Apparently,  there is a temporary delay in 

activation of nerve centers at the level of hypothalamus. The delay activates 

trophotropic systems, increases parasympathetic tone and provides an optimal mode 

of visual perception.  

T,s     mV 

 

Figure. 2. CSVP a measures during presentation of images of urban architecture. 

Column 1 – visual perception of modern buildings; column 2 - historical 

buildings.        * - differences reliable (p≤0,05) ; LP - latent period; A1- amplitude 

of the first phase; А2 - amplitude of the second phase;  S1 – duration of the first 

phase; S2 – duration of the second phase. 

The correlation analysis of the studied parameters revealed that various kinds 

of significant statistical correlations are developed between static (fixations) and 

dynamic (saccades) parameters of eye tracking, the total brain bioelectric activity 

(BEA) and the parameters of CSVP during perception of historic buildings images. 

In other words, a stable relationship is formed between the processes of visual field 

scanning, the processes of visual information processing and the structures of  the 

ANS, which also participate in this activity. Thus, an effective functional system 

develops during perception of historic architectural sites.  It includes the ANS, 

visual and brain structures, thereby providing an optimal visual perception (Fig.3, 

II). 

The analysis of statistical correlations between eye tracking measures, EEG 

and CSVP parameters during perception of modern buildings images revealed a 

decrease in the number of significant correlations. During perception of a 

homogeneous visual field, after a series of saccades the brain receives poor 

information, i.e. an action has taken place - saccade, 

but there is no confirmation to this action. As a result, insufficiency of sensory 

signal reduces the connections between structures of visual system, which normally 

function seamlessly. Long-term stay and perception of homogeneous visual 



environment leads to securing given disbalance, rapid eye fatigue and 

psychophysiological discomfort.  

 

Figure 3. Statistical interaction of the parameters of eye tracking, BEA and CSVP 

during presentation of images of urban architecture compared (r ≥ 0,75). 

I - at visual perception of modern buildings; II - historical buildings.  

Solid line - direct correlations,  dotted lines - inverse correlations. 

Parameters of eye tracking: Cf - fixation count, Ff - fixation frequency, DAf - 

fixation duration average,  Cs - saccade count, Fs - saccade frequency, LAs - 

saccade latency average, DAs - saccade duration average, AAs - saccade amplitude 

average, VAs - saccade velocity average; 

Parameters of CSVP: LP - latent period; S1 – duration of the first phase; 

Parameters of BEA - total bioelectrical activity. 

CONCLUSION 

The urban visual environment filled with man creations is not always 

comfortable. Modern technologies make possible the construction of high-rise 

buildings, which is an ideal solution in the context of global urbanization. 

Minimalistic and monotonous buildings with monochrome facades made of glass 

and concrete form a homogeneous visual field, which is uncomfortable. The results 

of our study have shown that physiological characteristics of uncomfortable urban 

visual environment are higher number of saccades compared to fixations (by 25-

30%), the decrease in spatial synchronization of brain bioelectrical activity and its 

localization in the occipital cortex, activation of the sympathetic division of the 

autonomic nervous system. Moreover, statistical interaction of oculo-motor 

reaction parameters is less diverse and has no significant correlations with the 

parameters of brain bioelectrical activity and the measures of the ANS functioning 

. This proves that in these conditions visual system is out-of-balance. Constant or 

long term influence of an uncomfortable visual environment may lead to chronic 

stress. Consequently, when designing and creating a truly eco-friendly urban space 

it is necessary to take into account among other things the physiological 

characteristics of visual perception.   
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ABSTRACT 

The development of accurate calibration models is a crucial prerequisite for 

successful application of near infrared (NIR) spectroscopy for determination of N 

contents in the reclaimed mine soils. The objective of this study was to compare the 

performance of calibration models developed with the artificial neural network 

(ANN) and partial least squares (PLS) methods. The topsoil (0 – 20 cm) samples (n 

= 92) were taken at the reclaimed spoil heap of Bełchatów lignite mine (Poland, 

51°22′07″N, 19°21′24″E) and measured for the N content with Kjeldahl method. 

The samples were finely ground and their NIR (1000 nm – 2500 nm) were recorded. 

The calibration models were developed with 62 samples and then validated with the 

remaining 30 samples. At the calibration stage the models developed with both 

methods were very effective with the coefficient of determination (reference vs NIR 

predicted values) R2>0.90 and the ratio of prediction to deviation (RPD) >4. 

However, tests of the models with the validation sample set yielded somewhat 

worse results with R2 = 0.79 and RPD = 2.32 for PLS model and R2 = 0.80 and RPD 

= 2.19 for ANN model. The PLS model was slightly more accurate than ANN 

model as indicated by lower standard error of prediction values (0.16 mg g-1 and 

0.17 mg g-1 for PLS and ANN models, respectively). However, the regression 

coefficient of linear regression (reference vs NIR predicted values) was better for 

the ANN model (a = 0.84) than for the PLS model (a = 0.73). The coefficients of 

determination (reference vs NIR predicted values) were very similar in both 

methods (R2 = 0.79 and 0.80, for PLS and ANN respectively). The results indicated 

that both tested calibration models – ANN and PLS gave comparable results in 

terms of the prediction accuracy. Hence, both methods can be used to create 

predictive models of the N content in the mine soils.   

Keywords: near infrared spectroscopy, nitrogen, mine soils, ANN, PLS  

INTRODUCTION 

Environmental studies at the landscape level often require analysis of different 

physicochemical properties in a large number of samples. Classical analytical 

methods are often time consuming, expensive and require using chemical reagents 

[2], [3], [5]. A good alternative for classical analytical methods is the use of near 

infrared spectroscopy (NIRS). In particular for soils, this technique permits the 

evaluation of different properties related to organic content matter, including carbon 



 

and nitrogen content [10], [15]. Successful NIR/Vis-NIR predictions for a number 

of relevant soil properties have been reported for soils of homogeneous origin 

whereas for more diverse sample sets the predictions were less accurate [1], [6]. 

Therefore, the usefulness of NIR spectroscopy to predict various soil properties in 

heterogeneous soil sample populations requires further studies [6]. 

Near infrared spectroscopy is an indirect method and utilizes the 

electromagnetic radiation in range of 1000 nm to 2500 nm which is absorbed by 

different chemical bonds: C-H, O-H, N-H, S-H, C-C etc. [2]. Hence, the NIR 

spectra of soils contain detailed information on their chemical composition. The 

direct interpretation of NIR spectra is not possible though, as they consist of 

numerous overlapping combinations and overtones from primary absorption in the 

mid-infrared region. However, the existing relationship between chemical 

properties of soils and their NIR spectra may be used to predict these soil properties 

from the NIR spectra of the soils. Such an approach requires NIR based prediction 

models to be built. The nitrogen content is one of the most important soil 

compounds that may be predicted with NIR spectroscopy.  

At present, there are many methods to develop NIR based models for the soil 

N content prediction. The most popular method seems to be a partial least squares 

(PLS), which has been widely used by many authors [7], [15]. However, nowadays 

artificial neural networks (ANN) are gaining more interest as they better cope with 

often observed nonlinearity in the relationship between NIR spectra and soil 

chemical properties. Studies show that the accuracy of prediction model of soil 

parameters based on ANN is high, but there is certain degree of blindness in the 

process of structural design [14].  

In this paper, the models based on ANN and PLS have been compared in terms 

of their efficiency to predict total nitrogen (N) in mine soils based on their NIR 

spectra.  

MATERIALS AND METHODS 

Study site 

The study was carried out in Bełchatów lignite mine, Poland (51°22′07″N, 

19°21′24″E) on the grounds on the external dump, which have been reclaimed. The 

climate of the area is temperate, with the mean annual precipitation of 517 mm and 

the mean annual temperature 8.1°C.  

The Bełchatów open-pit mine has been extracting lignite science the second 

half of the Twentieth Century. Mining activity has occupied more than 3200 ha and 

the external dump (area ca. 1600 ha) has been reclaimed for forestry. The 

reclamation procedures at the external dump included forming and leveling off the 

surface, planting vegetation, neutralization of excessively acidic materials and 

initial NPK fertilization. The fertilized areas have been planted with Scots pine 

(Pinus sylvestris), common birch (Betula pendula), common alder (Alnus glutinosa) 

and several other deciduous trees. 

 



Soil sampling and N determination 

Soil samples (n=92) were taken in October 2017 under different tree species. 

The soil samples were taken using cylinder with a volume of 400 cm3 and depth of 

20 cm. After arrival at the laboratory, the samples were sieved (2 mm mesh), air 

dried and measured for the N content with Kjeldahl method.  

Spectra measurement and prediction 

The samples were dried at 40 °C to a constant weight, ground in a mechanical 

mill and their reflectance spectra between 1000 and 2500 nm have been recorded 

using Antaris II FT-NIR spectrometer. Each sample was scanned twice and the final 

spectrum was the mean of both scans. Absorbance values (log10/reflectance) were 

used for data transformation and statistical analysis. 

Calibration equations were developed using the entire spectra 1000÷2500 nm. 

Several mathematical treatments of the spectra were tested including: no data pre-

processing, first derivative, second derivative, multiplicative scatter correction, 

Savitzky-Golay smoothing and combinations of them. The aim of the pre-

processing was to reduce NIR data dimensionality to few components, expected to 

be related to soil N content and to choose the most effective model. The final 

calibration equations were based on the 1st derivatives of the spectra taken over the 

gap size of 5 data points (GS=5). Partial least squares (PLS) and Artificial Neural 

Network (ANN) were used to create prediction models for the soil N content using 

the same data with the same pre-processing. The PLS model was created in Omnic 

software and the ANN model using Statistica 2013. The calibration models were 

built using 62 soil samples and then validated using 30 independent samples that 

were not used in the calibration. For both methods (PLS and ANN) the same 

calibration and validation sample sets were used. 

The ANN model was created as a Multi-Layer Perceptron (MLP) with 

backpropagation algorithm to calculate a gradient that is needed in the calculation 

of the weights to be used in the network. Different activation and output functions 

(linear, sinusoidal, tangent curve) were tested. The number of neurons in the hidden 

layer was determined experimentally to get the most accuracy prediction model. 

Ultimately, ANN model contained 20 neurons in hidden layer with tangent curve 

activation function  and linear as output function. For the PLS regression model, 

cross-validation was done (on the calibration set) to determine the optimum number 

of factors (F). The final model included 6 factors thus the F value was less than 

recommended 1/10 of the number of samples in the calibration set in order to avoid 

over-fitting.  

The quality of the developed models was evaluated using the coefficient of 

determination (R2) and the coefficient of linear regression (a) (measured against 

predicted values), standard error of calibration or prediction (SEC or SEP) as well 

as ratio of prediction to deviation (RPD) (SD-to-SEC ratios) [4].  

 

 



 

RESULTS 

The reflectance spectra data collected were similar with three distinct 

absorption peaks around 1420 nm, 1930 nm and 2200 nm (Fig.1).  

 

Fig 1. Representative absorbance spectra of some soil samples. 

The measured content of N in studied soil samples (n=92) ranged from 0.11 

mg g-1 to 1.65 mg g-1 with the mean value of 0.52 mg g-1 [Tab. 1]. In the calibration 

set the N content ranged from 0.11 mg g-1 to 1.11 mg g-1 and in the validation set 

from 0.25 mg g-1 to 1.65 mg g-1 

Tab 1.  Mean, minimum, maximum and standard deviation (SD) for the soil N 

contents in the entire sample population as well as the calibration and the 

validation sets. 

Sample set Number of 

soil samples Unit Mean Min Max SD 

All 92 g N mg-1 0.52 0.11 1.65 0.27 

Calibration 62 g N mg-1 0.50 0.11 1.11 0.25 

Validation 30 g N mg-1 0.59 0.25 1.65 0.37 

 

In the calibration stage for both tested prediction methods the coefficients of 

determination R2 were higher than 0.90 (Table 2).  

The slope value for the PLS was 0.92 and for the ANN was 0.88 (Table 2). 

Standard errors of calibration were very similar: 0.06 mg g-1 for PLS and 0.05 mg 

g-1 for ANN. The RPD values were 4.12 and 4.942, for the PLS and the ANN 

models respectively. 

However, tests of the models with the validation sample set yielded somewhat 

worse results with R2 = 0.79 and RPD = 2.32 for the PLS model and R2 = 0.84 and 

RPD = 2.19 for the ANN model. Better slope value was for the ANN than for PLS 

(0.84 and 0.73, respectively). The standard errors of prediction were almost the 

same: 0,16 mg g-1 for the PLS and 0,17 mg g-1 for the ANN. 
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Tab. 2 Prediction results for the N content in the calibration and validation sets 

using PLS and ANN method. 

Soil 

constituenta 

Number 

of 

elements 

Gap 

sizes 

Preprocessingb Type of 

modelc 

a b R2 SEC 

or 

SEPd 

RPDe 

 calibration 

Ntotal 62 5 1D PLS 0.92 0.04 0.92 0.06 4.12 

Ntotal 62 5 1D ANN 0.88 0.06 0.91 0.05 4.94 

 validation 

Ntotal 30 5 1D PLS 0.73 0.13 0.79 0.16 2.32 

Ntotal 30 5 1D ANN 0.84 0.10 0.80 0.17 2.19 

a Corg, organic carbon, Ntotal, total nitrogen. 

b 1D, first derivative. 

c PLS, partial least squares; ANN, artificial neural network. 

d SEC, standard error of prediction; SEP, standard error of prediction. 

e RPD, ratio of prediction to deviation. 

DISCUSSION 

The three observed peaks in the NIR spectra of the analysed correspond to 

peaks commonly observed in the soil NIR spectra [7], [13]. The absorption region 

at approximately 1420 nm is the first overtone of O-H stretching and the region at 

approximately 1930 nm is the combination of O-H stretching and H-O-H bending 

in water molecules trapped in the crystal lattice [11]. The absorption peak at ca. 

2200 nm, may be related to phenolic O-H, amide N-H, amine N-H and aliphatic C-

H [15]. 

Both PLS and ANN methods provided good calibration models with R2>0.90 

[Fig. 2], which are considered very effective by Zornoza et al, (2008) and Xu et al., 

(2018) [15], [12], but are not as good as those reported by He (2005) and Vergnoux 

(2009) where R2  = 0,97-0,98 have been achieved in calibration set for N (using 

PLS method). Kuang et al., (2015) [8] achieved similar R2 (0,85-0,90) for the 

prediction of soil organic carbon (OC), pH and clay content (CC)) using ANN 

method. 



 

 

Fig. 2 Correlation between measured and predicted values of N 

The standard errors of calibration were very similar for both methods (0.05 mg 

g-1 and 0.06 mg g-1 for PLS and ANN, respectively), indicating their comparable 

accuracy. However, the slope value in the PLS was slightly better than in the ANN 

(0.92 vs 0.88, respectively). Both methods gave high value of RPD >3, which 

indicates their potential usefulness for quantitative predictions. Ratio of prediction 

to deviation (RPD) was higher in the ANN than in the PLS model (4.94 to 4.12, 

respectively).  The higher value of RPD in the ANN calibration model than in the 

PLS calibration model was observed also by Kuang et al., (2015) [8] (RPD=3.01 

and RPD=2.29 for OC in ANN and PLS, respectively; RPD=2.57 and RPD=2.02 

for pH in ANN and PLS, respectively). 

Tests of the developed models using the validation sample sets yielded 

somewhat worse results since the R2 values were 0.80 to 0.79 for the ANN and the 

PLS, respectively.  Our results are similar to those of Fystro et al. (2002) and 

Morellos et al. (2016) who at the validation stage of their NIR models for N 

prediction reported R2 = 0.78 [6, 9].  Similarly to our results, Kuang (2015) reported 

lower R2 values for the prediction of OC, pH and CC in the validation sets [8]. They 

also found slightly higher R2 values for the ANN models than for the PLS models.  

The accuracy of the obtained PLS and ANN models was high as indicated by 

the RPD values (2.32 and 2.19, repsiectively). According to Morellos et al. (2016) 

the PLS and ANN models can be considered to have a good prediction ability if the 

RPD values are above 1.8. These authors reported RPD values of 1.84 for the PLS 

and 2.10 for the ANN models used to predict the soil N content [9].  



The PLS model was slightly more accurate than the ANN model as indicated 

by lower standard error of prediction values (0.16 mg g-1 and 0.17 mg g-1 for PLS 

and ANN models, respectively). However, obtained SEP values were lower than in 

Chodak et al., 2002, who reported SEP = 0.4 mg g-1 for the PLS model for the N 

content prediction [2]. The better performance of ANN model, as compared to PLS 

model might be attributed to nonlinear dependence between NIR spectra and soil N 

content. The ANN is known to better overcome the problem of nonlinear 

relationships between chemical and spectroscopic data [8]. 

The results indicated that both models – the ANN and the PLS gave comparable 

results in terms of the prediction accuracy, so they can be effectively used to predict 

the N content in the mine soils, based on their NIR spectra. Prediction accuracy is 

likely to increase with the increasing number of samples available for calibration 

[12].  

CONCLUSION  

Near infrared spectroscopy can be a useful tool for creating prediction models 

of N content in the mine soils, but the NIR spectra need to be adequately 

transformed. The best math treatment is unknown and therefore different math 

treatments must be tested. In this study, the best pre-processing was the first 

derivative of spectra taken over 5 data points.  

The Partial Least Square and Artificial Neural Network methods provided 

promising predictions of N content in the mine soils. During the calibration process 

both models gave comparable results (R2>0.90, SEC 0.5-0.6 mg g-1 and RPD >4). 

However, slightly better model (according to tests with the validation set) with 

higher R2 (0.80 vs 0.79 ANN and PLS, respectively) and better slop value (0.84 vs 

0.73 in ANN and PLS, respectively) was in the ANN than the PLS model. The 

higher accuracy in ANN model can be caused by the nature of artificial neural 

networks, which deal better with non-linear dependencies. However, both methods 

– the  ANN and the PLS, can be used to create prediction models, based on soil 

sample’s NIR spectra, with similar efficiency. Further work is needed to develop 

more reliable models including a larger number of soil samples from the mine sites. 

Nonetheless, the good prediction models, which were developed in this study, could 

be used to characterize other soils collected in the studied region (Bełchatów 

external dump). 
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ABSTRACT 

Baikal is a natural heritage, the value of which is obvious to the entire world 

community. The unique nature of the Lake Baikal basin is subject to various 

negative impacts. One of the factors that disturb Baikal basin nature is forest fires, 

mainly due to anthropogenic load. In this paper stochastic model is proposed to 

estimate the probability of forest fire from anthropogenic load. A point source of 

anthropogenic load is considered. For example, a rural settlement, a camp, an 

industrial site, which are located in a controlled forest-covered area. 

Mathematically, the following model can be formulated. Let’s consider circle with 

radius in the some set. Then the cumulative distribution function (C.F.D.) of 

ignition near the neighborhood of the point X0 can be defined. Obvious that all 

properties of c.d.f. are satisfied. Note, that all the points X=(x,y) that lying on the 

circle Gρ have the same probability P of ignition in the set G. 

Further mathematical calculations show that the Rayleigh probability density 

can be considered. Preliminary calculations of the forest fire probability from a 

point source of anthropogenic load on the basis of scenario modeling are carried 

out. Conclusions are drawn regarding the influence of a point source of 

anthropogenic load on the probability of forest fire occurrence in an adjacent 

territory. 

Keywords: forest fire danger, probability, anthropogenic load, simulation  

INTRODUCTION 

Baikal is a natural heritage, the value of which is obvious to the entire world 

community [1]. The unique nature of the Lake Baikal basin is subject to various 

negative impacts. One of the factors that disturb Baikal basin nature is forest fires, 

mainly due to anthropogenic load. In this paper stochastic model is proposed to 

estimate the probability of forest fire from anthropogenic load. A point source of 

anthropogenic load is considered. For example, a rural settlement, a camp, an 

industrial site, which are located in a controlled forest-covered area.  

It should be noted that, in the general case, deterministic, deterministic-

probabilistic and probabilistic approaches to the assessment of forest fire danger 

due to anthropogenic load on forested areas can be considered. All these methods 

are related to hard computing. At the same time, soft computing technologies 

applied to the forecast of forest fire danger are also noted in the literature [2]. The 

authors believe that soft computing technologies are suitable only in relatively 



 

constant conditions. The most promising approach is a combination of probabilistic 

criteria and deterministic mathematical models for modeling a specific scenario of 

a forest fire [3]. 

BACKGROUND 

The structure of the NFDRS is an abstract model of the influence of various 

factors and conditions on the process of occurrence and spread of fires. The system 

issues four indices [4]: the Man-caused fire occurrence index (MCOI), the 

Lightning-caused fire occurrence index (LOI), the burning index (BI) ) and the fire 

load index (FLI). The MCOI and LOI indices are determined taking into account 

the ignition component (IC) and allow estimating the expected number of forest 

fires. All forest fuels are divided into typical models. The system introduces a 

number of pyrological characteristics of forest fuel, which allow to indirectly take 

into account the ignition process. The final fire danger rating (FLI) is determined 

depending on the values of the MCOI, LOI and BI indices on a 100-point scale. 

Thus, the system uses a large number of corrections obtained on the basis of 

empirical data. 

- The Fire Potential Index (FPI) was developed to combine satellite and field 

measurements into an index that correlates well with the occurrence of forest fires 

and can be used on a local or national scale along with GIS. 

The European Forest Fire Information System (EFFIS) has been supported by 

a team of experts since 1998 [5]. At present, the group includes experts from 40 

countries [5]. The forest fire danger forecasting subsystem generates daily maps of 

the level of forest fire danger for 1 to 10 days ahead using the forecast of 

meteorological conditions. Previously, several fire danger indices were tested [6] 

and the Canadian Forest Fire Weather Index System was also adopted. 

The information system for remote monitoring of forest fires (ISDM-

Rosleskhoz) [7] was established in 2003 and put into operation in 2005 [8]. ISDM-

Rosleskhoz is designed to solve the following problems [8]: 1) prompt detection, 

registration and subsequent monitoring of areas suspected of forest fire; 2) obtaining 

operational assessments of the parameters of existing forest fires; 3) obtaining 

operational estimates of the consequences of forest fires. 

Thus, all forest fire danger prediction systems widely used in the world practice 

provide the calculation of a certain index indicating the probability of forest fires 

occurrence. The most elaborated question is the occurrence of forest fires from 

thunderstorms. Technologies to forecast forest fire danger as a result of 

anthropogenic load are very poorly developed. This is due to the complex nature 

(often stochastic) of the anthropogenic load. Previously, a probabilistic criterion for 

assessing forest fire danger was developed taking into account thunderstorm 

activity and anthropogenic load [9]. However, only statistical data on anthropogenic 

fires are used, which are available for individual sites or blocks of forest area. 

 

 



SYSTEM REQUIREMENTS 

The results of the preliminary study show that the development in the 

foreseeable future of the domestic forest fire danger prediction system, which 

possesses competitively capable qualities, will require the attraction of up-to-date 

information-computing technologies and physically-meaningful models and 

criteria. 

The main requirements that must be met in the way of creating a forest fire 

danger prediction system are: 

1. Presence of the state concept to create and develop the domestic system of 

forest fire danger prediction caused by anthropogenic load. 

2. Ranking of all sources of anthropogenic load to point, linear and area. 

3. Ranking and grouping of various reasons of forest fires caused by 

anthropogenic load and corresponding sources of high temperature. 

4. Presence of physical and mathematical models of drying and ignition of 

forest fuel by anthropogenic sources. 

5. The network to register vehicles, as well as methods for assessing the 

initial and boundary conditions for anthropogenic load models in a 

particular area. 

6. Presence of physical and mathematical models to simulate anthropogenic 

load on forested areas. 

7. The presence of a physically and mathematically based criterion for 

assessing the level of forest fire danger. 

8. Presence of a database of initial parameters to simulate physical and 

chemical processes occurring in the forest fires initiation. 

9. The methodology should be implemented in the form of a software 

package that allows to forecast forest fire danger in a mode that is ahead 

of the real time of the fire process development. 

10. The methodology for forecasting forest fire danger and its software 

implementation should be able to upgrade and update individual models 

and subsystems. 

11. The existence of a state standard is not based on a specific methodology 

with all fixed components, but on the specification of the compliance of 

the methodology to certain requirements. 

12. Presence of standards, specifications for files of input, processed and 

output information in the system of forecasting forest fire danger caused 

by anthropogenic load. 

13. The availability of technologies that allow consumers to promptly receive 

predicted information about forest fire danger in a particular forested area. 

For example, using technologies of web-based geographic information 

systems [10]. 

14. The availability of technologies and data, which allow to track the 

reliability of obtained forecasts on the basis of modeling physicochemical 

processes of forest fuel ignition by an anthropogenic source of high 

temperature. 

15. The availability of suitably trained professionals capable of servicing the 

system. 



 

16. Understanding of the forecast information for persons who make  a 

decision (possibly without special physical and mathematical training). 

MATHEMATICAL MODEL  

Let G=     22

0

2

0),,( Ryyxxyx   is an arbitrary circle of fixed 

radius R. Let X0=(x0,y0) is a center of the circle G. Let ρ≤R is a radius of circle Gρ=
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0),,(  yyxxyx  included in the set G. Then the cumulative 

distribution function (C.F.D.) of ignition near the neighborhood of the point X0 can 

be defined as follows: 
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where  G  is an area of G and   G  is an area of Gρ.  

Obvious that all properties of c.d.f. are satisfied.  

Remark: Note, that all the points X=(x,y) that lying on the circle Gρ have the 

same probability P of ignition in the set G. It grows from zero in the center of circle 

Gρ to unit on its boundary. By changing parameter R we can simulate point source 

of the fire behavior in some Russia region.   

Complete the model with heat equation in G.  It is well-known that in polar 

coordinates (r,φ) it can be written as follows:  
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where cp is a specific heat capacity, ρ is a density, T = T(r,φ) is a temperature 

and k is a thermal conductivity.         

Set the boundary conditions provided that there is no heat flow at the boundary 

of G: 
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n
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T
.    (3) 

Equations (1) – (3) are forming our model with two parts that can be solved 

separately. Namely, we can solve eqs. (2), (3) and collate the temperature T in each 

point of G to the probability calculated by eq. (1).  

RESULTS AND DISCUSSION 

In this paper, a point source of anthropogenic load is considered. R is the 

boundary of that forested area within which forest fires are recorded as a result of 



human activity. Different scenarios can be entered depending on the distance from 

the source to this boundary. The article discusses three scenarios: 

1) The low level of anthropogenic load distribution corresponds to a border of 

3 kilometers around the source; 

2) The average level of anthropogenic load distribution corresponds to a border 

of 4 kilometers around the source; 

3) The high level of anthropogenic load distribution corresponds to a border of 

5 kilometers around the source. 

Figure 1 shows the distribution of C.F.D. around a point source of 

anthropogenic load. This paper discusses the homogeneous distribution of C.F.D. 

on the angular coordinate. In reality, it may differ from uniform or the border will 

be curvilinear, not a circle. 

Figure 2 shows the distribution of C.F.D. along the radial coordinate for various 

scenarios of anthropogenic load distribution from a point source. 

 

Fig.1 C.F.D. distribution around a point source of anthropogenic load 



 

 

Fig. 2. C.F.D. distribution align radius for different R value 

CONCLUSION 

The final aim of the research in the area of anthropogenic load on forest-

covered areas should be a subsystem for the data assimilation on the level of 

anthropogenic load. Such a subsystem should perform an objective analysis of the 

data. By analogy with meteorological data assimilation systems [11], [12], it can 

perform the analysis and forecast stages. 

The article discusses three scenarios: 

1) The low level of anthropogenic load distribution corresponds to a border of 

3 kilometers around the source; 

2) The average level of anthropogenic load distribution corresponds to a border 

of 4 kilometers around the source; 

3) The high level of anthropogenic load distribution corresponds to a border of 

5 kilometers around the source. 

It is proposed a predictive mathematical model for the system of data 

assimilation on the level of anthropogenic load. Subsequent studies will present a 

parametric analysis of this model. The use of this model in the forest fire danger 

prediction system will increase the level of detail when taking into account such an 

anthropogenic load factor. The use of this model will provide a hybrid 

deterministic-probabilistic forecast of the forest fire occurrence from anthropogenic 



load, when the spread of anthropogenic load is modeled as a probabilistic process, 

but the spread of a forest fire is calculated using deterministic mathematical model. 
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ABSTRACT 

In Ukraine, there are several hundred natural geological monuments that, when 

destroyed, can not be restored and therefore require the most careful attitude. The 

geomorphological features of cities disappear due to the ever more anthropogenic 

load. Complicated relief is no longer an obstacle to construction due to the progress 

of construction technology. Outstanding features of the city's geomorphology can 

be preserved through the creation of complex programs for preserving monuments 

of different categories, which would be mutually supplemented and maintained with 

the help of protection zones. Detection and estimation of potential objects for 

initiation of security measures is based on historical and morphological analysis of 

elements of the city and the use of systematic, biomorphological, ecological, 

geographical analysis of cultivated dendroflora. 

