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Abstract. Despite the development of environmental monitoring systems in Ukraine, existing
approaches do not take into account the specifics of tourist regions, which creates significant challenges
for assessing environmental risks and ensuring air quality in conditions of intense tourist flows. The
aim of the study was to substantiate the concept of forming a regional system for monitoring and
managing the environmental safety of tourism in the territorial communities of the Ivano-Frankivsk
region, taking into account European standards for atmospheric air quality control. The methodological
basis was the analysis of European and national environmental legislation, geospatial modelling based
on OpenStreetMap open data, indicators of tourist capacity and overnight stays, as well as optimisation
tasks of maximum coverage and p-median. It has been shown that the existing state observation
system has limited spatial coverage, is focused mainly on industrial centres, does not cover resort
and mountain destinations, and does not reflect peak seasonal loads associated with tourist flows. A
two-level network architecture has been developed, combining three high-precision reference stations
(urban, valley and industrial background) with an adaptive number of low-cost sensors (10-15 LCS)
located in the centres of tourist demand and transport corridors. Weighted clustering of 3,725 tourist
sites revealed the dominant role of the Polianytsia-Yaremcha resort valley and made it possible to
identify a configuration of 12 sensors as a balanced option that minimises the average distance to
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monitoring points and ensures measurement redundancy in sensitive areas. The results obtained
provide a basis for the phased deployment of an air quality monitoring network, the integration of
environmental indicators into tourism management policy, environmental marketing of territories, and

ESG reporting by tourism businesses

Keywords: environmental safety of tourism; atmospheric air quality; regional monitoring system; low-cost
sensors; geospatial modelling; station placement optimisation; tourist destinationscondition of forests

Introduction

The quality of atmospheric air is now recognised
as an important factor in environmental safety
and sustainable development, directly affecting
not only public health but also the level of tour-
ist attractiveness. Recent studies emphasise that
clean air is not only a natural resource but also
an economic asset on which the competitiveness
of tourist destinations depends. Tourists are in-
creasingly taking environmental conditions into
account when choosing a holiday destination, so
the availability and openness of data on air qual-
ity builds trust, reduces risks for visitors and en-
hances the image of the area.

The problem is that the current environmen-
tal reporting system covers only a limited list of
pollutants, mainly from stationary sources, while
international practice and the results of modern
research emphasise the need to monitor fine
particulate matter (PM,, PM,,) and other specif-
ic pollutants. The impact of these microparticles,
which are produced by the combustion of fuel
in transport engines, heating systems in accom-
modation facilities and during food preparation
in catering establishments, directly affects the
health of the population, tourist attractiveness
and environmental safety. Research by the World
Health Organisation shows that even short-
term exposure to PM, causes exacerbation of
respiratory and cardiovascular diseases, as well
as a decrease in immunity, which is especially
dangerous for children and the elderly. In its up-
dated 2021 recommendations, the World Health
Organisation has lowered the permissible con-
centrations of PM,: the annual level from 10 to
5 pg/mé3, and the daily level from 25 to 15 pg/mé.

The decision was based on a meta-analysis of
more than 500 studies that confirmed significant
risks even at concentrations below the previous
standards (World Health Organization, 2021). In
particular, a study by PJ. Landrigan et al. (2018),
which covered data from 41 countries, showed
an increase in mortality from cardiovascular
diseases by 6.2%, respiratory diseases by 3.1%,
and overall mortality by 4.1% with an increase
in PM2.5 by every 10 pug/m3.

A study by the European Environment Agen-
cy (2020) found that visitors to urban and subur-
ban tourist destinations are exposed to increased
levels of fine particulate matter during peak sea-
sons. An analysis conducted by S. Adamenko et
al. (2024) in 25 European cities found that PM2.5
concentrations in tourist centres exceed back-
ground levels by 15-30% during peak hours, es-
pecially near popular attractions and in areas of
heavy traffic. Tourists who spend most of their day
outdoors are exposed to levels 1.5-2 times higher
than the average for local residents, whose activ-
ities are more concentrated indoors.

A further contribution to the study of the im-
pact of the air environment on tourists was made
by A. Tobias et al. (2020). The study used mobile
monitoring stations located in tourist areas of
Barcelona. The results confirmed that even a
short stay (2-3 hours) in conditions of elevated
PM2.5 concentrations (>25 pg/m?3) leads to signif-
icant physiological effects, including a decrease
in lung function and an increase in inflamma-
tion markers. The most vulnerable groups were
children under 12 and older people, who experi-
enced a 7-12% decrease in peak expiratory flow
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and an increase in C-reactive protein levels. The
researchers emphasise that such changes pose a
particular risk to tourists, as they often have lim-
ited access to medical care while travelling and
may not identify the deterioration in their health
as a result of air pollution.

A study by the European Environment Agen-
cy (2021) showed that 63% of tourists consider
air quality when choosing a destination, and 78%
are willing to change their travel plans if environ-
mental conditions deteriorate. These results were
confirmed by a study by . Arbult et al. (2021),
which, based on data from 87 European cities,
found a statistically significant correlation be-
tween air quality deterioration and a decline in
tourist arrivals with a lag of 1-2 months. Family
and “silver” tourism segments were particularly
vulnerable to this factor, with a 17-23% drop in
bookings following widespread media coverage
of pollution incidents.

The air quality monitoring system is char-
acterised by spatial and temporal limitations.
Stationary monitoring stations are concentrat-
ed mainly in large cities and industrial regions,
while tourist destinations in mountainous and
rural areas remain outside the scope of regular
observation. In addition, reports are generated
on a quarterly or annual basis, which does not
allow for the reflection of short-term peak loads
characteristic of tourist flows. According to data
from L.M. Arkhypova et al. (2025), tourist activity
is highly seasonal (winter and summer peaks in
the Carpathian region) and subject to daily fluctu-
ations, during which pollutant concentrations sig-
nificantly exceed average annual levels, particu-
larly during peak hours, periods of mass events or
unfavourable weather conditions. Such episodes
have a significant impact on tourists’ subjective
perception of the destination and their willing-
ness to return, but they become statistically invis-
ible in aggregated annual data.

Another systemic limitation is the lack of dif-
ferentiation of pollution sources in reporting by
economic sector. Tourism generates specific pol-
lution patterns due to the intensive use of private

and bus transport, increased energy consumption
in accommodation and catering establishments,
and increased volumes of household waste. How-
ever, these sources often fall into different report-
ing categories or are not recorded when they do
not exceed threshold values. In particular,a signif-
icant number of vehicles serving tourists are clas-
sified as private transport and are not included in
industry statistics on tourism. Similarly, small and
medium-sized accommodation establishments
use individual heating systems, whose emissions
are not subject to systematic monitoring. Such
fragmentation of data creates “blind spots” in the
analysis of the environmental impact of tourism
and highlights the need to implement integrated
approaches to monitoring that take into account
the complex nature of the interaction between
tourism and the environment.

