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ECOGEOGRAPHICAL AND ECOTOURISTIC RESILIENCE:
A SPATIAL ASSESSMENT OF REGIONAL MOISTURE DYNAMICS AND
LANDSCAPE TRANSFORMATIONS

Imrani Z.T.**, Eminov A.N.2, Teymurov M.A.!
Unstitute of Geography, Ministry of Science and Education of the Republic of Azerbaijan
117, H. Javid Ave., Baku, AZ1073
2Mingachevir State University, Azerbaijan
21, D. Aliyeva street, Mingachevir, AZ4500
*Corresponding author: zaur.imrani@geo.edu.az

Summary. This study applies a CFE model and Geospatial Analogue Transfer (GAT) technology
to assess ecogeographical and ecotourism conditions in Azerbaijan. Based on the heat-moisture princi-
ple, the CFE model partitions annual precipitation among surface runoff, effective infiltration, and ac-
tual evapotranspiration. The infiltration—evapotranspiration ratio is used to characterise landscape mois-
ture conditions, potential biological productivity, and ecosystem resilience. GAT transfers indicators
from reference areas to poorly studied areas with comparable environmental conditions. Hydrometeor-
ological, soil, land-cover, and terrain data from more than 70 measurement and monitoring sites were
Keywords: ecosystem resili- integrated in a geographic information system to estimate the CFE coefficients and examine relation-
ence, CFE model, Geospatial ships among environmental components. The approach was also used to assess landscape changes and
Analogue Transfer, landscape | distinguish areas requiring further investigation of possible anthropogenic impacts. Validation across
transformation, ecotourism, approximately 70 catchments yielded coefficients of determination (R?) of 0.74-0.93 and Nash-Sut-
Azerbaijan cliffe efficiency (NSE) values of 0.62—0.77. Application to the Nakhchivanchay catchment for 1999
2024 revealed contrasting spatial responses to climatic and anthropogenic influences, including sub-
stantial differences in vegetation cover, soil degradation, infiltration, evapotranspiration, and “green
water” resources. The combined CFE and GAT approach provides a quantitative basis for assessing
landscape resilience and recreational carrying capacity, identifying potential ecological corridors, and
informing the conservation and sustainable management of natural landscapes and ecological heritage.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

Introduction

The acceleration of global climate change and growing anthropogenic pressures have increased the need
for methods that can assess ecosystem resilience. Resilience depends not only on a landscape’s morphological
and biological characteristics but also on the quantitative properties of its hydrothermal resources, particularly
the moisture cycle (Piao et al., 2020). Conventional macroclimatic indices based on temperature and precipi-
tation describe an area’s overall conditions but provide limited insight into changes at the micro-landscape
scale, such as reduced soil infiltration or changes in vegetation’s use of “green water”.

The CFE model examines how precipitation is distributed among surface runoff, infiltration and evapora-
tion, providing a basis for assessing the functional and dynamic state of landscapes (Makhmudov et al., 2023;
Teymurov et al., 2026). In particular, the f/e (infiltration—evaporation) ratio characterises the balance within
the soil-vegetation—water system and helps quantify landscape moisture and potential biological productivity.
In this study, the model is combined with geographic information systems (GIS) and geospatial analysis to
examine hydropedological (soil-water) and hydrometeorological (air—water) processes within a single frame-
work. Its sensitivity to changes in moisture conditions and landscape structure also provides a basis for as-
sessing and predicting the effects of anthropogenic disturbance on ecosystem resilience.

From an ecogeographical perspective, the balance between infiltration and evaporation influences soil
moisture, vegetation composition and ecosystem resilience. The CFE model can therefore help identify areas
that appear healthy but have a disrupted internal water balance, including areas at risk of hidden degradation
(“grey zones”) (Javed et al., 2020).

4


https://doi.org/10.33677/GGIANASCONF20230300009
http://www.journalesgia.com/

Z.T.Imrani et al. | ANAS Transactions, Earth Sciences, Special Issue /2026, 4-14; DOI: 10.33677/GIANASCONF20260300001

From an ecotourism and ecological heritage perspective, maintaining the hydrological health of natural
monuments and landscapes helps preserve their aesthetic and recreational value. Reliable water availability in
mountain ecosystems is also important for maintaining the natural conditions on which ecotourism depends
(Zhang et al., 2023). Landscape planning informed by the CFE model can bring traditional silvopastoral prac-
tices together with contemporary scientific approaches to support the conservation of natural monuments for
future generations.

Materials and methods

The empirical basis of this study comprises data from more than 70 measurement and monitoring sites
across Azerbaijan. Hydrometeorological data, including precipitation, temperature, aridity indices and runoff,
were collected from observation stations. Missing climate data were obtained from the NASA POWER and
Copernicus Climate Data Store platforms. Maps depicting soil and atmospheric moisture conditions in the
National Atlas of Azerbaijan were also used to collect and compare data (State, 2014).

Geospatial data, including hypsometric and morphometric parameters, were derived from a digital eleva-
tion model (DEM). Land use and land cover (LULC) and landscape characteristics were determined from
satellite data. Multispectral analysis used vegetation indices (NDVI and SAVI), the bare soil index (BSI), the
normalised difference built-up index (NDBI), the normalised difference water index (NDWI), the normalised
difference moisture index (NDMI) and the normalised difference drought index (NDDI). In the ecogeograph-
ical analysis of LULC classes, soil and vegetation conditions, and biomass dynamics, NDV1 was used for arid
regions and SAVI for humid areas.

Because temperature and precipitation alone do not adequately characterise ecosystem moisture regimes
and their capacity to adapt to change, the assessment considered dozens of hydropedological and hydromete-
orological parameters (Yaeger et al., 2019; Makhmudov et al., 2023). Alongside conventional variables such
as temperature, precipitation and aridity indices, parameters associated with the Budyko framework and the
SCS-CN, Lvovich, Crow and Horton approaches were considered to characterise soil-water relationships.

The SCS-CN method is based on the relationship between precipitation and soil infiltration capacity. By
accounting for hydrological losses, actual and maximum soil water retention, and hydrological soil groups
(HSGs), it enables the moisture regime to be assessed using soil properties as well as atmospheric conditions
(Ponce & Hawkins, 1996). HSGs reflect infiltration potential and are classified according to soil particle-size
composition. The USDA classification distinguishes four groups (A-D) based on the proportions of sand (S),
silt (Si), loam (L) and clay (C), with infiltration capacity decreasing towards group D (USDA, 2009).

Following Crow et al. (2017), the effective infiltration coefficient ((f)) was taken as the sum of the ground-
water runoff component and actual soil moisture content. The groundwater runoff component indicates water
movement and percolation through the soil, whereas soil moisture content indicates water retention. Their
combined assessment was used to characterise infiltration and annual moisture availability under the region’s
soil and climate conditions.

The annual water balance was expressed as (P=Q+U+E), where precipitation ((P)) is partitioned into surface
runoff ((Q)), effective infiltration ((U)) and actual evaporation ((E)). The corresponding CFE coefficients were
defined so that (c+f+e=1), where (c), (f) and (e) represent the respective fractions. Surface runoff was estimated
from observations; where measurements were unavailable, it was reconstructed using interpolation and an inverse
approach (Mahmudov & Teymurov, 2023). Effective infiltration was estimated using groundwater runoff meas-
urements and National Atlas data, together with an HSG-based Horton model, the Budyko hypothesis (“Baseflow
Curve”) and hydrograph separation (Sartika et al., 2020; Bondy et al., 2021). Actual evaporation was calculated
by subtracting surface runoff and infiltration from annual precipitation. These estimates were then compared with
results obtained using the Budyko framework, the Turc method and the Zhang method, which respectively ac-
count for the aridity index, annual precipitation and temperature, and landscape types.

Results and discussion

Assessment of the Hydrothermal Regime and Ecological Status of Landscapes

The components of geosystems (ecosystems) function through hierarchical relationships, so a change in
one component can affect the system as a whole. Climate is a major driver of these changes, particularly those
affecting landscapes. Accordingly, variation in the heat—moisture balance across landscape types is an im-
portant criterion for assessing ecological conditions (Hamdany et al., 2023).

Surface runoff is the portion of precipitation that reaches the drainage network without infiltrating the soil
and therefore does not directly contribute to soil moisture. In the proposed approach, the infiltration—evaporation
ratio ((f/e)) is used as an indicator of the moisture regime: infiltration represents water entering the soil, while
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evaporation represents water returned to the atmosphere. Temperature and precipitation alone do not fully
describe this relationship. The assessment therefore considers both the annual amount of precipitation and its
distribution among the three water-balance components. The (f/e) ratio is used to assess landscape moisture
conditions, ecological resilience and potential biological productivity (Zhang et al., 2025).

Vegetation can alter the balance between infiltration and evaporation. In arid areas, some trees may pro-
mote infiltration, whereas others may reduce groundwater availability through high transpiration. Afforestation
and other greening measures therefore require different approaches in arid and humid areas. The (f/e) ratio
should be considered when selecting plant varieties, particularly because excessively dense vegetation in arid
and semi-arid regions can increase transpiration and substantially reduce soil moisture (Zhan et al., 2022). For
desertification control and landscape planning, priority is therefore recommended for native species with low
water requirements.