Lviv has a complex relief, due to which it was formed. Here we distinguish 

various geomorphological elements, which together make the Main European 

watershed. To the west the hills of Roztochia strand reaches, from the east - the 

ledge of Podillia plateau is observed. Several geomonuments of geomorphological 

origin are located within the limits of the almost million metropolitan area of Lviv: 

Mount High Castle (409.5 m above sea level), Lev Mount (389 m), Kortum Mount 

(372.5 m), limestone Chotovi Skeli (414 m) and Medova Pechera (Honey Cave). 

In the modern structure of the city, the hills are part of the natural framework 

of the city's greenery system and make up its two wedges – the South-East and the 

North-West wedges. The most significant dominant point is High Castle Mount, 

which is part of a chain of planar erosion remnants and together with city center is 

a part of the UNESCO Conservation Zone. The top of the mountain is crocheted 

artificially from the walls of the medieval castle during the 1869-1900 with the 

cone-shaped hill in honor of the Union of Lublin, 36 m high. Over time, the hills 

were planted, and from the 19th century became the basis for the creation of 

landscape parks and walking alleys. Here the park "High Castle" with an area of 

36.2 hectares is formed which is the main object of tourist excursions. 

In modern Lviv planning, geological monuments are complemented with 

memorials of botanical, historical, garden and park art and forest parks. According 



 

to the Law of Ukraine on Nature Conservation and National Parks "About the 

Nature Reserve Fund of Ukraine", which guarantees a balance between the 

territories designated for the protection of nature and development, the system of 

nature protection objects of Lviv has been developed. 

Keywords: city geomorphology, natural geological monuments, nature reserve 

fund of Ukraine 

INTRODUCTION 

The geographical location of Lviv contributed to its settlement from ancient 

times [1]. The terrains of the city are located at the junction of the lowlands of the 

Male Polissia with the hills of the Podillia Upland and Roztochya along which the 

line of the main European water shed passes. The lands of the city occupy the upper 

reaches of the Poltva River (the tributary of the Western Buh). The hills are 

surrounded by valleys from the east, south and west, of which the most distinctive 

is sideline horn of the Podillia Upland extending north-east of the modern center, 

with the mounts Budelnytsia, Zamkova, Lion (Sand), Snake, which is rapidly rising 

more than 100 m above the valley. 

The geomorphological diversity of the territory of Lviv became the basis for 

the development of the natural face of the city, laid down in the modern General 

Plan of the city (Fig. 1) [2]. The High Castle is the most prominent spatial dominant 

in the Lviv landscape. 

Fig. 1. Geological monuments in the structure of the open spaces of the city of 

Lviv: 1 - Mount High Castle (409.5 m above sea level), 2 - Lev Mount(Lion 

Mount) (389 m), 3 - Kortum Mount (372.5 m), 4 - limestone Chotovi Skeli (414 m 

) and 5 - Medova Pechera (Honey Cave). The diagonal line passes on the main 

European watershed [source: 2]. 

 



STUDY BOUNDARIES 

The purpose of the work is to create a concept for the development of the park 

Vysokyj Zamok - the monument of landscape garden art of local significance, 

which is part of the nature reserve fund of Ukraine as a national heritage. Since 

1998, the park is part of the UNESCO World Heritage Area. 

It is located on the hillside overlooking Lviv on the northwest from the city 

center. It covers the the High Castle Mount and the Prince Mount with its foot, 

covering an area of 36.2 hectares, surrounded by a wide protected zone. The park 

adjoins territories, diverse in function, landscape, planning organization and degree 

of anthropogenicity and pollution. In the city's territory, the park is fixed by the 

streets: from the east - Opryshkivska street; from the south east and south - M. 

Krivonos street; from southwest, east and north - Zamkova street.(The Castle Str,) 

The park lane has the same name as Vysoky Zamok, a part of the Lviv walking 

crossover, laid out on the hills above the Lviv lowland [3]. 

The High Castle in the east is adjacent to the territory of industrial purpose (in 

particular - the territory of the former balneological complex "Kiselki"), the territory 

of the Regional Landscape Park "Znesinnia", as well as the building area of the 

middle storey. From the south and southwest to the park, besides the residential 

development of the middle storey, territory of the Lviv Television Center (Knyazha 

Street) and the territory of the former monastery of the Sisters of Mercy with the 

church of St. Cazimir is adjoined. The entrance to the park is surrounded by the 

territory of the secondary school No. 19 and the garden of the monastery of St. 

Onuphriy (Zamkova street). From the north, the park is surrounded by the railway 

with the Pidzamche railway station. 

METHODOLOGY 

As the final result of the research was the creation of the concept of the 

development of the High Castle such basic requirements were formulated: to 

investigate and identify the role and significance of the territory of the High Castle 

in the architectural and planning structure of Lviv; to analyze and evaluate the state 

of the existing natural-landscape complexes on the territory of the High Castle; to 

explore and discover the nature and value of the components of the natural 

landscape and biodiversity of the High Castle area, to analyze and evaluate the use 

of the territory of the High Castle; to identify conflicts and critical interactions both 

in the park and within its surroundings. 

RESULTS 

1. Analysis of the current use of the territory 

1.1. A list of historical monuments 

In the 19th century the hills with a formidable fortress once caused a lot of 

trouble to the city during windy days . The city was covered with clouds of sand 

and dust, and naked slopes during the rain turned into streams of swamps. There 

were various projects for the use of the hills up to the construction of several Dutch 



 

windmills. It was only in the 1830 that the ravine between Kniazha Mount and High 

Castle Mount was filled up, a terrace was planned, which significantly changed the 

relief and the landscape, a park was built and trees were planted around the hills. 

The park was then characterized by a landscape style, in 1845 a cafe and a gardener's 

house were built. The hillside became a favorite place for numerous promenades of 

Lviv residents and guests of the city, and the tram branch was laid to the main 

entrance. 

A number of historical monuments were preserved: part of the wall of the castle 

(located at the foot of the mound on the upper terrace); a stone sculpture "Lion of 

Lorentzovych" that once stood in the courtyard of the Town Hall and was moved 

onto the hill in 1874; the mound erected in 1841 to commemorate the three hundred 

years anniversary of the Lublin Union . It was projected without calculations and 

already in 1907 was subjected to strengthening; a grotto with lions built in 1841 

(originating from the old town hall, which collapsed on July 14, 1826); memorials 

in honor of the assault of the castle by the army of Bohdan Khmelnytskyj in 1648 

and the defense of Lviv in 1675 from the Turkish troops. 

1.2. Condition of transport service. 

The main entrance and approach to the park are located on the south-eastern 

side at the converging of the streets of M. Kryvonos, Opryshkivska and Vysokyj 

Zamok. The entrance from the south, from Zamkova street can be interpreted as the 

main pedestrian entrance, which originates from the city center, from Porokhova 

tower(gunpowder tower) at the beginning of the chestnut avenue in Pidvalna street. 

From the north there are no approaches and there are no entrances to the park, with 

the exception of the terrace at the foot of the hillside that is used by visitors 

spontaneously. In the area of the entrance to the High Castle, there are no public 

transport routes. Parking for the guests of the park is provided at the front of the 

main entrance to the park from M. Krivonos street and Opryshkivska Str. 

1.3. Functional use of the territory (the existing state). 

 On the territory of the "Vysokyj Zamok" park there is a number of 

disharmonious objects, in particular, areas allocated for service. In 1957 a complex 

of buildings of the Lviv television center with a transmission complex and a TV 

tower on the upper terrace was built in the park. On the site of the old monastery 

gardens a school was built which completely closed the visual connections of the 

city with the High Castle from the southwest side. One of the largest restaurants 

"High Castle" and its affiliate is situated at the entrance to the park from M. 

Krivonos street and Opryshkivska street, as well as children's playgrounds, parking 

for guests of the park on the side of the main entrance, public toilets at restaurants. 

Chapel at the foot of the northern slopes above the wellspring of St. Mary in 

Zamkova street, a sculpture of the Mother of God near the chapel and concrete 

crosses (1990s), and now – the figures on the Road of Jesus Christ are located along 

the northern slope from the foot of the hillside to the lower terrace. Two 

underground warehouses on the slope of the hill from Opryshkivska street near the 

adjoining Zamkova street and parking lot in the north-east just opposite 

Opryshkivska street are located there too. 



1.4. Erosion on the hills. 

The slopes of the hills are subject to erosion degradation, but plane washouts 

dominate in this process. The intensity of plane washouts and flood processes 

significantly increase with expanse of slope steepness. Almost everything 

concerning the sources of a powerful plane flushing is interconnected with 

anthropogenic activity, first of all with the trampling of the slope by human streams 

- recreators. Serpentine paths do not provide the needs of all visitors, especially 

children and young people, as a result of which part of the visitors of the park rises 

to the top of the mountain by a steep slope line. This led to the complete destruction 

of ground-covering vegetation and, in part, ground cover, and the development of 

high-intensity erosion in areas of such spontaneous climbs or descents. Over time, 

formed from rain and snow flows of the surface water hollows turn into ravines. In 

order to strengthen the slopes and stop the plane erosion processes, the tightening 

was done with the willows, the remains of which are still found in some places. 

Plane erosion has decreased somewhat after the built-up metal stairs on the piles 

between the middle and upper terraces of the northwest. The slopes, where the linear 

erosion predominates in the "High Castle" park, are more fragmentary. It is 

recommended to illuminate the lawns to provide access to sunlight for strengthening 

the greenswards . Curtain shrubs are planted, whose root system penetrates deeply 

into the array of slopes with the vertical structure of the roots. It is important with 

the help of engineering means to intercept water flows at the level of the terraces 

and to regulate descents from the terrace to the terrace in the concrete proposed 

places by engineering and architectural means. 

1.5. Condition of planting in the park 

The thorough inventory of High Castle Mount was carried out in 2007. Based 

on the collected data one can speak about the species (floristic) diversity of the tree-

shrub vegetation of the park. In total, 3351 trees and 918 shrubs were recorded on 

the investigated area of the park ( High Castle Mount and adjacent plots). Thus, the 

total number of species of woody-shrub vegetation of the park is 58. Of these, 7 

species are conifers and 51 are deciduous; trees in the park make up 78.5%, shrubs 

- 21.5%. 

Considering the long existence of the "High Castle" park (from 1835), it can 

be argued that the basis of parkland is: Ulmus scabra L. 164 особини (4.89%), 

Aesculus hippocastanum  L. 517 (15.43%); Carpinus betulus L. 86  (2.57%); Acer 

platanoides L. 1392  (41.54%); Acer seudoplatanus L. 226 (6.74%) ; Tilia cordata 

Mill. 224  (6.68%); Robinia pseudoacacia L. 85 (2.54%); Fraxinus excelsior L. 426 

(12.71%) and other species (6.9%). Most of the park forms of trees is more than 

100 years old. However, in the process of natural development of plants and natural 

regeneration different age groups of individual species appeared. A total of 10 

samples are in the age group of over 150 years, which are growing here since the 

time of the laying of the park [4]. 

Taking into account the age structure of tree plantations, as well as negative 

anthropogenic influences (soil compaction by recreants, pollution of the 

environment, mechanical damage), a significant part of trees and shrubs have poor 

sanitary conditions. The most widespread damage found during the inventory is the 



 

following: germination of mistletoe, dry branches, mechanical damage, freezing 

cracks, hollows, cramps, fungal diseases (core rot, trusses, various forms of cancer), 

stem entomo pests, nude roots. The number of damaged trees, depending on the 

species, is 60-40% [4]. 

The state of the city parks have an impact and effects of climate change. The 

level of groundwater is now considerably lower, and given that Lviv is located in 

the water shed, there is a particularly significant deterioration of the water regime, 

which adversely affects the development of the root system of plantings. Great 

damage for park plantings was caused by hurricanes , which almost every year pass 

over the city in summer, many trees are overthrown with the roots, and part of the 

trees are broken. Therefore, the planting of the "High Castle" park now contains a 

large number of damaged trees, which can become sources of damage to 

neighboring healthy trees. 

1.6. Landscape planning organization of plantations 

Shrub plantings in the park "High Castle" form the basis of the formation of 

the park environment. Combining with other components of the landscape i.e relief, 

architectural structures, elements of landscaping and taking into account the climate 

- plants determine the spatial structure and characteristic image of the object. Arrays 

and groves, groups of trees and shrubs, alley plantings, molded hedges, as well as 

solos can be identified among the main types of park vegetation. 

By species composition, the arrays of the park "High Castle" are mixed (in the 

composition of several species), and depending on the vertical (tiered) structure - 

one-tier (crown tent is located approximately in one plane), since the shrub tier and 

growth are poorly formed. Somewhat smaller compositional elements are curtains 

- large groups of trees such as plantations of black pine on the cone itself, and a 

birch-poplar group near the ruins of the princely castle. All of this planting are of 

artificial origin, created at different times. 

The most impressive is the chestnut alley which starts from the grotto with lions 

and passes around Zamkova mount, leading to the main park structures in the 

parterre part - the restaurant "High Castle" and the house of the gardener. It ends at 

the parking lot near M. Kryvonos street . The alley is composed of old age trees of 

bitter- chestnut ordinary (248 pcs.) The average height of them is 18.5 m, the 

average diameter is 0.52 m. On the other hand, there is an ash tree alley leading 

from the telecentre to the lower terrace, which is formed by cinis ordinary (186 

pcs.). Average height of which is 21m. and average diameter is 45 cm. 

2. Interaction of natural and anthropogenic components of the territory of 

the "High Castle" park: types of conflicts 

The park is subject of constant anthropogenic pressure especially when Soviet 

doctrine of Lviv as an industrial city has changed on the vision of the city as creative 

and tourist one. The annual flow of tourists is about 3 million, and visits to the High 

Castle, from which panoramas on the city opens, are priority. Let us consider the 

types of conflicts. 



1. Planning conflict - the impossibility of architectural and planning means to 

ensure a comfortable stay of people on this site due to the lack of accentuating of 

the entrances, the infrastructure of avant-zone of the main entrance (or entrances), 

the attractiveness of the alley road and pathway network, or, conversely, its 

unstructured and uncertain state , historical preservation of the formed architectural 

and planning structure, etc. 

2. Spatial-visual confflict is caused by the degradation of direct and inverse 

visual links from the object to surrounding territories, panoramas, separate objects 

and, conversely, the perception of this object from separate points of view and view 

corridors; distortions by economic and other activities as objects of perception (its 

scale, silhouette) as well as surrounding historical landscapes (panoramas). 

3. Functional conflict is incompatibility (due to overlapping or adjoining) of 

the opposite functions of zones, territories and individual objects (such as, for 

example, overlap of the sanitary protection zone of industrial objects, including the 

railways); the presence of separate economic and other non-park objects on its 

territory - a repeater together with a TV tower, a chapel with Jesus Christ road to it. 

 4. Anthropogenic conflict is caused by such actions of a person in relation to 

the natural environment, which have mostly selfish and self- interested antisocial 

character which is associated with the loss of the attractiveness of a natural object 

[7], the degradation of its elements and the destruction of the natural basis (trampled 

footpaths on the slopes that cause erosion, traces of arranging campfires, walking 

of dogs, unauthorized sampling of soil, driving of cars on the park's territory , acts 

of vandalism towards its natural and architectural elements) [5]. 

5. Natural conflict is founded in the irresistible force of nature, which destroys 

human-cultivated natural objects (self-seeding of trees that silence the growth of 

cultural plants and overlap species, erosion of the slopes, partly due to the lack of 

rainwater sewage, illness and dying of trees, for example, the spread of Macedonian 

converting moths which massively destroy the plantings of the age-old, priority 

chestnuts in the city, etc. 

6. Transport-pedestrian conflicts arise at unauthorized crossing of trajectories 

of pedestrian and car traffic in intensive directions, lack of equipped parking lots 

and parking of cars in inappropriate places, lack of safe pedestrian approaches and 

public transport routes for access to the park, driving of cars through the park's 

alleys, etc. 

3. The concept of the planning organization of the park "High Castle". 

On the basis of a critical rethinking of the data obtained, the zoning of the 

territory of the “Vysokyj Zamok” park was developed, considering its status as the 

monument of landscape art. The project of maintenance and reconstruction of the 

park "High Castle" with consideration of construction of a suspended cableway for 

use of recreational possibilities of the park is developed. In the course of the project 

implementation, they coordinated with the developer the detailed plan of the 

neighboring area around the park territory of the city [6] (Fig. 2). 



 

 

Fig. 2. The concept of the master plan of the "High Castle" park in Lviv [6]. 

In order to preserve the image of the High Castle as a legend of Lviv, it is 

necessary to fundamentally improve the maintenance of the park, the restoration of 

existing and the development of new elements that require funds. The combination 

of public, communal and private financial interests can be very profitable, 

especially in the tourist and recreational sector. The concept of an architectural and 

planning organization foresees the division of the territory into the landscape-

territorial areas: A - Zamkova hora (Mount High Castle), B - Main (middle) terrace 

of the park, C - forest park array of western, northern and eastern slopes - the foot 

of the middle terraces and the High Castle Mount , D - the southern slopes that 

support the southern park terrace, E - the lower terrace of the park, F - the northern 

terrace of the park, G-1 - the gardens of the northern entrance to the park from the 

Opryshkivska street. The proposed structural division of the territory of the park 

allows it to effectively conduct monitoring, to store, develop and effectively plan 

work on objects, elements and the whole territory. 

The general plan of the territory provides for the planning of the park as a whole 

and its separate objects and elements, the development of individual fragments 

illustrating the architectural, planning and space-spatial solutions of the park and 

territory within its protection zone. The main conceptual provisions for restoring 

the "High Castle" park are to overcome the identified conflicts. 

CONCLUSION 

Much attention is paid to commutation of the "High Castle" park with other 

elements of the city's natural framework and the delineation of transport and 

pedestrian flows. In particular, a light pedestrian bridge over the Opryshkivska 



street will link the main terrace of the park and the territory of the regional landscape 

park "Znesynnia", promising pedestrian bridges over the railway will connect the 

park with a city building area from the north i.e. Pidzamche district. The project 

provides for new means of transport for attracting more guests to the park and 

facilitating access for disabled visitors: a hangover road that runs practically from 

the center of the city (Pidvalna Str.) through the observation patio-belvedere terrace 

to the upper terrace. The arrangement of the elevator, going from the foot of the 

conus to the top of the hill through the bridge, is proposed. Due to the restoration of 

historical alley-serpentines there are comfortable connections on the vertical 

between different terraces of the park. 

Now, it is necessary, on the basis of compositional analysis and inventory of 

plantations to reconstruct them, to restore the characteristic stylistic components of 

the park. The main design solutions reflect the architectural and spatial concept of 

the authors of the project and maximally reproduce the planning decisions of the 

parterres, laid since the formation of park compositions. The project envisages the 

reconstruction of floral parterres with the restoration of the composition of the late 

19th - early twentieth century. On the main alley "Korso" a garden of small northern 

exedra-belvedere , the northern exedra-lion and the garden of the great northern 

exedra-belvedere with a gazebo were designed. In addition, the abovementioned 

serpentines and stairs go to the main terrace too. The project also includes new 

elements, such as: water museum (northern entrance), greenhouse-cafe (western 

entrance from B. Khmelnytsky Str.), museum "High Castle" with a model of the 

city (on the southern observation terrace), creation of the hotel complex near main 

entrance (M. Kryvonos street – Opryshkivska str.), gazebos on the main park alley. 

All this will make the park much more attractive and comfortable for rest and 

promenades. 

The value of the park for the structure of the city of Lviv consists in creation 

of a unique landscape-historical complex as well the "High Castle" park in the 

planning structure, the natural framework, in the system of open territories and their 

protected zones, as well as in the system of visual connections of the city of Lviv. 

The domination of the terraces of the park over the city, together with the hillside, 

predetermines its exclusiveness for the city as a natural belvedere, the attraction for 

visiting throughout the year and the association of its silhouette as one of the city's 

business cards. 
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ABSTRACT 

This study is meant to reveal the variety and role of the hydro-mineral resources 

from the southern sector of the Harghita Volcanic Mountain chain and emphasizes 

the sustainability of a territory with a poorly developed and diversified economy, 

which shows a high rate of unemployment and an aging process and a high value 

of immigration among the young generation This volcanic region of the Eastern 

Carpathians is justly considered a magnificent place with special powers. The 

numerous mineral water springs [2], [3] from this area proves the interest of the 

local communities to put to good use these natural resources [1], [9]. 

Within the region of Lăzărești parish 64 mineral water springs were identified 

[3], and only one of them is salt water spring [1], all the others have a different 

composition. Lăzărești settlement has the highest number of mineral water springs 

in this Neogen volcanic mountain chain – 64 [3], the area is being referred to as the 

”Oasis” of mineral waters. The mineral waters and the moffetta from „Nyír” (birch) 

Baths if of international fame. The local population, especially the elders, confirm 

that a couple of decades ago there were more than one hundred mineral water spring 

in the area. Their disappearance is a direct consequence of agricultural 

development, and of the new techniques of cultivating crops and managing the 

pastures and meadows. The locals switched from manual labor and animal power 

to mechanized technologies. The technological development and human neglecting 

of the mineral water resources changed, although these were constantly used and 

played an essential role in the community's life. Beside this aspects we need to 

mention the rise of the phreatic waters and appearance of marshlands, erosion and 

the spread of seconadry vegetation. 

For the analysis of the waters we proceeded with their chemical and mineral 

composition and their content of gases, respectively for their classification we chose 

only five springs. Three are widely knows and in use: „Büdös”, „Nagy”, „Cigány” 



 

(Stinking, Big, Gypsy). A spring wish is known under the name of „Fürész” (Saw) 

(rehabilitated in 2017) which is often used by shepherds, being close the sheepfolds. 

The last one will be the salted - ”Sós” (Salted) - spring which is only known and 

sporadically used by the elders. 

Keywords: Lăzărești, Harghita volcanic chain, mineral water springs, rural 

and ecotourism, spa and treatment. 

INTRODUCTION 

The volcanic eruptions ceased by the end of the Pliocene and beginning of the 

Quaternary ages in the Harghita Mountains. The geologists consider that in the 

southern part they ceased in the Quaternary age. The volcanic activity is active until 

the end of the Mid Pleistocene or even Superior, in the northern part of the Harghita 

Mountains the eruptions ceased earlier according to [5], based on the andesite 

pyroxene formations from the Harghita crater are the youngest lava rocks from the 

region. The last eruptions in the northern Harghita Mountains did not reach the limit 

of the Pliocene-Quaternary phase [6]. According to him, after the eruptions ceased 

the aspect of the Harghita Mountains hasn’t change much on a large scale; the ten 

volcanic eruption sites created a continuous chain, and their altitudes were just a bit 

higher than those of today. Certainly some of the massive collapses affected some 

volcanic craters, others are still undrained, and the volcanic plateau in the western 

part of the mountain chains extended on a much larger area westwards and 

southwestwards. After the eruptions ceased, the post-volcanic activities continued 

to reflect the presence of the magma through cracks in the Earth’s crust through: 

thermal water springs, mofettas, fumaroles [6], [7] geyseric manifestations, 

fumaroles from the Cucu crater, hydrothermal springs (at present in Băile Tușnad 

and Vlăhița settlements). Today we can find mofettas in Sântimbru Băi, in the crater 

of the Saint Ana Lake [6], in the Băile Harghita and Băile Tușnad, Puturoasa 

(Stinking) Cave, Lăzărești parish (Baia „ Nyír” (birch) Bath and Puturoasa 

(Stinking) Valley) [1], [3], [6], [8]. 

The Harghita Volcanic Mountain region is considered especially by those who 

come from further away, as a place of wonders, with special healing powers. The 

numerous mineral water springs described by [2], [3], [4] in this region shows the 

interests and involvement of the local communities to put to good use these 

resources [1], [9]. 

In the international literatures the Harghita Mountains are renowned for the 

high number of mofettas [8], especially in the southern part of the volcanic chain. 

Their chemical composition and degree of mineralization made them worldwide 

known as very productive hydrogeologic deposits [10] and with very strong curative 

powers [1]. According to geomorphologists these are young formations [6] but 

comparing it to human lifespan they represent ancient volcanic landscape, 

regardless, they represent the heart of the region. The Ciomad Mountain is the 

southernmost point of volcanic eruptions. Here is registered the highest evaporation 

rate of the carbon dioxide [3]. 



The residents call the mofettas “stick holes” which can be carbon dioxide baths 

(like the mofetta in Băile Tușnad), or of hydrogen sulfide bath (like the mofettas 

from Lăzărești called Baia „Nyír” (birch) Bath). They have an unpleasant stench, 

similar to rotten eggs, and this is why the locals call them “stink holes” [1].  

The mineral water springs appear in a vast number in the Harghita Mountains 

[6], especially in the southern region and they extend to the neighboring areas as 

well, like in the Ciuc Depression.  

DISCUSSION AND RESULTS 

Lăzăreşti village is located in the south-east of the volcanic mountain chain, in 

the south of the Inferior Ciuc Depression, and is in the north-east of the Ciomad 

Volcanic Cone. The parish possesses a large variety of natural resources: volcanic 

craters of Saint Ana Lake and Mohoș peat bog, volcanic cones, mineral water 

springs, mofettas, etc. Also possesses a large variety of anthropic resources, which 

are worthy to be presented and studied respectively the wealth and beauty of 

volcanism and post volcanic phenomena. 

Within the village, according to the researches done by the geologist Csaba 

Jánosi there were sixty-four mineral water springs identified. One of them is a salt 

water spring, and although its flow rate isn’t big, the salt within the water was used 

by the locals for the pickling of cabbage, for marinating bacon and it was used in 

cooking as well. At the moment a similar use has the salt water spring/fountain from 

Lueta, a settlement situated in the Harghita Montains.  

Lăzărești settlement has the most numerous registered mineral water springs 

within the Neogene volcanic mountain chain, sixty-four, according to [3], the area 

receiving the name “the oasis” of mineral water springs. The mineral water springs 

and the mofetta of Baia “Nyír” (birch) Bath justly carries the name of the settlement 

abroad. The elder residents remember that there were more than one hundred 

mineral water springs and wells. Their disappearance is explained by the 

agricultural development, of the new techniques used to cultivate the land and 

manage the meadows and pastures. The farmers don’t use manual labor and animals 

to cultivate their lands. The application of new agricultural technologies and human 

neglecting towards the mineral water springs caused the disappearance of many, 

which were essential for the local population. Beside this aspect we need to mention 

swamping, erosion and the spread of secondary vegetation as well. 

In order to establish the mineral composition and gas content of the mineral 

waters, there were takes samples from five springs presented in Table nr.1. The 

waters were analyzed in a specialized laboratory. There were taken samples from 

the three most well-known and utilized springs: „Büdös”, „Nagy”, „Cigány” 

(Stinking, Big, Gypsy) springs; a spring which is mainly used by shepherds named 

„Fürész” (Saw) which was renewed in 2017 and the fifth spring, the “Sós” (Salted) 

water spring, which even today is mostly known by the elders and unfortunately is 

scarcely used today. 

 

 



 

 

Table 1. Results of the physicochemical analysis of the mineral waters springs - 

Lăzărești 

INDICATORS 
SYMBO

L 
M.U. 

“BÜDÖS” 

SPRING 

“NAGY“S

PRING 

“CIGÁNY” 

SPRING 

“FÜRÉSZ” 

SPRING 

“SÓS” 

SPRING 

Conductivity 
- 

µS/c

m 
821 830 1300 2350 13680 

TDS TDS mg/l 411 416 650 1177 6840 

Temperature 

lab. 
T 0C 22,0 22,0 22,0 22,0 22,0 

Ionic 

Concentration 

of hydrogen 

Ph - 5,64 5,70 5,85 6,06 6,54 

Salinity - - 0,2 0,2 0,4 1,1 8,0 

Free Carbon 

dioxide 
CO2 mg/l 2288 2244 2332 1760 2614 

Sulfurs H2S mg/l 0,140 0,034 0,034 0,020 0,038 

Hydrogen 

carbonates 
HCO3 mg/l 567,3 597,8 951,6 1171,2 5294,8 

Calcium Ca2+ mg/l 160,32 176,35 221,24 93,78 328,65 

Magnesium Mg2+ mg/l 13,61 9,72 49,59 56,88 218,79 

Iron Fetotal mg/l 13,9 41,5 13,2 5,9 7,4 

Manga Mn2+ mg/l 3,3 2,8 2,1 0,868 1,40 

Copper Cu2+ µg/l <10 <10 <10 <10 <10 

Dry Residues - mg/l 375 232 698 1224 9026 

Total 

Mineralization  
- mg/l 668 543 1183 1809,6 11673 

The classification of the mineral water springs and their therapeutic 

properties 

Crenotherapy (cure by drinking mineral waters) for any gastrointestinal 

affections is recommended as internal treatment, as a medicinal curing method, with 

a high number of active well known elements, which manifest slowly and manifests 

later. The therapeutic springs exercise beside a local effect a general post absorption 

action which affect the metabolism of the minerals and that of the water itself [11]. 