The aim of the article was to provide a sci-
entific justification for approaches to the for-
mation of a regional network for monitoring air
quality in tourism-oriented areas. The scientific
novelty lies in the development of a comprehen-
sive approach to the formation of a network for
monitoring air quality in tourist regions, based
on the integration of geospatial clustering of
tourist facilities, tourism capacity indicators
and European requirements for the representa-
tiveness of monitoring networks, as well as in
substantiating the functional structure of such a
network as a tool for environmental safety and
tourism load management.

Materials and Methods
The study was conducted during 2024-2025.
A set of complementary methods was applied.
Formal legal and comparative legal methods
were used to analyse European and national
requirements for the organisation of air-quality
monitoring systems, as well as to identify meth-
odological and regulatory constraints on their
implementation at the regional level in accord-
ance with the provisions of European Union di-
rectives in the field of air quality and Ukraine’s
obligations under the EU-Ukraine Association
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Agreement (Verkhovna Rada of Ukraine, 2014;
European Union, 2008; 2024).

Spatial analytical methods were implement-
ed in a geographic information system environ-
ment to process and integrate the coordinates
of tourist facilities, administrative boundaries of
territorial communities, the transport and road
network, and the orographic characteristics of the
area. The methodological basis of the study was
the integration of geospatial data covering the
spatial distribution of tourist points of interest
(POls) according to OpenStreetMap data, together
with proxy indicators of tourist capacity, indica-
tors of tourist overnight stay (TN), administrative
boundaries of territorial communities, the config-
uration of transport infrastructure, topographic
characteristics of the terrain, and, where availa-
ble, information on prevailing wind directions.
This corresponded to European practices of spa-
tial analysis of environmental pressures and risks
(European Environment Agency, 2020; 2021).

The algorithmic core of the optimisation
was formed on the basis of geospatial methods,
with priority given to the practical interpretabil-
ity of the results. The methodological framework
included weighted k-means clustering based on
criteria of tourist capacity and intensity of use
to identify the cores of tourist demand and de-
termine candidate sensor locations; the p-medi-
an and Maximum Coverage Problem models for
the optimal selection of a subset of points under
given constraints on the number of sensors and
the minimum distance between them; analysis of
zones of responsibility through the construction
of Voronoi diagrams; and mapping of coverage
heat maps taking into account the effective op-
erating radius of the measuring equipment. This
approach is consistent with contemporary meth-
ods for designing air-quality monitoring networks
and using low-cost sensors (Dechezleprétre et
al.,2019; Neis et al., 2023).

The optimality criteria for the network struc-
ture included maximising the share of tour-
ist capacity within the coverage radius of the
sensors, minimising the average distance from
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tourist facilities to the nearest monitoring post,
and ensuring balanced representation of differ-
ent environment types, including resort valleys,
urban and industrial background locations, and
high-altitude reference points, in accordance with
the requirements of European and international
environmental regulation (European Union, 2008;
World Health Organization, 2021).

The proposed approach ensured compliance
with European practices of scientifically ground-
ed design of air-quality monitoring networks and
created an information basis for integrating envi-
ronmental data into regional policies for manag-
ing tourist pressure during peak seasons, commu-
nicating environmental conditions to visitors, and
developing ESG reporting for tourism businesses
in line with the strategic priorities of Ukraine’s
state environmental policy up to 2030 (Law of
Ukraine No. 2697-VIIl, 2019; European Environ-
ment Agency, 2021).

To solve the problem of optimal placement
of the monitoring network in tourist regions, the
study applied a methodology based on the spa-
tial distribution of tourist infrastructure facilities
(POIs from OpenStreetMap) and aimed at deter-
mining the optimal placement of p low-cost sen-
sors (LCS) and q reference monitoring stations.
The target optimisation criteria were as follows:

1. ensuring representative spatial coverage
of the main tourist clusters and zones of visitor
concentration;

2. minimising the average accessibility dis-
tance from tourist demand points to the nearest
sensors of the monitoring network;

3. taking into account technological and
methodological constraints, such as the minimum
permissible distances between neighbouring sen-
sors and the balanced placement of monitoring
points covering different functional zones (resort
cores, urban and industrial background areas, as
well as high-altitude reference sites).

This formulation of the problem makes
it possible to create a scientifically grounded
spatial network of environmental monitoring
adapted to the specifics of tourist land use.
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Figure 1 schematically presents the stages set of spatial data was used to optimise the
of the study on the optimal placement of the  placement of air-quality monitoring stations
air-quality monitoring network. The following  (Table 1).

Objective
Input data
Optimality criteria
Evaluation metrics
. Problem Practical configurations
Sl eRGEReIC ] formulation and reportin.
of optimal placement
of the air-quality [

monitoring network Stages of clustering | Output information
and selecfion of sensor locations for implementation

N

“Preparation and weighting of POls

*Preliminary clustering
(candidate generation)

| “Topological filtering of candidates

“Placement optimisation
~Post-processing and quality control
“Placement of reference stations

Figure 1. Scheme for conducting the study on the optimal placement

of an air-quality monitoring network
Source: developed by the authors

Table 1. Structure of input spatial data and optimisation parameters
for the air quality monitoring network

Data/parameter block | Designation Content and characteristics
Set of tourist | A set of spatially localised tourist points of interest (POls)
demand points that generate demand for environmental monitoring
Spatial coordinates of POI X Y; Geographical coordinates of each tourist point of interest
. A Capacity indicator of the facility, reflecting the number
Capacity weighting factor Wi of beds, maximum throughput, or other relevant characteristics
Weight value wi=1 The base value used in the absence of reliable information
in the absence of data about capacity
Territorial affiliation ) The POI’s affiliation with a specific territorial community
attribute or transport corridor, determined by the spatial connection method
Set of potential locations J A set of candidate points for the installation
for station placement of monitoring stations
Generation ) Automatic generation according to specified spatial
of candidate locations and functional criteria
Spatial coordinates . . . . . .
of locations (Xj, Yj) Geographical coordinates of each potential station location
Monitoring network
configuration parameters
] B Maximum range of a single monitoring station within which the
Effective coverage radius r representativeness of measurements is ensured (e.g. 2 km)
Minimum permissible dmin Restriction that ensures spatial dispersion of the network and prevents
distance between stations excessive duplication of measurements (e.g., 2 km in valley areas)
Target number Number of low-cost sensors selected from a set of alternatives
of local stations P {10; 12; 15} in accordance with budgetary and spatial constraints
Number q Number of stationary reference stations for calibration

of reference posts and data verification, selected from a set {2; 3}
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Table 1. Continued

Content and characteristics

Data/parameter block | Designation

Coverage quotas
by functional zones

Resort centres -
Transport corridors

Minimum requirements for spatial representation
of different types of territories within the monitoring network

Areas with maximum concentration of tourist demand
Areas of potential accumulation of pollutants

and leeward valleys

along transport infrastructure

Urban background
pollution areas

Urban locations without the dominant influence

of individual sources

Industrial impact zones -

Areas with local or point industrial emissions

High mountain areas -

Reference areas for determining background concentrations

of pollutants

Source: developed by the authors

To determine the optimal configuration of
the monitoring network, two equivalent math-
ematical formulations are used: the Maximum
Coverage Location Problem (MCLP) model and
the p-median model (distance minimisation).