In humid areas, anthropogenic deforestation can accelerate degradation. Forest restoration should there-
fore take biodiversity into account and maintain appropriate spacing between trees. Traditional silvopastoral
systems, which integrate trees, forage crops and livestock on the same land, are also considered an effective
means of supporting biodiversity in both arid and humid areas (Peri et al., 2024).

The distribution of precipitation among the CFE components was examined at more than 70 sites repre-
senting different natural and geographical conditions in Azerbaijan. Observed and reconstructed climate and
runoff data were integrated with other environmental variables in an ArcGIS database. The data were classified
and analysed using Field Calculator, Calculate Geometry, Spatial Statistics, Modeling Spatial Relationship,
Combine, Environments and Weighted Overlay.

First, surface runoff coefficients ((c)) were determined from measured river discharge for different com-
binations of runoff-generating factors. On an annual basis, effective infiltration was taken as the sum of actual
soil moisture and the groundwater contribution to river flow (Makhmudov et al., 2025). The CFE coefficients
reflect the combined effects of hydrometeorological conditions, elevation, terrain morphology, slope, aspect,
land use and land cover (LULC), lithology and rock permeability.

The methodological analysis examined correlations between the CFE coefficients and the natural compo-
nents associated with their variation. Dynamic components, including climate, landscape, soil and vegetation
cover, were treated as indicators of change. Relatively stable hypsometric and morphometric parameters pro-
vided a basis for comparing and classifying geosystems. The (c) coefficients were first grouped into intervals,
and their correspondence with the quantitative values of other components was assessed. Initial selections were
made using Select by Attribute. The Combine tool was then used to integrate multiple raster layers and record
their unique combinations in a single raster and attribute table. These combinations provided the basis for
comparing areas with available data (donor areas) with target areas and for examining the individual and com-
bined associations of environmental factors through sensitivity analysis.

Assessing ecogeographical and ecotourism conditions requires consideration of an area’s natural poten-
tial, environmental problems and the organisation of tourism activities (Imrani et al., 2025). In this study,
the assessment follows the sequence of natural potential, ecological sensitivity, tourism pressure, suitable
tourism activities and sustainable management. The constituent parameters of natural potential are assessed
first. Table 1 presents the CFE coefficients for selected landscape zones characterised by mean aridity indi-
ces of 0.75-1.50, mean slopes of 10-20% and different hydrological soil groups (HSGs).

The CFE approach combines multiple factors with observed data. In a validation analysis using ArcGIS
and data from approximately 70 catchments of different sizes, observed values and values estimated from the
CFE coefficients showed approximately 74-95% agreement. The coefficient of determination ((R*2)) ranged
from 0.74 to 0.93, while Nash—Sutcliffe efficiency (NSE) ranged from 0.62 to 0.77. These results indicate that
the model may be applicable to analogous catchments.

Landscapes are an important component of ecotourism, and changes in land use and land cover (LULC)
can indicate changes in environmental conditions. Distinguishing natural from anthropogenic changes helps
assess ecological pressure and natural recovery potential. The origin of some land-cover classes, such as set-
tlements, industrial areas and reservoirs, is readily identifiable, whereas changes in forests, meadows, semi-
deserts and pastures can have both natural and human causes. One approach to interpreting satellite observa-
tions is to estimate the climate-related component with a model and then examine the remaining abrupt or
geometrically distinct changes as possible effects of human activity (Imrani et al., 2025).

The proposed approach may also help identify “grey zones”: landscapes that appear similar but reflect a
combination of natural and anthropogenic influences. A departure of the (f/e) ratio from the characteristic
range for an area may signal a change in its internal water balance and warrant further investigation of possible
human impacts.
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Table 1
Distribution of average annual precipitation according to CFE coefficients
Landscapes CFE coeffjcients
(LULC) HSG Surface runoff, ¢ inflizlftfrgfité\rl]e(f) Evapotranspiration (e)
A 0.085 0.295 0.62
Forests B 0.10 0.26 0.64
C 0.115 0.215 0.67
D 0.125 0.185 0.69
A 0.17 0.27 0.56
Meadows B 0.20 0.22 0.58
C 0.215 0.205 0.58
D 0.24 0.16 0.60
A 0.145 0.255 0.60
Cropland B 0.15 0.22 0.63
C 0.165 0.175 0.66
D 0.175 0.125 0.70
A 0.26 0.26 0.48
B 0.23 0.21 0.56
Rural settlements C 0.20 017 0.63
D 0.18 0.14 0.68
A 0.84 0.080 0.080
Industrial areas B 0.85 0.065 0.085
C 0.855 0.050 0.095
D 0.86 0.040 0.10
A 0.56 0.11 0.33
Subnival and B 0.59 0.09 0.32
nival areas C 0.62 0.07 0.31
D 0.65 0.05 0.30
A 0.075 0.075 0.85
Semi-deserts and B 0.0825 0.0325 0.885
dry steppes C 0.085 0.015 0.90
D 0.09 0.008 0.902
A 0.00 0.38 0.62
. B 0.00 0.32 0.68
Closed water bodies C 0.00 004 0.76
D 0.00 0.18 0.82

The results were analysed using the Nakhchivanchay catchment in Azerbaijan as a case study. Differences
in geographical characteristics and in the intensity of climatic and anthropogenic influences provided the basis
for dividing the catchment into three regions: southern, central and northern (Fig. 1).

LEGEND
@ (ities and villages|
Regions

I (South)

II (Central)

11T (North

5 10 20 km
L L

01530 60 90 120
R ——

Russia

Republic
of

Azerbaijan

km

Fig. 1. The Nakhchivanchay catchment and its division into three distinct regions


https://doi.org/10.33677/GGIANASCONF20230300009

Z.T.Imrani et al. | ANAS Transactions, Earth Sciences, Special Issue / 2026, 4-14; DOI: 10.33677/GIANASCONF20260300001

The CFE coefficients were used to assess moisture conditions in the catchment, estimate its “green water”
potential, and examine natural and anthropogenic influences over 1999-2024. The relevance of these changes
to ecotourism was assessed through trends in climate, runoff, soil and vegetation cover (Table 2).

Ecotourism depends on the sustainable use and conservation of landscapes’ natural potential. Figure 2
shows selected environmental components of the three regions in 2024, while Table 3 presents changes in the
areas of the predominant landscape types between 1999 and 2024.

Plant diversity contributes to the attractiveness of landscapes for ecotourism and recreation. Changes in vege-
tation cover in the Nakhchivanchay catchment were therefore examined over the period 1999-2024 (Fig. 3).

Table 2

Quantitative changes in moisture and soil-vegetation resources in the Nakhchivanchay catchment, 1999-2024

Indicator Southern region Central region Northern region

Change % Change % Change %
Air temperature, °C +1.4 10.2 +1.01 8.77 +0.43 581
Precipitation, mm -38.7 11.3 -42.9 9.92 -48.2 6.95
Aridity index +0.41 15.1 +0.26 12.7 +0.061 7.15
Surface runoff, mm -1.83 6.21 -7.24 23.9 -13.3 115
Infiltration, mm +12.4 21.9 -12.1 27.3 -10.8 7.21
Actual evapotranspiration, mm -15.7 8.23 +34.3 11.8 +24.1 8.87
Change in vegetation cover, km? +61.9 20.1 -98.7 13.9 -25.5 421
Soil degradation, km? -47.4 15.2 +87.3 12.3 +41.5 7.87
“Green water” resources, million m? +8.71 35.7 -36.2 13.1 -21.1 8.97

LEGEND

LEGEND Soil texture

Precipiation. mm | [ CL c

150-2%

L
| __E8
B sic

I sicL 0 5 10 20 km
SiL

1 — Precipitation; 2 — Hydrological soil groups (HSGs); 3 — Landscapes and land use/land cover (LULC)

Fig. 2. Maps of selected environmental components in the three regions of the Nakhchivanchay catchment (2024)

Table 3

Changes in landscape area across the three regions of the Nakhchivanchay catchment, 1999-2024 (km?)

Southern region Central region Northern region
Landscapes

1999 2024 1999 2024 1999 2024
Meadows 61.5 104.2 103.1 61.8 386.9 367.2
Cropland 95.8 71.6 214.7 158.1 57.4 74.9
Forests 28.4 47.6 5.08 5.95 92.6 86.8
Subnival and nival areas 17.8 11.2 24.2 20.3 28.4 26.7
Closed water bodies 2.21 3.08 3.18 6.29 0.545 0.502
Semi-deserts and dry steppes 78.9 32.9 357.8 454.1 35.2 42.7
Residential areas 23.3 37.3 2.73 4.24 4.55 6.85
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Fig. 3. Spatial and temporal changes in vegetation cover in the Nakhchivanchay catchment between 1999 and 2024

Following the analysis of changes in vegetation cover across the Nakhchivanchay catchment, changes in
infiltration ((f)) and evapotranspiration ((e)) under natural and anthropogenic influences were assessed, to-
gether with their effects on “green water” resources.