The mineral waters can be used and marketed in hydrotherapy (external 

therapy with water), utilizing the proprieties of the waters, their benefic effects were 

noted even in ancient times. This would be an alternate method for treating 

locomotion affections, cardio-vascular or neuro-endocrine affections, etc. the 

mineral water presented in Table 1, according to [11] and [12] are: carbonated 

mineral waters, rich in bicarbonate-calcium-magnesium, iron and slightly alkalic 

(„Nagy” and „Büdös” springs); carbonated mineral waters, rich in bicarbonate-

calcium-magnesium, with sodium-chlorite, iron and highly alkalic („Cigány” 



Spring); carbonated mineral waters, with sodium-chlorite, rich in bicarbonate-

calcium-magnesium iron and highly alkalic („Sós” and „Fürész” Springs). 

The recommended therapeutic properties of the „Nagy”, „Büdös” and 

„Cigány” springs according to Vancsa, G. – balneo physician, specialist at the 

Tourism Complex Balvanyos Resort (Băile Balvanyos, Covasna County, 

Romania), recommends through Hydrotherapy the treatment of the fallowing 

affections: 

 Cardio-vascular diseases:  
o Chronical ischaemic heart disease; 

o Sytemic atherosclerosis; 

o Disfunctions in arterial peripheral circulation – chronical peripheral 

atherosclerosis; 

 Locomotive diseases: 
o Chronical rheumatism degenerative diseases; 

Through Crenotherapy the same physician recommends treatment for the 

following affections: 

 Gastroenterological diseases, chronical gastritis, gastroduodenal ulcer, 

transitory disorders - constipation; 

 Chronical hepatobiliary disorders; 

 Gout - hyperuricemia; 

 Hypochromic anomalies; 

For the „Sós” and „Fürész” springs, the recommendations of Vancsa, G., 

consist in Hydrotherapy for the following diseases: 

 Diseases of the locomotor apparatus: 

o Degenerative chronical rheumatic diseases; 

o Orthopedic disorders, post operatory, post traumatic; 

 Peripheral circulatory disorders of arterial origin 

Crenotherapy is recommended for the treatment for the fallowing disorders: 

 Chronical gastrointestinal disorders; 

 Chronical hepatobiliary diseases; 

 Kidney diseases; 

 Metabolic diseases: 

o Diabetes; 

o Gout; 

o Obesity; 

 Inhaling – chronical diseases of the upper respiratory tract: 

o Chronical bronchitis; 

o Chronical rino-sinusitis in the unproductive phases; 

CONCLUSIONS 

The management and valorification of these natural resources through Spa-

Tourism, especially through chrenotherapy, exclusively „Büdös” Spring from the 

„Nyír” (birch) Bath, which also can be used in hydrotherapy, because the waters of 

this spring are collected in a pool. Through ecotourism, rural tourism which will 

represent an important aspect for sustainable development of the settlement, which 



 

has a scarse economy and a high rate of unemployment and present demographic 

aging and raised emigration among the younger generations. 

These resources could significantly contribute to the increase of the tourism 

circulation and attractiveness for domestic and foreign visitors, who visit Lăzărești 

for a shorter or longer period of time, could beneficially affect the local economy, 

will lead to the diversification of accommodation facilities with tourism functions, 

and catering diversification. By this the tourism infrastructure will develop which 

will favor the increase of the standard of living of the local community by creating 

new job opportunities and a much more secure lifestyle at home. 
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ABSTRACT 

The study is based on the data collected during research cruises of R/V 

“Professor Vodyanitskiy” in October 2016 and March-April 2017. The variations 

of adenosine triphosphate (ATP) and chlorophyll-a distributions were considered 

as indicators of microplankton metabolically active biomass and production 

capabilities respectively. Heterotrophic and photoautotrophic microplankton 

biomass ratios were estimated. 

Keywords: the Black Sea, microplankton, ATP, chlorophyll-a, heterotrophic-

photoautotrophic index. 

INTRODUCTION 

In the practice of hydrobiological study, the productivity assessment of waters 

under study is one of the most important goals. One of the crucial tasks when 

studying the ecosystem of pelagial is an assessment of the key trophic link, 

microplankton [2]. Depending on the type of dominant processes, the biomass can 

grow or shrink [8] consequently changes the feed supply for higher-order 

consumers.  In this regard, it seems appropriate for the study of these processes to 

apply the complex of biochemical methods taking into account the data on 

chlorophyll-a and ATP ratios in microplankton. Therefore such data reflects the 

production-destruction processes in the community. The suggested approach is 

different from the classical one due to its relative simplicity of use and efficiency 

in data processing.   

MATERIALS AND METHODS 

The water samples were collected with Sea-Bird CTD-probe with a carousel 

water sampler.  Immediately after sampling 1.5 L of water was vacuum filtered 

through Sartorius™ cellulose nitrate membrane filters, 0.45μm pore size, for ATP 

and chlorophyll-a analyses. A vacuum pressure of 0.2-0.4 atm was used. 

Filters with precipitated samples for chlorophyll-a analyses were dried in dark 

place. ATP extraction was carried out using the Holm-Hansen method [3]: filters 



 

with precipitated samples were placed in centrifuge tubes, immersed in 5 ml boiling 

TRIS buffer (pH 7.75) and kept in a boiling water bath for 5 minutes. Extracts then 

were poured into plastic tubes. Dried filters for chlorophyll-a analyses and tubes 

with ATP extracts were stored in a freezer at -18°C until further processing. 

For the chlorophyll-a analyses nitrocellulose filters were dissolved with 90% 

acetone and centrifuged. The extinctions of the eluates were measured in the 

Speeol-11 (Carl Zeiss Jena) spectrophotometer. Chl-a concentrations were 

calculated using the formula of Jeffrey and Humphrey [4]. 

Samples were analyzed for ATP content with chemiluminescence method by 

the firefly luciferase-luciferin technique. Light emission was measured in ATP 

luminometer 1250 (LKB). 

The trophic status of water bodies was estimated by microplankton ATP and 

chlorophyll-a concentrations according to Karl [5]. 

Heterotrophic-photoautotrophic index (HPI) was calculated by the formula: 

(Concentration_ATP/Concentration_Chl-a) · 100. HPI values 10-20 means the 

equal ratio of the biomass of heterotrophic and photoautotrophic organisms in 

microplankton community.  HPI >20 indicates the dominance of heterotrophs, < 10 

– photoautotrophs according to criteria developed by Chiaudani and Pagnotta [1].  

The previously applied comparison of microplankton triphosphate (ATP) and 

chlorophyll-a concentration enabled to obtain relatively accurate estimate of 

production-destruction processes in the waters of the Black Sea and the Antarctic 

[6], [7]. 

RESULTS AND DISCUSSION 

In the autumn season, based on the microplankton chlorophyll-a concentrations 

in surface waters and photic zone, it can be concluded that the most productive 

waters (communities) were located in the eastern zone of the investigated region. 

The increased local chlorophyll-a concentrations were registered in the coastal 

waters adjacent to the eastern part of the Crimean peninsula. In the open sea waters 

chlorophyll-a concentrations were typical for oligo-mesotrophic waters (0.1-1 

mg∙m-3), while in the near-shore Crimean waters concentrations were close to 

values that are associated with eutrophic waters (> 1 mg∙m-3) (Fig . 1). 

 



 

Figure 1. Distribution of chlorophyll-a and ATP concentrations of microplankton 

in Crimea coastal waters and deep-water northern part of the Black Sea in 

October 2016 

Metabolically active microplankton biomass distribution was less dependent 

on proximity to the coast and sea depth than the microplankton production potential, 

according to the ATP concentrations observed. High ATP concentrations values did 

not have localization patterns. This distribution may be due to the fact that organic 

component of the food chain did not have a localized source.  By ATP 

concentrations the study area waters can be attributed to mesotrophic (75-250 ng∙l-

1), with the inclusion of extensive eutrophic zones (> 250 ng∙l-1). 

In spring, considering the microplankton chlorophyll-a contents in the surface 

waters and photic zone, its most productive part was located in the eastern zone of 

the study area, and in the waters adjacent to the Kerch Strait. Green pigment 

concentrations in this regions reached values typical for eutrophicated waters (> 1 

mg∙m-3) (Fig. 2). 

The distribution of ATP was slightly different from the one of chlorophyll-a. 

Values of surface ATP concentrations were, as a rule, typical of mesotrophic waters. 

In general, higher ATP concentrations in photic zone were identified in the 

peripheral regions of the investigated water area at a great distance from the 

Crimean peninsula. 



 

 

Figure 2. Distribution of chlorophyll-a and ATP concentrations of microplankton 

in the Crimean coastal waters and deep-water northern part of the Black Sea in 

April 2017 

Estimation of heterotrophic - photoautotroph distribution 

In the autumn season, according to identified heterotrophic–photoautotrophic 

index (HPI), heterotrophic forms of microplankton dominated on a greater part of 

the investigated region.  The balance between heterotrophic and photoautotrophic 

microplankton was observed in waters adjacent to the Crimean peninsula and in the 

southwestern part of the investigated area from the east and west (Fig. 3). 

Heterotrophs were mainly dominant in the northwestern part of the investigated 

region, in the region adjacent to the shallow northwestern part of the Black Sea. 

Distribution trends in photic zone were similar to those in surface water layer. The 

exception was the significant excess of heterotrophic biomass of microplankton 

above the photoautotrophic biomass in the middle part of the investigated region 

(Fig. 4). 



 

Figure 3. Distribution of microplankton HPI in the surface waters of the Crimean 

nearshore area and in the deep-water northern part of the Black Sea in October 

2016 

 

 

Figure 4. Distribution of HPI microplankton in the photic zone of the Crimean 

nearshore area and in the deep-water northern part of the Black Sea in October 

2016 



 

The distribution of microplankton HPI in spring is shown in Figures 5 and 6. 

 

Figure 5. Distribution of microplankton HPI in the surface waters of the Crimean 

nearshore area and in the deep-water northern part of the Black Sea in April 2017 

 

Figure 6. Distribution of HPI microplankton in the photic zone of the Crimean 

nearshore area and in the deep-water northern part of the Black Sea in April 2017 

In surface waters, HPI values corresponding to balanced heterotrophic: 

autotrophic biomass ratios were registered in the waters adjacent to the Crimean 

peninsula in the northwestern, southern and eastern parts, particularly in the Kerch 



Strait area (Fig. 5). Heterotrophic biomass was concentrated in the northwestern 

part of the investigated area, similar to that observed in the autumn season.  

Differences in the HPI distribution between surface waters and the photic layer, in 

general, were significantly less than in autumn.  It could indicate a much smaller 

gradient of vertical stratification of water masses in the spring season, compared to 

the autumn one.  

When compared the distribution of metabolically active biomass and HPI, there 

was a spatial similarity revealed between the high values of the total microplankton 

biomass and the increased inclusion of the photoautotrophic part of it. 

CONCLUSIONS 

The comparison of microplankton distribution in the Black Sea in spring and 

summer time is due primarily to the similarity of hydro-physical parameters of the 

aquatic environment. In general, if comparisons of distribution of metabolically 

active biomass and its productive part in the given seasons are made, the similarity 

in the values can be found in the Crimean shallow near-shore areas: the low ones, 

with oligo-mesotrophic value, are in waters at the western part of the Crimean 

peninsula and the higher ones, with meso-eutrophic value, are in the waters at the 

eastern shores of the Crimean peninsula, in the waters adjacent to the Kerch Strait. 

When comparing the distribution of metabolically active biomass and 

heterotrophic-photoautotrophic index, a spatial similarity in high values of the total 

microplankton biomass and the production capabilities rate of primary products has 

become evident during both seasons in the greatest part of the water area under 

study. Exceptions are the areas with high HPI. The largest local differences in the 

HPI distribution in terms of season have been identified in deep waters south of the 

central part of the peninsula: in autumn time HPI values indicated a far exceeding 

dominance of the heterotrophic forms of microplankton, whereas, in spring season, 

the equal values of heterotrophic and photoautotrophic microplankton have been 

registered in the same water area. By and large, the averaged HPI values in autumn 

turned out to be significantly higher than the ones in springtime. Therefore, it can 

be concluded that biotic factors played the dominant role in the process of forming 

a productive–destructive phase of succession in microplankton community in the 

given seasons when the similarity of hydro-physical parameters was not of great 

significance.   
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ABSTRACT 

The Altai Siberian stone pine forests: undisturbed and stable. 

The Siberian stone pine (Pinus sibirica) old-age forests of the Central Altai is 

the almost unique example of natural ecosystem with minimal direct impact of 

human activities All known forest of the type are isolated in relatively undisturbed 

valley of the Aktru river. The forests successfully survived the Little Ice Age and 

demonstrate significant stability under the modern climate change. The 

dendrochronological studies suggest these forests existed and much probably 

remained virtually unchanged for 650+ years in the past. 

Despite the similar age and resilience these old forests exists in 4 sustainable 

variations; each one is the forest adaptation to the peculiarities of their respective 

ecotopes (degree of slope, peculiarities of the ground and soil). Full α-biodiversity 

of these forests include 112 vascular plant species and 46 mosses and lichens. We 

believe the most important aspects of these forest stability are exceptional 

ecological amplitude of adult Pinus sibirica and powerful environment-changing 

abilities of this species. The significant peculiarity of these forests is presence of 

cyclic succession necessary for the regeneration of the forest. The age structure of 

the forests suggest it can be disrupted or even stopped because of vulnerability of 

Pinus seedlings and young trees to the climate changes: the dendroclinatic studies 

indicate the forest include 2 large regeneration gaps related to significant coolings. 

The important element of stability which compensates the vulnerability is longevity 

of Siberian stone pine (average tree life span is about 550-600 years) and ability to 

produce seeds to the death of the tree. The current level of climate change is not 

strong enough  to disrupt the cycle; it is more likely it is favorable for modern Stone 

pine forests regeneration and slow expansion of the species up by the valley slopes. 

The monitoring of regeneration suggests these forests are at least stable under 

modern climate changes. 

Keywords: Mountain forests; Altai mountains; Siberian stone pine;  Ecosystem 

stability; 

INTRODUCTION 

The old-age forests formed by the Siberian stone pine (Pinus sibirica du Tour) 

of the Central Altai are almost unique example of natural ecosystem with minimal 

direct imparct of human activities. All known forest of the type are isolated in 

relatively undisturbed valley of the Aktru river, but since the remote valleys was 

never studied by anyone we may assume the forest may exist in some other parts of 



 

the Central Altai. These forests are rara example of stable ecosystem which outlived 

the climate change of past without significant changes and successfully endure 

modern climate change. 

STUDY AREA 

Geographical location 

The valley of the Aktru river (50°05’ N, 87°45’ E) is located in the northern 

slope of Severo-Chuiskiy range (Central Altai) at the altitudes 2150–2200 m a.s.l. 

and include the upper courses of the river and its glacier sources: The Maliy Aktru, 

Leviy Aktru and Praviy Aktru glaciers. The climate of the valley is generally harsh: 

it is relatively cold and dry. The climate data of long-term climate monitoring [1] 

indicate that the mean annual temperature in the valley is -5.2°C; mean summer 

temperatures is only +8,7°C; mean annual precipitation is about 560 mm and only 

about 25% of precipitation occurs in the 6 month long (November to April) winter. 

The modern regional level climate change studies [2] indicate the average increase 

of the mean annual temperature since 1980s was 3,8°C and precipitation decreased 

by about 10%, but exact changes for the Aktru valley is unknown. 

Old-age forests 

All modern Siberian stone pine forests are large isolated massifs (massif area 

are from hundreds to tens hundreds sq. m.) which survived major forest fires of the 

late XIX century which affected larger part of the Central Altai. The burned forests 

were replaced by Siberian larch (Larix sibirica) ones which are currently typical for 

the Central Altai. The Aktru valley contain 5 such massifs – one on the North of the 

valley between the terminal rims left by receding glaciers, 2 on the North-West 

slope of the valley and 2 on the South-East slope of the valley.  

Disturbance level 

The Aktru valley is a remote area - the distance to the closest town is more than 

200 km; the distance to the closest industrial center is about 350 km; the local 

population density is very low (2,2 men/km2). The sole source of human impact on 

these forests is tourism and mountaineering, but only 2 of the forest massifs (one 

on the NW slope and one on the SE slope) are affected by mountaineers who often 

pass through the forests to reach the areas of interest. Thus the human impact on 

these forests is minimal and generally limited by the vicinities of the pair of trailed 

tracks across the se massifs. The main disturbance sources affecting these forests 

are strictly natural (mostly rockfalls and avalanches). The 2 remaining massifs are 

isolated from tourist tracks and camping areas by wide screes and one by the fast 

and cold glacial stream which have no other way of crossing but waist-deep ford 

which generally stop any tourists. Thus larger part of the Siberian stone pine forest 

of the Aktru valley are affected only by occasinonal natural disturbances and the 

forests may be considered as an almost unique for the Altai piece of wild nature 

virtually not affected by human activities in any form and provide rare opportunity 

to study the forest unaffected by any human activities for the hundreds of years. 

 



RESULTS AND DISCUSSION 

The key of the stability of the old-age forests is the ecology of the  Siberian 

stone pine. It has  a wide range: it occurs from low courses of the Vychegda river 

on the West to the Aldan highlands to the East (about 4500 km) and from Igarka 

town on the North to the upper courses of the Orchon river (Mongolia) in the South 

(about 2700 km) [3]. It clearly indicates the Pinus sibirica can survive and 

reproduce itself in the various climates. Our previous studies allowed us to fetch 

out it can survive in a wide range of conditions from dry forests to swampy forests 

and on different soils from poor to fairly reach [4]. The wide ecological amplitude 

of the Siberian stone pine allowed the old-age forests of Altai to survive a number 

of climate changes of the past: the 500-600 years old trees outlived both LIA (Little 

Ice Age)  and medieval warming [5].  The northern massif of Siberian stone pine 

provides us with the excellent example of the great stress-tolerance of the species. 

It is located between terminal rims and survived  during LIA being literally clenched 

between glaciers. Thus the high resilence and amplitude of the Pinus sibirica is the 

first key moment of the forest stability.  

The studies of the age structure of the Siberian stone pine forests of the Aktru 

river valley indicated the 3 major generations of the Pinus sibirica trees are present 

in all massifs [5]. The oldest one is does not include singular oldest trees of 650-

500 years which are remained from the previous generation. The first generation 

was formed between 1490 and 1630; the second one between 1660 and 1790 and 

third one between 1840 and 1960; The forth generation is still forming and 

represented by modern young individuals of the species. The regeneration of the 

Siberian stone pine was not continous: during the LIA numerous gaps had occurred. 

The new trees settled only when several warmer years follow each other. The 

dendroclimatic reconstructions suggest at least 4 such periods of various duration 

has occurred [5]. Longevity of the Pinus sibirica and the fact it is able to produce 

seeds to the physical death of the tree without any senile stage of the life cycle is 

the second key of this forests stability. Even prolonged climate changes with 

duration of hundred years is not a great threat to the Siberian stone pine populations: 

even if the climate change impede reproduction and forest regeneration the forest 

will regenerate itself during fluctuations or simply outlive the changes and 

reproduce itself when the climate will become more suitable for the reproduction. 

It is necessary to mention the current climate changes is auspicious for the Siberian 

stone pine mountain populations which indicate stable regeneration and increase of 

their size because of colonization of forest-tundra ecotone. 

One of the most important peculiarities of the Siberian stone pine is its powerful 

environment changing influence. The Pinus sibirica is the typical forest aedificatior 

species: it has competitor life strategy but unlike most common competitors have 

wide ecological amplitude allowing it to survive in high stress areas and it can 

greatly affect the enviromment  like any other aedificator [6], [7]. The tree storey 

formed by the Siberian stone pine change illumination of the lower storeys 

(especially in the areas where stands is dense), allowing colonization of shade-

requiring plant species, change wind, temperature, air humidity and snow regimes, 

soil composition and stabilize them making the mictoclimate of the forest more 

stable than the valley climate. Presence of strong aedificator with wide ecological 



 

amplitude makes the ecosystem more stable, because while it is present it may 

support typical microclimate and protect other species from stress. 

The ecosystems of the Siberian stone pine forests have complex structure. 

Several spatially limited variations are exist inside the forests. Their types and 

species composition are  determined by the peculiarities of habitat, density of the 

Siberian stone pine stands and the ecosystem dynamics. These variations include  

a) dead cover variation with highest density of the Pinus sibirica trees. The 

ground is almost totally covered by needle litter and very dark. Plant cover 

of the ground storey is minimal (below 5%) and mostly represented by 

vaccinium vitis-iadea and mosses; the total biodiversity of these variation 

is 32 species, but most of them are represented by scarce individuals. We 

believe it is fully developed high-density stone pine forests. 

b) Rocky variation with large number of petrophytes is forming on the rock 

outcrops. The primary dominant species here are Bergenia crassifolia, 

vaccinium vitis-idaea and several moss species. The ground storey cover 

may reach 50-60%, but biodiversity of the variation is low: only 24 

species. 

c) Siberian stone pine – moss – cowberry variation is one of the two most 

common variations which exist in high- and moderate tree density parts of 

the forest ecosystem. The shade-requiring plants are  most common here, 

but the most important ground storey species here is the Vaccinium vitis-

idaea which cover 25-75% of the ground and 12-15% of the ground is 

covered by the mosses. The biodiversity of this variation is 37 species, 5 

of the are mosses.. 

d) Siberian stone pine – cowberry – forbs variation occurs in the light or 

moderate density areas. Unlike the 3 previous variations it include scarce 

shrub storey mainly formed from Betula rotundifolia and Lonicera altaica. 

The Vaccinium vitis-ideaea still present here but only in the shadiest parts 

and its cover rarely reach 10%. The forbs (including the number of cereals 

like Calamagrostis obtusata, and Poa altaica) and sedges (mostly Carex 

macroura) cover most of the ground. The biodiversity of this variation is 

53 species. 

e) Shrub variation forms as a reaction on major disturbances which cause 

death of part of trees.  The tree storey in this variation is scarce; open places 

are covered by Betula rotundifolia shrub tickets which cover 25-50% of 

the area. The cereals (mostly Calamagrostis obtusata and Poa altaica) are 

common under the trees. The biodiversity of this variation is 50 species. 

We believe this variation is temporary, because the Betula rotundifolia is 

the light-dependent plant and quickly dies in case if shaded. With the 

growth of the regeneration it will be eliminated and the variation will turn 

to Siberian stone pine – cowberyy – forbs one. 

f) Windows of regeneration is open places of different plant composition is 

not stable and can change relatively past. They are not an adaptation per 

se and formed in places where existing stand which settled in the same 

period of the time is died because of the old age. They are important part 

of the cyclic sucession which will be described later. 



The general biodiversity of the forests is 104 species of the vascular plants [8] 

and 35 species of the mosses and lichens. This level of biodiversity is solid enough 

for the high-mountain ecosystems. 

The Siberian stone pine forests has a complex way of regeneration based on 

cyclic succession [8], though the way of regenerations is not uncommon [6].  The 

cycle starts from the closed forest stage, usually in dead-cover variation, but other 

variations also may be final. The nature of the forest life cycle assumed the 

regeneration happens in cluster of similar age trees which die roughly in the same 

time. While death of several trees usually change variation to shrub one which ends 

with replacement of the dead trees by new one, the death of the most trees of the 

cluster (with the exception of younger which was settled during restorative shrub 

variation existence) cause forming of tree-less window of regeneration which tend 

to have significant size (thousands of the square meters) , filled with fallen dead 

trees. The shade-requiring species of ground cover are quickly replacing by light-

requiring meadow species and shrubs, forming the open window of regeneration 

stage.  The forbs are most common here. The most common species are  

Calamagrostis pavlovii, C. obtusata, Carex macroura, C. semperivrens,   Festuca 

altaica, F.  ovina, Poa altaica, and the Bergenia crassifolia in the rocky places. The 

shrubs (mostly Betula rotundifolia, Salix sajanensis and Juniperus sibirica) are 

colonizing the open window turning it to the closed window stage. The area covered 

by Vaccinium vitis idea greatly reduces.  The young Pinus trees whose growth now 

is not suppressed by large trees begin their growth and quickly form the  sparse 

stand stage. It includes a number of thing young trees. With the tree growth shrub 

comonsition is changing to more forest like, Betula routnidlia  are replacing by 

Lonicera altaica, forbs composition also changes to forest like, with domination of 

Calamagrostis obtusata, Poa altaica and mostly Carex macroura. The vaccinium 

vitis-idaea proliferates again. Finally the sparse stand stage turns to Siberian stone 

pine – cowberry – forbs variation which van later develop to densier stages. The 

time which is required for the succession may be different,  because of weather  

fluctuations and climate changes. We assume that  during the colder periods the 

number of closed windows of regeneration increases and when the climate allows 

their colonization by the Pinus sibirica they are colonized almost simultaneously 

what in the larger scope cause forming of the distinctive tree generations. 

The replacement of the Siberian stone pine forests which were destroyed in the 

mid XIX century by the Siberian larch demonstrate the low resilence of these forests 

which cannot quickly recover themselves after the major impacts, but the larch 

forest surrounding Siberian stone pine massifs contain a number of areas with twin 

tree storey: the upper one consist of a a somewhat scarce high larch trees and the 

lower one of much younger Siberian stone pine trees; many other areas contain 

Pinus sibirica undergrowth. 

CONCLUSION 

The old-age forests of the Altai are the rare examples of the ecosystems which 

is almost not affected by human activities; some parts of these forest are completely 

unaffected. They  represent rare example of purely wild nature which allows to 

study ecosystem as they are, as a part of the unaffected by human nature, as a kind 



 

of reference for other ecosystem studies. These forests are very stable and stress-

proof ecosystems, though their resilence as ability to recover after major 

disturbances are limited and this fact is the major risk for these forests. 

The stability of this forests is high because they are able to endure the 

signigicant stresses, including (to some degree) climate changes: the ecosystems 

outlived both medieval warming and Little Ice age. Such impressive stability is 

mainly formed by high ecological amplitude of the Pinus sibirica, its longevity, 

ability to produce seeds until the physical death of the tree, its environment-

changing abilities and adaptivity of Siberian stone pine dominated ecosystem. 

The studies of such ecosystems are important because their surprising stability 

is probably higher than many scientists believe. It is probably many ecosystems will 

be more stable and changes of the Earth biosphere will be less significant than many 

modern mathematical models suggest. 
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ABSTRACT 

Waste electrical and electronic equipment (WEEE or e-waste) is a relatively 

new type of waste generated due to the market growth for electronic and electrical 

devices. Thus, recycling and treatment of WEEE is crucial for every country. 

Although this waste contains both toxic and valuable components, it is mostly 

delivered to landfills. That leads to negative environmental consequences. E-waste 

is constantly exported from developed to developing countries, often illegally. Due 

to the high environmental impact caused by the misuse of such waste, this research 

is relevant. 

Detailed literature review on WEEE management was conducted. E-waste 

generation in Ukraine was estimated using electronics market analysis. Besides, all 

the companies managing WEEE in Ukraine were analysed (i.e., collection, 

transportation, storage, processing, recycling, disposal). 

Waste electrical and electronic equipment management in Ukraine is still 

primitive. There is no appropriate legislation and infrastructure. There are very few 

companies managing this growing type of waste. The existing data collection is not 

efficient. This leads to great underestimating of e-waste flows. Therefore, Ukraine 

needs the adoption of relevant legislation, as well as an assistance and control over 

WEEE management. 

Keywords: waste electrical and electronic equipment, e-waste, environment, 

waste management, e-waste treatment 

INTRODUCTION 

Waste electrical and electronic equipment (WEEE or e-waste) is a relatively 

new type of waste generated due to the market growth for electronic and electrical 

devices. Last years, WEEE managing and recycling is crucial for every country. 

Although this waste contains both toxic and valuable components, it is mostly 

delivered to landfills. That leads to negative environmental consequences. 