(A) Maximum Coverage Location Problem
(MCLP). This model is aimed at maximising the
weighted coverage of tourist demand points. The
formalisation included:

> a proximity matrix a; = 1[d(i,j) < r], where
d(i,j) - the distance between demand point / and
potential location j,and r is the coverage radius;

» binary decision variables:

y;€ 0.1 - indicator of selecting location j;
z,€ 0.1 - indicator of coverage of de-
mand point /.

The objective function maximised weighted
coverage:

max Yie; w; 7z 1)

subject to the following constraints: ¥,.y;=p (se-
lection of exactly p locations), z; < ¥, ,a;y; Vi (a
point is considered covered if it lies within the
radius of at least one selected location),y, € {0,1},
z,€{0,1} binary variables).

(B) p-median model (distance minimisation).
An alternative formulation aimed at minimising
the weighted distances between demand points
and the nearest monitoring stations:

» assignment variables X; € 0,1 - indicator
that demand point / is served by location j;

> binary site selection variables y,€0,1.
The objective function minimised the
weighted distance:

minYe; ¥ jejy w; - d(i, ) - x5 )

subject to the following constraints: ¥, x;=1; Vi
(each demand point is served by exactly one lo-
cation), X; Y Vi, j (@ point can be served only
by a selected site), ¥y, = p (selection of exact-
ly p locations), y; € 0,1, x; €0,1 (binary variables).
To ensure the representativeness and functional
balance of the network, additional constraints
were introduced:

> quotas by functional zones: ...y, 2 L, for
each group g (resort cores, transport corridors, ur-
ban areas, etc.);

» minimum distance constraint: for pairs of
sites (j,k) with distance d(j;k) <d,,, the constraint
Y, *Y, $1, was imposed, preventing excessive con-
centration of stations.

For a comprehensive assessment of the qual-
ity of the obtained solutions, the following met-
rics are used:

1. Demand coverage ratio:

Eiwi'l[mjil‘l d(i,j)<= r]
R=—5e G)

which reflects the share of weighted demand lo-
cated within the coverage radius of at least one
monitoring station.

2. Mean nearest distance:
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Yiwymind(i,j)

MND = —==—r, (4)
which characterises the weighted average dis-
tance from demand points to the nearest stations.

3. Indicators of balance and reliability:

» variance and the Gini coefficient by the
level of coverage of territorial communities;

» share of the territory with double coverage
(to ensure redundancy);

» degree of compliance with quotas by func-
tional station types;

> level of coverage of priority tourist clusters
(Polianytsia, Yaremche territorial communities, etc.).

The comprehensive application of these cri-
teria made it possible to form an optimal config-
uration of the monitoring network that ensures

o

Sighetiarmaei

maximum coverage of tourist demand while
maintaining functional balance and spatial rep-
resentativeness of the system. The database of
tourist facilities was formed by extracting the
following categories from OpenStreetMap (OSM).
Accommodation establishments included objects
with the tags tourism = hotel, tourism = guest_
house, tourism = apartment, tourism = hostel,
tourism = camp_site, tourism = alpine_hut, tour-
ism = chalet. Where necessary, catering estab-
lishments with the tags amenity =restaurant and
amenity = cafe were added to the database. The
selection was carried out using geospatial que-
ries that ensured comprehensive coverage of the
tourist infrastructure of the study area. Tourist fa-
cilities are visualised in Figure 2.

spisye - pos: 3725, ns: 0, polygons:

Figure 2. List of POIs for tourism and related industries from OpenStreetMap

Source: developed by the authors

As shown in Figure 2, 3,725 tourist facil-
ities were selected within the territory of Iva-
no-Frankivsk Region that meet the conditions
specified above (object categories). The process
of optimising the placement of monitoring sta-
tions is based on a comprehensive analysis of

the spatial distribution of tourist infrastructure.
Clustering was performed using a dataset of
tourist points of interest (POls) extracted from
OpenStreetMap, including accommodation facil-
ities (hotels, guest houses, apartments) and relat-
ed infrastructure (campsites, mountain huts). To
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ensure representativeness, differentiated weight-
ing of objects was applied according to their ca-
pacity, using the attributes beds and capacity:per-
sons; where these were absent, estimated values
were calculated based on the number of rooms
and camping pitches. To improve the model’s ro-
bustness to extreme values, weight capping at
the 99t percentile of the distribution was applied.

The spatial structure was determined us-
ing a weighted k-means algorithm with weight-
ed k-means++ initialisation, which takes into
account not only spatial proximity but also the
significance of the facilities. The medoids of the
resulting clusters were used as candidate points
for the placement of monitoring stations. To pre-
vent excessive concentration of sensors, a topo-
logical constraint of a minimum mutual distance
between sites of d_, =2 km was applied, ensuring
the spatial dispersion of the network.

Three alternative network configurations
with different numbers of LCS were considered:
p €{10,12,15}. For each option, cartographic ma-
terials were developed, including cluster maps
with the boundaries of territorial communities
and Voronoi diagrams illustrating the zones of
responsibility of each station.

Results and Discussion
The European Union’s regulatory framework
forms a comprehensive and hierarchically struc-
tured system of requirements for monitoring PM,,
and PM, ; concentrations, as well as for ensuring
the transparency, comparability and accessibility
of environmental data. For a long time, Directive
2008/50/EC (European Union, 2008) was the key
basic act in this area, which established the obli-
gation of Member States to establish represent-
ative networks of fixed observation stations in
zones and agglomerations, taking into account
the population, level of urbanisation and spatial
structure of pollution sources. Particular atten-
tion was paid in this legal act to the average ex-
posure to PM2.5, for the assessment of which it
was envisaged to install at least one sampling
point per million inhabitants, aggregated by
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agglomerations and additional urban areas with
a population of over 100,000, which was in line
with the concept of urban background monitoring
and a focus on assessing the impact of pollution
on public health. The further evolution of Euro-
pean environmental regulation took place in the
context of the implementation of the European
Green Deal, within which the European Commis-
sion presented a proposal in 2022 to revise the
current directive on ambient air quality (Europe-
an Commission, 2022). This initiative was aimed
at gradually bringing the limit and target values
for pollutant concentrations closer to the recom-
mendations of the World Health Organisation, as
well as strengthening the requirements for the
spatial density and functional differentiation of
monitoring networks, particularly in regions with
high tourist traffic and seasonal peaks of anthro-
pogenic impact.