Table 4

Changes in the (f) and (e) coefficients and “green water” resources in the Nakhchivanchay catchment, 1999-2024

i Area, Precipitation, mm Change in coefficients Change in “green Wgter volume,
Regions kM2 min. m
1999 2024 f e f e Total
Southern 307.9 342.4 303.7 +0.041 -0.052 +3.85 +4.86 +8.71
Central 710.8 432.3 389.4 -0.043 +0.088 -11.9 -24.3 -36.2
Northern 605.6 693.7 635.5 -0.017 -0.038 -6.54 -14.6 -21.1

Changes in moisture conditions and soil and vegetation cover under climatic and anthropogenic influences
are summarised below for the three regions of the Nakhchivanchay catchment over 1999-2024.

1. Southern region. Despite an arid climate and annual precipitation of 303.7 mm in 2024, the analysis
attributes 60.3% of the observed change to positive anthropogenic influences, compared with 39.7% to adverse
climatic influences. Following greening and afforestation measures, vegetation cover increased by 61.9 km?,
including an increase in forest area from 28.4 to 47.6 km?. Although residential areas expanded from 23.3 to
37.3 km?, the area affected by soil degradation decreased by 47.4 km?. These changes were accompanied by
higher infiltration, lower actual evapotranspiration and an estimated increase of 8.71 million m* in “green
water” resources. According to the study’s counterfactual estimate, forest and meadow area would have de-
clined by an average of 14% without targeted human intervention. Small-scale ecotourism routes could be
developed to make use of the region’s natural potential.

2. Central region. Arid conditions and anthropogenic pressures have contributed to ecological degradation
in the central region. Both climatic and human factors had adverse effects, with climatic factors accounting for
65.1% of the estimated influence. VVegetation cover declined in areas affected by nomadic livestock grazing
and, to a lesser extent, mining, while the share of semi-desert landscapes increased to 21.2%. Plant communi-
ties became sparser across 98.7 km?, and the area affected by soil degradation increased by 87.3 km?. Biomass
gains were observed only in localised areas along rivers and around reservoirs. The estimated loss of “green
water” resources was 36.2 million m*. Cropland declined from 214.7 to 158.1 km?, indicating a reduction in
the area available for agriculture. Under these conditions, ecotourism development appears feasible only at
selected local sites; degradation associated with land use is a major constraint.

3. Northern region. Landscape degradation was also observed in the northern region despite annual pre-
cipitation of 635.5 mm and an aridity index of 0.95. As in the central region, both climatic and anthropogenic
factors had adverse effects, although the estimated share of climatic factors was higher, at 76.5%. The areas of
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forest, meadow and lake ecosystems declined slightly. Despite an estimated infiltration potential of 149.8 mm,
steep slopes and terrain characteristics limited moisture retention in the soil. Over 1999-2024, the region’s
“green water” resources decreased by an estimated 21.1 million m*. Although the region’s climatic conditions
may support recovery, unregulated settlement and infrastructure development place additional pressure on
ecological resilience. Its climate, forests, meadows and lakes remain attractions for ecotourism.

Selection of comparable geospatial areas and their practical significance

Environmental processes are shaped by interacting factors; analysing a poorly understood area therefore
requires these factors to be considered together rather than separately (Polazzo et al., 2024). Comparable geo-
spatial areas share relevant physical and geographical characteristics. Remote sensing, geographic information
systems (GIS) and other analytical methods can be used to identify such similarities.

The proposed Geospatial Analogue Transfer (GAT) approach transfers environmental indicators from
well-studied reference areas to target areas with comparable conditions but limited observations. The trans-
ferred information may include physical and biological characteristics relevant to ecogeographical and eco-
tourism assessments. Reference areas should preferably have long observation records and documented envi-
ronmental characteristics.

GAT may help reduce the need for intensive monitoring in every target area and support ecosystem man-
agement, site selection and the assessment of water, soil and biomass resources. It may be particularly useful
for remote or difficult-to-access areas, provided that the similarity between reference and target areas is as-
sessed and the transferred estimates are validated where observations are available.

The role of comparable geospatial areas in ecogeographical and ecotourism assessment

GAT may support ecotourism planning and ecological heritage conservation by identifying areas with
terrain and vegetation characteristics comparable to those of established ecotourism routes. Transferring infor-
mation between such areas can help prioritise potential destinations, plan further surveys and consider envi-
ronmental sensitivity before infrastructure is developed. In areas with limited data or difficult access, GAT
may provide an initial assessment of habitats, natural features requiring protection and the potential pressure
associated with tourism. This can inform route selection and preventive conservation measures. Decisions
concerning biodiversity and the carrying capacity of sensitive ecosystems should, however, be checked against
local observations before implementation.

Multispectral analysis of satellite imagery and geospatial processing in ArcGIS identified nine ecosites
with similar natural characteristics (Fig. 4). Their locations and selected geospatial attributes are presented in
Table 4.

Four of the selected ecosites are in Azerbaijan, while the other five are in resort and recreational areas of
neighbouring countries. They were selected for comparative ecogeographical, ecotourism and ecological her-
itage (“green heritage”) assessments (GreenHeritage, 2023; Imrani et al., 2024).

The selection considered mountain and riverside scenery, forest landscapes, climate and moisture condi-
tions, slope aspect, geological structure, slope gradient and other comparable characteristics (Fig. 5).

Republic of Azerbaijan 3
=

@ Analogue recreational-tourism terrains
o 52 S -

Fig. 4. Locations of the analogous ecosites
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Table 4
Geographical coordinates and selected geospatial attributes of the ecosites
Ecosites Country Region X coordinate Y coordinate Area, m?
El Azerbaijan Qabala 47.844 41.032 539
E2 Azerbaijan Astara 48.757 38.435 496
E3 Azerbaijan Zagatala 46.785 41.661 547
E4 Azerbaijan Kalbajar 46.314 40.143 463
E5 Georgia Akhmeta 45.149 42.186 522
E6 Armenia Tavush 45.351 40.825 507
E7 Russia Alania 43.723 43.211 553
ES8 Georgia Batumi 41.973 41.580 482
E9 Turkiye Artvin 41.554 41.369 518

Fig. 5. Analogous ecosites selected from different regions

Considering a wider range of environmental factors can improve the selection of comparable ecosites.
Monitoring conducted during 2023-2025 indicated substantial similarity among the selected sites in climate,
landscape and vegetation cover, soil and geological characteristics, slope gradient, aridity index and slope
aspect. Table 5 presents selected morphometric, climate, moisture, soil and vegetation characteristics of the

ecosites.
Table 5
Comparison of key ecogeographical characteristics of the ecosites
Ecosite | Elevation (m) | Slope (%) g(\;\é?iﬁ;ﬁt Templerature Precipitation Mois'tu're co- Forest
HSGs (°O) (mm) efficient cover (%)
El 681 19.2 BC 11.2 962 1.31 84.2
E2 -21 11.7 CD 14.3 1236 1.57 86.4
E3 496 22.5 BC 11.9 958 1.43 88.7
E4 1575 31.2 DC 8.2 728 0.96 77.6
E5 563 16.4 BC 11.7 795 1.07 85.8
E6 976 25.3 CB 10.2 635 1.22 91.2
E7 1165 28.5 DC 7.4 842 1.18 85.5
E8 -5 17.8 DC 14.0 2340 2.48 86.3
E9 342 18.3 CD 12.3 945 1.42 79.6

GAT can support comparisons of the historical ecogeographical development of ecosystems and geosites
that appear similar but have followed different trajectories, provided that suitable records are available. Such
comparisons may help distinguish climatic from anthropogenic contributions to landscape change and inform
assessments of ecosystem resilience and recreational carrying capacity.
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With appropriate wildlife movement and land-use data, geospatial analysis could also help identify poten-
tial ecological corridors between fragmented habitats and assess pressures from human activity. These appli-
cations may support geomonitoring, geoheritage assessment and planning to restore favourable moisture con-
ditions, but proposed corridors and management measures require validation with local evidence.

Conclusion

The CFE approach uses the balance among surface runoff, effective infiltration and actual evapotran-
spiration to assess landscape moisture conditions. The infiltration—evapotranspiration ratio ((f/e)) provides
an indicator for examining changes in soil moisture and ecosystem conditions. Analysis of the Na-
khchivanchay catchment showed that climatic and anthropogenic influences varied across its three regions
during 1999-2024.

In the southern region, greening and afforestation coincided with an estimated increase of 8.71 million m?
in “green water” resources despite declining precipitation. In the central region, where the estimated contribu-
tion of climatic factors was 65.1%, vegetation loss and soil degradation accompanied a decrease of 36.2 million
m?. In the northern region, the estimated climatic contribution was 76.5%, and “green water” resources de-
clined by 21.1 million m* despite comparatively higher precipitation.