According to [1], [2], [3], [4], [5]. WEEE commonly contain toxic substances, such 

as lead, mercury, arsenic, and other heavy metals which may leach into soil and 

groundwater. In USA landfills, 70% of heavy metals come from e-waste [6]. 



 

Besides, the plastic from e-waste contains various accessory substances (pigments, 

retardants, stabilizers, plasticizers) [7], being the source of many toxic compounds. 

Estimated world WEEE generation is about 42 million tons per year [8]. 

Although the Europe and the United States were previously responsible for most of 

this waste, China, Latin America, and other emerging economies are now 

generating even more e-waste [9].              

E-waste is constantly exported from developed to developing countries, often 

illegally. For example, in the USA, estimated 50–80 percent of the waste collected 

for recycling is being exported in this way [6]. Compliance with e-waste export ban 

remains a major challenge for the Basel Convention implementation. Particularly 

large e-waste volumes are illegally delivered to China via Hong Kong [10]. Lee et 

al. [6] provide a study of WEEE transportation and illegal global commerce of e-

waste. The authors also give an overview of new ways to monitor, regulate, and 

enforce the rules on the international shipping of hazardous e-waste materials. In 

Ukraine, there is also a problem of illegal import of used electronics and other 

equipment. 

Efficient WEEE management in Ukraine has already been under consideration 

for some time. The EU, Japan, Korea Republic, and other countries have examples 

of efficient financial tools for e-waste processing [11], [12], [13]. These include, for 

example, advanced producer responsibility ensuring the payment for WEEE 

collection and managing. Despite these facts, Ukraine still has no strategy on WEEE 

management. In 2016, a draft Law on waste electrical and electronic equipment was 

prepared, bit it has not yet been adopted. According to the sustainable development 

concept, the legislation in the field of WEEE should be improved, as well as creation 

of modern infrastructure is planned. This should ensure 20% reduction of e-waste 

volumes. 

WEEE does not decompose over a long time, but accumulates in the 

environment contaminating with toxic substances. Due to the high environmental 

impact caused by the misuse of such waste, this research is relevant. 

The purpose of this work is to study waste electrical and electronic equipment 

management in Ukraine and the analysis of entities involved. 

MATERIALS AND METHODS 

Detailed literature review on WEEE management was conducted. E-waste 

generation in Ukraine was estimated using electronics market analysis. A 

significant industrial, scientific and technical, and entrepreneurial potential is 

involved in the field of waste management in Ukraine with more than 1500 

companies operating. Ukrainian legislation does not envisage the licensing of 

WEEE management as a separate waste type. Thus, a list of entities [14] licensed 

by the Ministry of Ecology and Natural Resources of Ukraine for hazardous waste 

management was analysed. This is because many WEEE are also categorised as 

hazardous waste (e.g., fluorescent lamps, spent batteries, etc.). According to 

Ukrainian legislation [15], the license is issued for an unlimited period. All the 

companies managing WEEE (i.e., collection, transportation, storage, processing, 



recycling, disposal) in Ukraine were analysed. Also, e-waste generation rates in 

Ukraine are estimated using electronics market analysis and statistics on waste 

generation in the industrial and commercial sectors 

RESULTS AND DISCUSSIONS 

WEEE generation in Ukraine 

After the economic decline in 2014, the electronic equipment market in 

Ukraine has been showing steady growth in recent years (Fig. 1). This leads to an 

increase of WEEE volumes. 

Analysis shows plastic (30%), copper (20%) and iron (8%) as main e-waste 

components in Ukraine. The content of other precious metals is less: tin – 4%, 

nickel, aluminium, lead – 2% each, zinc – 1%, silver – 0.2%, gold – 0.1%. Since 

WEEE is very diverse and also contains valuable components, special and 

expensive technologies are required to process it. This requires new high-tech 

companies that does not exist in Ukraine at the moment. 

Today, much of WEEE is delivered to Ukraine from the EU, including some 

illegal part (14–18%). In 2017, according to the official statistic, Ukraine generated 

about 28225 tons of WEEE (Table 1). 

 

Figure 1. Sales of some home appliances in Ukraine, pcs. 

 

 

 

 

 



 

Table 1. WEEE generation in Ukraine, 2017 

WEEE Source 
Weight,  

tons 

Recycled, 

tons 

toner remnants 
waste of printed products 

manufacturing 
0.1  

wires and cables 

waste of rubber and plastic products 

manufacturing 

waste of electric equipment 

manufacturing 

695.2 42.8 

electrodes 

waste of metals manufacturing 

waste of electric equipment 

manufacturing 

2.9  

conductors 
waste of machines and equipment 

manufacturing 
0.2  

electrical insulating 

materials 

waste of machines and equipment 

manufacturing 

waste of electric equipment 

manufacturing 

208.7 13.0 

radiators 
waste of machines and equipment 

manufacturing 
1.5  

special technological 

equipment 

waste of machines and equipment 

manufacturing  

household waste 

16506.6 418.8 

electric detonators 
waste of machines and equipment 

manufacturing 
0.1  

electrical household 

appliances 

commercial waste 

household waste 

waste of machines and equipment 

manufacturing 

3637.5 1.2 

electronic 

components 

waste of machines and equipment 

manufacturing 
34.8  

office equipment 
waste of office equipment 

manufacturing 
20.3  

industrial batteries 

and their components 

waste of electric equipment 

manufacturing 

waste of car manufacturing and use 

5934.8 34400.6 

household batteries 

household waste 

waste of electric equipment 

manufacturing 

7.2  

other electric 

appliances 

waste of electric equipment 

manufacturing 
0.6  

fluorescent lamps 

household waste 

waste of television and radio 

equipment manufacturing 

588.5 429.1 

cathode-ray tubes 
waste of television and radio 

equipment manufacturing 
2.3 17.7 

scrap of household 

radio equipment 

waste of television and radio 

equipment manufacturing 

household waste 

1.1  

television and radio 

transmitting devices 

waste of television and radio 

equipment manufacturing 
0.6  



medical equipment 

waste of medical equipment 

manufacturing 

household waste 

medical waste 

292.3 73.9 

measuring devices 

waste of measuring equipment 

manufacturing 

household waste 

0.1  

transformers and 

capacitors 
household waste 208.4 3.0 

electromagnetic 

equipment 
household waste 9.4  

scientific equipment household waste 72.3  

Total 28225.5 35400.1 

Summarizing the data, one can find such composition of e-waste in Ukraine:  

 technological equipment – 60%, 

 batteries – 21%, 

 home and office appliances – 13%, 

 components of electric equipment – 4%, 

 fluorescent lamps – 2%. 

Data from the Table 1 seem to be underestimated due to the lack of WEEE 

monitoring from households. This is confirmed by an estimated 0.7 kg/year of 

WEEE per capita, which is significantly lower in comparison to other countries (for 

example, in Sweden –  17.5 kg/year [13]). Obviously, a large volume of used 

equipment remains unaccounted. Besides, many old appliances are imported to 

Ukraine illegally. The absence of separate WEEE collection system and places for 

its delivering, does not allow complete evaluating the flows of e-waste from the 

households. 

In 2017, WEEE weight recycled in Ukraine amounted to 35400 tons (Table 1). 

This exceeds the amount of waste generated. It is possible if industrial batteries 

accumulated in previous years were recycled. Excluding the batteries, the amount 

of e-waste recycled was about 1000 tons providing only 4.5% of the waste 

generated. 

Organisation of WEEE management system 

In Ukraine, among 219 companies licensed to manage hazardous waste, 128 

companies can manage some types of WEEE containing hazardous components 

(batteries, fluorescent lamps, etc.). But other WEEE are not covered. 22 companies 

have the relevant license and capacity to process WEEE, but only 4 of them are 

actively operating (one – in Odesa, three – in Kyiv region). These companies 

collect, store, treat, dispose and recycle hazardous e-waste (mercury and its 

compounds, waste lead batteries, waste and scrap of electrical and electronic 

components containing batteries. 

There are 22 regions in Ukraine where licensed companies operate (Table 2). 

Two regions (Volyn and Chernihiv regions) do not have any entity managing e-

waste. 



 

Table 2. Companies managing e-waste as part of hazardous waste 

Region 
Number of 

companies 
Region 

Number of 

companies 

Kyiv 27 Vinnytsia 4 

Donetsk 13 Ivano-Frankivsk 4 

Cherkasy 9 Zhytomyr 4 

Zaporizhzhya 8 Mykolayiv 3 

Dnipro 8 Sumy 2 

Lviv 7 Chernivtsi 2 

Luhansk 7 Ternopil 2 

Khmelnytskyi 6 Kherson 1 

Poltava 5 Zakarpattya 1 

Kharkiv 5 Rivne 1 

Kirovohrad 5 Volyn 0 

Odesa 4 Chernihiv 0 

Therefore, the largest quantity of companies licensed to manage hazardous 

waste (i.e, able to manage some types of WEEE) are located in Kyiv and Donetsk 

regions (21% and 10%, respectively). There are also regions with very few 

companies or even without (Volyn, Chernihiv, Rivne, Zakarpattya, Kherson 

regions). This fact, as well as the lack of WEEE management system lead to the 

disposal of e-waste with hazardous components at landfills. That significantly 

damages the environment, and also valuable resources are lost. 

Taking into account a big area and population, there are no enough companies 

managing e-waste Ukraine. Besides, only a small part of these companies provide 

real recycling. Moreover, a significant part of WEEE remains uncovered, while 

posing a big risk to the environmental safety of Ukraine. 

CONCLUSION  

Analysis shows plastic (30%), copper (20%) and iron (8%) as main e-waste 

components in Ukraine. The content of other precious metals is less: tin – 4%, 

nickel, aluminium, lead 2% each, zinc – 1%, silver – 0.2%, gold – 0.1%. Because 

WEEE is very diverse and also contains valuable components, special and 

expensive technologies are required to process it. This requires new high-tech 

companies that does not exist in Ukraine at the moment. In Ukraine, among 219 

companies licensed to manage hazardous waste, 128 companies can manage some 

types of WEEE containing hazardous components (batteries, fluorescent lamps, 

etc.). But other WEEE are not covered. 22 companies have the relevant license and 

capacity to process WEEE, but only 4 are actively operating. Today, much of the 

WEEE is delivered to Ukraine from the EU, including some illegal part (14-18%). 

In 2017, according to the official statistic, Ukraine generated about 28225 tons of 

WEEE. These includes (in tons): toner remnants – 0.1, wires and cables – 695.2, 

electrodes – 2.9, conductors – 0.2, electrical insulating materials – 208.7, radiators 

– 1.5, special technological equipment – 16506.6, electric detonators – 0.1, 

electrical household appliances – 3637.5, electronic components – 34.8, office 

equipment – 20.3, industrial batteries and their components – 5934.8, household 



batteries – 7.2, other electric appliances – 0.6, fluorescent lamps and other mercury-

containing waste – 588.5, cathode-ray tubes – 2.3, scrap of household radio 

equipment – 1.1, television and radio transmitting devices – 0.6, medical equipment 

– 292.3, measuring devices – 0.1, transformers and capacitors – 208.4, 

electromagnetic equipment – 9.4, scientific equipment – 72.3. Obviously, many e-

waste is not included in this list (many WEEE from household waste) due to the 

lack of data. 

Waste electrical and electronic equipment management in Ukraine is still 

primitive. There is no appropriate legislation and infrastructure. According to 

official data, about 28000 tons of e-waste are generated yearly in Ukraine. However, 

this amount does not count household waste, since appropriate statistics are not 

being provided. Estimation of e-waste flows as a separate category is not carried 

out. There are very few companies managing this growing type of waste. They are 

not able to manage efficiently the waste amount that is already accumulated and 

will grow. The existing data collection is not efficient. This leads to great 

underestimating of e-waste flows. Two Ukrainian regions do not have any entity 

managing e-waste. Therefore, Ukraine needs to adopt appropriate legislation, create 

special places for WEEE collection, conduce and control e-waste management 

operations, establish efficient monitoring system of WEEE flows. Besides, the 

necessary task includes public informing about the hazard caused by the misuse of 

e-waste, as well as preventing disposal such waste in the environment. 
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ABSTRACT 

Storms the most significant factors affecting Scots pine forests in Europe. 

Predicted changes in wind climate will increase the damages even further. 

Therefore it is important to analyze the possibilities to predict the wind damages in 

Scots pine stands.  

Impact of storm on Scots pine with mean height of 8 to 22 m, was analyzed. 

Available data on wind speeds from meteorological stations were interpolated to 

obtain wind speeds and directions in 1x1 km grid. Wind speeds in gusts reached 25-

30 ms-1. Information about destroyed (less than 10% of canopy cover remaining) 

stands was obtained from the digitalized forest inventory maps. ForestGALES 

program was used to model (predict) the potential damages. 

From the assessed 219 stands 85 (i.e. 39%) were damaged by the storm to an 

extent, that sanitary clearcut was needed. Accuracy of prediction of Scots pine stand 

damages ranged from 50 to 74%; the average accuracy was 69%. There were no 

trend related to the mean height of the trees, neither were there a significant 

differences between the height classes. Lower accuracy was observed in stands on 

peat soils in comparison to those on mineral soils. It can be concluded, that for the 

analyzed range of mean height of the stands the model has a good prediction 

accuracy and can be used to assess the potential damages. However, larger trees 

also need to be included in the analysis, the model is to be applied also in mature 

stand on good quality soils.  

Keywords: natural disturbances, storm damages, resistance, windfirm trees  

INTRODUCTION 

Scots pine (Pinus sylvestris L.) is suitable for poor, sandy soil, demonstrating 

slightly lower growth and notably lower biomass than lodgepole pine in such 

conditions [1], but heaving better branch characteristics, thus being more valuable 

for timber production. To maximize the timber production, reduction of any 

damages are important. Protection against browsing damages in young stands is 

carried out to ensure survival, however, such damages at pole-stage stands can 

initiate fungal infections and deterioration of timber value [2], sometimes linked 

also to increasing risk of wind damages in future. Cork bark of Scots pine to some 

extent protect against browsing as well as forest fires. However, with increasing 

droughts during the summer also occurrence of forest fires are increasing [3] and 



 

this trend is predicted to continue. The size of the forest are primarily related to the 

efficiency of fire protection system [3] and planning at the forest massive 

(landscape) scale. Such larger-scale planning is important also to reduce damages 

by other factors. For example, reduced probability of damages by dendrophagous 

insects had been linked to the stand diversity at the proximity of the target-stand 

[4]. Also wind damages can be reduced while applying the careful planning of the 

forest management activities at the landscape scale. Creation of gaps with no trees 

or due to admixture of wind-prone tree species (for example, admixture of Norway 

spruce in upper layer of Scots pine stand) increases the probability of wind storm 

damages [5]. Information on the dynamic of landscape cover is essential also for 

assessment of the carbon sequestration and greenhouse gas emissions as well as for 

evaluation of potential amount of obtainable biomass [6] that can be substantially 

reduced by wind damages. Resistance to impact of wind is significantly affected by 

trees species; Scots pine and silver birch are among the most stable ones [5], [7]. It 

is also affected by tree height. Thus the measures intended to boost the productivity 

of the stands, like tree breeding [8], [9], harnessing the natural, mainly within-stand, 

genetic diversity [10], or soil preparation and cleaning, increasing the nutrient 

availability and reducing competition [11] needs to be analysed in relation to wind 

damage risk. Typically faster growth can lead to shorter rotation cycle, ensuring, 

that the risk is reduced and there is a benefit also from such relative expensive 

measure as forest fertilization [12]. 

Prediction of effects of Global climate changes on tree growth and risks of 

stand damages are important. Young stands can be evaluated rather simply, for 

example, assessing the influence of lammas growth to ensure larger height 

increment [13] or impact of prolonged drought periods in summer to reduce height 

growth and boost root length of pine saplings in peat soil [14]. Also provenance 

effects on the differences in reaction to meteorological conditions can be found [15], 

serving as basis for further selection of more suitable genotypes for regeneration. 

However, it is harder to evaluate the impact of storm damages, typically affecting 

trees higher than 10 m [7]. For this reason models have been developed and used. 

Knowing, that wind damage probability is affected by numerous factors [5], it is 

important to evaluate the accuracy of them before recommending wider application 

in particular conditions (region). Aim of our study was to analyse the possibilities 

to predict the wind damages in Scots pine stands.  

MATERIAL AND METHODS 

Area affected by the storm was located in hemiboreal forests (57°N, 22°E) of 

Latvia (Fig. 1). Mild climate with annual sum of precipitation 700-800 mm and 

mean air temperature in the warmest and coldest month (July and January, 

respectively) 18°C and -6°C, respectively is characteristic for the area based on data 

of Latvian Environment, Geology and Meteorology Centre. Region is located in 

central part of Scots pine distribution range – this tree species has good growth and 

no strong limiting factors in Baltic States and northern Poland.  

Impact of storm on Scots pine with mean height of 8 to 22 m, was analyzed. 

Available data on wind speeds from meteorological stations were interpolated to 

obtain wind speeds and directions in 1x1 km grid. Wind speeds in gusts reached 25-



30 ms-1. Information about destroyed (less than 10% of canopy cover remaining – 

see Fig. 2) stands was obtained from the digitalized forest inventory maps. The 

information on the maps where further verified, using CORONA satellite images, 

to make sure, that mistakes in the post-storm forest inventory are not affecting the 

results. ForestGALES model, developed by B. Gardiner, was used to assess the 

potential damages. The actual results where than compared to the predicted and 

accuracy calculated.  

 

Figure 1. Location of study area and approximate borders of hemiboreal 

vegetation zone (HB) in accordance to FAO, 2007 

 

Figure 2. CORONA satellite maps of part of the study area before and after the 

storm  

RESULTS AND DISCUSSION 

Scots pine is a wind resistant trees, as previous studies had demonstrated bot in 

Latvia [5] and elsewhere [7]. It is in line with the assessment in the study area, 



 

where overall 39% of the stands were damaged. Proportion of damaged stands was 

gradually increasing with mean height with the stand: from 34% in stands with 

height 8-10 m to 41% in stand with mean height 17-19 m to 46% in stands at the 

mean height 20-22 m. It in accordance to the results of previous studies [7] where 

increasing tree height leads to increasing weight and higher centre of the mass, 

affecting the wind stability of trees. However, there was a notable variation and 

height was by far not the only factor affecting the proportion of damages. 

Presumably, the variation was linked to the position of the stand [5], for example, 

location closer to the edge of forest massive or bordering with e.g. Norway spruce 

stands, less durable and thus affected during the first part of storm. Also the soil 

conditions, stand density [5], material or regeneration method, influencing the root 

system might have played a role [9], [11], [14], [15] as well as differences in 

portioning of the biomass [1]. Part of the differences in results might be linked to 

the accuracy of forest inventory data – stand parameters before the storm, which 

were not possible to check. Also the wind speed, extrapolated between the existing 

weather stations, might have had a local variation, not captured in the analysis. 

However, overall the trend was in accordance to the expected.  

Accuracy of prediction of Scots pine stand damages ranged from 50 to 74% 

(Fig. 3). The accuracy was slightly lower in stands shorter trees (60%) than in stands 

with taller ones (66%); however, there were no trend related to the mean height of 

the trees, neither were there a significant differences between the height classes. 

Mean accuracy was 69%, that was good. Lower accuracy was observed in stands 

on peat soils in comparison to those on mineral soils.  

 

 

Figure 3. Accuracy of the prediction of damages on Scots pine stands  

Increasing browsing pressure and regeneration costs [11] is affecting the share 

of Scots pine in the total forest area. The trend of reduction of the share of this 

windfirm species has not been broken even while regenerating the salvage-logged 
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areas from the precious large storm of 2005.  Thus forest owners first assess the 

immediate costs and risks rather than long-term ones. Therefore use of models to 

demonstrate the large-scale influence of storms [7], also in economic terms, are 

important. The shortfall of current study is rather limited range of tree heights that 

could be analysed. In the best-growing Scots pine stands (site index/bonitate Ia, I) 

the upper limit of the analysed height range is reached at the age of 40-50 years. 

From this point there is still additional 50 years (minimum cutting age 101 year) or 

slightly less (if harvesting by target diameter) till the final harvest. At harvest age 

height of Scots pine exceeding 30 m on soils best suitable for this tree species can 

be expected. Thus, further studies shall address the accuracy of the model in stands 

with larger mean height needs to be carried out.  

CONCLUSION 

Share of Scots pine is gradually decreasing in Baltic States due to rise of 

browsing damages. However, it is still an economically very important tree species 

with high resistance against fluctuations in meteorological factors, including those 

related to climate change. Storms are by far the major natural disturbance and pine 

is among the more windfirm tree species including wind damages. It is important 

to demonstrate the actual potential to reduce economic impact of this natural 

disturbance, while using Scots pine in forest regeneration. In order to do that, impact 

of storm has to be modeled at a landscape scale over time. Models for this purpose 

had been developed. In the area, affected by cyclonic storm, where 39% of the pine 

stands were destroyed (damaged to an extent, where less than 10% of canopy cover 

of upper layer trees was remaining) accuracy of prediction of damages ranged from 

50 to 74%; the average accuracy was 69%. Thus, the model has a good prediction 

accuracy and can be used to assess the potential damages. There were no trend 

related to the mean height of the trees, neither were there a significant differences 

between the height classes. However, larger set of stand, including the ones with 

range of tree heights above 24 m (i.e. mean height of 34% of current Scots pine 

stands) needs to be assessed in further studies.  
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ABSTRACT 

This study proposes and tests the approach to zoning of the urban area on the 

level of risk of the possible health disorders among population exposed to 

anthropogenic ambient noise. The method is based on the coupling of instrumental 

and calculated data about the level of acoustic exposure. The zoning was made in 

account of the identification of the negative effects’ sources, acoustic calculations 

and the results of instrumental measurements. The coupling of the calculated and 

field data with establishing the coefficients of correspondence between the 

calculated and actual average daily noise levels at each point of the field 

measurements was implemented.  

The procedure of accuracy triangulation with the following procedure of 

points’ interpolation lying inside the triangle, and the extrapolation procedure for 

the points, lying outside the triangle, was performed. Taking into account the 

obtained widely-distributed accuracies, the noise levels on grid points on the map 

of the study area were calculated. 

A map of the spatial distribution of verified noise levels was generated. Zoning 

of the selected area due to the risk of possible health disorders with the use of a 

certain scale of the risk was conducted. It was established that the proposed method 

of spatial quantification of noise level increases the accuracy of the acoustic 

exposure assessment, as evidenced by the change in of accuracy from 0.88 - 1.35 

(before coupling) to 0.96 - 1.17 (after coupling), t. e. significantly increased the 

convergence of the field and calculated and instrumental data obtained as a result 

the coupling.  

The territory was divided into 4 zones in consideration of the level of exposure 

and generated health risk. For each of the selected areas the program of 

organizational, technological and sanitary measures was proposed. 

Keywords: acoustic calculations, instrumental noise measurements, 

conjugation, interpolation, extrapolation, exposure, public health risk, territory 

zoning.  

 



 

INTRODUCTION  

Modern approaches to assessing and analyzing the acoustic situation in large 

cities and settlements are extremely diverse, starting from the complex acoustic 

mapping and finishing by the local instrumental evaluation of the noise levels for 

specific tasks (investigation, research, examination). Noise exposure establishment 

is a phasing stage during analysis and interpretation of the results of acoustic 

assessments in the form of risks of risk of the possible health disorders among the 

population affected by technogenic noise. 

The structure and methodology for assessing the risk of public health disorders 

is outlined in a number of normative documents [1], [2], that assume the computing 

and instrumental assessment of the levels being formed on the health status of the 

exposed population. Nevertheless, different types of assessment have their 

advantages and disadvantages, which characterize certain research methods. 

Calculated acoustic evaluation allows performing large-scale acoustic 

calculations with minimal expenditure of forces and means. However, the accuracy 

of the results may not correspond to the actual noise parameters because of 

insufficient completeness and reliability of the initial data on sources of noise 

interference, non-observance of all noise propagation conditions on the ground and 

other factors [3], [4], [5]. The instrumental method is the most accurate according 

to quality of the acoustic evaluation. This method is based on the results of 

instrumental measurements that take into account the entire existing picture of noise 

pollution. However, this method is expensive and does not allow performing a 

spatially distributed acoustic evaluation, all other things being equal, in comparison 

with the estimated evaluation. 

Therefore, during a long time there is a problem of obtaining reliable spatially-

distributed results of acoustic exposure for the tasks of correct acoustic evaluation 

and acoustic zoning of territories [6]. 

Within this study, we have proposed one of the most optimal options for 

obtaining real information on the acoustic effect of anthropogenic origin, followed 

by zoning of the study area, including for assessing the emerging risks of disrupting 

the health of the exposed population. 

THE AIM OF STUDY 

The study object became the central part of the territory of a large urban 

settlement with a population of more than 1 million people. The study area is 

characterized by the presence of heavy traffic network, railways, regular flights of 

aircraft and the availability of industrial production in close proximity to residential 

buildings. So the residents of such areas, living in the zone of acoustic discomfort 

around the sources of external anthropogenic noise, are exposed to the noise levels 

that exceed the permissible hygienic standards. 

In particular, we have investigated the central part of the urban settlement with 

a total area of about 10 square kilometers, which includes more than 100 thousand 

people among whom there are more than 15 thousand people of the child 

population. 



METHODS OF THE STUDY 

The initial stage of the study comprised identification and collection of source 

information on technogenic environmental noise origins. The main origins are 

stationary and mobile noise sources. The architectural and planning peculiarities of 

the territory were also taken into account as shielding objects (capital construction 

objects, green plantations, natural barriers, etc.), transport parameters (actual traffic 

load on roads, width of the roadway, traffic flow speed, the longitudinal slope of 

the roadway and etc.) [6]. 

Further the relevant information on noise parameters was collected, which 

contained the following data: the name of the noise source, the noise source number, 

type, height of placement, location coordinates (x and y), width (for an area source), 

equivalent and maximum noise, as well as levels in octave frequency bands. 

Locations of identified sources of environmental anthropogenic noise were 

charted on the electronic map of the settlement and acoustic calculations were 

executed with consideration of the spatial characteristics of the location of the noise 

sources using a database of noise sources, standard mathematical models and 

software implementing current regulatory documents on noise propagation on the 

ground [5], [7], [8]. 

Together with performing of acoustic calculations, instrumental measurements 

of the levels of technogenic noise in the external environment were made in the 

selected area at 130 nodal points, where the calculated average daily levels were 

established. Apart this, the results of measurements of noise level performed within 

the framework of socio-hygienic monitoring (20 points) were taken into account. 

Instrumental measurements of noise levels in more than 150 control points were 

carried out during the period of 2012-2015 years with fixation of the date, the time 

of noise measurement, and the characteristic of meteorological conditions at the 

time of measurement. 

At each set point, four full-time one-off measurements of the level of 

technogenic noise per day for 20 days with coverage of all seasons of the year were 

conducted. They, firstly, took into account the changes in the noise load during the 

day, changes in noise characteristics for the seasons of the year, leveling of the error 

on-site measurements on certain days due to the number of measurements (20 days 

per year, i.e. 5 days per season). Secondly, they allowed calculating the actual 

average daily noise level from sources of the external environment. As a result, an 

information base was formed with spatially differentiated characteristics of the level 

of technogenic noise at each node, including in regular grid cells. 

For the first time, for the zoning of the territory, it was proposed to perform the 

calculation of the correspondence coefficient (K) between the calculated and actual 

average daily noise levels at the points of instrumental measurements, in accordance 

with the technogenic noise of the external environment, which allowed to determine 

the level of differences in the actual and calculated data (1): 
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where 

i – point number of field measurements;  

y

iC   – estimated average daily noise levels at the i-th measuring point;  

p

iC   – the actual average daily noise level at the i-th measuring point. 

Next, the procedure of triangulation was carried out, which consisted on the 

allocation of a set of triangular objects on the plane by joining all points of field 

measurements with disjoint segments, so that new segments could no longer be 

added without intersecting with existing ones, forming a system of triangles with 

vertices at points of full-scale measurements. For each triangle, the equation of the 

plane with the establishment of the coefficients of the equation was solved, 

depending on the coordinates x and y of the vertices of the triangle - the points of 

actual measurements, and the values of the coefficients of the correspondence K (x; 

y) in them by the formula (2): 

  yaxaayxK 210,  ,    (2) 

where   0a , 
1a , 

2a ,   – constant coefficients. 

Then, each node of the computational grid with the coordinates (xi; yi) was 

assigned to any triangle of the formed system of triangles, or it was established that 

it lies inside or outside the indicated system of triangles. This was necessary in order 

to determine which method (interpolation or extrapolation) needed to be used to 

calculate the coefficient of correspondence for a particular point with coordinates 

(xi; yi). 