The new approach was enshrined in law
in 2024 with the adoption of Directive (EU)
2024/2881 (European Union, 2024) in its re-
cast version, which replaces Directive 2008/50/
EC (European Union, 2008) as of 12 December
2026 and introduces updated air quality stand-
ards, improved assessment methods, expanded
modelling and forecasting requirements, and
mandatory mechanisms for open access to envi-
ronmental information for the public and public
authorities. The change in the regulatory par-
adigm reflects the European Union’s strategic
course towards integrating environmental safe-
ty, public health and increasing the competitive-
ness of tourist destinations within the frame-
work of sustainable development.

The implementation of European environ-
mental monitoring standards in Ukraine is carried
out in the context of fulfilling international obli-
gations set out in the Association Agreement be-
tween Ukraine and the European Union (Verkhov-
na Rada of Ukraine, 2014). An important aspect
of this process is the harmonisation of national
legislation with the acquis communautaire in the
field of environmental protection. Law of Ukraine
No. 2697-VIIl (2019) defines the development of
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an atmospheric air monitoring system as a stra-
tegic priority of state environmental policy, which
directly correlates with the provisions of Directive
2008/50/EC (European Union, 2008) on the assess-
ment and management of atmospheric air quality.

The practical mechanism for implementing
these standards is enshrined in Resolution of the
Cabinet of Ministers of Ukraine No. 827 (2019).
The document defines methodological approach-
es to the creation of zones and agglomerations
for monitoring, including areas with high tourist
activity. It regulates the deployment of a network
of automated observation posts equipped with
modern devices for measuring concentrations
of fine particulate matter PM,.. and PM,,, which
meets the technical and procedural requirements

Formation of a regional system for environmental monitoring...

of the European Union. The implementation of
these provisions ensures the gradual approxima-
tion of the Ukrainian environmental monitoring
system to European standards, forming the basis
for effective air quality management in tourist-at-
tractive regions and improving the environmental
safety of the population.

However, the gap between regulatory re-
quirements and their actual implementation re-
mains significant, especially in tourist regions,
where the lack of systematic monitoring hin-
ders effective environmental risk management
and reduces the competitiveness of destinations
compared to their European counterparts. Open
sources of data on atmospheric air quality are
shown in Table 2.

Table 2. Open sources of data on air quality

Source . .
category Resource name Brief description
The largest open data aggregator for PM,,.,, PM,,, NO,, O,, SO,
Global OpenAQ concentrations; REST-API v3, archive on AWS; suitable
aggregators for multi-country research and prototyping
and APIs ) . Global map and API with AQl and concentration indicators
World Air Quality Index (WAQI) based on official stations and partner networks
Official downloads of time series and statistics for EU
EEA Air Quality e-Reporting countries and partners; station data is validated;
ng[‘;gfr?‘rs‘ visualisation portal available
P Copernicus Atmosphere Open analyses and forecasts for Europe and the world;
Monitoring Service (CAMS) data provided via Atmosphere Data Store (CDS API)
) Real-time API and forecasts for the US, Canada, and Mexico;
AirNow (US EPA) includes AQl and station metadata
US sources - - - -
EPA AQS API Access to the Air Quality System database with retrospective,
verified data
. Ukrainian Hydrometeorological Daily air pollution indicators by city in table format,
Ukraine Centre (UHMC) available for download
(official - -
and public Aggregator of official and public sensors; open API
initiatives) SaveEcoBot (SaveDnipro) and CSV files with hourly PM,.;, NowCast, and meteorological
data series; integrated into an open data portal
Sensor.Community (Luftdaten) Fully open network of public sensors; map and API
Public LCS : y for PM measurements; ability to connect own sensors
networks Open sensor station platform; REST API, bulk uploads;
(low-cost openSenseMap (senseBox) supports PM measurements
sensors) ) Extensive LCS network; official APl and access
PurpleAir to historical data
Model and Free forecasts and reanalyses based on CAMS for Europe
combined Open-Meteo Air Quality APl | and the world; returns concentrations of PM,.., PM,,, NO,, O,,
services S0,, NH,; convenient for basic assessments and gap filling

Source: developed by the authors

Compared to the European Union, which
has a multi-level air quality monitoring system,

Ukraine lags significantly behind in terms of net-
work density and organisational structure. The
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European model is based on regulatory refer-
ence stations of various types: urban background,
traffic and industry. These stationary points form
a highly accurate infrastructure framework that
ensures data reliability and reproducibility. This
framework in the EU is supplemented by thou-
sands of low-cost sensors integrated into munici-
pal networks and citizen science initiatives, which
creates high spatial detail and temporal conti-
nuity of observations, allows for reanalysis and

Smyk & Arkhypova

forecasting in combination with meteorological
models, and ensures regular calibration of data
from LCS sensors relative to reference stations.
The result is a high level of trust in environmen-
tal information among the public and the scien-
tific community, as evidenced by the integration
of such data into open portals and APIs (Fig. 3). It
is the combination of official and public tools that
ensures the systematic and consistent quality of
European environmental monitoring.
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Figure 3. Density of the air quality monitoring system in the EU
Source: developed by the authors based on data of World’s Air Pollution (n.d.)

In Ukraine, however, there has historically
been limited funding, fragmentation of stand-
ards, uneven geographical coverage outside
regional centres, a lack of regular LCS calibra-
tion, and a lack of methodological integration of
public data with official data. Military risks and
damage to infrastructure have been additional
factors. Figure 4 shows that there is no infor-
mation available on air quality in tourist des-
tinations in the Carpathian region. That is why
local initiatives by tourism operators - install-
ing low-cost sensors linked to reference points,
opening up data and basic analytics (seasonality,

peak hours, correlation with occupancy) - have
a double payoff. They improve risk management
and service quality at the facility, while also fill-
ing gaps in the state network in tourist clusters
(Polianytsia-Yaremche-Vorokhta, etc.), where
environmental conditions change rapidly and
unevenly across the region. As a result, the re-
gion receives sufficient data for forecasting, tar-
geting environmental interventions and honest
communication with guests, which is a direct
investment in the sustainability and competi-
tiveness of the tourism product. Analysis of the
clustering results reveals stable spatial patterns
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that persist over a wide range of p parameters:
The “Carpathian resort core” is steadily forming
as the largest cluster in terms of total capacity
along the Polianytsia-Tatariv-Vorokhta-Yarem-
che axis, reflecting the actual distribution of ac-
commodation and services and at the same time
demonstrating a high degree of consistency with
the predefined TN indicators.

i

Figure 4. Density of the air quality

monitoring system in Ukraine
Source: developed by the authors based on data of
World’s Air Pollution (n.d.)