Geospatial Analogue Transfer (GAT) offers a way to use information from well-studied areas when as-
sessing comparable areas with limited observations. Combined with the CFE approach, it can support the
identification of areas requiring conservation or more detailed ecotourism assessment. Its application to other
regions depends on the comparability of their environmental conditions and validation against local data.
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3KOTEOIPAOUYECKAS U SKOTYPUCTHUECKAS YCTOMUYUBOCTh: IPOCTPAHCTBEHHAS OIIEHKA
JAHAMMKH YBJAKHEHHUS TEPPUTOPHAN U TPAHC®OPMAIIUU JIAHJIIIIAPTOB
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Pe3siome. B uccnenosanuu ucnosns3osans! Mozenb CFE 1 TexHOIOrHS reonpocTpaHCTBEHHOTO aHaIoroBoro nepexoca (Geospatial
Analogue Transfer, GAT) st oeHKH 9K0JI0T0-reorpaduueckux yCIOBHI U YCIOBHH pa3BUTHS SKOTypH3Ma B Azepbaitpkane. OcHO-
BaHHasl HA TIPUHIIMIIE COOTHOIIEHHUS Teruia 1 Biaru Mozens CFE mo3BosisieT olieHHBaTh pacipe/eeHie rofoBoi CyMMBI aTMOC(HEpPHBIX
0CaJIKOB MEXK/Ty TOBEPXHOCTHBIM CTOKOM, 3 (QeKTHBHON HHpMIbTpanuel 1 GakTnieckoil sBanorpancnupanueil. CooTHONIEHHE MH-
(GUIBTPAIMH ¥ BATIOTPAHCIIMPALINH HCIIOIB3YETCs AT XapaKTePUCTHKN PEeXKUMA yBIaXHEHNS JTaHIa(TOB, X MOTSHIMAILHON OHO-
JIOTHYECKOH MPOYKTUBHOCTH U yCTOWYNBOCTH 3KkocucTeM. TexHomorus GAT npemycMaTpuBaeT NepeHoc MoKa3aTeeil ¢ XOpoIo u3y-
YEHHBIX ITATOHHBIX TEPPUTOPHH HA HEIOCTATOYHO H3YUCHHBIE TEPPUTOPHHU CO CXOAHBIMH IPUPOIHBEIMHU yCIOBHAMH.

Hns onpenenenns koaddummentoB CFE n ananmsa B3anMocBszeil MeXIy KOMIIOHEHTaMH TIPHPOJHOM Cpelbl B TeOnH(pOpMAaIH-
OHHOM cHcTeMe ObIIM MHTETPUPOBAaHBI ITHPOMETEOPOJIOTHUECKUE JaHHBIE, CBEICHUS O II0YBAX, 36MJICTIOJIb30BAaHUH U 3€METEHOM MO~
KpOBE, a TaK)Ke XapaKTePHCTUKH peibeda, monyueHHble 0ojee yeM Ha 70 MyHKTaX H3MEpeHUi 1 MOHUTOpUHTa. [Ipe1ioskeHHbIH mo1-
XOJ1 TAKKe IPUMEHSIICS JUIsl OLCHKHU TpaHChopMaliy JaHAMAGTOB U BELIBJICHHUS TEPPUTOPHUIL, TPEOYIOIINX JONOIHUTEILHOTO H3yde-
HYSI BO3MOXKHOTO aHTPOIIOTEHHOT0 Bo3eHCTBU. [IpoBepKka Moenu Ha JaHHbBIX NMpUOan3uTensHo 70 BOZoCOOpHBIX OacCeitHOB MoKa-
3aja 3Ha4eHus Kodpunuenta nerepmunanyn (R?) B quanasone 0,74-0,93 u xospdunumenra spdexrnBHoctr Hama — Carkmudda
(NSE) B npenenax 0,62-0,77.

[Ipumenenune pazpaboTaHHOTO MOAX0/A K OacceitHy pexn HaxusiBangait 3a mepuoz 1999—2024 rr. BEISIBUIO IPOCTPAHCTBEHHYIO He-
OJTHOPOHOCTH N3MEHEHHN IPUPOJHBIX YCIOBUH IT0]] BIUSHIEM KINMAaTHIECKUX W aHTPOIIOT€HHBIX (DaKTOPOB, BKITIOYAst CyIIECTBEHHbIS
paziInuus B COCTOSIHUHM PAacTUTENILHOTO MOKPOBA, JETPajlalliy M0YB, HHWIBTPALUK, BAOTPAHCIIMPALIMH H 3aI1acax «3eIEHON BOABD).
KommexcHoe npumenenne Monenu CFE u Texnonorun GAT ¢opMupyeT KOJIM4ECTBEHHYI0 OCHOBY JUIS OLEHKH YCTOWYHBOCTH JIAH-
madToB U peKpeanoHHOH EMKOCTH TEPPUTOPHIA, BBIBICHHS TIOTEHIMAIBHBIX YKOJIOTMYECKUX KOPHIOPOB, a TAKKe HAYIHOro 000CHO-
BaHUA MEP 110 COXPAHCHHUIO U yCTOl\/'I‘lPIBOMy YHOpaBJICHUIO NPUPOAHBIMU .]'laH)IIJ_la(bTaMPI H 3KOJIOTHYECCKHUM HACJICIHUEM.

Kntoueevie cnosa: ycmoiiyusocms sxocucmem, moodenv CFE, ceonpocmpancmeennuiii anano2o8blii nepeHoc, mpamcopmayus
aanowagmos, sxomypusm, Azepbariodxcan

EKOCOGRAFI VO EKOTURIZM DAYANIQLILIGI: REGIONAL RUTUBOT DINAMIKASININ VO LANDSAFT
TRANSFORMASIYALARININ MOKAN UZRO QIYMOTLONDIRILMOSI

imrani Z.T."*, Eminov A.N.2, Teymurov M.9.!
"Azarbaycan Respublikast Elm va Tahsil Nazirliyi, Cografiya Institutu, Azarbaycan
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2Mingagevir Doviat Universiteti, Azarbaycan
AZ4500, Mingagevir, D. Oliyeva kii¢. 21
*Moasul miiallif: zaur.imrani@geo.edu.az

Xiilasa. Todgigatda Azorbaycanda ekocografi goraitin vo ekoturizmin inkisaf imkanlarinin qiymotlondirilmasi mogsadilo CFE

modeli vo Geomokan Analoq Transferi (Geospatial Analogue Transfer, GAT) texnologiyasindan istifada edilmisdir. Istilik vo riitubat
arasindaki qarsiligh slago prinsipinoe ssaslanan CFE modeli illik atmosfer yagintilarinin sothi axim, effektiv infiltrasiya vo faktiki

13


https://doi.org/10.33677/GGIANASCONF20230300009
https://doi.org/10.1111/gcb.17594
https://doi.org/10.1061/(ASCE)1084-0699(1996)1:1(11)
https://doi.org/10.1088/1755-1315/426/1/012030
https://doi.org/10.3389/fenvs.2022.819277
https://doi.org/10.2166/ws.2023.229
mailto:zaur.imrani@geo.edu.az
mailto:zaur.imrani@geo.edu.az

Z.T.Imrani et al. | ANAS Transactions, Earth Sciences, Special Issue /2026, 4-14; DOI: 10.33677/GIANASCONF20260300001

evapotranspirasiya arasinda paylanmasim giymotlondirmays imkan verir. Infiltrasiya vo evapotranspirasiya arasindaki nisbatdon
landsaftlarmn riitubat rejiminin, potensial bioloji mohsuldarliginin vo ekosistemlorin dayaniqliliginin saciyyslondirilmesi tigiin istifado
olunur. GAT texnologiyasi yaxsi Oyronilmis etalon orazilorin gostoricilorinin oxsar tobii soraito malik, lakin kifayot godor todgiq
edilmomis oarazilors ko¢iiriilmasini nozards tutur.

CFE omsallarinin miiayyonlogdirilmasi va tobii mithit komponentlori arasindaki qarsiligli alagolorin tohlili mogsadilo 70-dan ¢ox
6lgma vo monitoring montagosindan sldo edilmis hidrometeoroloji molumatlar, torpaqlar, torpagdan istifads vo yer ortityii, eloco do
relyef xiisusiyyatlorino dair gostoricilor cografi informasiya sisteminds inteqrasiya edilmigdir. Toklif olunan yanagma landsaft
transformasiyalarinin qiymotlondirilmasi vo miimkiin antropogen tasirlorin slave todgigini talob edan orazilorin miisyyonlogdirilmasi
tiglin do totbiq edilmisdir. Toxminon 70 su hovzasinin molumatlar: asasinda aparilmis modelin yoxlanilmasi naticesinds determinasiya
omsalinin (R?) 0,74-0,93, Nes—Satkliff somarslilik omsalinin (NSE) isa 0,62-0,77 intervalinda dayisdiyi miiayyan edilmisdir.