For points with coordinates (xi; yi) lying inside the system of triangles, the 

interpolation procedure was performed by the formula (3): 

 
  3,1,, 210  iyaxaayxKk iiiii ,   (3) 

where 

ik  – coefficient of correspondence for all points within a certain triangle; 

0a ,
1a ,

2a  – constant coefficients established in the previous stage. 

For points with coordinates (xi; yi) lying outside the system of triangles, an 

extrapolation procedure was performed, for which the value of the coefficient of 

correspondence at the node was taken to be equal to the correspondence coefficient 

at the nearest point lying on the outer boundary of the system of triangles. 

As a result of these interpolation and extrapolation procedures, a spatial 

distribution of the coefficients of correspondence was obtained at all nodal points 

on the map of the selected territory, i.e. allowed to obtain an estimate of the scalar 

field characterizing the spatial distribution of the correspondence coefficient in the 

selected territory. 



Taking into account the spatial coefficients of correspondence that were 

spatially distributed on the map, the calculated levels of technogenic noise at the 

nodal points on the map of the selected territory were calculated by the formula (4): 

     ii
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where 

 ii

r yxC ,  – adjusted noise levels at the node (х, у);  

 ii yxK ,  – coefficient of correspondence at the node (х, у);  

 ii

y yxC ,  – total levels of calculated technogenic noise from all sources of 

noise at the node (хi, уi). 

Next, a map of the spatial distribution of refined levels of technogenic noise in 

the external environment was constructed in the selected territory. 

The zoning of the selected territory for the risk of possible disruption of the 

health of the population under the influence of the received refined level of 

environmental anthropogenic noise was carried out using a risk scale based on the 

threshold values of noise levels causing a public health impairment with regard to 

the nervous system, cardiovascular system and hearing, critical systems of the body 

with respect to noise exposure:  

– at a noise level of less than 43 dB - there is no risk of health impairment;  

– at a noise level of 43 to 50 dB - the risk of a disturbance of the nervous 

system; 

– at a noise level of 50 - 58.5 dB - the risk of disorders of the nervous and 

cardiovascular systems; 

– at a noise level of more than 58.5 dB - the risk of disorders of the nervous, 

cardiovascular and hearing systems. 

These threshold values were obtained using a set of scientifically based 

mathematical and statistical methods of research and analysis of international 

scientific literature with the results of scientific research. As sources of information, 

international works in the field of epidemiological studies on establishing links of 

acoustic effects on human health were used [9], [10], [11].  

At the next stage, each node on the map, in accordance with the verified level 

of technogenic noise in it, was assigned to a certain gradation of the risk of health 

disorders on the above scale. At the final stage of the study, a set of points assigned 

to the same gradation was merged, isolines, thus obtaining a map of the selected 

territory with four zones of risk of possible disruption of public health under the 

influence of technogenic noise of the external environment. 

As an indirect proof of the correctness of the results of noise exposure in 

different zones, the incidence of the population was studied because of the analysis 

of a continuous sample of data on the treatment of the child population for medical 



 

care. The children's population is selected as a representative group, as children are 

the most sensitive to the quality of their habitat, do not have bad habits, and the 

factor of influence of hazardous working conditions is excluded. The analysis was 

subject to depersonified data of the mandatory medical insurance fund with targeted 

binding of insurance policies, which allowed each child to be clearly identified and, 

accordingly, each case of the disease according to the researched answers to this or 

that zone of acoustic impact. 

RESULTS OF THE STUDY 

In the framework of approbation of the proposed method of zoning using the 

example of a large urban settlement, the following results were obtained. 

At the initial stage of the acoustic assessment, the map of the investigated area 

was covered with a regular grid with a step of 100 x 100 m (Fig. 1). The size of the 

calculated rectangle (regular grid) was 5 km by 2 km and consisted of 1505 nodal 

points and 150 points of instrumental measurements. 

On the territory of the assessment, all sources of noise impact were identified, 

namely, the central part of the urban settlement was characterized by the presence 

of an intensive transport load in almost all kinds of transport: road transport (more 

than 300,000 transport units were included in the assessment), railways capacity of 

20-30 trains per day), air transport (civil aircraft of the airport of the urban 

settlement and state aircraft of the troops hand side - spans 20 a day). As a source 

of traffic noise, more than 1,200 linear sections of the road network, transit and 

local branches of the railway mains, routes of approach of aircraft in the airport 

location area were taken into account. 

Calculation of the coefficients of correspondence of the measured (actual) 

noise level to the calculated level at 150 points of instrumental measurements 

showed that the variation of the conformity coefficients lies in the range 0.88 - 1.35. 

In the next stage, based on the results of the triangulation, a polygon consisting 

of 260 triangles with vertices at the points of instrumental measurements was 

obtained (Fig. 1). 

Figure 1 – The result of triangulation in the study area 

Nodal points 



Based on the results of applying this method, the regular grid was divided into 

points lying inside the polygon and outside it. With the use of the obtained 

coefficients of correspondence, the calculated noise levels at each node of the 

computed grid in the study area were calculated. Their range was 42.5 - 79.6 dB. 

The results obtained represent the noise levels at the points of a regular grid 

covering the whole of the investigated territory systemically. 

Fig. 2 shows a three-dimensional map-scheme of the spatial distribution of the 

calculated noise levels in the study area before the approximation procedure is 

carried out. 

Figure 2 – Three-dimensional map-scheme of results of acoustic calculations to 

approximation 

Fig. 3 shows a three-dimensional map-scheme of the spatial distribution of 

calculated noise levels in the study area after approximation (interpolation and 

extrapolation). 

Figure 3 – Three-dimensional map-scheme of results of acoustic calculations after 

approximation 

After carrying out the procedure of approximation, as shown in Fig. 3, the 

pattern of propagation of noise influence has changed, while at the points of 

instrumental measurements the coefficients of correspondence are 1, and in a 

number of points of full-scale studies (20 verification points) that were selected in 



 

the study area to confirm the reliability of the received the convergence of 

calculated and full-scale data increased to 72-96% with the previously noted 7-53% 

(Fig. 2, 3). 

Fig. 4 shows the levels of noise exposure at the nodes of the grid and in 150 

control points of field studies (chosen to confirm the accuracy and reliability of the 

proposed approach) before and after the procedure of approximation, respectively. 

a)     b) 

Figure 4 – Distribution of noise exposure levels to approximation (a) and after 

approximation (b) 

A confirmation that the proposed method of spatial quantification of noise 

levels is accurate and reliable is the fact that after the entire step-by-step procedure 

of approximation, the results of full-scale and approximated data at 20 verifying 

points became close in value, and the coefficients of correspondence from 0.88 to 

1, 35 (before approximation) reached the values of 0.96 – 1.17 (after 

approximation), i.e. The convergence of the actual and the data obtained as a result 

of the approximation has grown. Consequently, verifying measurements at 20 

points confirmed the correctness of the estimation of noise levels at the grid points. 

The results of zoning of the study area, taking into account the refined results 

of noise impact and using the proposed risk scale [2] for possible disruption of 

public health under the influence of technogenic noise of the external environment, 

are shown in Fig. 5. 

According to the results of combining the set of points, four main zones of 

acoustic impact on the urban population were identified (Fig. 5): 

– zone 1, in which the risk of health damage from the impact of technogenic 

noise is absent, covers an area of 4,370,000 m2 of the study area; 

– zone 2, in which the risk of occurrence of disorders of the nervous system in 

the population is possible, covers an area of 3,200,000 m2 of the study area; 

– zone 3, in which the risk of occurrence of disorders of the nervous and 

cardiovascular systems in the population is possible, occupies an area of 3,880,000 

m2 of the study area; 



– zone 4, in which the risk of occurrence in the population of disorders of the 

nervous, cardiovascular and hearing systems, occupies an area of 2,860,000 m2 of 

the study area. 

Figure 5 – The results of zoning of the study area on the risk of possible 

disruption of the health of the population under the influence of technogenic noise 

of the environment 

The results of the assessment of the incidence of childhood diseases of the 

nervous system, cardiovascular system and hearing organs are presented in the 

table. As a result of the comparison of prevalence rates for the investigated disease 

classes, in most cases, data were obtained on the presence of statistically significant 

differences (p <0.05) for the prevalence of diseases of the nervous system, 

cardiovascular system and hearing organs in children from zones with different 

levels of noise exposure and "kind" of the formed risk to health of the population 

(tab.). 

Table – The prevalence of the incidence of the nervous system, cardiovascular 

system and hearing organs in children by risk zones (according to the request for 

medical care) 

The risk zone 

determined by 

the proposed 

method 

The presence of morbidity in children, in% of the total number of 

people living in the study area 

Children without pathology of the 

nervous system, cardiovascular 

system, hearing organs 

Of the 

nervous 

system 

Of 

cardiovascular 

system 

Of hearing 

organs 

Zone 1 99,54 0,38 0,02 0,06 

Zone 2 98,93 0,92 0,02 0,13 

Zone 3 98,89 0,93 0,04 0,14 

Zone 4 98,62 1,13 0,06 0,19 

Thus, the proposed method of acoustic assessment with subsequent zoning of 

the territory based on hygienic criteria or risk to the health of the population [12] 

can be used for a comprehensive acoustic assessment of large settlements, noise 

mapping of the territory, justification of sanitary measures, and other tasks in order 

to ensure the correctness of the results and economic feasibility of evaluation. 



 

According to the results of the study, a program of organizational, 

technological and sanitary-epidemiological measures is proposed for each zone in 

full accordance with their characteristics, namely: 

– zone 1: in this area no additional noise reduction measures are required, the 

noise level is subject to periodic monitoring; 

– zone 2: noise-protective measures of an organizational nature that form the 

systemic nature of the acoustic impact (the mode of operation of infrastructure 

facilities, the organization of uniform motion, etc.). The control of the effectiveness 

of the proposed activities is proposed to be carried out under the full program 4 

times a day (morning, afternoon, evening and night), 20 days a year, covering all 

seasons of the year; 

– zone 3: specialized noise protection measures, isolating the population from 

sources of technogenic noise (acoustic screens, barriers, etc.). The control of the 

effectiveness of the proposed activities is proposed to be carried out under the full 

program 4 times a day (morning, afternoon, evening and night), 20 days a year, 

covering all seasons of the year; 

– zone 4: a complex of noise protection measures, both local and complex, with 

maximum isolation of the exposed population from sources of anthropogenic noise 

and the area of their impact (acoustic screens, landscaping, noise-proof glazing). 

The control of the effectiveness of the proposed activities is proposed to be carried 

out under the full program 4 times a day (morning, afternoon, evening and night), 

20 days a year, covering all seasons of the year. 

 

CONCLUSION 

Thus, the proposed approach to verification of acoustic impact on the territory 

of a large urban settlement allows:  

- taking into account the joint (additive) effect of several sources of technogenic 

noise on public health, since the total noise at each node of the map of the selected 

territory is determined; 

- minimizing the uncertainties of each method (only the method of full-scale 

measurements or only the calculation method) separately and obtain the most 

accurate and reliable results of exposure levels provided that the data are correctly 

approximated when the proposed and tested method is implemented; 

- zoning of the territory according to the level of possible risk to public health 

in the environment impact of anthropogenic noise of the external environment of 

varying intensity; 

- using the results obtained to identify problems and develop technological, 

architectural and planning and other measures to minimize the levels of technogenic 

impact of the noise factor on public health and to plan medico-prophylactic 

measures in order to minimize the negative effects on the part of the health of the 

population. 
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ABSTRACT 

Contamination with biologically significant long-lived 137Cs and 90Sr 

radionuclides is observed in the entire territory of the Russian Federation. The 

sources of radioactive contamination of the dry land territory were surface, 

underground and atmospheric tests of nuclear weapons, underground peaceful 

nuclear explosions, regular and accidental releases from nuclear industry objects 

and nuclear power plants, accidents with military equipment. The spatial picture of 

the contamination was formed under the influence of processes of global, long-

range, intermediate and local atmospheric transfer of radionuclides from the sources 

of contamination. A further evolution of contamination occurred as a result of 

radioactive decay and, to a lesser extent, processes of soil and atmospheric 

migration of radionuclides. A chronological analysis of published data allowed us 

to distinguish main stages of contamination from 1949 to the present time. 

Keywords: contamination, radionuclides, Russia, land, periods 

INTRODUCTION 

The entire territory of the Russian Federation was subjected to contamination 

by artificial long-lived radionuclides to one degree or another at various times. A 

large number of scientific publications are devoted to the study of radioactive 

contamination all over the world, including that in Russia. 

Spatial and temporal characteristics of contamination, as well as their isotopic 

composition, are determined by the sources and character of radioactive releases, 

meteorological conditions of atmospheric transport and deposition on the earth's 

surface, the processes of soil, wind, aquatic and biological migration, and by 

radioactive decay processes. Atmospheric fallout of radionuclides may be local, 

remote (in the process of tropospheric transport from a source of contamination), 

and global, formed by deposition of fine radioactive particles from the stratosphere. 

The goal of this paper is to analyze and establish chronological categorization 

of the dry land contamination in Russia with biologically significant long-lived 

radionuclides 137Cs and 90Sr based on the previously published scientific data. 

 

 



 

PROCESSES AND CATEGORIZATION 

I. 1949-1953. First Nuclear Tests. Low-Yield Explosions 

On August 29, 1949, having conducted the first nuclear explosion with an 

energy release of about 20 kilotons in TNT equivalent at a test site located 170 km 

from the city of Semipalatinsk, the USSR began nuclear weapons tests. The first 

nuclear explosions were low-yield and led to local and remote radioactive fallout 

patterns. A spatial distribution of individual radioactive contamination patterns 

depended on the parameters of an explosion (yield and height of the explosion), as 

well as on meteorological conditions in the area of the passage of the radioactive 

cloud. During this period, nuclear tests were conducted at the Semipalatinsk test 

site in the former Soviet Republic of Kazakhstan. These tests led to serious 

radioactive contamination of both the test site itself and the adjacent territories. To 

be more specific, in Russia were affected the Altai region (explosions of August 29, 

1949, August 7, 1962, January 15, 1965). The Republic of Tuva, the Krasnoyarsk 

Region, the Omsk, Tomsk, Novosibirsk, Kemerovo and Irkutsk regions were 

polluted to a lesser extent. 

In 1991 during an airborne gamma-spectral survey only isolated spots of 

increased 137Cs contamination of soil (from 0.1 to 0.3 Ci/km2) were detected in the 

south-west of the Altai Region. These fallouts may be associated with nuclear 

testing 29.08. 1949 or with 137Cs global fallout. In this case, it is almost impossible 

to separate 137Cs from a specific explosion and 137Cs due to global fallout [1]. 

The start of nuclear weapon testing was preceded by the launch of nuclear 

industry enterprises. Their activities are accompanied by routine release of 

radionuclides into the atmosphere, which also create contamination of the 

underlying surface. 

During this period, radioactive contamination affected the soils in the 

floodplains of Techa and Iset rivers as a result of the discharge of liquid radioactive 

waste from   “Mayak” plant reactors into the open hydrographic network. For the 

period from 1949 to 1956 76 million m3 of liquid radioactive waste with a total 

activity of 2.75 million Ci was discharged. Currently, the main dose-forming 

radionuclides are 137Cs and 90Sr. Soil contamination in the floodplain of the rivers 

was formed as a result of regular (lower tier of the floodplain) or occasional (upper 

tier of the floodplain) flooding. 90Sr is highly soluble in water and migrates 

downstream, resulting in 90Sr contamination found throughout the floodplain of the 

Techa and Iset rivers. 137Cs is less mobile, hence high levels of 137Cs are 

concentrated mainly in the floodplain of the Techa River. In the head water of the 

river Techa contamination levels of 90Sr could reach more than 100 Ci/km2, and 
137Cs - 500 Ci/km2. Downstream, anomalously high contamination values (up to 

200-300 Ci/km2 for 137Cs and up to 150 Ci/km2 for 90Sr) were related to swampy 

floodplain areas. In the Iset river floodplain, the largest pollution was observed on 

the 15-kilometer distance below the Techa estuary and was 4–16 Ci/km2 for 90Sr 

and 1–2 Ci/km2 for 137Cs [2]. 

 



II. 1953-1963. Atmospheric Thermonuclear Weapon Tests. High-Yield 

Explosions. Global Atmospheric Fallouts 

The global and intense radioactive contamination of the Earth began with the 

launching of atmospheric testing of high-yield thermonuclear weapons. In 1951, 

tests of thermonuclear weapons began in the United States, and on August 12, 1953 

a thermonuclear device with an energy release of 400 kt was detonated at the Soviet 

Semipalatinsk test site. Global fallout was formed from highly dispersed particles 

(size of particle was a one or a fraction of micron) [3], released into the stratosphere 

during explosions. A distinguishing feature of global fallout is the long-term (up to 

several years) presence of products from different nuclear explosions in the 

stratosphere. The main isotopes of global fallout are long-lived 90Sr, 137Cs and to a 

lesser extent 3H. The maximum intensity of global fallout was observed at the 

beginning of the 1960s. According to the UN Scientific Committee since the start 

of nuclear testing until 1963, 19.3 MCi 90Sr and 33 MCi 137Cs were released into 

the atmosphere [4].  

The main studies of the global contamination by 90Sr and 137Cs were carried 

out in the middle 60s - early 70s. Detailed information on the distribution of global 
137Cs obtained using airborne gamma-spectral surveys is available for the territory 

of the former USSR. The average deposition density of 137Cs in soils on the USSR 

territory was 92 mCi/km2 (ranging from 15 to 200 mCi/km2) in 1974 [5]. The spatial 

distribution of the 137Cs deposition in soils was distinctly related to the annual 

precipitation level. Contamination levels increased when approaching mountainous 

areas, which may also be associated with an increase in the average annual rainfall 

here. Global fallout had a clear latitudinal zonality. Maximum levels of 

contamination were located at the latitudes of 50 - 60º. To the south and north 

contamination levels declined.  

The 90Sr and 137Cs contamination of global origin became widespread all over 

the Earth. It caused great concern and led to the signing of the Moscow Treaty 

Banning Nuclear Weapon Tests in the Atmosphere, in Outer Space and Under 

Water in 1963 [3]. Since then only France and China continued nuclear tests in the 

atmosphere until 1974 and 1980 respectively.  

In this period of time, tests of nuclear weapons continued at the Semipalatinsk 

test site. On September 21, 1955, tests at the Novaya Zemlya test site began. Tests 

in the atmosphere of the most high-yield thermonuclear bombs had been carried out 

at this site until the end of 1962. Remote radioactive traces resulting from a series 

of tests in 1961 were discovered on a vast territory of Russia to the east and west of 

the Urals [3]. Due to the specifics of high-yield air explosions, the intensity of 

tropospheric 137Cs and 90Sr fallout on the soil was low, but this series of explosions 

led to a marked increase in global fallout. The only ground-based test of a nuclear 

weapon carried out at the Novaya Zemlya test site on September 7, 1957, in addition 

to contaminating a part of the territory of the test site itself, led to atmospheric 

deposition in the adjacent part of the continental territory of Russia. 

On September 14, 1954, in the course maneuvers, an atomic bomb with a yield 

of 40 kilotons was exploded at the Totsk military training area in the Orenburg 

region at the altitude of 350 meters above the ground. According to the data 



 

obtained in 1996-1999 the presence of 152Eu and 60Co isotopes was revealed at the 

epicenter of the explosion. Within the local trace, there was a slight increase in the 

content of 137Cs, 90Sr and 239 + 240Pu in the soil compared with the average global 

fallout parameters typical for the Orenburg region. At a distance of 50 - 70 km from 

the epicenter, there maximum soil contamination. On the whole, the territory of the 

local trace of the Totsk airborne nuclear explosion is currently radiation-safe. [6]. 

On September 29, 1957, a chemical explosion of a storage facility for 

radioactive waste occurred at the “Mayak” plant at the Urals region. As a result of 

the explosion, radionuclides were released into the environment with a total activity 

of about 20 MCi Main part of the emission settled down within the industrial site, 

and 2 MCi spread in the northeastern direction, forming the East-Ural Radioactive 

Trail. The composition of the release is the following: 90Sr + 90Y - 5.4%, 95Zr + 95Nb 

- 24.9%, 144Ce + 144Pr - 66%, 106Ru + 106Rh - 3.7%, 137Cs- 0.039% [3]. Currently, 

the main dose-forming radionuclide in this area is 90Sr. Maps of contamination 

could be found in the Atlas [2] which was developed basing on the results of 1995–

2012 field studies. 

For many years the main sources of technology-related radionuclides entering 

the Yenisei river has been two reactors of the Krasnoyarsk nuclear plant. It is 

located 40 km from Krasnoyarsk downstream the Yenisei River. The first of them 

was launched in August 1958, the second - in 1961. Both reactors were phased out 

in 1992. The study [7] showed that the soil contamination with 137Cs of the Yenisei 

valley propagated to the inflow of the river into the Arctic Ocean. Soil 

contamination levels with 137Cs reached 4 Ci/km2, and such contamination levels 

could be observed at large distances from the source of contamination (480-800 

km). Contamination levels at the estuary of the river could reach 0.5 Ci/km2. 

III. 1963-1986. Underground Nuclear Tests and Peaceful Nuclear 

Explosions. Individual Accidents 

After signing in 1963 of the Moscow Treaty, only underground tests of nuclear 

weapons were conducted at the Semipalatinsk and Novaya Zemlya test sites. 

Underground tests at the Semipalatinsk test site which is located outside of territory 

of Russia did not contribute to its radioactive contamination. Underground 

explosions at the Novaya Zemlya test site in some cases led to local contamination 

of the test site. 

In addition, underground nuclear explosions for industrial and scientific 

purposes were conducted on the territory of the Russian Federation. A total of 81 

explosions were carried out. The explosions were carried out for the following 

purposes: deep seismic sounding of the earth's crust; liquidation of emergency gas 

fountains; the creation of underground storage facilities; disposal of toxic industrial 

effluents; intensification of oil and gas production; crushing ore; gas abatement in 

coal mines; and others [8]. More than half of the technological sites where 

underground nuclear explosions were carried out have been closed and the radiation 

levels on the surface have regional background values. Facilities for extraction of 

oil, disposal of industrial effluents and underground tanks for gas condensate 

storage are in operation. The process of their operation is under constant radiation 

monitoring. 



There is a small group of objects, the surface near which is contaminated with 

radioactive products. These are incomplete camouflet explosions: "Kraton-3" 

(Sakha Republic (Yakutia), 1978) and “Globus-1"(Ivanovo Region, 1971), as well 

as explosions with a release of soil: "Taiga" (northern Perm Region, 1971) and 

Kristall (Sakha Republic (Yakutia), 1974). Near these objects there are local areas 

with increased levels of radiation and soil contamination with 137Cs, 90Sr, 60Co, 239 + 

240Pu and other radionuclides. 

In 1967, wind transportation of radioactive dust from dried-up Lake Karachay 

became another source of radioactive contamination near “Mayak” plant in the 

Chelyabinsk region. Lake Karachay had served as the collector of liquid radioactive 

waste from the plant. The wind carried away about 0.6 MCi of radioactivity. The 

contamination area was estimated at 2,700 km2 outside the territory of the industrial 

zone [2].  

The contamination caused by the accident on August 10, 1985 on the nuclear 

submarine K-431 at the ship repair plant in Chazhma bay near Vladivostok, mainly 

affected the sea area of the Ussuriysk bay. On the Danube Peninsula, adjacent to 

the plant, the contamination density of 137Cs and 90Sr is estimated to be 0.07-0.001 

Ci/km2. The main part of the activity (90-99%) on the trail at the time of the fallout 

occurred at 60Co [9]. 

 

Figure 1  90Sr contamination in the “Mayak” plant area of influence [2] 



 

 

Figure 2  137Cs contamination in the “Mayak” plant area of influence [2] 

IV. 1986. Chernobyl Nuclear Power Plant Accident 

The accident of April 26, 1986 at the fourth power unit of the Chernobyl NPP 

resulted in destruction of the reactor, reactor block and machine room and release 

into the environment of radionuclides, which far exceeded all radionuclides releases 

from previous accidents of atomic reactors. Two thermal explosions caused the 

initial short-term release of radionuclides into the environment. This was followed 

by the fire of reactor’s graphite masonry supported by the decay energy of 

radionuclides inside the reactor. The result of these processes was continuous 

release to the atmosphere a powerful jet of gaseous and aerosol radioactive 

products. The liquidation of the fire resulted in a significant reduction in the release 

of radioactivity into the atmosphere. According to [10], the total release of 

radioactivity from the reactor (with the exception of inert gases) by May 6, 1986 

was about 50 MCi or 3.5% of the total activity accumulated in the reactor. 

Radioactive contamination after the Chernobyl accident affected vast 

territories. In addition to Belarus, Ukraine and Russia, significant contamination 

was observed in many European countries [12]. Contamination of areas with a level 

exceeding 0.2 Ci/km2 is almost entirely due to the Chernobyl accident. The area of 
137Cs contamination exceeding 0.2 Ci/km2 on the European territory of Russia was 

535.02 thousand km2. Levels above 1 Ci/km2 were observed in 19 regions of Russia 

and in December 1993 their area was 57.65 thousand km2 [13]. 

The structure of radionuclide fallout on the Earth’s surface was determined by 

the long-term (11 days) radionuclide release from the damaged reactor and 



continuously changing meteorological parameters: speed and direction of wind 

transfer, intensity of radionuclide leaching from the atmosphere by precipitation. 

In 1988 - 1993 a large-scale study was carried out on the territory of the 

European part of the former USSR, the Urals and Western Siberia using the airborne 

gamma-spectral survey method combined with soil sampling and analysis. As a 

result of this work, maps of 137Cs (which was the main dose-forming long-lived 

Chernobyl radionuclide) soil contamination of territories were developed. These 

maps were published in Atlases [11], [12]. The map of 137Cs soil contamination in 

Russia in 1986 is presented in Figure 3. 

 

Figure 3 Map of 137Cs contamination of Russia by the end of May 1986 (Ci/km2) 

[2] 

V. 1987 – Present. Post-Chernobyl Small Accidents 

During this period there were no events resulting in significant radioactive 

contamination of territories. Underground nuclear explosions, the last of which was 

carried out at the Novaya Zemlya test site on October 24, 1990, were not 

accompanied by releases of radionuclides into the environment. By the mid-1980s, 

global stratospheric fallout of 137Cs and 90Sr had practically ceased. 

There were no significant accidents at nuclear power plants and enterprises of 

the nuclear industry. The exception is the accident of April 6, 1993 at the Siberian 

Chemical Combine (Tomsk-7) which caused local contamination. The total amount 

of radioactive products deposited outside the industrial zone was estimated at 530-

590 Ci. These products were mainly radionuclides with relatively short half-live 

times (up to 1 year). The area of contamination, estimated by the authors on the 

base of published data [14], amounted to 90 km2.  

Another exception was the radiation accident of 2013 at a heavy engineering 

plant in the city of Elektrostal (Moscow region). The resulting 137Cs contamination 

exceeded the background level at the latitude of Moscow by 18 to 750 times [15]. 



 

However, it had the character of small area spots. Accident at the Japanese nuclear 

power plant “Fukushima - 1” on March 11, 2011, did not lead to noticeable soil 

contamination in Russia [15]. 

CONCLUSION 

Radioactive contamination with 137Cs and 90Sr on the dry land territory of 

Russia was formed as a result of many events of different nature that took place at 

different times since 1949. The field of contamination has a complex spatially 

heterogeneous character. 

Chronological analysis allowed identifying 5 main stages of contamination: 

1949-1953 (from the start of operation of the nuclear industry and the first Soviet 

nuclear test to the beginning of global radioactive fallout); 1953-1963 (until the end 

of the Soviet and American nuclear tests in the atmosphere); 1963-1986 (period 

between the Moscow Treaty Banning Nuclear Weapon Tests in the Atmosphere, in 

Outer Space and Under Water and the Chernobyl accident); 1986 (the accident at 

the Chernobyl Nuclear Power Plant) and finally the period after Chernobyl, which 

continues to the present day. 

At present, in the absence of major radiation accidents and other events, the 

density of contamination decreases at a rate approximately equal to the rate of 

radioactive decay, i.e. decreases twice in about 30 years for both 137Cs and 90Sr. 
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ABSTRACT 

Static penetration tests are among the recognized methods for testing soil in all 

regions of the world. The in-situ test is a quick way of obtaining results and a 

reliable method of continuous determination properties of soil in the ground where 

soil has original geostatic stress. Index and mechanical properties of soil are not 

affected by sampling for laboratory testing. In designing buildings, field tests in 

combination with numerical modelling are currently preferred. In-situ tests 

determine the strength and deformation properties of soils that are directly input 

values into numerical calculations. 