Overlaying heat maps of tourist load on the
configuration of spatial clusters of tourist POls
demonstrates a high level of consistency be-
tween demand intensity and clustering structure
(Fig. 5-7). The maximum values of tourist load
are concentrated in the resort core nodes, in par-
ticular in the Bukovel-Polianytsia agglomeration,
as well as in the settlements of Tatariv, Vorokhta
and Yaremche, which form a functionally linked
system with a high density of tourist facilities.
Within the satellite microclusters represented by
Mykulychyn, Yablunytsia and Deliatyn, a down-
ward gradient of demand is observed, while the
peripheral areas are characterised by minimum
values of the indicators. This spatial distribution
reflects the hierarchical organisation of the tour-
ist space, with the resort core dominating and
the intensity of activity gradually decreasing to-
wards the periphery.

ROI clusters + boundaries
of territorial communities

Figure 5. Clusters of tourist POls

with territorial community boundaries

Note: configuration p = 10; stars indicate the
recommended LCS installation points (medoids of
weighted clusters with a minimum mutual distance of
2 km). The spatial framework reflects the dominance of
the Polianytsia-Yaremche resort core and its ‘gateways”,
with background points in urban and industrial nodes
Source: developed by the authors

ROI clusters + boundaries
of territorial communities—p = 12

Figure 6. Clusters of tourist POls

with territorial community boundaries
Note: network expansion reduces gaps in corridors
“downwind” from the core and improves control in the
southern sector (configuration p = 12).
Source: developed by the authors
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ROI clusters + boundaries
of territorial communities—p = 15

Figure 7. Clusters of tourist POls

with territorial community boundaries
Note: additional points ensure more even coverage of
peripheral areas, while maintaining the priority of the
resort valley; configuration p=15
Source: developed by the authors

The stability of the selected core is confirmed
by the preservation of stable centres of gravity of
clusters and insignificant changes in the config-
uration of boundaries with variations in param-
eter p (compare Figures 5-7). Such invariance of
the spatial structure indicates the presence of a
pronounced agglomeration effect, caused by a
combination of tourist specialisation, transport
accessibility and the valley morphology of the
territory. The spatial framework correlates with
the linear organisation of transport infrastructure
along the H-09 motorway corridor and railway
line, which form the main axis of concentration of
tourist flows and related facilities. A comparison of
configurations with different numbers of clusters
demonstrates the evolution of the spatial coverage
of the network of observation points. In the p=10
configuration, a basic spatial framework is formed
with a clearly defined resort core and ‘gateways”
to it, while background points tend to gravitate to-
wards urban and industrial hubs (Fig. 5). Increasing
the number of clusters to p =12 reduces spatial
gaps in transport and valley corridors, particularly
in directions located “downwind” from the main
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core, and increases control in the southern sector
of the study area (Fig. 6). The p=15 configuration
provides more uniform coverage of peripheral ar-
eas without losing the priority of the resort valley,
which indicates the possibility of scaling the net-
work taking into account the territorial heteroge-
neity of tourist load (Fig. 7). The analysis of areas of
responsibility constructed using the Voronoi meth-
od details the functional logic of the spatial or-
ganisation of the monitoring network (Figs. 8-10).

POI clusters (Voronoi)-p = 10

Wm

Figure 8. Areas of responsibility (Voronoi) for p=10
Source: developed by the authors

POI clusters (Voronoi)-p = 12

Y op

Figure 9. Areas of responsibility (Voronoi) for p=15
Note: there is a finer division of polygons in the high-
capacity zone (Polianytsia-Yaremcha core), which
reduces the average distance from the POl to the sensor
Source: developed by the authors
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POl clusters (Voronoi)-p = 15

Figure 10. Areas of responsibility (Voronoi)
forp=15

Note: the proportion of territory with double coverage

in sensitive corridors is increasing, which improves

signal reliability in adverse weather conditions

Source: developed by the authors

The basic configuration is characterised by
polygons elongated along valleys with minimal
overlap, corresponding to the pilot observation
framework (Fig. 8). With an increase in the number
of points to p=12, a finer division of polygons is
observed in the high-capacity area of the Polian-
ytsia-Yaremche resort core, resulting in a reduction

in the average distance from tourist POls to control
points (Fig. 9). Further densification of the network
to p=15 leads to an increase in the proportion of
areas with double coverage in the most sensitive
transport and recreational corridors, which increas-
es the reliability of signal reception in adverse
weather conditions and forms a reserve of spatial
stability for the monitoring system (Fig. 10). Anal-
ysis of Voronoi diagrams (Fig. 8-10) demonstrates
the evolution of the “areas of responsibility” of each
site as their number increases. At p =10, the poly-
gons have an elongated shape along river valleys,
reflecting the orographic influence on the distribu-
tion of tourist infrastructure. When the number of
sites increases to p=12 and p =15, fragmentation
of polygons is observed in areas of increased tour-
ist capacity, which leads to a decrease in the aver-
age distance from points of interest to the nearest
sensor and increases the redundancy of the system
due to partial overlap of monitoring areas. In the
base configuration (p=10), most locations are con-
centrated within the main tourist valley and on key
transport approaches to it, while peripheral points
provide monitoring of the urban background (lva-
no-Frankivsk, Kolomyia) and industrial and trans-
port hubs, which is necessary for calibration and
control of background concentrations (Table 3).

Table 3. Recommended LCS points (configuration p=10)

Number Total . .
of POls capacity Coo{g:;’tes Cooz:i;:)ates nuLn(ig or Role %tjlit;r Sector
in cluster | (cond. units)

767 931,000 24.501 48.390 1 resort core | Polianytsia southern
high-rise

349 470,000 24.753 48.114 2 background Verkhovyna | southeastern
industrial

244 425,000 23.902 48.682 3 background Kalush western

338 424,000 24.618 48.245 4 resort core Vorokhta | southeastern

urban Ilvano-
384 406,000 24.719 48.943 5 background Frankivsk northeastern
232 331,000 24182 48.550 6 resort core | Polianytsia western
corridor/valley )

156 167,000 24.989 48.332 7 “downwind” Kosiv southeastern

121 121,000 24776 48.563 8 resort core Yaremche eastern
industrial

101 112,000 23.754 49.000 9 background Kalush northwestern
industrial

71 82,000 24.208 48.916 10 background Kalush northwestern

Source: developed by the authors
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Expanding the network to p=12 adds coverage
in the southern and eastern sectors of the region,
corresponding to the directions of the catchment
basins from the resort core and the main transit
corridors (Table 4). The maximum configuration
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(p=15) provides a more uniform presence in the
peripheral areas of the mountain and foothill belts
and enhances control of the “high-altitude back-
ground’, which is important for understanding
the vertical stratification of pollutants (Table 5).