Hazirlanmig yanagmanin 1999-2024-cii illor iizro Nax¢ivangay hovzasina totbiqi iglim vo antropogen amillorin tasiri altinda tobii
soraitdo bag veron doyisikliklorin mokan tizro geyri-borabor xarakter dagidigini izo ¢ixarmigdir. Bu doyisikliklor bitki ortiiyiiniin
vaziyystindo, torpaq deqradasiyasinda, infiltrasiya vo evapotranspirasiya proseslorinds, homg¢inin «yasil su» ehtiyatlarinda ohomiyyotli
forglorlo miisayiot olunmusdur. CFE modeli ilo GAT texnologiyasinin kompleks totbigi landsaftlarin dayanighiliginin vo orazilorin
rekreasiya tutumunun giymatlondirilmasi, potensial ekoloji dohlizlorin miiayyanlogdirilmasi, elaca da tobii landsaftlarin vo ekoloji irsin
miihafizasi Vo davamli idara olunmasi todbirlorinin elmi asaslandirilmast tigiin kamiyyat asasli metodoloji baza formalagdirir.

Agar sézlar: ekosistem dayamqlihigi, CFE modeli, Geomakan Analog Transferi, landsaft transformasiyast, ekoturizm, Azarbaycan
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Summary. This study examines the distribution and differentiation of natural landscapes in the
mountainous areas of the Greater Caucasus within Azerbaijan. The analysis integrates landscape,
cartographic, comparative-geographical, field and GIS-based approaches with climatic data, satellite
imagery and digital elevation models. The results show that altitudinal zonation is the principal reg-
ularity of landscape distribution, modified by slope aspect, relief, geological-lithological conditions,
Keywords: Greater Caucasus, | moisture regime and west—east climatic gradients. The landscape sequence extends from low-moun-

natural landscapes, tain and mountain-steppe complexes through mountain forests, subalpine and alpine meadows to
altitudinal zonation, subnival and nival landscapes. Meteorological data confirm pronounced vertical climatic differenti-
landscape differentiation, ation: mean February temperature reaches —7.9°C at Gyriz, whereas the highest summer value is

slope aspect, GIS, Azerbaijan 26.4°C at Shabran. Landscape-belt boundaries vary between northern and southern slopes and be-
tween the humid western and increasingly arid eastern sectors. The study demonstrates that integrat-
ing field observations with GIS, satellite imagery and digital elevation models improves the identi-
fication of landscape boundaries, particularly in inaccessible high-mountain areas.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

Introduction

The Greater Caucasus is one of the major mountain systems of Eurasia and is characterized by consid-
erable geological, geomorphological and climatic diversity. Within its Azerbaijani sector, substantial varia-
tions in elevation, temperature, precipitation, soil and vegetation over relatively short distances produce
complex vertical and horizontal landscape differentiation.

Altitudinal zonation is the principal regularity governing mountain landscape distribution. Increasing
elevation modifies temperature, moisture, snow cover, soil-forming processes and vegetation, resulting in the
successive replacement of natural landscape belts. However, their boundaries are not uniform and vary accord-
ing to slope aspect, relief, geological substrate and regional climatic conditions (Suleymanov, 2008). The the-
oretical foundations of mountain landscape studies were established through the concepts of altitudinal zona-
tion and landscape integrity developed by Humboldt, Berg and Solntsev (Humboldt, 1849; Solntsev, 1973).
Contemporary landscape research increasingly integrates these principles with GIS, satellite imagery and dig-
ital elevation models.

Studies in Azerbaijan have examined the geomorphology, physical geography, landscape structure, soil
and vegetation of the Greater Caucasus. Museyibov (1998) analysed the physical-geographical differentiation
of Azerbaijan, while subsequent landscape studies contributed to understanding altitudinal belts and their spa-
tial structure. Nevertheless, the degree of investigation remains uneven, particularly in inaccessible high-
mountain, subnival and nival areas where field observations and meteorological data are limited.

Remote sensing, GIS and digital elevation models provide opportunities to refine landscape boundaries
and examine elevation, slope and aspect in areas where field investigation is difficult. However, satellite
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observations cannot fully replace ground-based landscape surveys, making the integration of field and geospa-
tial methods particularly important.

Accordingly, this study aims to identify the principal regularities governing the distribution of natural land-
scapes in the mountainous areas of the Greater Caucasus within Azerbaijan. Particular attention is given to alti-
tudinal zonation, horizontal differentiation, slope aspect, climatic gradients and the distribution of major land-
scape belts, as well as to the application of contemporary geospatial methods for improving their assessment.

Materials and methods

The study combines field, comparative-geographical, cartographic, analytical and G1S-based methods to
investigate the distribution and differentiation of natural landscapes in the mountainous areas of the Greater
Caucasus. Field observations were used to examine relief, soil, vegetation and hydrological conditions across
different altitudinal belts, while comparative analysis was applied to identify differences between northern and
southern slopes and between western and eastern sectors.

Cartographic materials, satellite imagery and digital elevation models (DEMSs) were used to analyse land-
scape distribution and determine elevation, slope inclination and aspect. GIS enabled the integration of geo-
logical, geomorphological, climatic, soil and vegetation data and supported the refinement of landscape bound-
aries, particularly in high-mountain and less accessible areas. The combined use of geospatial and environ-
mental data provides a more comprehensive basis for landscape assessment (Mammadova et al., 2022;
Mammadova et al., 2025).

Monthly mean temperature data from Guba, Altiaghac, Shabran, Khaltan, Gyriz and Gusar stations were
analysed to assess climatic differentiation within the study area. The integration of field observations, climatic
data and geospatial methods was used to evaluate the effects of altitudinal zonation, horizontal differentiation
and slope aspect on landscape distribution.

Results and discussion

The distribution of natural landscapes in the mountainous areas of the Greater Caucasus is controlled by the
combined influence of elevation, relief, climate, geological-lithological conditions, slope aspect, soil, vegetation
and hydrology. These factors interact spatially, producing pronounced vertical and horizontal differentiation.
Relief is particularly important because mountain ranges, valleys, intermontane depressions and slope inclination
modify temperature, precipitation, runoff, soil development and vegetation patterns (Museyibov, 1998).

Altitudinal zonation is the principal regularity of landscape distribution. With increasing elevation, de-
clining temperature and changes in moisture conditions lead to the successive replacement of low-mountain
and mountain-steppe landscapes by mountain forests, subalpine and alpine meadows, and finally subnival and
nival complexes (Museyibov, 1998; Suleymanov, 2008). However, landscape-belt boundaries are not uniform
throughout the region and vary according to local relief, slope aspect and climatic conditions.

Slope aspect produces substantial differences in landscape structure. South-facing slopes generally receive
greater solar radiation and are therefore warmer and relatively drier, whereas north-facing slopes tend to maintain
lower temperatures and higher moisture levels. These contrasts influence soil development, vegetation composi-
tion and the elevation of forest and meadow boundaries. Consequently, the same landscape belt may occur at
different elevations on opposing slopes.

A pronounced west—east differentiation is also observed. The western sector is generally more humid and
supports more extensive forest landscapes, whereas increasing continentality and aridity toward the east favour
mountain-steppe and xerophytic complexes. Geological structure further modifies these patterns: lithology and
rock resistance influence relief development, soil formation, erosion and landslide processes, while river val-
leys generate localized intrazonal landscape complexes (Gurbanov, 2015; Museyibov, 1998).

The Azerbaijani sector of the Greater Caucasus therefore contains a complex sequence of low-mountain,
mountain-forest, subalpine, alpine, subnival and nival landscapes. High-mountain areas around peaks such as
Bazardiizii, Shahdagh and Tufandag are characterized by severe climatic conditions, prolonged snow cover,
rocky surfaces and high-mountain meadow complexes, while forest landscapes are concentrated mainly within
the middle-mountain belt (Museyibov, 1998). Vegetation distribution also provides an important indicator of
landscape differentiation, particularly in forest and high-mountain environments (Yusifov, 2005).

Climate is one of the principal factors governing landscape formation. Temperature and precipitation de-
termine soil-forming processes, vegetation cover, and the hydrological regime. In the Greater Caucasus, cli-
mate varies depending on elevation, slope aspect, and the position of mountain ranges relative to prevailing
air masses. Temperature decreases with increasing elevation. As temperature decreases, the growing season
becomes shorter and the composition of vegetation cover changes. While thermophilic and drought-resistant
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plants predominate in low-mountain areas, cold-tolerant alpine and subnival plant communities are distributed
in high-mountain areas. The amount and seasonal distribution of atmospheric precipitation also influence the
distribution of landscapes. Forest landscapes develop extensively in humid areas, whereas mountain-steppe
and xerophytic plant communities predominate in arid areas (Table 1, Figure 1).

Analysis of the monthly mean temperatures at Guba, Altiaghac, Shabran, Khaltan, Gyriz and Gusar
stations reveals pronounced seasonal and altitudinal climatic differentiation (Table 1; Figure 1). The lowest
mean temperature occurs at Gyriz in February (=7.9°C), followed by Khaltan (—5.4°C), whereas Shabran
records a considerably higher February value of —0.2°C. During summer, the highest July temperature is
observed at Shabran (26.4°C), while Gyriz remains substantially cooler at 16.0°C. Shabran also exhibits the
greatest annual temperature range, 26.6°C, from —0.2°C in February to 26.4°C in July. These differences
primarily reflect variations in absolute elevation, relief and local climatic conditions and confirm the im-
portance of vertical climatic differentiation in the formation and distribution of mountain landscapes.