Correct determination parameters of soil are the main requirement of the 

engineering-geological survey, which serves as basic documentation for designers 

of geotechnical constructions. Determination consolidation parameters of soil “in-

labo” conditions are taking a lot of time. Engineers often need the results of tests in 

a short period of time, so there is a trend in the world where some parameters of 

soil are determined from the penetration tests. These CPT tests give a basic view of 

the character of the soil. The article describes the basic procedures for determining 

the consolidation parameters of the soil using the results obtained by the static 

penetration test. The simulation of the dissipation test provides a picture that field 

tests are suitable for determining the consolidation parameters of fine-grained soil 

sediments. At the end of the article, we compare the values of consolidation 

parameters obtained by traditional techniques with values derived from the 

numerical analysis. 

Keywords: coefficient of consolidation, CPT, CPTu, numerical analysis, 

dissipation test  

INTRODUCTION 

Soil consolidation theory assumes that the soil is compressible if the pore 

volume can be reduced while water can be pushed out of it. Soil temperature is 

constant but the pressure state changes during consolidation. The rheology of the 

two-phase system (soil skeleton and pore water) is generally studied as a part of 

mixtures theory [1]. Its special case is the soil consolidation when the pores are 

filled with water. In a very short time, after the load is applied to the soil specimen, 

this two-phase system behaves as one-phase incompressible material [2].  



 

Under particular boundary conditions, an immediate deformation of specimen 

takes place. After this, the soil undergoes a so-called filtration consolidation process 

that can be essentially described as the propagation of volume deformation wave 

[3]. 

In the process of multiphase material consolidation, we distinguish two basic 

forms of consolidation [1]: 

 Consolidation of a fully saturated material (soil) - it is assumed that the 

soil is composed of three components: skeleton, water, air. So-called 

primary or filtration consolidation is a specific process of soil mechanics. 

 Soil skeleton consolidation - During the consolidation process, the total 

stress is constant and practically equal to the effective stress, so the phase 

composition change is negligible. It occurs in dry and incompletely 

saturated soils with a negligible pore pressure gradient. From a rheological 

point of view, the consolidation of the skeleton is called creep - secondary 

consolidation. 

One of the advantages of static penetration testing (CPT) with the ability of 

pore pressure determination (CPTu), is the evaluation of the soil consolidation 

parameters found in the original state of the subsoil just under the future structures 

and buildings.  

The CPTu test with the pore pressure measurement is divided into two phases 

where the CPTu cone is penetrated into the subsoil with the continual measurement 

of cone tip resistance (qc), sleeve friction (fs) and pore pressure value (u2). At the 

required depth, the penetration is stopped, and only the pore pressure (u2) is 

measured continuously at the time (t). The pore pressure dissipation in time is 

interpreted as a dissipation curve that can be used to evaluate the consolidation 

factor (cv) [4].  

PROBLEM DESCRIPTION 

During the construction of the railway embankment in the sixties, when there 

was a great engineering boom in Slovakia, it was not always about the quality of 

the materials used. The ground constructions and the embankments could also be 

made of less suitable materials, which showed the poor lifetime of the structure in 

near future. This was also the case with the focused railway embankment and its 

subsoil, [5], [6]. The rapid construction and use of inappropriate materials have 

caused the embankment to sink and the rapid consolidation process of the original 

fine-grained compressible soils. 



 

Fig. 1: Deformation of the railway embankment 

The deformation of the railway embankment was remedied simply by levelling 

the top embankment using the coarse gravel. The refilled gravel grains were 

penetrated into the soft subsoil of the embankment due to the traffic load and the 

negative weather effects. After a long period of time when the remedy of the railway 

embankment was realized using the mentioned approach, a "bath" was formed in 

which precipitation water was concentrated. 

The presence of water over the clay layer had a negative effect on the 

consistency of the top layer of the embankment and thus created room for further 

deformation and consolidation.  

In the autumn long-time rainfalls, the saturated clay in the subsoil has reduced 

its strength parameters due to the water influence, [7]. The slide surface with 

reduced shear strength was created in the embankment and its top-level dropped 

about 0.5 m down. The described degradation and embankment remedy works are 

illustrated in Fig. 2.  



 

 

Fig. 2: The railway embankment deformation development 

CPTu DISSIPATION TEST ANALYSIS 

The theory of consolidation with respect to one axis assumes the compaction 

of soil and the displacement of water in only one direction. The neutral stress state 

caused by the load is changing in time due to the groundwater flow (drainage) [8]. 

By combining the Darcy law with the continuity condition of the solid and liquid 

phases, the relationship can be written: 
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where e is the porosity number, t is the time, kz is the hydraulic conductivity in 

the vertical direction z. 

The effective stress principle in the soil is described by the equation 

utot  ´      (2) 

Where σ and σ' are stress increments due to an external load. 

If the soil pores are fully saturated with water then uv = u, by derivation of Eq.2 

and substituting the Eq.1, we get: 
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Simplified Terzaghi's theory assumes that during the consolidation, the 

hydraulic conductivity and the total stress σ are constant. This stress state is equal 

to the initial load and to the effective σ' stress state at the end of the consolidation 

process. Under the conditions that, t approaching infinity and u = 0, the following 

equation apply: 
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and the relationship of the porosity number e and the effective stress σ' is linear: 
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where mv is the compressibility. By substituting Eq.4 and 5, the Eq.3 can be 

simplified for kz is constant, and the following relation shows up: 
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in which cv is the consolidation factor: 
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Eq.6 is the 2nd order partial differential equation. As a consequence of 

assumption described by Eq.4, that is the in time equality of the effective and total 

stress states according to Eq.2, it is possible to solve Eq.6 independently of the 

particular stress-strain relation. Thus, for example, the subsoil consolidation and the 

size of the final deformation are solved separately. 

PORE PRESSURE DISSIPATION - NUMERICAL SOLUTION 

Using the aforementioned theory, the pore pressure and its dissipation were 

solved by a numerical approach which adopts the meshless collocation (strong 

form) numerical method based on multiquadric (MQ) radial base function (RBF). 

RBF showed the ability to solve various engineering problems [9]. The MQ 

function used in this numerical study can be described as follows: 

22)( rcrf      (8) 

Where r is Euclidean distance from the kernel origin to the point of interest x 

and depends on the dimension of the problem. The meshless approach doesn’t need 

prescribed relation between nodes of discretization as in the finite element method 

(FEM) or node position as in the finite difference method (FDM). Because of the 

“strong” form of numerical method used in this study, the MQ is quite suitable 

because in contrast with polynomial functions they are smooth so there is no need 

to use some form of weighted residuals. For our purpose we have discretized the 

Eq. 6 using multiquadrics: 
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The time derivative of u was handled using the forward difference approach 

resulting in following discretized equation (Eq.9): 
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The resulting system of the equation was solved for ∆t = 0.001 and the pore 

pressure dissipation in time was obtained. The results of numerical modelling 

compared to the “in-situ” CPTu measurement are visualized on Fig.3 and 4 and 

showed a good agreement with the measured data and with the assumption of one-

dimensional consolidation theory for analysis of the CPT surveys. The readers more 

interested in the meshless methods used here can find more details in [9]. 

 

Fig. 3: CPTu no. 2. Comparison of CPTu results with 1D consolidation numerical 

solution 



 

Fig. 4: CPTu no. 7. Comparison of CPTu results with 1D consolidation numerical 

solution 

CONCLUSION  

The deformation properties of the subsoil were not adequately verified prior to 

the construction stage. Due to the large volatility of the subsoil mechanical 

parameters, the space for possible design faults was created. The proposed defects 

that occurred during the construction stage have shown a negative impact on the 

durability and serviceability of the railway embankment, which had to be repaired 

several times during its operation time. The selected remedy methodology was 

effective only for a short period of time, after which the conditions of embankment 

construction deteriorated and, finally, a local landslide failure has developed. 

Interpreted results of numerical analysis according to the one-dimensional 

theory of consolidation showed a good agreement with the measured values of pore 

pressure dissipation. The deviation of the numerical results from measured values 

of pore pressures in time is caused by the non-one-dimensional behaviour of the 

consolidation process in real conditions and with the variability of consolidation 

coefficient due to soil inhomogeneity. But having the soil environment variability 

in mind, the numerical results showed very high precision for this kind of 

calculation and/or validation in geotechnical engineering. 
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ABSTRACT 

This article presents results of a study of trends in the main climate parameters 

- average annual air temperatures and precipitation.  

Properties of a territory of distribution of permafrost rapidly change under the 

influence of any natural or man-made processes. This particularly applies to an 

increase in the air temperature. It is known that the increase in the temperature 

causes the increase in depth of seasonal thawing, enhances the defrost process that 

leads to a change of properties of permafrost rocks, and with high ice content of 

soils can cause a loss of their bearing capacity, which, in turn, may be hazardous to 

technical systems built in this territory. The increased precipitation may also lead 

to development of waterlogging and increased permafrost degradation. 

Consequences of changes in climatic conditions are also evident in growth of 

frequency of occurrence of hazardous hydrological phenomena. 

In this article, the following specific tasks are considered: methodological 

approaches to an analysis of long-term temperature series and identification of 

structural components of the time series to build analytical and predictive models, 

on the basis of probabilistic and statistical tools the models are obtained to predict 

the changes in climate variables, the modern trend of the change in the average 

temperatures is determined. 

For modeling and prediction of climatic norms of the average annual air 

temperature and precipitation near the city of Yakutsk, the time series of studied 

climatic characteristics from 1891 to 1999 are used and they made a numerical 

retro-forecast of the change in the average annual air temperature till 2002.  

Keywords: climate changes, technical systems, permafrost, statistical 

modeling, forecasting. 

INTRODUCTION 

In the studies on impacts of natural and man-made factors on a trunk pipeline 

(TP) laid on the territory of permafrost, it was noted that the main causes of 

emergence and development of accidents are [1] complex natural and climatic 

conditions of operation, large length of the gas pipeline; permafrost soils; 



 

thermokarst phenomena, non-projected sections of pipelines on weakly bearing 

soils (bogs, maris and floodplains of rivers), etc. 

Permafrost rocks are very sensitive to any natural or technogenic processes 

occurring in the territory of their distribution. The increase in the temperature causes 

the increase in the depth of seasonal thawing, strengthens the defrosting process, 

which leads to the change in the properties of frozen rocks, and with the high ice 

content of soils can cause loss of their bearing capacity, which, in turn, can be 

dangerous for technical systems [1]. The increase in an amount of precipitation also 

has the negative consequences associated with a rise in groundwater levels and the 

development of bogging processes, especially in areas of excessive moisture, 

causing activation of the permafrost degradation processes. The consequences of 

changes in the average annual air temperatures and the amount of atmospheric 

precipitation are also manifested in the growth of the frequency of dangerous 

hydrometeorological phenomena. 

Therefore, problems of the study of the climate change, its prediction and 

assessment of the consequences of anthropogenic warming in the last decade have 

acquired particular urgency. To determine whether the climate change is manifested 

in the specific natural characteristics and in the particular area, it is necessary to 

carry out research and modeling of time series dynamics. The analysis and statistical 

modeling of time series of temperature and precipitation will allow one to assess 

climatic features of a region for the purpose of the further scientific studies and also 

will allow somebody to plan scenarios of sustainable development of the region. 

The analysis of meteorological data, carried out in work [2], [3] for a number 

of countries in the Northern Hemisphere (Russia, Canada, USA-Alaska, China) 

shows that in the last 25-30 years, the moderate warming of the climate actually 

takes place. The increase in the air temperature over this period in most regions of 

Russia is 1-1.2 °C. A rate of the increases in the average annual air temperature over 

the past 25-30 years is 0.02-0.03 °C per year; in the European North, it is 0.03-0.07 

°C per year in the north of Western Siberia and 0.01-0.08 °C per year in Yakutia 

[4]. The very increase in the air temperature over this period varies from 0.4 to 1.8 

°C. The warming of the climate is mainly due to the increase in the winter air 

temperature. Complexity and multifactor nature of processes determining weather 

and climate are due to absence of effective methods of prediction of the climate 

changes [5]. The results of climate forecasts are contradictory, which, in turn, 

causes ambiguity in the permafrost forecasts. The meteorological data over the past 

10-15 years show that the extreme scenarios of climate change are not justified, the 

warming is in progress, but at a more modest pace. 

The results of physical and mathematical modeling allow us to estimate only 

the trends and values of the future climate characteristics averaged over certain 

spatial and temporal intervals, while uncertainties of such model values are greater 

than the predicted trend changes [6]. 

The statistical models allow someone to take into account some general laws 

of interannual fluctuations of the regional climate and to build their extrapolations 

for the next two to three decades more accurately than the physico-mathematical 

models. For the longer time periods, the statistical models are not yet suitable. In 



many cases, the most urgent task is to obtain estimations of interannual climate 

fluctuations for the following one or two decades. On this time interval, an 

advantage of statistical models is obvious [7], [8]. 

The purpose of the work is to develop a methodology of the prediction of 

climatic characteristics, in this case the average annual air temperatures, the amount 

of precipitation and also the assessment of adequacy of such forecasts. To achieve 

this purpose, the following steps were carried out: construction of the spatial 

statistical models of climate characteristics for the selected territory; selection of 

the most effective models of climate parameters - the models for determining the 

average annual temperatures and amount of precipitation; determination of the 

future values of selected climate parameters, which are the base of the most 

effective climate models. 

One of the methods of the probabilistic and statistical apparatus that can be 

used to predict the changes in the climate parameters is the time series analysis 

method. 

MATERIAL, METHODS OF RESEARCH  

The average annual air temperatures and amount of atmospheric precipitation 

in the area of the city of Yakutsk from 1891 to 1999 were used as starting materials, 

and the numerical forecast of the changes in the average annual air temperatures 

and amount of atmospheric precipitation till 2002 was compiled on the basis of the 

data. 

The tasks of prediction of time series are as follows: the primary analysis of the 

"source" data, identification of the model suitable for a description of the available 

time series, the estimation of the model parameters, the study of the adequacy of 

the model, and the prediction. 

A universal integrated system STATISTICA, designed for the statistical 

analysis and data processing, presents a wide range of procedures that implement 

all of the above steps. 

The forecasting method contains a sequence of actions, as a result of 

implementation of which the prediction model of the particular time series is 

determined, i.e. it defines a functional dependence adequately describing the time 

series. In addition, the forecasting method contains the actions to assess a quality of 

the forecast values. We construct the prediction model using the three prediction 

methods. 

1. The method of exponential smoothing 

The efficient and reliable method of prediction is the exponential smoothing. 

The main advantages of the method are an ability to take into account weights of 

initial information, simplicity of computational operations, and flexibility of the 

description of the various dynamics of processes. The method of exponential 

smoothing makes it possible to obtain the estimation of the trend parameters 

characterizing the trend developed by the time of the last observation, but not the 

average level of the process. The method was most used for the implementation of 



 

the medium-term forecasts. For the method of exponential smoothing, the main and 

most difficult moment is a choice of the smoothing parameter α, the initial 

conditions and a degree of a predictive polynomial. 

An exact formula of the simple exponential smoothing has the following form: 

1)1(  ttt SXS   

When this formula is applied recursively, each new smoothed value (which is 

also the forecast) is calculated as the weighted average of the current observation 

and the smoothed series. The empirical studies have shown that the simple 

exponential smoothing very often gives the fairly accurate prediction. 

The results of the prediction showed that very often the simple exponential 

smoothing gives the fairly accurate prediction, the most successful model contains 

the additive seasonal component, with the smoothing constant α = 0.5. 

2. The method of harmonic analysis 

We will consider the features of application of the harmonic analysis method 

for the prediction of the time series with regular cycles (a Fourier approximation). 

Using the Fourier series, the dynamics of the phenomenon are represented by a 

function of time. 

To predict the corresponding time series, we can apply the following methods 

for the identification of the time trend and periodic components: in the 

determination of both the type of the functions approximating the time dependence 

of the two components and the numerical parameters of these functions. 

To approximate the time trend, the simplest and most commonly used approach 

is its polynomial representation, when the corresponding component of the time 

series is the function that is the polynomial, the coefficients of which can be found 

by the method of least squares. The standard method of the selection of the periodic 

components of the time series is to expand it into the Fourier series (the Fourier 

analysis). 

An equation for the description of the cyclic component of the series of residues 

is based on the results of harmonic analysis. 

3. The method of prediction based on ARIMA-models 

The ARIMA-models cover a rather wide range of time series, and small 

modifications of these models allow the very accurate description of time series 

with seasonality. 

The process of the construction of the ARIMA models can be divided into 

several stages: transformation of the series to the stationary form, the identification 

of the particular model and estimation of the model coefficients, using the statistical 

methods, guided by behavior of autocorrelation functions. 

In this case, the behavior of the autocorrelation function (exponentially 

damped) is consistent with the ARIMA model (1.0). 



RESULTS 

At the last stage, the various diagnostic procedures are used to verify the 

adequacy of the selected model on the basis of the available data. 

The study of the residues obtained after the procedure of removal of the trend 

and the cyclic component shows that a distribution density of the residues is 

successfully approximated by the normal distribution law, which is a sign of 

adequacy of the constructed forecast model. 

Tables 1 and 2 show the numerical values of the predictions obtained by the 

three methods. The criterion for the quality of the model is magnitude of a model 

error in the description of the real climate [7]. As can be seen from the tables, in 

general, the forecast values are slightly different from the actual ones. The errors of 

the forecast show the sufficient adequacy of the selected statistical models. 

Table 1. Comparative analysis of results of retro-forecasts of average annual 

temperatures in area of Yakutsk 

Method 2000  Error 2001  Error 2002  Error 

 Act-

ual 

Pre-

dicted 

% Act-

ual 

Pre-

dicted 

% Act-

ual 

Pre-

dicted 

% 

Expo-

nential 

smoothing 

-9.13 -9.23 1.1 -8.68 -9.12 5 -7.58 -8.4 10.8 

Harmo-

nic analy-

sis 

-9.13 -8.59 5.9 -8.68 -8.46 2.5 -7.58 -8.32 9.7 

ARIMA -9.13 -8.82 3.4 -8.68 -8.3 4.3 -7.58 -8.59 13 

 

 Table 2. Comparative analysis of results of retro-forecasts of amount of 

precipitation in area of Yakutsk 

Method 200

0 

 Error 200

1 

 Error 200

2 

 Error 

 Act-

ual 

Pre-

dicte

d 

% Act-

ual 

Pre-

dicted 

% Act-

ual 

Pre-

dicted 

 

Expo- 

nential 

smoothing 

14.47 13.6 6 12.31 13.53 9 12.46 14.3 12.7 

Harmo- 

nic analy- 

sis 

14.47 13.7 5.3 12.31 13.06 6 12.46 13.9 11.5 

ARIMA 14.47 13.8 4.6 12.31 13.15 6.8 12.46 13.7 10 

CONCLUSION 

The analysis was carried out in comparison with the results of accuracy 

estimates from three statistical models. The method of exponential smoothing 



 

shows the best result when forecasting for the shorter period (the first prediction 

year) and the worst result when forecasting for the longer one (the third year). The 

method of harmonic analysis shows the worst result when forecasting for the shorter 

period (the first year) and the best result when forecasting for the longer one (the 

third year). 

The loss of stability of cryolithozone can have many adverse social, economic 

and environmental consequences. In the next few decades, the climate change can 

lead to a decrease in the strength properties of permafrost soils, which, in turn, will 

cause the decrease in the bearing capacity of foundations and damage or destruction 

of structures built on them. Deformations and accidents of the pipelines passing 

through the permafrost can be accompanied by discharges of oil products into the 

environment. The undeveloped areas of cryolithozone can develop the destructive 

geomorphological processes, causing soil subsidence and significantly altering 

northern landscapes. 

The consequences of rapid variability of the climatic conditions are manifested 

in the growth of the frequency of dangerous hydrometeorological phenomena and 

in the increase of the adverse consequences that affect efficiency of activities of 

such vital sectors of the economy as energy, transport, construction, housing and 

communal services. 

The resulting problems require the immediate and comprehensive study, as 

they jeopardize environmental safety of the Far North. 
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ABSTRACT 

Modern hydrographic systems operating with a use of multibeam echosounder 

offer acquisition of a huge number of geospatial data. Despite of application of 

positioning systems and sensors for compensation of movement of echosounding 

ship, and of measurement or determination of sound velocity vertical distribution 

in water, part of the data are burdened with measurement errors. They are caused 

by disturbances although advanced methods minimizing the error of determining 

acoustic wave’s point of reflection from the sea-bottom are used. Cleaning of the 

data, consisting in removal of points deviating from general model according to the 

assigned criterion, is a solution of the problem. There are several criteria there and 

they allow for automatic extraction of fake points. 

Bases of selected algorithms for automatic data cleaning used in 

hydrographical system are presented in the paper. Methods using the algorithms and 

profiles applying ways of cleaning are given there. Geospatial data obtained by 

means of interferometric echo-sounder were used. 

Keywords: multibeam echosounder, cleaning the data, filtering, Combined 

Uncertainty and Bathymetry Estimator, Total Propagated Error 

INTRODUCTION 

Post-processing, i.e. transformation of stored geospatial and oceanographic 

(hydrological) data, is a final and the most important stage during execution of 

hydroacoustic measurements. 

Corrections of sound velocity in water, water level and horizontal coordinates 

are subject to the process. Processing of the geospatial data in respect to the depth, 

consisting in removal (cleaning) of points that do not meet the given criterion, is a 

substantial step. Predefined criteria used commonly or elaborated for specific 

clients are applicable; or own modified settings of ready-made algorithms, too. It is 

up to the cleaning quality, which is mainly dependant on the data processor’s skills, 

whether the picture of cloud of points subject to further processing shall be: poor, 

void of the geospatial data, reducing the data resolution and coverage of the seabed 

with data, or interfered with incorrect data. Optimization of cleaning the data 

coming from the survey executed by means of multibeam echosounder is a 

synthesis of the operator’s experience (selection of the method and the cleaning 

parameters) and the method of cleaning [1], [5], [6], [7]. 

 



 

MULTIBEAM SOUNDINGS’ ERRORS 

High-resolution multibeam surveys carry with them the most advantageous 

tool for quality assurance-redundancy. Redundancy in beams, pings and swaths, 

along with specific knowledge of the sounding errors, allows a new approach to 

resolving the best estimation of depth at a given location and attributing each depth 

with realistic uncertainties.  

Propagating Vertical Error  

Forward-error prediction, resulting in a total propagated error or TPE, can be 

used for estimating horizontal and vertical accuracy values by accounting for and 

propagating the estimated random error contributions from all sources. For 

soundings obtained by vertical singlebeam echosounders this propagation is 

relatively straightforward. To estimate total propagated depth error the following 

must be taken into account:  

 sounder measurement error (a function of detection method in the case 

of multibeam echosounders),  

 sound speed correction errors (refraction errors for MBES),  

 dynamic draught measurement errors (includes static draught, load 

changes, squat and settlement),  

 heave measurement errors,  

 tide or water-level errors (including gauge precision, constituent 

quality, spatial extrapolation, synchronisation of gauge with 

measurements, etc.). 

For MBES the process is somewhat more complex [3], [4]. One must also take 

into account errors in roll-and-pitch measurement on depth and errors in 

determining transducer-head misalignment angles.  

Propagating Horizontal Error 

To estimate TPE for position the following must be taken into account [3], [4]:  

 sounder measurement error (can be ignored for SBES), 

 refraction errors (bending of beams in MBES), 

 roll, pitch, and heading errors, 

 positioning system errors, 

 sensor coordinate offset errors, 

 transducer-head misalignment errors (all three orientations), 

 latency errors between sensors. 

Errors in each of two dimensions (e.g., latitude and longitude) can be combined 

to create a one-dimensional radial error, such as Circle of Equal Probability (CEP) 

or Distance Root-Mean-Square (DRMS). For both depth and position errors the 

TPE can then be scaled to approximate the 95% confidence level. 

 



DATA CLEANING WORKFLOW 

A workflow should be established in order to do an objective, fast and correct 

validation of the sounding data. In the figure below a recommended workflow is 

shown [11]. 

 

Fig. 1. Data cleaning workflow 

CLEANNG METHODS 

Qloud offers a number of cleaning algorithms which can be used to clean 

sounding data automatically [10], [11]. By defining a cleaning profile the user can 

also run a combination of cleaning algorithms. The following cleaning tools can be 

selected [1], [5], [7], [8]: clip above and clip below (all soundings above or below 

a certain level will be disabled), clip on flag (all soundings that are flagged during 

recording will be disabled), disable points (disable soundings or only soundings 

disabled at import), raw value (enable all data back to the original position and 

depth), remove beams (all soundings that belong to a certain beam ID will be 

disabled, refraction correction (this algorithm allows to correct for refraction 

problems that occurred during acquisition), vertical object (this cleaning tool uses 

a spline surface that is suited for vertical objects like walls or dolphins. This 

cleaning tool will work best in combination with an area polygon selection), vertical 

shift (applied to the selected soundings). 

Spline surface despiker is powerful cleaning tool that uses a 3D spline surface 

algorithm to disable outliers. A 3D spline surface is a perfect representation of the 

local topography using approximately 100 soundings at the time. This 3D spline 

surface will be calculated with using a weighted least squares method through the 

available soundings. 
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CUBE Algorithm 

The CUBE (Combined Uncertainty and Bathymetry Estimator) algorithm is a 

fast gridding method that makes use of the TPE values that are calculated during 

the recording of the data by means of a-priori SD values [2], [8], [9]. These values 

can be defined in the database setup and the controller in hydrographic data 

acquisition, navigation and processing software package.  

The CUBE algorithm will create a regular grid with a user defineable cell size, 

and for each cell a CUBE estimation node is created. The estimation node represents 

a true point in space that has an exact location, only the height of the estimation 

node is an uncertain factor. The height of the estimation node will be determined 

by the multibeam echosounder soundings around an estimation node. This is not 

restricted to cell boundaries. The MBES soundings are propagated to the estimation 

node in order to determine the height of the estimation node [2], [8], [9]. 

Surface Spline Filter   

This is a powerful cleaning tool that uses a 3D spline surface algorithm to 

disable outliers. A 3D spline surface is a perfect representation of the local 

topography using approximately 100 soundings at a time. This surface is calculated 

with using a weighted least squares method through the available soundings and 

doesn’t look at the individual survey lines, but is an area based spline surface [10], 

[11]. 

The criteria for spike detection depend on the water depth and the variances a 

and b. A sounding is flagged if the depth uncertainty [12]: 

 22 hbah   (1) 

where 

 SMA Exclusive Order (0-20m) a = 0.15 b = 0.0040 

 Special Order (0-20m)  a = 0.25 b = 0.0075 

 First Order (20-50m)  a = 0.50 b = 0.0130 

 Second Order (50-100m)  a = 1.00 b = 0.0230 

 Extremely High Detail (0-10m) a = 0.05 b = 0.0020 

Qlean++   

The Qlean++ cleaning method is a cleaning tool that makes use of the CUBE 

Algorithm for pre-gridding. It uses CUBE as a temporary mask on top of the data. 

For each CUBE cell an uncertainty (95% confidence level) is calculated. This 

uncertainty will be used as a vertical tolerance. All data points outside the vertical 

tolerance will be disabled. The number of vertical tolerances above and below the 

found CUBE surface can be set, as well as the cell size of the CUBE algorithm and 

the extraction method [10], [11]. 



This cleaning method is extremely powerful for cleaning up blunders and 

random noise, but in order to make this cleaning method work it is important that 

the individual soundings have a realistic Total Propagated Error (TPE) value.  

In contrast to CUBE, Qlean++ cleans individual soundings and no grid will be 

exported. 

SURVEY AND DATA COLLECTING 

Geospatial data of the seabed have been collected in Gdynia harbour (Fig. 2) 

on Hydrographic Support Squadron of the Polish Navy’s sounding motorboat. 

Measurement equipment, in addition to positioning system, consist of 

interferometric MBES – multibeam echosounder GeoSwath+ with sound speed in 

water profiler and MRU – Motion Reference Unit. For sounding profiles planning, 

navigation, data collecting and preliminary postprocessing QPS QINSy has been 

used [10]. 

 

Fig. 2. Area of the research 

3D and cross-section visualizations of raw data recorded during hydrographic 

surveys in Gdynia harbor (presented above) are shown in Fig. 3. 

 

 Fig. 3. 3D and cross-section visualizations of raw data. 



 

DATA PROCESSING 

Processing of the geospatial data obtained from the multibeam echosounder, in 

respect to the data cleaning, is executed by a software with versatile functions, 

predefined and dedicated to selected models of echosounders. QPS QLoud [11] 

software has been used to elaborate the bathymetric measurements’ results, 

developer of a commonly being employed system for planning, executing and 

processing data QINSy [10].  