Table 4. Recommended LCS points (configuration p=12)

Number Total . .
of POIs capacity Coo(rldol :)a tes CooE:i:)ates nqugEer Role (étj:'tt:; Sector
in cluster | (cond. units)
618 762,000 24.482 48.403 1 resort core | Polianytsia southern
378 452,000 24.570 48.298 2 resort core Vorokhta | southeastern
industrial
244 425,000 23.902 48.682 3 background Kalush western
urban Ivano-
385 407,000 24.700 48.917 4 background Frankivsk northeastern
256 330,000 24.598 48.113 5 resort core Vorokhta southern
219 318,000 24.182 48.550 6 resort core Polianytsia western
high-altitude
162 243,000 24.831 48.162 7 background Verkhovyna | southeastern
corridor/valley )
178 178,000 25.028 48.360 8 “downwind” Kosiv eastern
industrial
101 112,000 23.754 49.000 9 background Kalush northwestern
84 84,000 24.687 48.621 10 resort core Yaremche | northeastern
industrial
70 81 24.20759 48.916028 11 background Kalush northwestern
68 77,000 24.788 47.927 12 high-altitude Verkhovyna | southeastern
! ) : background
Source: developed by the authors
Table 5. Recommended LCS points (configuration p =15)
Number Total . .
of POIs capacity Coorldlnates Coor?lrates LCS Role Clustter Sector
in cluster | (cond. units) (lon) (lat) number centre
375 455,000 24.442 48.353 1 resort core Polianytsia southern
351 427,000 24.553 48.445 2 resort core Yaremche | southeastern
295 357,000 24.590 48.292 3 resort core Vorokhta | southeastern
256 330,000 24.598 48.113 4 resort core Vorokhta southern
219 307,000 24.198 48.559 5 resort core Polianytsia western
urban Ivano-
277 299,000 24.694 48.910 6 background Frankivsk northeast
industrial
150 297,000 23.942 48.629 7 background Kalush western
high-altitude
164 245,000 24.831 48.162 8 background Verkhovyna | southeast
industrial
112 157,000 23.811 48.742 9 background Kalush western
corridor/valley .
118 118,000 24.989 48.332 10 “downwind” Kosiv eastern
urban Ivano-
115 115 24.7851614 | 49.040794 11 background Frankivsk northeast
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Table 5. Continued

Number Total . .
. Coordinates | Coordinates LCS Cluster
'of POIs capaclty (lon) (lat) number Role centre Sector
in cluster | (cond. units)
109 109,000 24.907 48.511 12 ba C“krg%”un 4 | Kolomyia eastern
81 92 23.6862807 | 49.0080632 | 13 b;néjijgs;gllﬂd Kalush | northwest
79 90,000 24.208 48.916 14 b;“fk‘;gﬁ 4 | Kalush | northwest
high-altitude
62 71,000 24.805 47.912 15 background Verkhovyna | southeast

Source: developed by the authors

The proposed methodology and optimisation
results provide a scientifically grounded basis for
the phased deployment of an air-quality mon-
itoring network that corresponds to the spatial
structure of tourist demand and accounts for oro-
graphic features. To ensure the metrological reli-
ability of the regional air-quality monitoring net-
work, it is advisable to establish a core of three
permanent high-precision reference stations in-
tended for the calibration and verification of data
obtained from LCS. The spatial placement of the
reference stations should correspond to different
environmental types and reflect the functional di-
versity of the region, thereby ensuring the repre-
sentativeness of measurements and enabling dif-
ferentiated interpretation of monitoring results. A
reference station of the “urban background” type
is appropriate for placement within the city of
Ivano-Frankivsk, in an area distant from intensive
traffic flows and industrial facilities, for example
within a residential district or on a university
campus. The functional purpose of such a station
is to record background concentrations of pollut-
ants in the urban environment, provide a baseline
calibration point for the LCS network, and support
long-term analysis of air-quality dynamics in the
regional administrative centre. The availability
of stable power supply, telecommunications in-
frastructure, and physical security enhances the
reliability of observations, while location within
an educational environment creates additional
opportunities for integrating monitoring into sci-
entific and educational programmes.

A reference station of the “valley back-
ground” type should be located within the Po-
lianytsia-Yaremche basin, at a representative
point in the lower part of the valley that char-
acterises the typical exposure conditions of the
resort zone. The purpose of such a station is to
monitor background concentrations of pollutants
in the region’s key tourist location, analyse the
spatial redistribution of impurities under moun-
tain orographic conditions, and record episodes
of temperature inversion characteristic of valley
environments. The resulting data form the basis
for assessing seasonal fluctuations in air quali-
ty associated with tourist loads and enable the
co-location and calibration of LCS during peak
recreational periods.

A reference station of the “industrial back-
ground” type is advisable for placement near the
town of Burshtyn, in an area situated downwind
of the Burshtyn thermal power plant but at a dis-
tance sufficient to register dispersed rather than
local emissions. The functional significance of
such a station lies in separating the industrial
component of pollution from tourism-related im-
pacts, monitoring the region’s largest stationary
emission source, and providing a control baseline
for analysing transboundary pollutant transport.
Industrial background data enable comparative
analysis with tourist zones and serve as an infor-
mational basis for evaluating the effectiveness of
environmental protection measures.

The proposed configuration of reference
stations forms a comprehensive calibration
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framework for the entire low-cost sensor net-
work, enhances the reliability of spatio-temporal
air-quality assessments, and creates the precondi-
tions for scientifically grounded interpretation of
monitoring results in the context of interactions
between tourism activities and the atmospheric
environment of the region.

The results of weighted clustering of tourist
points of interest (POls) extracted from Open-
StreetMap indicate the spatial dominance of the
Polianytsia-Yaremche resort valley, where the
majority of accommodation capacity and relat-
ed infrastructure is concentrated. The identified
distribution of tourist demand justifies the prior-
itised placement of the low-cost sensor network
within this zone. A comparative analysis of alter-
native configurations shows that the option with
twelve stations (p =12) provides an optimal com-
promise between investment costs and the qual-
ity of spatial coverage, significantly reducing the
average distance from tourist sites to the nearest
monitoring point in environmentally sensitive
corridors located under the influence of airflows
from the main centres of recreational activity. Ex-
panding the network to fifteen stations (p=15) in-
creases system reliability through partial overlap
of responsibility zones and improves monitoring
of peripheral areas, which is critically important
for the timely detection of pollution episodes
during peak tourist seasons.

The integration of background monitoring
points in urban and industrial areas is a meth-
odologically necessary condition for calibrating
low-cost sensor data and correctly differentiating
tourism-related impacts from general anthro-
pogenic loads. The coordinates of the optimal
location of stations and the defined zones of
their spatial responsibility are presented in a re-
producible format in the form of software scripts
and CSV files, which ensures the transparency of
the methodology and the readiness of the results
for practical validation during a micro-situational
survey of potential locations.As a result,a network
configuration of three permanently operating ref-
erence stations and an optimised number of LCSs
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is proposed, capable of ensuring the metrological
reliability, analytical depth and practical applica-
bility of the air quality monitoring system in the
tourist regions of the lvano-Frankivsk region.