Table 1
Monthly Mean Temperature Values (°C) for Districts and Stations Located
in the Mountainous Areas of the Greater Caucasus

Region Jan Feb Mart | Apr May Jun Jul Aug Sep Oct Nov Dec
Guba 3,1 -1,9 8,2 11,3 16,2 19,8 24,6 24,2 16,8 12,7 9,9 34
Altiaghac 1,6 —4,.3 6,1 10,5 14,7 16,2 20,9 21,4 14,0 114 10,0 1,2
Shabran 4,0 —0,2 7,7 12,0 17,4 214 | 264 26,1 19,0 14,6 10,9 55
Khaltan 0,2 -5/4 4,9 10,3 14,6 16,3 21,3 22,3 14,0 10,9 7,1 0,0
Gyriz -14 | 79 2,1 6,2 10,7 10,9 16,0 16,5 9,4 8,3 6,8 —2,2
Gusar 2,5 —2,7 7,4 10,6 15,7 18,3 23,2 22,9 15,6 11,6 8,9 2,2
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Fig. 1. Monthly average temperature of regions in the Greater Caucasus

Slope aspect plays an important role in the distribution of mountain landscapes. South-facing slopes re-
ceive greater solar radiation and are generally characterized by higher temperatures, more intensive evapora-
tion, and lower soil moisture, whereas north-facing slopes are cooler and more humid, with longer-lasting
snow cover. These differences influence vegetation distribution and the elevation of the forest boundary, which
may extend higher on humid and shaded slopes than on sunny and dry slopes.

Soil and vegetation cover also vary considerably with altitude. Relatively dry soils occur in low-mountain
areas, mountain-forest soils predominate in the middle-mountain belt, and mountain-meadow soils are wide-
spread in the subalpine and alpine belts. Vegetation responds sensitively to changes in climatic and soil conditions
and therefore serves as an important indicator of landscape differentiation. The forest, subalpine, and alpine land-
scapes of the Greater Caucasus are characterized by rich flora and numerous endemic species (Yusifov, 2005).

Overall, altitudinal zonation is the principal regularity governing the distribution of natural landscapes in the
mountainous areas of the Greater Caucasus. As elevation increases, changes in climatic conditions lead to the
successive replacement of soil and vegetation cover and the formation of distinct landscape belts along the alti-
tudinal gradient (Figure 2).
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1. Altitudinal Zonation of Landscapes
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Fig. 2. Natural landscapes of the mountainous areas of the Greater Caucasus region.

As shown in Figure 2, the natural landscapes of the Greater Caucasus exhibit a distinct altitudinal se-
guence, extending from dry low-mountain and mountain-steppe complexes through mountain forests and sub-
alpine and alpine meadows to subnival, nival, and rocky landscapes. The boundaries of these belts vary ac-
cording to relief, slope aspect, geological conditions, and regional climatic differences.

In addition to altitudinal zonation, pronounced horizontal and sectoral differentiation occurs across the
region. The western part is generally more humid and supports more extensive forest and meadow landscapes,
whereas increasing continentality and aridity toward the east restrict forest distribution and favor dry mountain-
steppe and xerophytic complexes. Slope aspect further modifies this pattern: south-facing slopes are generally
warmer and drier because of greater solar radiation, while north-facing slopes are cooler and more humid.
Local geomorphological and hydrological conditions, including river valleys, rocky areas, and landslide zones,
also contribute to the formation of intrazonal and azonal landscape complexes.

The low-mountain belt encompasses foothill and relatively low-elevation areas characterized by compar-
atively warm and dry conditions. Mountain-steppe, shrub, and drought-resistant vegetation complexes pre-
dominate. In humid areas, forests may begin at lower elevations, whereas in arid sectors mountain-steppe
landscapes may extend higher. Relief dissection and local climatic conditions further increase landscape vari-
ability within this belt.

The middle-mountain belt represents the principal zone of forest landscapes. Favorable temperature and
moisture conditions support oak, hornbeam, beech, maple, and other woody species. Forest composition and
belt boundaries vary with elevation, slope aspect, and moisture conditions; forests are generally more extensive
on humid slopes, whereas on drier slopes they become more open and may be replaced by mountain-steppe
complexes (Museyibov, 1998).

The subalpine belt forms a transition between mountain forests and alpine meadows and is characterized
by tall-grass meadows, shrub communities, and diverse herbaceous vegetation. Compared with lower eleva-
tions, climatic conditions are cooler and more humid and the growing season is shorter. Its lower and upper
boundaries vary according to relief and slope aspect.

The alpine belt is characterized by low-growing meadow vegetation, low temperatures, a short growing
season, strong winds, and high solar radiation. Woody vegetation is absent, while numerous endemic and relict
plant species adapted to high-mountain conditions increase the biogeographical significance of these land-
scapes.

The subnival belt occurs between alpine meadows and areas of persistent snow and ice. Severe climatic
conditions and a very short growing season result in sparse vegetation concentrated mainly in rock fissures,
stony surfaces, and relatively stable soil patches. Its boundaries depend on elevation, slope aspect, and the
duration of snow cover.

The nival belt occupies the highest parts of the Greater Caucasus and is dominated by long-lasting snow
cover, glacial areas, rocky surfaces, and stony terrain. Soil and vegetation are poorly developed, while physical
weathering and freeze—thaw processes are dominant. The distribution of these uppermost high-mountain land-
scapes is controlled primarily by elevation, high-peak distribution, and climatic conditions (Museyibov, 1998;
Suleymanov, 2005, 2008).

Regional differences modify this general altitudinal sequence. The western Greater Caucasus is more hu-
mid, with more extensive and continuous forest landscapes and widespread subalpine and alpine meadows.
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The central sector is characterized by strongly dissected high-mountain relief, deep river valleys, and extensive
alpine, subnival, and nival complexes. Toward the eastern sector, increasing aridity and continentality favor
dry mountain-steppe and xerophytic landscapes, while forests become increasingly restricted to humid areas
and favorable slopes.

On the northeastern slope, landscape differentiation is additionally influenced by the Caspian Sea, regional
atmospheric processes, local orography, and differences among individual river basins. Previous research on
the northern slope of the Greater Caucasus similarly demonstrates substantial differentiation of mountain land-
scapes according to elevation and regional moisture conditions (Bratkov & Ataev, 2013).

The southern slope, in contrast, is strongly affected by the orographic influence of humid air masses and
higher solar radiation, producing differences in thermal and moisture conditions and consequently in the ele-
vation of landscape-belt boundaries.

Conclusion

The distribution of natural landscapes in the mountainous areas of the Greater Caucasus is governed
primarily by altitudinal zonation, modified by regional climatic conditions, relief, geological-lithological
structure, and slope aspect. With increasing elevation, low-mountain and mountain-steppe landscapes are
successively replaced by mountain forests, subalpine and alpine meadows, and subnival and nival com-
plexes. However, the boundaries of these landscape belts vary spatially according to local physical-geo-
graphical conditions.

Landscape distribution also demonstrates pronounced horizontal and sectoral differentiation. Increasing
continentality and decreasing moisture from west to east favor the transition from more humid forest land-
scapes to dry mountain-steppe and xerophytic complexes. Differences in solar radiation, temperature, and
moisture between northern and southern slopes further modify the elevation and spatial extent of individual
landscape belts.