Results of cleaning geospatial data is presented in Fig. 4 and 5.  

 

 

Fig. 4.  3D visualizations pre-processed data 

 

 

 

Fig. 5.  3D visualizations processed (cleaned) data by Surface Spline Filter (left) 

and Qlean++ (static method with CUBE algorithm and TPE value – right) 



CONCLUSION 

The data cleaning stage, important from perspective of achievement of high 

quality and reliability of the hydrographic survey and its elaboration, leads to the 

data loss. Many factors have impact on occurrence of geospatial points deviating 

from standard (their proper localisation, the seabed shape or shape of an object 

resting there). Careful execution of the measurements, performance of checking and 

calibrating activities - before and after the measurements – may result in smaller 

number of incorrect points. 

There are also factors that may not be avoided during hydroacoustic 

measurements existing there. Plants, fish and air bubbles deflecting acoustic waves 

appear in the water column. In the operator’s view, the presented selected methods 

of cleaning the data cloud improve picture of the measured reality. 

The cleaning, as well as filtration, change the picture obtained from the survey. 

In the cleaning process, the points are being removed and their positions are being 

changed in the process of filtration. Both automatic and semi-automatic, and manual 

methods may improve general shape of the presented area (the seabed, waterfront, 

detected object) throughout smoothing or removing the disruptions. Then, a 

question arises: is it still reality or is it already illusion? 
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ABSTRACT 

The Soil and Water Assessment Tool (SWAT) is a physically based watershed 

scale model, most widely used in many studies focused on predicting, over different 

periods of time, the impact of water, sediment and nutrients taking into account 

different land management in gauged or ungauged watersheds. The purpose of this 

study is to assess the SWAT model performance in a small mountain forested 

watershed, from the central part of Romania (Tărlungul Mare upstream Tesla). 

Using the SWAT-CUP (Calibration and Uncertainty Program) and the SUFI-2 

algorithm (Sequential Uncertainty Fitting) was conducted a sensitive analysis of the 

parameters, and the calibration and validation of the SWAT model. The model 

obtained a good performance in simulating discharges compared to the measured 

ones. To assess the degree of uncertainty of the SWAT model results for the studied 

watershed were used the p and r factors. According to the literature, the values 

obtained for those factors indicate a low level of uncertainty in regards to the 

model's results and high performance in simulations. Therefore, based on the good 

performance of the SWAT model obtained for our study case, we can conclude that, 

depending of the accuracy of the input data, the model can be successfully applied 

in small river basins to assess the dynamics of hydrological processes and various 

land use and climate scenarios, this also represents the future research directions of 

this study. In addition, this work could bring an important support for stakeholders 

and decision makers in adopting coherent strategies for a sustainable management 

of small forested ungauged watersheds. 

Keywords: SWAT, mountain watershed, forest, stakeholders, hydrological 

modeling 

INTRODUCTION 

The Intergovernmental Panel on Climate Change (IPCC) estimates that the 21st 

century marks the beginning of a worldwide climate change, with it a warmer and 

wetter climate especially for the end of it [11]. The most recent set of scenarios put 



 

forward by this important organization foreseen an average air temperature increase 

of 5ᵒC by the year 2100 and a differentiated rainfall regime according to the altitude 

[11]. Likewise, due to the climate variability and the socio economic and 

technological developments an increase of severe weather phenomena such as 

floods and droughts is foreseen [11]. Furthermore Vano et al. [14] states that water 

resources will be the most affected by the predicted climate changes thereby a 

sustainable management plan is necessary to ensure their availability. This can be 

achieved through the use of hydrological models. Therefore, at international level 

multiple studies have been conducted aiming to quantify the impact of climate 

change on the water resources. Thus, a series of hydrological models were 

developed for different watersheds areas and from distinct regions in order to 

evaluate the dynamics of hydrological processes over time. Most models report in 

the climate change context, a reduction of discharges and an intensification of 

extreme weather phenomena, emphasizing in the same time the importance of 

adopting the strategies to minimize these threats as much as possible and as well for 

the achieving a stability of water resources over time. For our country is foreseen 

that by the end of the 21 century the average temperature will increase by 2.8ᵒC and 

the rainfall will be diminished by 3 to 21% [5]. Moreover, by the end of the 21 

century, were also forecasts the reduction of the average annual runoff between 20 

to 40% and also an increasing probability of severe weather phenomena such as 

floods and droughts [10]. The aim of this study is to evaluate the applicability of 

the SWAT model in a small forested watershed which is also the most important 

source of blue water for the Brașov metropolitan area, covering 90% of the water 

requirement.  

MATERIAL AND METHODS 

STUDY AREA 

The Tărlungul Mare study watershed is part of the Tărlung river basin and it is 

located în the upper part of it, upstream of the confluence with the Tesla brook. The 

Tărlung river basin is located in the central part of Romania, approximately to 20 

km from the Brasov city (Figure 1). The computing section of the studied watershed 

 

Figure 1 Study area location 



Tărlungul Mare is located at 45°52” eastern latitude and 25°84” northern longitude. 

From a climatic point of view, the analyzed area is in a moderate continental 

climate, characterized by quite accentuated thermal amplitudes. 

The main morphometric description of the studied basin is present in Table 1. 

From an altitude the basin was divided by 11 classes, differentiated at 100 m 

intervals, their distribution being shown in Figure 2. In regards to the slope, 64% of 

the basin surfaces are lands with a slope between 15-45 degrees.  

 

SWAT MODEL DESCRIPTION 

SWAT (Soil and Water Assessment Tool) [3] is one of the most widely used 

hydrological models for assessing the ways how climate change could influences 

hydrological processes that take place within different sizes watersheds [8]. It is a 

semi-distributed conceptual model that operates with a daily time step used to make 

predictions for different time intervals, regarding the impact of the land 

management methods on the hydrology, sediments and nutrients [13]. The model 

has its own database, valid only for United States territory, but it can be changed by 

each user (USERWGN) so that the study area to be most well represented [13]. The 

model database requires spatial and daily climatic data, the basin being divided into 

sub-basins further divided in turn into hydrological response units [3]. 

BUILDING SWAT MODEL DATABASE 

As is mentioned previously, for researchers developed in regions outside of the 

United States, the model initially requires defining, in a specific format, the 

database that includes both the physical-geographic information of the studied area 

and daily and continuous data of certain climatic parameters. For the present study, 

the ArcSWAT 2012 version was used, and the steps will be described below. 

 

 

 

 

Table 1. Morphometric description of the watershed 

Area hectares 7169.53 

 km2 71.69 

Altitude  

(m) 

minimum 874 

medium 1248 

maximum 1842 

The main stream length - 14.95 km 

The hydrographic network length - 216.49 km 

 

 
Figure 2. Watershed altitude 

distribution 



 

DIGITAL ELEVATION MODEL (DEM) 

It represents the first 

component in building the SWAT 

model. For the studied watershed, 

DEM was provided by National 

Institute of Hydrology and Water 

Management with 10 m spatial 

resolution. Based on this, the 

boundaries and the area of the 

watershed as well as the 

hydrographic network (streams and 

flow directions) were defined 

through the Watershed Delineator 

command. The watershed was 

afterwards split in 69 sub-

watersheds and 1001 hydrological 

study units (HRUs) (Figure 3)  

WEATHER DATABASE 

The climate database was provided by the ROCADA V1.0 [4, 6] project and 

represents a homogeneous database designed for the 1961-2013 period. In order to 

elaborate this complex set of data like the ROCADA project, the authors used the 

daily climatic data recorded at 188 meteorological stations in Romania, whose 

spatial resolution is 0.1° [6]. The National Institute of Hydrology and Water 

Management provide us the data regarding the discharges recorded between 1974-

2012 at the Babarunca hydrological station, located in the lower part of the studied 

watershed, data that were further used to run, calibrate and validate the model 

SWAT. 

LAND USE DATABASE 

The spatial distribution of the land use in the watershed (Table 2) was obtained 

after consulting the forest and forest-pastoral management plans [7, 15] developed 

for the studied area by the National Institute for Research and Development in 

Forestry “Marin Drăcea”. Furthermore were also analyzed satellite images of the 

area. Subsequently, correspondence between the land uses identified in the region 

and the ones defined in ArcSWAT was achieved in order to obtain the distribution 

of the land uses for the entire studied watershed (Figure 4). Almost 80% of the 

watershed area is forested. The next dominant land use is represented by pastures 

(about 19%). 

 
Figure 3. Sub-watersheds delineation 



SOIL DATABASE 

The database regarding the properties, characteristics and soil distribution 

within the Tărlungul Mare watershed is a detailed and personalized. This was also 

created using informations, maps and analytical reports from the forest and silvo-

pastoral managements plans developed by the National Institute for Research and 

Development in Forestry “Marin Drăcea” for the studied territory [7], [15]. 

However, there were certain parameters such as SOL_BD (bulk density), SOL_K 

(hydraulic conductivity) and SOL_AWC (water availability), for which there was 

no available data. The determination of those parameters was performed using the 

Soil-Plant-Atmosphere-Water-Field & Pond Hydrology program. The main types 

of soil found in Tărlungul Mare basin (Figure 5) belong to two classes: Cambisols 

(Dystric Cambosol - 63.2% and Eutric Cambisol - 15.93%) and Spodisols (Entic 

Podzols - 15.85%) (Table 3). 

 

 

 

 

Table 2. The land uses area within the watershed 

 

SWAT 

Code 
Definitions 

Area 

ha % 

FRSE 
Forest 

Evergreen 
2176.923 30.36 

FRSD 
Forest-

Deciduous 
3557.225 49.62 

PAST Pasture 1352.4919 18.86 

Other 82.89 1.16 

Total 7169.53 100 

 

 
Figure 4. The land uses identified in 

the watershed 



 

RESULTS AND DISCUSSIONS 

RUNNING SWAT 

The next step after filling the required database was running the SWAT in order 

to obtain the monthly discharges for the 1979-1988. The representation of measured 

and simulated discharges as well as rainfall is presented in Figure 6 and as it can be 

seen in certain months of the considered interval, the model has the tendency to 

underestimate the discharges recorded after high-flow events (May 1980 and 1984). 

A similar performance was also notice by Abbas et al. [1] and this can be attributed 

to the spatial variability of the rain in the watershed [9]. An overestimation of 

discharges rates from March 1982 and 1986 was also observed when the model 

generated much higher discharges compared with the measured, when the amount 

of rainfall recorded was lower and this might be due to snow melt during that period 

(the recorded average temperature was -3 ° C), a similar situation being mentioned 

by Abbas et al. [1]. 

SWAT MODEL CALIBRATION AND VALIDATION 

Before calibration and validation of the SWAT model is necessary to perform 

a parameter sensitivity analysis in order to identify the parameters with greatest 

influence on the surface runoff. This analysis was done using the SWAT-CUP 

program (Calibration and Uncertainty Programs [2]. In the analysis were included 

12 parameters, out of which the most influence on the surface runoff was manifested 

by those which characterizing the groundwater and the lateral runoff, namely: 

REVAPMN, OV_N, GWQMN, LAT_TTIME, GW_REVAP, SOL_AWC. 

Calibration and validation stages are designed to evaluate model performance in 

discharges simulation and to analyze the similarities between the simulated and 

recorded values, quantified by statistical indices specific for adopted statistical 

function. In the present study, calibration and validation of the SWAT model were 

performed using the SWAT-CUP program, the SUFI-2 algorithm and the statistical 

function NSE (Nash-Sutcliffe Efficiency) [2]. This was conducted for the 1974-

Figure 6. Rainfall, observed and simulated discharges in the Tărlungul Mare 

watershed 
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1988 time period with a 5 year warm-up period necessary for model initializing. Six 

iterations of 500 simulations were performed to achieve a good performance 

between simulated and observed discharges. According to the statistical parameters 

of the adopted function (R2=0.79, NSE=0.67, RSR=0.57 and PBIAS=26.4) and 

interpreted according to Moriasi et al. [12], the model fits to a good performance in 

simulating the liquid discharges compared to the measured ones. Moreover, the 

uncertainty level of the SWAT model assess according the p=0.72 and r=0.91 

factors and interpreted according to Abbaspour [2] indicate a low degree of 

uncertainty in regards to the model's results. 

The validation was carried out for the 2007-2012 period (with 2 years warm-

up period) and confirmed the calibration results [2]. A single iteration of 500 

simulations was performed. The results obtained (R2=0.66, NSE=0.65, RSR=0.59 

and PBIAS=2.1) and interpreted according to Moriasi et al. [12] show a good 

performance of the SWAT model. Observed and simulated discharges and rainfall 

are shown in the Figure 7. Even though the model overestimate certain discharges 

(March and October 2009, March 2011 and 2012), there are also situation where 

these are underestimated (July 2010, May and June 2012) and this may be due to 

some high-flow events. This deficiency of the model was also reported by Abbas et 

al. [1]. 

Using the 95 Percent Prediction Uncertainty (95PPU) it can be seen, according 

to the value of the p factor, that the 95PPU band data rate is 72% in calibration and 

75% in validation (Figure 9). According Abbaspour [2] a value of p factor 

exceeding 70% signifies a low degree of uncertainty and the model acceptance. 

Also, for the both factors (p and r) we obtain higher values in validation, which 

means that the efficiency and model performance in simulated discharges are 

confirmed.  

CONCLUSIONS 

The aim of the present study was to assessing the performance of the SWAT 

hydrological model in the small mountain forested watershed located in the central 

Figure 7. Rainfall, observed and simulated discharges during the validation 

stage 
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part of Romania. The analyzed watershed is also the most important source of blue 

water, covering 90% of the water requirement of the Brașov metropolitan area. 

After building a detailed and personalized database for the studied area we run the 

model for 15 years period. Even though the model showed some tendency to 

underestimate the discharges recorded after some high-flow events, the overall 

performance obtained within the calibration and validation stage was a good one, 

derived from the accuracy of the input data. Moreover, the value of the p and r 

factors revealed a low degree of uncertainty of the SWAT model. Based on the 

obtained results we can conclude that, even the most researches are conducted in 

large watersheds, the model could also be successfully applied in the watersheds 

with small areas. Further directions of the research are applying the climate and 

land use regional scenarios which are designed to provide forecasts regarding the 

water dynamics in order to help the regional or local decision makers and 

stakeholder in development the management strategies for watersheds and for other 

sectors also related to the water resources. 
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ABSTRACT 

The theoretical and methodological aspects of using the methods for 

characteristics of ecological well-being (EW) of fluvial systems are considered. The 

problems of development of multi-criteria classifications of EW, stages and results 

of assessment are discussed. Evaluation of EW can be performed on the basis of 

biocentric or anthropocentric approach that takes into account the planning of rivers 

use for various purposes with special attention to conservation of environment. The 

assessment scales were developed considering each evaluation component and 

indicator approach and can use incomplete, inaccurate, non-numerical assessments 

data. It was concluded that EW is an example of system emergent property that 

combines its ability to produce organic substances, to maintain high quality of 

habitat, high biodiversity, resistance to changes of natural conditions and 

anthropogenic impacts. This research is focused on the development of models for 

quantitative integral assessment of fluvial systems state, their systemic properties 

that are characterized by the necessity of new functional units (integral and 

summarizing indicators) that reflect the system integrity. The development of 

integral indicators of EW is discussed on hypothetical examples of the “river-

drainage area” systems and on the base of assessment of EW of real natural object 

(Msta River) and its catchment area. 

Keywords: integral assessment, ecological status, fluvial system, system 

“river-drainage area”, ecosystem stability. 

INTRODUCTION 

Assessment of ecological condition, ecological status and health of complex 

natural systems began to be actively discussed in scientific publications at the end 

of the 20th century due to the development of methods for evaluating emergent 

properties of complex systems in nature and society. The necessity to create an 

integral indicator of ecological well-being or “ecological certificate of a river” has 

been discussed since the end of the 1960s [1], [2]. The problem retains its relevancy 

due to the development of a system approach in assessment studies of eco-systems 

condition, unification of approaches to assessment of the condition of natural 

environment by international community from the perspective of an integrated 

approach and assignment of eco-regions. The Directive of the European Parliament 

and of the European Commission of 23 October 2000 (Water Framework Directive 



 

- WFD) declared the attainment of ecological well-being or high ecological status 

for all water systems as the basic goal [3]. 

MATERIALS AND METHODS 

The object of our research is a “river-drainage” system. Such system means a 

system consisting of two subsystems “river” and “drainage” which parameters will 

be determined; according to them ecological well-being (EW) will be assessed. For 

each subsystem, an integral indicator of ecological well-being (IIEW) for key geo-

systems will be calculated. The ecological well-being is the main subject of our 

research. According to [4], this is a normal reproduction of main links of the 

ecological system of a water object. In order to assess EW, a number of features 

were introduced and used in frames of our study. The features of good eco-system 

of a water object were named: 1) maximum (optimal) production of resource 

element; 2) maximum diversity of the biota; 3) high water quality; 4) high resistance 

of the system to changing parameters of natural and anthropogenic conditions; 5) 

low speed and risks of contamination, acidification and anthropogenic 

eutrophication; 6) high speed of self-purification [5]. 

One of the important components of EW assessment is the ability of a system 

to retain its properties and condition parameters after external impact. Such system 

is called resistant to changes of condition parameters. It is considered that the 

concept of EW is wider and can include resistance of a system to changes in 

parameters of natural (potential stability) and anthropogenic conditions. It is 

proposed to determine the EW of a system on the basis of an axiological approach 

from the perspective of biocentrism and anthropocentrism [3].  

To assess the state of complex systems in nature, various approaches are used 

including landscape, geo-system, geo-ecological, and geo-situational ones, as well 

as method of system simulation, analysis and synthesis of indicators in information 

deficiency (ASIID- and APIS-methodologies). Each method can use the following 

kinds of assessment: 1) single (direct and indirect) assessment by separate initial 

characteristics on the basis of comparison with certain levels and norms; 2) multi-

criteria assessments imply the necessity for a procedure of compression of 

information that is a target-oriented process based on clearly formulated principles 

of selection of the most informative variables, indicators of state (impact); 3) 

integral assessments combine dissimilar (multi-criteria) assessments taking into 

account their contribution to the overall assessment [5]. 

In most cases for evaluation of ecological status and EW composite indicators 

as d – functions or desirability functions are used. They allow to translate natural 

values into a unified dimensionless numerical scale with fixed boundaries. The 

necessity to introduce desirability functions is determined by various dimensions of 

variables composing the indicator, which does not allow them to be averaged 

without transformations, and the necessity to change the weight ratios when 

changing the assessment priorities. 



This study uses, as an analytical d-function, a linear or non-linear convolution 

of normalized values of criteria. To normalize, a non-decreasing piecewise power 

function of the following form [7] is used: 
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Such function can be used when an increase in the value of the i -th initial 

characteristic does not entail a decrease in the well-being assessed according to the 

i -th criterion. 

If the value of the i -th initial characteristic of some emergent property 

assessed by the i -th criterion increases, it does not grow, a non-increasing 

piecewise power function of the following form [6] can be used: 
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The range of change of qi is within 0 and 1. The value qi =1 can evidence the 

well-being of a system by the i-th criterion, and the value qi = 0 can evidence its 

degradation (or vise versa). In current research “0” corresponded to the highest 

value of ecological well-being, and “1” to the lowest.  

After normalizing the values of parameters, an interpreting function 

Q(q)=Q(q1,…,qm) is introduced that transforms the normalized indicators q1,…,qm 

into a single integral indicator Q = Q(q), collating to the j -th property certain 

numerical assessment Q(j)=Q(q(j))=Q(q1
(j),…,qm

(j)). As a synthesizing function, the 

presented formula was chosen: 

Q=q(q,w)= Q(q1,…,qm; w1,…,wm)=∑qiwi  (3) 

The solution of a problem of selecting the weight factors wi is of great 

importance. Usually calculations begin with using the idea of equal weight of 

characteristics. Then a series of calculations is performed to take into account the 

justified non-equilibrium setting of parameters inside units and between units. The 

obtained results are analyzed. Depending on the total number of levels and units, as 

well as total number of necessary and sufficient parameters of assessment a 

conclusion is made on the possibility or inappropriateness to use equal weights. It 

is recommended to make simulation of the weight factors based on ASIID - 

(Analysis and Synthesis of Indicators in Information Deficiency) or APIS - 

(Aggregated Preference Indicators System) methodologies that allow incomplete, 



 

inaccurate, non-numerical information to be accounted for setting the weights. To 

evaluate the ecological well-being of natural eco-systems the method of 

consolidated indicators (MCI) and the method of randomized consolidated 

indicators (MRCI) were used [7].  

RESULTS AND DISCUSSION  

To build a classification of ecological well-being of fluvial systems, we 

selected 63 criteria (parameters) of evaluation. The parameters for “river” and 

“drainage” were set by units separately for a river (33 parameters) and for its 

drainage (30 parameters). The classifications were built using the author evaluative 

scales that are part of various evaluating classifications: of productivity, 

environmental qualities (water, atmosphere, soil), stability, etc. The singling out of 

5 EW classes were justified, since this number of classes is distinguished by most 

authors of reference scales and is contained in WFD. 

To assess EW of a river, several parameters were selected that form the groups: 

1-morphometric and physico-geographical, 2-climatic, 3-hydrological, 4-

hydrochemical, 5-hydrobiological, 6-self-purification, 7-risks of contamination and 

stability of the river. For the drainage EW, the evaluating criteria was selected 

forming the units: 1-favorable climate, 2-quality and contamination of atmospheric 

air, 3-quality and contamination of soil, 4-potential stability of drainage, 5-stability 

of soils. 

As a result of normalization, for the river and drainage subsystems the scales 

of integral indicators were obtained inside each group of parameters (integral 

indicator of the 1st level of convolution) and among the groups of parameters 

(integral indicator of the 2nd level of convolution or scales of consolidated 

indicators). At the first stage the value of the integral indicator was calculated under 

the condition of setting equal priorities (weights) for the parameters in the “river” 

groups and for the parameters in the “drainage” group. 

Since the further research requires the scales of the last levels of convolution 

to be available, the article focuses on obtaining the values of these integral 

indicators and the boundaries of the classes of ecological well-being for them. The 

results of calculating the consolidated indicators between the groups (second level 

of convolution) are presented in tables 1 and 2 for the river and the drainage 

respectively. In these tables, the acronym II means integral indicator of the 1st level 

of convolution. 

 

 

 

 

 

 



Table 1. Integral indicators for groups and consolidated indicator for river 

EW feature / class 
I 

Maximum 
EW 

II 
EW 

above 
average 

 

III 
Average 

EW 

IV 
EW 

below 
average 

V 
Minimum 

EW 

II-1 (Morphometric and 

physico-geographical 

parameters) 
0-0.21 0.21-0.49 0.49-0.68 0.68-0.87 0.87-1 

II-2 (Climatic 

parameters) 0-0.21 0.21-0.33 0.33-0.55 0.55-0.73 0.73-1 

II-3 (Hydrological 

parameters) 0-0.22 0.22-0.38 0.38-0.60 0.60-0.81 0.81-1 

II-4 (Hydrochemical 

parameters) 0-0.15 0.15-0.26 0.26-0.43 0.43-0.64 0.64-1 

II-5 (Hydrobiological 

parameters) 0-0.17 0.17-0.34 0.34-0.55 0.55-0.78 0.78-1 

II-6 (Self-purification) 0-0.07 0.07-0.14 0.14-0.24 0.24-0.50 0.50-1 

II-7 (Risks of 

contamination and river 

stability) 
0-0.24 0.24-0.39 0.39-0.60 0.60-0.76 0.76-1 

Consolidated indicator 0-0.18 0.18-0.33 0.33-0.52 0.52-0.73 0.73-1 

 

Table 2. Integral indicators for groups and consolidated indicator for drainage 

EW feature / class 
I 

Maximum 
EW 

II 
EW 

above 
average 

III 
Average 

EW 

IV 
EW 

below 
average 

V 
Minimum 

EW 

II-1 (Favorable climate) 
0-0.26 0.26-0.45 0.45-0.59 0.59-0.75 0.75-1 

II-2 (Quality and 
contamination of 
atmospheric air) 

0-0.17 0.17-0.22 0.22-0.30 0.30-0.65 0.65-1 

II-3 (Quality and 
contamination of soil) 0-0.13 0.13-0.23 0.23-0.38 0.38-0.61 0.61-1 

II-4 (Potential stability of 
drainage) 0-0.37 0.37-0.42 0.42-0.61 0.61-0.80 0.80-1 

II-5 (Stability of soils) 0-0.18 0.18-0.41 0.41-0.61 0.61-0.80 0.80-1 

Consolidated indicator 0-0.22 0.22-0.35 0.35-0.50 0.50-0.72 0.72-1 



 

One of the stages of the research important for proving the adequacy of the 

obtained results was development and implementation of test scenarios. Such 

calculations are accounted for by the necessity to prove the applicability of the 

developed classification model to do further research for rivers and drainages 

differing in their properties and their combinations. In relation to this we discuss 8 

test scenarios: four for a river and four for drainage.  

On results of calculations by the scenarios 1 - 8 a conclusion was drawn to the 

effect that the developed classification objectively reflects various combinations of 

properties of a river and drainage in a way that various EW classes correspond to 

various sets of combinations. This is reflected with the results from which it follows 

that the values of the integral indicators of ecological well-being (IIEW) calculated 

for rivers and drainages that are clean, stable, various in composition, having low 

risks of contamination, comparatively high self-purification etc., have higher EW 

classes (I and II), and for rivers and drainages having alternative properties, lower 

classes (III - V). 

To evaluate the impact of priorities (weights) on IIEW of a fluvial system, the 

calculations for three options of the setting of the weights were made at the second 

level of convolution of indicators (between the groups of parameters): 1 - equal 

weight; 2 - anthropocentrism (focus on sustenance of people, society, their resource 

provision, use of sanitary regulations and health-based exposure limits etc.); 3 - 

biocentrism (preservation of habitat for aquatic organisms, priority of using 

methods of biological control of the environment etc.). For options 2 and 3 “APIS” 

capacities were used. 

Table 3 shows the designations of priorities (weights) for each group of 

parameters. 

Table 3. Designations of weights for each group of parameters 

Subsystem Group of parameters Designation 

River Morphometric and physico-geographical 

parameters 

w1 

Climatic parameters w2 

Hydrological parameters w3 

Hydrochemical parameters w4 

Hydrobiological parameters w5 

Self-purification w6 

Ending of Table 3 

Subsystem Group of parameters Designation 

 Risks of contamination and river stability w7 

Catchment Morphometric and physico-geographical 

parameters 

w1 

Quality and contamination of atmospheric air w9 

Quality and contamination of soil w10 

Potential stability of drainage w11 

Stability of soils w12 



After that, the priority of the groups in each option was determined on the basis 

of non-numerical (serial) information. Then, using APIS system and taking into 

account the introduced priorities and the reading accuracy, the numerical values of 

weight ratios were calculated for the groups of characteristics, the accuracy of 

calculating the integral indicators evaluated. As a result, the average quantitative 

values of the weight factors were obtained for all options on the basis of the 

qualitative priority setting: 

1) The value of the weight ratios for the groups of characteristics with an 

equilibrium approach for a river: w1 = w2 = w3 = w4 = w5 = w6 = w7 = 0.14; for 

drainage: w8 = w9 = w10 = w11 = w12 = 0.20; 

2) The value of the weight ratios for the groups of characteristics with an 

anthropocentric approach for a river: w2 = w3 = w4 = w7 = 0.16 > w1 = w5 = w6 = 

0.12; for drainage: w8 = w9= w10 = 0.28 > w11 = w12 = 0.08; 

3) The value of the weight ratios for the groups of characteristics with a 

biocentric approach for a river: w5 = w6 = 0.30 > w1 = w2 = w3 = w4 = w7 = 0.08; 

for drainage: w11 = w12 = 0.388 > w8 = w9 = w10= 0.08. 

At the next stage, the IIEW construct for the second level of convolution 

(consolidated indicator) for a river and drainage for the three discussed options was 

implemented. The results of the calculations are presented in tables 4 and 5. 