A summary of the results of recent empiri-
cal studies confirms a stable and statistically
significant relationship between the level of
atmospheric pollution and the spatial-tempo-
ral dynamics of tourist flows. In particular, the
work of Y. Wang et al. (2023) demonstrates that
the transparency of environmental information is
an independent factor in the formation of tourist
mobility, influencing the redistribution of demand
between destinations. The public disclosure of
data by F. Neirotti et al. (2020) on air quality has
created competitive advantages for areas with
low concentrations of pollutants and, at the same
time, reduces the attractiveness of regions where
environmental reporting is fragmentary or una-
vailable. Econometric estimates indicate a direct
correlation between pollutant concentrations and
the sensitivity of tourist demand to information
transparency, which provides a scientific basis for
institutional investment in monitoring systems
and digital platforms for environmental commu-
nication at the destination level.

An in-depth analysis of tourist behaviour
data conducted by Y. Yang et al. (2022) based on
millions of TripAdvisor user reviews complements
macroeconomic conclusions with micro-level ev-
idence. The negative and statistically significant
relationship between PM2.5 concentrations and
tourist attraction ratings confirms that air pollu-
tion directly affects the subjective perception of
the tourist experience. The use of panel regression
models with spatial and seasonal controls mini-
mises the risk of biased ratings and allows the
decline in tourist demand to be interpreted as a
result of environmental pressure rather than con-
founding factors. The systematisation of results in
the review by C. Eusébio et al. (2021) demonstrates
the conceptual consistency of scientific conclu-
sions in different regional and methodological
contexts. The negative impact of air quality de-
terioration can be seen not only in the reduction
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in the number of tourist arrivals, but also in the
reduction in the length of stay and the level of
tourist satisfaction. In this interpretation, atmos-
pheric air monitoring is not an auxiliary technical
tool, but a component of strategic management
of tourist demand and destination sustainability.

Macro-level  empirical  estimates by
S.A. Churchill et al. (2022) for a sample of G20
countries for 1995-2014 confirm the systemic
nature of environmental determinants of inter-
national tourism. Increases in PM2.5 and CO,
concentrations are associated with a statistically
significant reduction in international tourist ar-
rivals, with developing countries showing greater
sensitivity to environmental degradation. The re-
sults indicate an asymmetric distribution of envi-
ronmental risks in the global tourism space and
strengthen the argument for preventive environ-
mental policies in regions with high dependence
on tourism. Regional studies complement the
overall picture by capturing the bidirectional na-
ture of the interaction between tourism and the
atmospheric environment. An analysis by M. Ro-
baina et al. (2020) using European countries as
an example shows that air quality degradation
reduces tourist flows, while peak tourist activi-
ty can be a factor in the deterioration of local
environmental indicators. This interdependence
confirms the limitations of one-dimensional ap-
proaches to tourism management and highlights
the need to integrate environmental constraints
into spatial and seasonal planning of tourism ac-
tivities. The results of Y.Tan et al. (2022), obtained
using mobile tracking and PCSE assessment, ex-
pand the analytical framework by demonstrating
the significant impact of air quality at both tour-
ist destinations and points of departure. The re-
view by S. Wang et al. (2024) added an economic
dimension, demonstrating that in most cases the
benefits of reducing fine particulate matter con-
centrations outweigh the costs of environmen-
tal interventions. For tourist destinations, these
results mean not only reduced health risks, but
also increased competitiveness and stability of
tourist demand.

Compared to other studies, the current study
emphasises the importance of integrating the
public into the air quality monitoring process, as
confirmed by the work of H. Relvas et al. (2025),
which highlights the key role of involving local
residents and tourists in improving the accuracy
and timeliness of data collection. This is consist-
ent with the findings of the current study, where
the use of low-cost sensors in tourist areas con-
tributes to improved monitoring and effective
management of environmental risks. Also im-
portant is the work of N. Song & Y. Zhang (2025),
which shows how environmental pollution affects
tourist flows, particularly during peak tourist ac-
tivity. The current study confirms this by applying
geospatial methods to optimise the placement of
monitoring stations in the most intensively visited
tourist clusters, taking into account seasonal fluc-
tuations in air pollution. Overall, the results of the
current study make a significant contribution to
the development of air quality monitoring meth-
odology, taking into account both tourist activity
and seasonal changes in pollution, allowing for
more accurate forecasts and more effective man-
agement of environmental risks in tourist regions.

Compared to the study by |. Logothetis et
al. (2025), which focuses on optimising air quality
monitoring and waste management for sustaina-
ble island development, the current study extends
this approach by applying geospatial models to
create an air quality monitoring network in tourist
regions. The study by . Logothetis et al. focused
on the integration of various aspects of environ-
mental management, particularly in the context
of small islands with limited infrastructure for air
pollution control. However, in contrast to this, the
current study proposes a more complex monitor-
ing network structure that includes both station-
ary and low-cost sensors for broader coverage
of high-traffic tourist areas. The current study
also focuses on the specifics of tourist regions,
where environmental pollution varies depending
on seasonality and the intensity of tourist flows,
which is an important aspect not covered in the
work of |. Logothetis et al. Taking these seasonal

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2026. Vol. 22, No. 1



fluctuations into account is important for ensur-
ing a comprehensive approach to monitoring and
managing environmental risks in such regions,
which makes the approach of the current study
particularly relevant for tourist areas.

The economic feasibility of investments in
pollution control is also confirmed in the analyt-
ical work of A. Dechezleprétre et al. (2019), which
shows that the benefits of environmental pol-
icies in the European context are comparable to
or higher than the costs, even without accounting
for the full range of social effects. Together with
the findings of the systematic review by I.B. Ba-
cos et al. (2024), this forms an understanding of
air-quality monitoring as a “soft” infrastructure fac-
tor which, without substantial capital investment,
can significantly influence tourist behaviour and
the long-term competitiveness of destinations.
An additional argument in favour of the economic
viability of investments in the control and moni-
toring of atmospheric air pollution is provided by
the study of X. Wu et al. (2020), which analysed the
relationship between long-term exposure to fine
particulate matter PM,.. and COVID-19 mortality
rates across the United States. Based on an ecolog-
ical regression model, the authors show that even
a slight increase in average annual PM,.; concen-
trations is statistically significantly associated with
higher mortality, indicating substantial hidden
socio-economic losses linked to chronic air pollu-
tion. The study emphasises that the effects of pol-
lution manifest themselves through the burden on
health care systems, reduced population resilience
to epidemiological risks, and increased indirect
economic costs. At the same time, the authors crit-
ically outline the limitations of the environmental
approach, emphasising the need for high-quality,
spatially detailed air quality monitoring data for
the correct interpretation of results. In this context,
monitoring systems are seen as part of a preventive
environmental policy that can reduce long-term
social and economic losses, even if the direct costs
of deploying them are relatively modest. The prac-
tical dimension of implementing such approaches
is detailed in the work of P.Neis et al. (2023), which
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proves that low-cost sensors provide an acceptable
level of reliability provided that calibration and
operating protocols are followed. In tourist regions
with complex terrain, the use of LCS technologies
allows the creation of dense observation networks
that form a spatially detailed picture of air qual-
ity and open up new opportunities for environ-
mentally oriented management of tourist activity.