The interaction of geological structure, relief, climate, hydrological conditions, soil, and vegetation also
contributes to local landscape differentiation, including the formation of intrazonal and azonal complexes in
river valleys, rocky areas, and other distinctive landforms. The combined use of field observations, satellite
imagery, digital elevation models, and GIS improves the identification and assessment of landscape bounda-
ries, particularly in less accessible high-mountain areas. The development of a unified digital landscape data-
base for the mountainous Greater Caucasus would provide an important basis for further landscape research.
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INPOCTPAHCTBEHHOE PACHPEJNEJEHUE U JUOOEPEHITUMAIIUA ITPUPOJHBIX JIAHAIIA®TOB
T'OPHBIX TEPPUTOPHI BOJIBIIIOIO KABKA3A B ITIPEJIEJIAX ASEPBAMIKAHA
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Pestome. B nccneoBaHuy paccMaTpUBAIOTCS 0OCOOSHHOCTH paclpocTpaHeHus H quddepeHaniy NPUPOJHbIX JaHmadTOB rop-
HBIX Tepputopuii bospimoro Kaskasa B mpeznenax Asepbaiimkana. AHanu3 OCHOBaH Ha KOMIUICKCHOM MPUMEHEHHH JaHAmadToOBe -
YeCKOro, KapTorpaduueckoro, CpaBHUTEIBHO-TEOTrpadhIuecKoro, OJIEBOr0 M FeOMH()OPMAIIOHHOTO METO/IOB C HCIIOJIL30BaHUEM KITH-
MaTHYECKUX JaHHBIX, CITy THUKOBBIX CHUMKOB M ITU()POBBIX Moienel penbeda. Pe3yabTaTsl HcciieoBaHMs TIOKa3hIBAIOT, YTO OCHOBHOM
3aKOHOMEPHOCTBIO IPOCTPAHCTBEHHOTO pacHpeieNeH s JaHmadToB SBISETCS BEICOTHAS ITOSICHOCTD, POSIBIICHHE KOTOPOH ompene-
JISIETCS SKCIIO3MIUEH CKIOHOB, OCOOCHHOCTSIMU pelbeda, TeoIoro-IMTOI0OTHUSCKUMH YCIOBHAMHE, PEKUMOM YBIQKHEHHS U KINMa-
THYECKMMH I'PaAMCHTAaMH B HAIIPaBJICHHH C 3aI1a/ia Ha BOCTOK. BBICOTHO-TIOsICHAs OCIIEI0BATENbHOCT JaHIIa()TOB OXBATHIBACT HU3-
KOTOPHBIC U TOPHO-CTEIHbIE KOMIUIEKCHI, TOPHBIC Jieca, CyOalblUACKNUe U aJbIUilCKHe JIyTa, a TakKe CyOHUBAIBHBIC H HUBAIBHBIC
naHqmadTe. MeTeoponornieckie JaHHbIe MOATBEPKAAI0T BEIPAKCHHYIO BEPTUKAIBHYIO KIMMaTH4ecKyto auddepenuunanmo. Tak,
cpennas temmeparypa ¢espans B ['prize gocturaer —7,9°C, Torna Kak MakCUMaJIbHOE 3HaYEHHE TEMIIEPATYPHI B JICTHUH EPHOJ OT-
Mmeuaercs B lllabpane u cocrasisier 26,4°C. I'paHunb! TaHAIIAQTHBIX TOSICOB PA3JIMYalOTCs Ha CeBEPHBIX M I0)KHBIX CKIOHAX, a TAKKe
MEX/Ty yBIXHEHHBIMH 3aIla{HBIMU U IIOCTETICHHO IPHOOPETAIOIINMH OoJiee apiIHbIH XapaKTep BOCTOYHBIMHU CEKTOPaMH HUCCIIeTye-
MOH TeppUTOPHHU. Y CTAaHOBJICHO, YTO MHTETPAIHS MTOJEBBIX HAOIIOACHHH ¢ TeONH()OPMAIIMOHHBIMU TEXHOJIOTHSMH, CITyTHUKOBBIMH
CHMMKaMH M U(POBBEIMU MOJEIISIMU pelibedha CrIocoOCTBYET Oosiee TOUHOMY OIpeeIeHHIO IPaHuIl JTaHmadgToB, 0COOCHHO B TPYA-
HOJOCTYITHBIX BEICOKOTOPHBIX paiiOHaXx.

Knroueswvie cnosa: bonvwou Kaskas, npupoonvie nanoutagmol, 6bicomuasn NOACHOCMb, 1anowagmuas ouggepenyuayus, 3Kcno-
suyus ckionos, I UC, Azepbaiiorcan

BOYUK QAFQAZIN AZORBAYCAN ORAZISINDOKIi DAGLIQ SAHOLORINDO
TOBii LANDSAFTLARIN YAYILMASI VO DIFERENSIASIYASI
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Xiilasa. Todgiqatda Boyiik Qafqazin Azarbaycan orazisindoki dagliq sahalorinds tobii landsaftlarin yayilmasi vo diferensiasiyasi
aragdirilir. Tohlilds landsaft, kartografik, miiqayisali-cografi, ¢61 vo CIS osasli yanasmalar iqlim moelumatlari, peyk tosvirlori vo rogom-
sal yiiksoklik modellari ilo birlagdirilir. Naticalor gostorir ki, hiindiirliik qursaqligi landsaftlarin yayilmasimin asas qanunauygunlugudur
Vo yamaclarin baxarligi, relyef, geoloji-litoloji serait, riitubost rejimi vo gorbden sorge dogru iqlim doyisikliklarinin tosiri ilo forgli
xiisusiyyatlor qazanir. Landsaft ardicillig algagdagliq vo dag-¢ol komplekslarindon baslayaraq dag megslori, subalp vo alp gomanliklori
vasitasilo subnival va nival landsaftlara qodor uzanir. Meteoroloji molumatlar saquli istiqgamatdo nozorogarpan iqlim diferensiasiyasini
tosdigloyir: Qrizda fevral aynin orta temperaturu —7,9 °C-ys ¢atir, on yiiksok yay gostoricisi iso Sabranda 26,4 °C toskil edir. Landsaft
qursaqlarmin sarhadlori simal vo conub yamaclar1, homginin riitubatli gorb vo sorge dogru aridliyi artan sektorlar arasinda forglonir.
Todqiqat gdstorir ki, ¢6] miisahidolorinin CIS, peyk tosvirlori vo rogomsal yiiksoklik modellari ilo inteqrasiyast xiisusilo slgatmaz
yiiksakdagliq saholordo landsaft sorhadlorinin miisyysnlogdirilmasini tokmillogdirir.

Agar sizlor: Boyiik Qafgaz, tabii landsafilar, hiindiirliik qursaqhig, landsaft diferensiasiyasi, yamaclarin baxarhigi, CIS,
Azarbaycan
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Summary. This study investigates the spatio-temporal dynamics, structural transformation, and
ecological stability of coastal landscapes across the Samur-Davachi lowland under the dual influence
of Caspian Sea level fluctuations and anthropogenic activities. Integrating multi-decadal sea-level
records, field landscape mapping, and hydrogeological data, we evaluate landscape response across
transgressive (1978-1995) and subsequent regressive (post-1995, below -29.0 m) phases. Results
indicate that during peak transgression, marine waters inundated 80-100 km? of coastal semi-desert,
forcing shorelines inland by 200-300 m in the north, up to 1500 m in the south, and 4-5 km in the

Keywords: Samur-Davachi Agzybir lagoon sector, re-establishing the historical 1926 baseline. Rising groundwater tables in-
lowland, Caspian Sea coast, duced three distinct waterlogging tiers: severely (0.0-0.5 m depth), moderately (0.5-1.5 m depth),
transgression, regression, and weakly (1.5-3.5 m depth) waterlogged geosystems, driving widespread transition into subaque-
aqual landscapes ous aqual and wetland complexes. On the Shollar plain, century-long anthropogenic pressure reduced

forest cover by 2.0-2.5 times, leaving 60-65% as secondary stands and accelerating forest steppifi-
cation. Crucially, increased soil hydromorphy accelerated vegetation colonization on coastal dunes,
dampening aeolian mobility and stabilizing psammomorphic systems. These findings highlight the
non-linear coupling of natural and anthropogenic drivers and emphasize the necessity of adaptive
land-use strategies along dynamic Caspian coastal zones.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

Introduction

The Caspian Sea the largest enclosed inland body of water on Earth and its surrounding coastal environ-
ments function as an integrated natural complex (Kostianoy & Kosarev, 2005). Characterized as a highly com-
plex, multifunctional, and self-regulating geosystem, this unique environment exists in a dynamic equilibrium
that can either accommodate sustainable human activity or suffer catastrophic degradation from uncoordinated
and intensive anthropogenic pressure (Lattuada et al., 2019). The structural origin, ongoing functionality, and
evolutionary trajectories of these coastal landscapes are fundamentally governed by the natural periodic and
cyclical oscillations of the Caspian Sea level.

In recent decades, the compounding impacts of falling Caspian Sea levels and escalating regional land use
have given rise to intricate, stressed landscape-ecological conditions (Ismayilov et al., 2023; Lahijani et al.
2023]. A prime example of this environmental vulnerability is observed in the Samur-Davachi lowland (lo-
cated along the northwestern coast of the Caspian Sea in northern Azerbaijan). This accumulative lowland
plain, serves as a vital ecological corridor containing forest ecosystems (Ismayilov & Jabrayilov, 2019).

Understanding the mechanisms driving the formation and temporal dynamics of landscape-ecological
conditions within the Samur-Davachi lowland is crucial for both environmental monitoring and sustainable
land-use planning. Therefore, this study aims to evaluate the spatio-temporal evolution of coastal geosystems
in the Samur-Davachi lowland, analyzing the complex interplay between Caspian Sea level variations, hydro-
logical regime changes, soil-vegetation successions, and anthropogenic influences.
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Methods

To evaluate the spatio-temporal dynamics and ecological transformations of coastal landscapes across the
Samur-Davachi lowland, this study integrated empirical field landscape mapping with historical and multi-source
spatial datasets. Field surveys conducted along transsect lines recorded local hydro-geomorphological parame-
ters, plant community successions, soil profile characteristics (specifically depth to groundwater, soil moisture,
and salinization markers), and coastal dune morphometrics. These field observations were synthesized with
multi-decadal Caspian Sea level records (1926—present), long-term hydrogeological monitoring data, land-
use/land-cover archival records, and multi-scale topographic and thematic maps. Spatial differentiation of land-
scape units was carried out using a factor-dynamic geosystem framework, categorizing coastal environments into
distinct hazard tiers based on waterlogging severity (0.0-0.5 m, 0.5-1.5 m, and 1.5-3.5 m groundwater depths),
substrate genesis, and structural resilience under transgressive and regressive marine phases.