 

Table 4. Scales of EW integral indicators for a river calculated for the three 

options of the priority setting 

IIEW / EW class 

I 

Maximum 

EW 

II 

EW 
above 

average 

 

III 

Average 
EW 

IV 

EW 
below 

average 

V 

Minimum 
EW 

IIEW1 (equal weight) 0-0.18 0.18-0.33 0.33-0.52 0.52-0.73 0.73-1 

IIEW2 
(anthropocentrism) 

0-0.18 0.18-0.34 0.34-0.52 0.52-0.73 0.73-1 

IIEW3 (biocentrism) 0-0.16 0.16-0.29 0.29-0.47 0.47-0.69 0.69-1 

 

 

 

 

 



 

Table 5. Scales of EW integral indicators for drainage, calculated for the three 

options of priority setting 

IIEW / EW class 

I 

Maximum 

EW 

II 

EW above 
average 

III 

Average 
EW 

IV 

EW 
below 

average 

V 

Minimum  

EW 

IIEW1 (equal weight) 0-0.22 0.22-0.35 0.35-0.50 0.50-0.72 0.72-1 

IIEW2 

(anthropocentrism) 

0-0.20 0.20-0.32 0.32-0.45 0.45-0.69 0.69-1 

IIEW3 (biocentrism) 0-0.25 0.25-0.39 0.39-0.56 0.56-0.77 0.77-1 

The analysis of data presented in these tables showed that the divergences 

between IIEW boundary values for the evaluative scales by EW classes of a river 

(table 4) are not high. The boundary divergence between the classes was: 12.5% (I-

II); 17.2% (II-III); 10.6% (III-IV); 5.8% (IV-V). In all classes the maximum 

differences are inherent in the third option of priority setting (biocentrism). 

For drainage (table 5) these differences are somewhat higher. The boundary 

divergence between the classes was: 25% (I-II); 21.9% (II-III); 24.4% (III-IV); 

11.6% (IV-V). In all classes the maximum differences are also inherent in the third 

option of priority setting (biocentrism).  

At the next stage the key fluvial system was discussed and its ecological well-

being evaluated on the basis of the reviewed criteria. As an example, the Msta River 

and its drainage were chosen located in the North-West region of the Russian 

Federation. For setting the separate characteristics the parameter values inside the 

groups averaged for a number of the recent years (the first level of convolution) 

were used. 

The ecological well-being of the Msta River and its basin was determined by 

calculating IIEW according to three options discussed above. The EW class of the 

object in question was determined according to same rules as in options 1-3. 

An important part of the research was checking the assumption whether a 

fluvial system will go to another EW class if the anthropogenic load in number of 

parameters is increased hypothetically at the same time. In nature such event has 

low probability; in this case however the investigator was interested in the obtained 

result in terms of developing the technique for assessing the impact of loads on the 

state of the system. To check the impact of a hypothetic load, it was decided to 

select the groups of parameters most vulnerable to anthropogenic impact. For a river 

the groups of hydrochemical and hydrobiological parameters were selected, and for 

drainage the groups “quality and contamination of atmospheric air” and “quality 

and contamination of soil” were selected. 

In option “1n” the load inside the named groups was increased by 30%, and in 

option “2n” it was increased by 2 times (by 200%). The calculation was made 



according to the normalized parameter values. The weights (priorities) were set 

according to option 1 (equal weight). 

The analysis of the IIEW values for the Msta River and its drainage obtained 

in options “1n” and “2n” showed that both subsystems (river and drainage) were 

noticeably impacted by an increased load on the selected groups of parameters in 

option “2n”. The obtained IIEW value of the Msta River evidences the transition of 

the system from the left boundary of class II (0.25) to its right boundary (0.32), i.e. 

practically to one class. The consolidated EW indicator for the drainage changed 

insignificantly. In the experiment it was shown that with the two-time increase of 

the load (in 2 groups out of 5) the river’s drainage was able to retain its properties 

and condition parameters within the limits of the class in which it was before the 

impact, and the two-time increase of the parameter of conditions in the river (in 2 

groups out of 7) caused the transition of the river to a superior class (the lowering 

of EW class). 

CONCLUSION 

1. The advantages of the suggested approach to an integral assessment of 

ecological well-being of a “river-drainage” system was demonstrated clearly. 

2. In building the classification models the investigator: a) introduces the 

ecological well-being classes, b) uses an axiological approach and axiometry 

(ecological qualimetry) to build evaluative scales, c) justifies the type of an integral 

indicator, d) solves the problem of normalization of initial data taking account the 

type of link (direct, reverse) and its non-linearity, e) accounts for information on the 

evaluation priorities, f) works with evaluative scales of the necessary and sufficient 

evaluating criteria. 

3. A series of experiments was performed to assess ecological well-being of 

fluvial systems. They are represented as calculations of test scenarios, of evaluating 

EW of a real natural object, as well as scenarios for considering a hypothetical 

anthropogenic load on a system.  
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ABSTRACT 

Data that come from multi- and singlebeam echosounders make a basic source 

for reliable and complex displaying of the seabed profile. Their quality and 

reliability have significant impact on safe shipping and navigation. These are main 

targets and purposes of the measurements. Thanks to detection and description of 

many underwater objects, shallows or other dangerous places, the hydrographical 

measurements do guarantee improvement of safe human activities at sea. 

The measurement dynamics and variation of factors disturbing in time mean 

that the bathymetric measurements are especially difficult and they require 

experience in the process of planning, performing and elaborating the 

measurements. The geospatial data obtained for the need of creating a numerical 

model of the seabed must be reliable because it is not possible to compare them 

with any standard. 

There is a method of verification of the geospatial data obtained by means of 

an MBES multibeam echosounder used in bathymetric deep-water maritime 

measurements presented in the article. Dynamic calibration, being a preliminary 

stage of the echosounding works, has been applied in the process of the model 

verification. Reference to DTM (Digital Terrain Model) verification in 

photogrammetry has been done – where ground points obtained in land survey make 

references. 

Keywords: Digital Terrain Model, Digital Sea Bottom Model, multibeam 

echosounder, calibration, verification 

INTRODUCTION 

Hydrographical survey is of great significance in securing underwater works 

among which the following ones may be underlined: routing submarine cables, 

construction of pipelines or dredging of waterways. The seabed relief may change 

due to inflow of sediments. It is necessary to make systematic surveys on sea routes, 

fairways and other sea areas. 

Numerical Terrain Models (NTMs) make one of the most important subject 

matters of Geographical Information Systems these days. They are applicable in 

rendering two or three dimensions of the seabed and in checking its shape. Methods 

of creating the NMTs are greatly various hence they differ in accuracy. This is to 

note that the seabed is an environment changing dynamically, so it is recommended 

to elaborate methods allowing verification of the models already existing. 



 

Character of performance of bathymetric survey (dynamic measurements, 

waving, variability of conditions for acoustic wave propagation in water) makes 

execution of many measurements or a long-term measurement in the same place, in 

order to strengthen accuracy or to verify the model, impossible [8], [9], [10]. As far 

as the method is concerned, the measurements are similar to photogrammetric 

estimations (dynamics, spatial orientation of an airplane) but they differ in respect 

to verification, due to lack of reference. In photogrammetry, it is possible to refer 

to characteristic terrain points determined with geodesic methods applied. 

METHODS OF DATA ACQUISITION AND SOURCES OF 

ERRORS 

Aerial photogrammetry and low bank UAV (unmanned aerial vehicles) are the 

main data sources for building DTM (digital terrain model) of terrestrial areas. The 

photogrammetric works mainly consist in measuring homologous points on two or 

more pictures (photos). In digital photogrammetry, algorithms of automatic 

measurements on digital images are mostly based on methods of correlation. 

Correlation coefficient is a basic benchmark of similarity (goal function) [11], [13]. 

Having the homologous points of pixel coordinates been determined, it is possible 

to translate them into photogrammetric coordinate system and then, based on the 

known elements of reciprocal and absolute orientations, to determine terrestrial 

coordinates of the DTM’s points [7]. 

The following factors, among the others, have impact on accuracy of the 

DTM’s photogrammetric elaboration [1], [11], [13]: 

 proper calibration of photogrammetric cameras, 

 atmospheric refraction, 

 contraction of film in the period between exposition and scanning, 

 mechanical and optical errors of photogrammetric scanners, 

 precision in identification of photo-points and accuracy in measuring 

them on pictures and in the field, 

 pure correlation of the pictures’ certain areas having impact on the 

process of automatic measurement of the points. 

In the hydrographical survey, where bathymetric measurements make primary 

part, focused on determination of the seabed relief for the need of navigation maps’ 

elaboration, the main factors that influence accuracy of the determination are as 

follow: 

 positioning of the echosounding ship, 

 considering vertical distribution of sound velocity in water, 

 sonar calibration, mainly dynamic calibration of multibeam 

echosounder, 



 disruptions of movement of the echosounding ship compensated by 

measurements of her roll, heave and pitch motions by means of 

instruments serving determination of spatial orientation, 

 considering variations in water level. 

With a use of the multibeam echosounder, the least distortions resulting from 

the acoustic wave propagation in water – from occurrence of refraction 

phenomenon, appear under converter for beams the least tilted from the vertical [8, 

9, 10]. The distortions arise for the beams having larger and larger output angle and 

they are the most significant on an edge of the stream [4], [5], [12]what has an 

impact on accuracy of the DTM’s determination. 

VERIFICATION OF THE DIGITAL TERRAIN MODEL 

Surface described by the DTM is only an approximate of the Earth real surface. 

Difference between these two surfaces is defined as [11], [13]: 

r(x, y) = f (x, y) − f (' x, y) (1) 

and the mean error of the difference as [11], [13]: 

 

(2) 

In practice, the “real” terrain surface is unknown, so it is not possible to 

determine difference between the generated DTM (approximate surface of the 

terrain) and the real area of the surface. Different, more accurate (by an order of 

magnitude) model of surface of the same area must be used in order to verify quality 

of the given DTM. 

The proposed [11], [13] examination of the DTM’s correctness consists in 

performance of statistical hypothesis’ verification. It has been assumed that there is 

a model we want to test there and a difference of elevation between the two models, 

defined for enough number of points. 

The first step is to check whether the random variable (difference between the 

models on the selected area of the elaboration) for this sample represents normal 

distribution. 

Then, elements of the statistical test are being defined [11], [13]: 

 We hypothesize that the parameter m  amounts to the value of m0. 

Thereby, we shall verify the hypothesis H0 in the form m = m0. 

 We also define an alternative hypothesis m>m0 (or HA: m<m0) 

 We perform the statistical test – determination of the statistics’ value 

which allows assessing whether we may reject a null hypothesis. 

The real surface on ground may be determined based on land measurements, 

with an accuracy of 1 cm, executed by means of satellite measuring systems. They 



 

are also used in securing measurements being taken by UAVs [2], [14] to determine 

georeferenced points. 

In hydrography, determination of the sea-bed’s DTM, as a reference surface in 

respect to the measuring system’s calibration or the DTM’s verification, is very 

difficult and even not possible. Therefore, there are geodesic positioning systems 

and methods of echo-sounders’ calibration used there – to obtain the best possible 

accuracy of the seabed DTM’s determination. 

MBES CALIBRATION AS A TOOL INCREASING 

RELIABILITY OF DTM DETERMINATION 

Control of multibeam echosounder’s indications should be performed each 

time before and after execution of the bathymetric survey – in order to check 

correctness of operation of the system and devises. The cross check consists in 

performing two measurements on profiles perpendicular to one another. 

Measurements on extreme outer beams, burdened with the greatest error (red 

points), with vertical indications (green points) vitiated by the smallest error (Fig. 

1). Difference in the indications’ values should not be greater than 10 cm. 

 

 

Fig. 1. Calibration of multibeam echosounder 

Phenomenon of refraction of diagonal beams’ acoustic rays is a basic source of 

uncertainty of measurement taken by means of MBES. This is a result of sound 

velocity changes in water. Field of acoustic wave emitted in water environment by 

the echo-sounder’s transducer and its changes in time-domain may be described 

mathematically with solving wave equation [3], [6], which in hydroacoustics is a 

basis for descriptions of small amplitude waves. This solution does exist, however 

– only for simple or idealized cases. In general, a point source of the acoustic wave 

and horizontal stratification of water – in which the sound speed c(x,y,h) = c(h) – 

are assumed. 



In short, determination of the acoustic ray’s trajectory is based on the Snell’s 

law which defines relationship between the acoustic ray’s direction and velocity of 

the sound wave propagation [4], [5]. The sound radius shall deflect towards lower 

velocity of sound. The acoustic ray deflection phenomenon is the most visible for 

diagonal beams, therefore the extreme outer beams of the multibeam echosounder’s 

radiation characteristics implement the greatest errors in depth measurement. 

 
 

  

Fig. 2. Influence of the refraction phenomena (sound speed in water) on 

determination the seabed.  

RESEARCH 

Geospatial data recorded during calibration of the multibeam echosounder for 

rolling correction on waters of Gdansk Bay (Fig. 3)were used to verify the Digital 

Sea Bottom Model. The calibration preceded hydrographical soundings executed 

by hydrographic ship by means of R2Sonic 2022 multibeam echosounder, operating 

at the 300 kHz frequency. The hydrographic system was also constituted by: two-

antenna Applanix POS MV precise positioning system, Applanix detector of roll 

and heave motions, Valeport Mini sound velocity profiler, DESO-30 singlebeam 

echosounder. They all were integrated by QPS QINSy hydrographic system. 



 

 

Fig. 3. Area of the research  

 

 

Fig. 4. 3D and cross-section visualizations of crossed profile and the base 

In the process of the seabed model verification, the depths were compared at 

the stage of raw data for the same narrow area of the seabed. The depths obtained 

from the survey on the entire width of the swatch with a sector searching one head 

in sector 87 were analysed with depths obtained by means of the echo-sounder’s 

vertical beam during passage of the vessel perpendicular to the given profiles. 

Values of the depths were acquired in VALIDATOR application, with a 2m 



interval, what as a consequence provided over 100 measurement points for each 

profile. 

 

 

Fig. 5. Errors’ determination of the depths with relations to linear deviation od 

the acoustic beam 

Tab. 1. Differences between depths in crossed profiles  

Number of 

profile 

Differences between depths 

min [cm] max [cm] average [cm] 

Profile 1 1 28 13 

Profile 2 1 28 12 

Profile 3 1 27 12 

CONCLUSIONS 

These days, systems of multibeam echosounder pay a serious role in the field 

of hydrographical survey and creation of Digital Terrain Models of sea areas’ beds. 

The presented results regarding evaluation of the model quality have been obtained 

based on data collected from deepwater survey – this reduces, in significant way, 

the requirements concerning accuracy imposed by IHO, as well as the requirements 

resulting from principles for charting depths onto marine navigational maps. This 

criterion has been met in all measurement points of the test – on the entire width of 

the swatch. This has been possible thanks to the method of executing the 

measurements, adjustment of the ship speed to the conditions, skills of the 

helmsman, consideration of the sound velocity in water, as well as calibration of the 

shipboard hydrographical system, including: the positioning system, detector of the 

roll and heave motions and others used in the test. 

Findings obtained as a result of the performed analysis show that the topic 

regarding verification of DTM, built as a result of charting bathymetric data coming 

from multi-beam sonar, is broad. Accuracy of those measurements greatly depends 
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on accuracy of additional sensors and Motion Reference Units. The test results do 

show that the angular coverage sector is limited due to serious errors being 

generated by extreme outer beams – even with a use of two heads to map the sea-

bed. When assessing the measurements’ accuracy, a user should be aware of the 

maximal and effective width of the seabed coverage sector. 
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ABSTRACT 

In mountain watersheds, the standard hydrological survey often underestimates 

components of the water balance. The aim of this study is a detailed water budget 

analysis of spruce forests (Norway spruce, Picea abies (L.) Karst.) in the Jizerka 

experimental catchment (the Jizera Mountains, Czech Republic). In the investigated 

mature spruce stand at the elevation of 975 m, the estimated annual 

evapotranspiration potential is 362 mm and the canopy interception by the absence 

of fog can reach 224 mm (i.e. 34% of the gross rainfall). But, in 2015-2017, the 

water budget of that forest stand has been significantly affected by fog/low clouds 

during 51 foggy days per a summer season. Based on canopy trough-fall 

observations, the interception loss was reduced to 106 mm (i.e. 16% of the gross 

precipitation). Thus, the summer fog drip reached 18% of the gross rainfall reducing 

the canopy interception by 54%. The Slinn model of fog drip was employed to 

extrapolate the data in both time and catchment scales. In the Jizerka catchment, the 

mean annual fog drip reached 81 mm (i.e. 7% of the gross precipitation and 11% of 

the mean annual runoff). Thus, the occurrence of fog/low clouds and the subsequent 

canopy fog drip represents an important income in the water budget of a forested 

mountain catchment.  

Keywords: mountain spruce forests, water budget, canopy interception, fog 

drip. 

INTRODUCTION 

In mountainous regions, headwater catchments provide between 40 and 80% 

of the water resources available to lowland settlements [12]. This role of headwaters 

has been increasing particularly with the population pressure and impacts of the 

climate change. Mountain watersheds of central Europe are predominantly covered 

by forests; therefore, water balance of mountain forest ecosystems seems to be the 

key factor of the water resources recharge.  

In complicated mountain landscapes, the routine hydrological survey leads to 

underestimating both water budget components: the precipitation income and the 

evapotranspiration loss [9]. The aim of this study is to analyse the water balance of 

spruce stands (Norway spruce, Picea abies (L.) Karst.) in a small headwater 

catchment located in the upper plain of the Jizera Mountains (Figure 1). A special 

attention is paid to the canopy interception and the additional precipitation inputs 

from the canopy fog by the occurrence of fog or low clouds.  



 

MATERIAL AND METHODS 

The Jizerka experimental catchment (50o48’21”- 50o48’59”N, 15o19‘34“- 

15o20‘48“ E, Elbe river district 1-05-01-004, area of 1 km2, elevation gradient from 

862 to 994 m, covered by spruce forests) operates since 1981. Climate 

characteristics are available     in [11]: North temperate zone, Kőppen Dfc sub-arctic 

region, mean annual precipitation 1,400 mm, and air temperature 4oC; the snow 

cover usually lasts from the beginning of November to the end of April. Soils 

developed on porphyritic granite here (sandy-loamy podzols) are relatively shallow, 

between 0.5 and 1.2 m.  

A
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– Mature spruce stand

A   – Investigated transect

GS – Outlet gauging station 

– Region of the Jizera Mts.
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Figure 1. The Jizerka experimental catchment. 

The catchment runoff is registered by V-notch weir in the outlet (Figure 1) and 

standard meteorological parameters (temperature, humidity, gross rainfall, and 

wind speed) are observed in two spots by the ALA monitoring system. In 2015 – 

2017, detailed observations of the canopy through-fall and fog drip were performed 

in the interception plot (30x30 m, elevation of 975 m) found in the mature spruce 

forest with the crown density 0.78 and mean tree height 23 m. Ten plastic Hellman-

size rain collectors were randomly installed under the forest canopy and sampled in 

monthly intervals. Twelve passive fog collectors were installed in the vertical 

transect A of the catchment (along the harvested part of the catchment) to evaluate 

an elevation effect. At each collector, the drip of fog was generated by 400 metres 

of Teflon wire (diameter of 0.25 millimetres, thus, surface area index SAI = 5) 

exposed at the height of 1.7 metres above the ground, and collected in (one-litre) 

sample bottles at monthly intervals too. Sample bottles were protected against direct 



rainfall access by a wide-brimmed cover that overlapped the fog collector at an 

angle of 34°. 

Potential evapotranspiration was calculated by the Monteith-Penman equation 

(1), [7]: 

  (1) 

Where, Rn – net radiation (W m-2), ra and rs – aerodynamic and stomatal 

resistances     (s m-1), esat and eact – saturated and actual vapour pressures (kPa), cp 

– specific heat of the dry air (J kg-1 °C-1), ρa – air density (kg m-3), Δ – the slope of 

the curve of saturated vapour pressure against temperature (kPa °C-1), γ – 

hygrometric constant (kPa °C-1). 

Interception loss (I) was estimated from the balance equation (2), [6]: 

I = PG + PF – P’ = PG + PF – (PT + PS)                    (2) 

Where, P’ – net precipitation (mm), PG – open field (gross) precipitation (mm), 

PF  – fog drip (mm), PT  – through-fall under the canopy (mm), PS – stem-flow (mm).  

The analytical model of Gash [2] was applied to simulate interception loss of 

forest stands in absence of a significant fog drip. This approach considers series 

discrete events of rainfall, comprising the periods of canopy wetting (when the 

rainfall PG is less than the threshold value necessary to saturate the canopy PG’), 

canopy saturation, and drying out after rainfall ceases. The forest structure is 

described in terms of the canopy capacity S, which is defined as the amount of water 

left on the canopy in zero evaporation conditions when rainfall and through-fall 

have ceased, the free through-fall coefficient p, which determines the amount of 

rain which falls directly to the forest floor without touching the canopy, and the 

proportion of rainfall diverted to stem-flow ps. The interception components I1, I2, 

I3, and I4 were calculated as the interception of m relatively small storm insufficient 

to saturate the canopy I1: 

𝐼1 =  (1 − 𝑝 − 𝑝𝑠) ∑ 𝑃𝐺𝑖

𝑚
𝑖=1     (3) 

The loss I2 by wetting the canopy, for n storms that saturate the canopy (PG > 

PG‘): 

𝐼2 =  𝑛 (1 − 𝑝 − 𝑝𝑠)𝑃𝐺′ − 𝑛𝑆    (4) 

Evaporation from saturation until rainfall ceases I3: 

              𝐼3 =  
𝐸

𝑅
∑ (𝑃𝐺𝑖

− 𝑃𝐺′)𝑛
𝑖=1    (5) 

And, evaporation after rainfall ceases I4:  

 I4 = nS     (6) 

Then, the total amount of intercepted rainwater (I) in a certain period is:  



 

I  =  I1,+I2+ I3+ I4               (7) 

In spruce stands, stem-flow as well as the evaporation from trunks are 

considered negligible, according to [5], [7].  

The modified Slinn model [10], [4] was used to calculate the fog drip PF based 

on the flux of cloud droplets (8):  

PF = 3.6 LWC vd t     (8) 

Where, Pf – fog drip (mm), LWC – liquid water content (g m-3), vd – settling 

velocity of droplets (m s-1), t – time of the deposition during a day (hours).  

This model of fog deposition does not take into account edge effects of forest 

stands. In a catchment with fragmented forest stands (i.e. with the forest effect), the 

equation (9) is recommended [4]:  

vd = c vt + vg         (9) 

Where, c – edge effect factor (greater or equal to one), vt – turbulent settling 

velocity  (m s-1), vg – gravitational settling velocity (m s-1).  

RESULTS AND DISCUSSION 

In the Jizerka catchment, the annual Monteith-Penman evapotranspiration 

potential ranges between 330 and 450 mm with the elevation and canopy; with 362 

mm found for the investigated mature spruce stand (Figure 1). Such a potential 

could be considered equal to the actual evapotranspiration in a mountain terrain 

well saturated by frequent and high rainfall events [1], [3].  

The dominant loss component of the water budget in mountain forests is the 

canopy interception [5]. In 2015-2017, by a negligible fog drip, the interception loss 

of the mature spruce stand calculated by the Gash model (equations 3-7) reached 

36, 35 and 31% of the gross precipitation per a season. Parameters of that model 

were found from the canopy through-falls observed in the absence of fog: the free 

through-fall coefficient p = 0.22 (the horizontal canopy coverage is 0.78), negligible 

stem-flow in spruce stands (ps = 0), the canopy storage capacity S = 1.7 (mm), the 

evaporation rate from saturated canopy during rainfall E = 0.21 (mm hour-1), mean 

rainfall rate R = 2.18 (mm hour-1) and the threshold rainfall to saturate the canopy 

P’ = 2.8 (mm). This analysis included 513 rainfalls with 317 events not sufficient 

to saturate the canopy and 196 rainstorms saturated the canopy.  

The hypsometric relation (10) was found by estimating the fog drip volume PF: 

PF = 0.001 (aH + a0) Ar Fc    (10) 

Where, H - elevation, a0 – seasonal coefficients of the hypsometric effect, Ar – 

effective receptor area, and Fc – fog drip coefficient (between 0.18 and 1.0 upon the 

canopy density). 

In the catchment scale, weighted averages of interception and fog drip volumes 

were identified by respecting four basic canopy groups: 1) mature stands (above 61 



years), 2) middle age stands (31 – 60 years), 3) young forests (age below 30 years), 

and 4) grass dominating (Figure 2).  

In real conditions (the interception loss is compensated with the fog input), the 

mean summer interception varied between 14 and 18% of the gross precipitation 

(Table 1). Comparatively, in similar mature plantation of Norway spruce (canopy 

density 0.8-0.9) not affected by the fog or low clouds, the 37% interception loss is 

reported [5].  In 2015-2017, the canopy through-fall was affected by the fog drip in 

51 foggy days a year. Thus, the mean summer fog drip (119 mm) reached 18% of 

the gross rainfall, reducing the canopy interception by 54 % (from 34 to 16 % of the 

gross rainfall).  

Table 1. Gross precipitation and canopy through-fall observed in the mature 

spruce stand (May-October, 2015-2017). 

 Year Gross precipitation PG 

(mm) 

Through-fall  

PT (mm)      (%) 

Interception  

PI (mm)      (%) 

2015 437 358             82   79             18 

2016 772 656             85 116             15 

2016 778 654             84 124             16 

Mean 662 556             84 106             16 

Seasonal (May - October) and annual fog drip estimated by the Slinn model 

(equations 8-9) and from the observation of gross precipitation and canopy through-

fall (equation 1) are presented in Table 2. The two-tailed P value of the Mann-

Whitney test resulted in 0.7, thus medians of observed through-falls and the Slinn 

estimates did not differ significantly, therefore, the Slinn model showed a relatively 

good agreement with the through-fall based data. In the investigated forest stand, 

we did not find any significant effect of the forest edge reported in [6], [8], so, the 

coefficient c (equation 9) was considered equal to one. In the Jizerka catchment, 

probably, the relatively high forest fragmentation (Figure 4) means that there is a 

lack of large homogenous forest stands with sharp edges.  

Table 2. Seasonal and annual fog drip in the mature spruce stand calculated by 

the Slinn model (2015-2017). 

Year 
Summer fog drip (mm)                 

Throughfall Slinn model 

Annual fog drip (mm)            

Slinn model 

2015 79 112 260 

2016 154 146 294 

2017 117 125 268 

Mean 117 128 274 

 

 

 



 

The daily fog occurrence and the fog drip volume Vc sampled by the passive 

fog collector in the open field in 2015-2017 are presented in Figure 2.  

 

 

Figure 2. Fog occurrence and fog drip at the Jizerka meteo-station, 975 m a.s.l. 

(2015-2017).  

 

Figure 3. Mean daily fog drip in the Jizerka experimental catchment, 2015-2017.  

In 2015-2017, considering the investigated mature spruce stand, the daily fog 

drip calculated by the Slinn model resulted in the seasonal fog drip contribution: 

47% in the summer and 53% in the winter. Finally, the Slinn approach was used to 

estimate the fog drip in the catchment scale (Figures 3 and 4). In the Jizerka 

experimental catchment, the mean annual fog drip PF reached 81 mm (i.e. 7% of the 

gross precipitation and 11% of the mean annual runoff 736 mm). Respecting the 

canopy classes (Figure 4), the fog drip and the canopy through-fall are distributed 

within the catchment area based on the elevation and canopy leaf area (equation 



10). In the summer season (May - October), the total fog drip within the focused 

catchment area was 40 mm (i.e. 6.4 % of the catchment gross precipitation). 

Figure 4. Canopy classes and fog drip in the catchment scale. 

CONCLUSIONS 

In the investigated mature spruce stand at Jizerka (elevation of 975 m), the 

mean annual evapotranspiration potential is 362 mm and the canopy interception 

(wet canopy vaporization) calculated by the Gash analytical model [2] reached 224 

mm (i.e. 62% of the evaporation loss and 34% of the gross rainfall). However, the 

water budget of the forest stand was affected by the occurrence of fog/low clouds 

during 51 foggy days per season. Based on the trough-fall observation, the 

interception loss was 106 mm (i.e. 16% of the gross precipitation) only. Thus, in 

2015-2017, the summer fog drip (additional precipitation income to the local water 

budget) reached 18% of the gross rainfall, reducing the canopy interception by 54% 

(i.e. from 34 to 16% of the gross rainfall). 

The Slinn fog drip model [10], [4] showed a satisfactory agreement with the 

observed data in summer seasons and was applied to extrapolate the data in the 

annual and catchment scales. Considering the annual cycle, the fog drip in the 

investigated mature spruce stand was 274 mm (distributed by 47% in the summer 

and 53% in the winter).  In the experimental catchment, the mean annual fog drip 

reached 81 mm (i.e. 7% of the gross precipitation and 11% of the mean annual 

runoff). Thus, the occurrence of fog/low clouds and the subsequent canopy fog drip 

represents an important income in the water budget of a forested mountain 

catchment.  
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