Summarising the above results, air quality
is a key factor in safety and comfort for tourists,
influencing their choice of destination, travel
time parameters and the nature of recreational
activities. The availability of data on PM,., PM,,,
NO, and ozone concentrations reduces informa-
tion asymmetry between tourists and market op-
erators, builds trust in destination management
practices and strengthens the case for the imple-
mentation of local, transparent and scientifically
sound air quality monitoring systems.

Conclusions

The study confirmed that the formation of a re-
gional system for monitoring and managing the
environmental safety of tourism is a necessary
prerequisite for ensuring the sustainable de-
velopment of tourist destinations and increas-
ing their competitiveness. The results obtained
demonstrate the limitations of the existing air
quality monitoring system in terms of spatial
coverage, temporal resolution, and the ability to
record the impact of tourist load, especially in re-
sort and mountain areas of the Ivano-Frankivsk
region. The proposed approach to designing a
monitoring network, based on a combination of
high-precision reference stations and a network
of low-cost sensors, ensures the metrological re-
liability of measurements and, at the same time,
high spatial detail of data. The use of geospatial
clustering of tourist sites and optimisation mod-
els for station placement made it possible to jus-
tify the priority of the Polianytsia-Yaremcha resort
valley and determine the optimal network config-
urations that minimise the average distance to
monitoring points and increase the sensitivity of
the system to peak seasonal loads.
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The results of the study are consistent with
current international scientific findings on the
impact of air quality and information transparen-
cy on tourist demand and visitor behaviour. The
methodology developed provides an analytical

specifics of tourism activities, as well as devel-
oping models for forecasting short-term risks for
tourists during periods of peak load and adverse
weather conditions.
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AHoTauifl. He3Baxatum Ha po3BUTOK CMCTEM EKOSIOTYHOTO MOHITOPUHIY B YKpaiHi, icHytoui nigxoamn He
BpPaxoByTb creundiky TYPUCTUYHMUX PEFiOHIB, O CTBOPKE 3HAYHI BUKAMKKM AN OLIHKM €KOMOriYHMX
pu3KnKiB Ta 3abe3neyeHHs SKOCTi aTMOCHEPHOro MoBiTPS B YMOBAX iHTEHCUMBHMX TYPUCTUYHMX MOTOKIB.
MeToto focnifxeHHs 6yno obrpyHTyBaHHS KoHLUeNLii GopMyBaHHS perioHaNbHOi CUCTEMM MOHITOPUHIY Ta
yNpaBniHHA eKonoriyHot 6e3nekoto TypusMy B TepuTopiaibHMX rpoMadax IBaHo-MPpaHkiBcbkoi 0bnacTi 3
ypaxyBaHHSM €BPONENCbKUX CTaHAAPTIB KOHTPOJIK SIKOCTi aTMochepHOro noeiTpsi. MeTogonoriyHy oCHOBY
CTaHOBM/IM aHani3 €BPOMENCbKOTO Ta HALiOHANbHOTO €KOMOrYHOro 3aKOHOAABCTBA, reonpocToOpoBe
MogentoBaHHs Ha 6a3iBiokputnuxaannx OpenStreetMap, iHAMKATOPIBTYPUCTUYHOI MICTKOCTiTa iHTEHCUBHOCTI
HOYiBe/b, @ TaKOX ONTMMI3aLifHi NOCTAHOBKM 33[ia4i MAaKCMMaNbHOro NOKPUTTS Ta p-MeaiaHu. [okasaHo,
WO HasiBHA AepXaBHa CuCTEMa CrnocTepexxeHb Mae oOMexeHe MpOoCTOpOBE MOKPUTTS, 30piEHTOBAHA
nepeBaKHO Ha NMPOMMC/IOBI LLEHTPU, HE OXOMJIKE KYPOPTHI Ta ripCbKi AeCTUHALii 11 He Bifobpaxae nikosi
CEe30HHI HABaHTAXEHHSs, MOB’A3aHi 3 TYPUCTMYHMMM MOTOKaMU. Po3pobneHo ABOpPIBHEBY apXiTekTypy
Mepexi, Lo NOEAHYE TPy pedepeHCHi CTaHLii BUCOKOT TOUHOCTI (MiCbKMI, LONMHHUI Ta NPOMUCIOBUI (OH)
3 aaNTUBHOK KiNbKiCTIO HM3bKOBAPTICHMX ceHcopiB (10-15 LCS), po3TalwoBaHux y aapax TYpUCTUUHOTO
MOMUTY W TPaHCMOPTHUX KOpPMAOpax. 3BakeHa Knactepusauisa 3 725 TypuctuuHux oO’ekTiB BusSBUNA
LLOMiHYHOUY pOnb KypOpTHOI AonuHu MonsHuug-Apemya Ta fiana 3Mory BUAINUTM KoHdirypauito 312 ceHcopis
9K 306anaHCOBaHMI BapiaHT, WO MiHiMi3ye CepefHI0 BiACTaHb L0 MYHKTIB MOHITOPMHIy Ta 3abesnedye
pe3epByBaHHS BUMipIOBaHb Y YyTAMBUX 30Hax. OTpMMaHi pe3ynbTaT CTBOPHOKTL NiArPYHTA ANl TOeTarnHoro
pO3ropTaHHg MepeXi MOHITOPUHIY $KOCTi MOBITPS, iHTErpauii eKoMoriYHMX MOKa3HWKIB Yy MNONITUKY
YNpaBiHHS TYPU3MOM, EKONOTIYHUI MapKeTUHT TepUTOpil Ta ESG-3BITHICTb CyB’eKTIB TypUCTUYHOTO Bi3Hecy

KniouoBi cnoea: ekonoriyHa 6e3neka Typu3My; KicTb aTMOChHEPHOro MOBITPS; perioHasbHa cucTema

MOHITOPUHIY; HU3bKOBAPTICHI CEHCOPMW; reonpoCTOPOBE MOAENIOBAHHS; OMTUMI3aLif PO3MillleHHA
CTaHLIN; TYPUCTUYHI AecTUHaui
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