Analysis and discussion

A multi-temporal analysis of the modern and long-term functional dynamics, directionality, and intensity
of coastal landscape development reveals three primary driving factors:

1. Hydro-climatic fluctuations: Variations in the base level of the Caspian Sea, combined with broader
regional changes in river discharge and basin runoff regimes across Azerbaijan (Makhmudov et al., 2025),
dictate the fundamental spatial-temporal oscillations between hydromorphic (wetland) and xeromorphic (drier
terrestrial) landscape states across the coastal strip.

2. Neotectonic dynamics: Tectonic movement and morphostructural variations across coastal lowlands
generate localized differences in slope, subsidence, and uplift, thereby controlling the specific direction and
rate of landscape evolution.

3. Anthropogenic pressures: Human land use introduces a complex layer of modification that interacts
with natural cycles, particularly in heavily settled and farmed areas such as the Samur-Davachi lowland.

The interaction between natural environmental cycles and human activities creates complex operational
dynamics within these coastal geosystems. This superimposition manifests primarily through two distinct
mechanisms:

» Synergistic amplification (anthropogenic acceleration of natural trends): Human activities can acceler-
ate natural degradative or evolutionary landscape processes. For instance, during phases of Caspian Sea level
rise, natural waterlogging and coastal water table elevation across the Samur-Davachi lowland are further ag-
gravated by intensive agricultural surface irrigation around rural settlements such as Valamir, Tikanlioba, and
Barakhum. The cumulative effect of rising groundwater and over-irrigation induces secondary soil salinization
and marsh formation.

o Anthropogenic neutralization and buffer interventions: Conversely, targeted structural engineering can
partially suppress or counteract natural landscape trends. Within the Samur-Davachi lowland, human engi-
neering works actively alter natural hydromorphic trajectories. The construction and operation of widespread
collector-drainage networks serve as a buffer, mitigating excessive waterlogging, lowering saline water tables,
and maintaining agricultural viability against coastal flooding and groundwater rising.

Changes in landscape-ecological conditions in relation to Caspian Sea level fluctuations.

One of the primary natural drivers influencing the dynamics of coastal lowland landscapes is the fluctua-
tion of the Caspian Sea level (Duan et al., 2025). It contributes to alterations in the morphological structure of
landscapes, increases the complexity of intra-landscape differentiation, and accelerates the intensity of other
natural processes.

Long-term meteorological records along the Caspian littoral reveal complex multi-decadal cycles in mois-
ture availability and thermal regimes. M.J. Ismayilov (1986) classified precipitation dynamics along the Cas-
pian coast (1848-1980) into three major hydro-climatic phases: a relatively arid phase (1848-1902), a pro-
longed humid phase (1903-1952), and a subsequent dry phase beginning in 1953. In parallel, analysis of ther-
mal dynamics by G.A. Hajiyev (1975) distinguished two primary multi-decadal temperature epochs: a cooler
period (1848-1910) during which mean temperatures remained 0.3°C below the long-term baseline, followed
by a warmer period (1911-1972) with temperatures averaging 0.4°C above the prior epoch.

These climatic oscillations closely correspond to significant non-linear shifts in the hydrological base level
of the Caspian Sea:

e 1882-1977 regressive phase: A continuous decline in sea level resulting in a cumulative drop of 3.82 m [5].

e 1978-1995 transgressive phase: A rapid sea-level rise of 2.8 m documented through continuous instru-
mental observations.
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o 1995-present regressive phase: A substantial level drop exceeding 3.0 m, which has significantly ex-
posed littoral zones and restructured coastal wetland habitats (Fig. 1).

o Recent morphological observations (Jan—Jul 2026): Morphological assessment of coastal ecosystems
during the first half of 2026 indicates a slight localized rise in sea level of 5-8 cm. Long-term instrumental
monitoring remains necessary to determine whether this rebound signals a multi-year shift or a brief seasonal
fluctuation.

-

Fig. 1. Exposed rocky formations resulting from sea-level regression (left) and diagenetic structures (right)

Crucially, the direct cause and effect relationship between regional precipitation/temperature anomalies
and Caspian Sea level variations remains intricate and non-linear. Although the broader regional climate has
remained relatively dry since the mid-20th century, the sea level has undergone two major, opposing multi-
decadal oscillations during this same period. These base-level variations serve as the primary driver for eco-
logical succession, triggering intense spatial differentiation, soil salinization/desiccation, and structural reor-
ganization across both pristine natural habitats and human-modified agricultural landscapes.

Field investigations and office-based (analytical) studies revealed that the influence of sea-level draw-
down on groundwater depth diminishes with increasing distance from the coastline. Specifically, during the
study period, the zone of intensive groundwater table decline along the Samur-Davachi lowland coastal belt
extended to a width of 0.5-1.0 km. Studies demonstrate that following 1929, over a 50-year period, the Caspian
Sea retreated by nearly 4 km. As a result, vast areas of the Davachi lagoon and the shallow coastal shelf zone
adjacent to the Samur-Davachi lowland transitioned to continental development conditions.

An analysis of climatic data reveals that during the period when the Caspian Sea level fell by 2.5 m, annual
potential evapotranspiration in the coastal section of the Khachmaz district increased by 5-8% compared to
the long-term baseline (1900-1930). The shrinking surface area of the Caspian Sea due to base-level regression
intensified climatic continentality, which in turn accelerated desertification processes across the western Cas-
pian coast and drove the replacement of degraded hygrophytic and mesophytic plant communities with xero-
phytic ones. Notably, the drop in Caspian Sea levels also directly impacts the biological productivity of coastal
landscapes.

In connection with the retreat of the sea prior to 1977, the mineralization (salinity) of groundwater in the
coastal depressions of the Samur-Davachi lowland gradually decreased. This reduction facilitated a vegetative
succession from obligate halophytes (Salicornia and Suaeda species), through transitional plant groupings, to
a meadow-solonchak plant complex dominated by Salsola soda, Puccinellia (alkali grass), Petrosimonia, and
ephemeral species.

Starting in 1977, a rise in the level of the Caspian Sea took place, leading to an elevation of groundwater
tables and an overall transformation of the ecological environment within natural-territorial complexes
(NTCs). By 1998, the sea level had risen by more than 2.0 meters, after which a relative stabilization was
observed. Consequently, over the past two decades, the operational trajectory and evolutionary direction of
contemporary landscapes have fundamentally shifted.
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The latter induces waterlogging/submersion. To define this phenomenon accurately: first, the target object
of waterlogging must be clearly specified (e.g., the soil-substrate horizon, plant root systems, building foun-
dations, etc.); second, the drivers causing the groundwater level rise are not included in the strict definition of
waterlogging itself. From this, it follows that the waterlogging of an object occurs when that object, originally
situated above the groundwater table (or above the capillary fringe) becomes fully or partially submerged in a
groundwater-saturated medium as a result of a table rise (Kupriyanova & Trapeznikova, 1997).

Based on field landscape investigations, supplemented by published literature and archival records (in-
cluding data on groundwater depths, natural landscape structure, land use patterns, and long-term Caspian Sea
level dynamics), as well as topographic and thematic maps, coastal geosystems of the Samur-Davachi lowland
were classified into distinct types according to the degree of transformation induced by the Caspian Sea:

1. Fundamentally transformed (submerged) geosystems;

2. Geosystems subject to varying degrees of waterlogging.

The first geosystem type encompasses narrow coastal strips of the Samur-Davachi lowland. Here, semi-
desert landscapes predominantly occupy the immediate shoreline of the Caspian Sea, while across the territory
of the Khachmaz and Siyazan districts, their boundaries gradually extend toward the central part of the lowland
from northwest to southeast. The width of this landscape zone varies in response to local physical-geographic
conditions.

From the southern tributaries of the Samur River southeastward to the settlement of Niyazoba, the semi-
desert landscape in the coastal zone of the Caspian Sea occupies only a narrow strip, approximately 400-1200
m in width. In contrast, in the Siyazan area, its width reaches 3—4 km. Prior to the rise in Caspian Sea levels,
younger and more dynamic landscapes were actively forming here.

Contemporary deposits along the coastal zone of the sea are primarily represented by sand and gravel,
framing the coastline as a narrow strip (Anoikin et al., 2023). Gravel and pebbles are predominantly distributed
along the coast of the Yalama and Mukhtadir areas. To the south, in the Khachmaz and Shabran districts, these
are gradually replaced by sand along the littoral zone. Moving southward from the Samur River delta, the
width of the highly dynamic and unstable beach complexes increases significantly. For instance, along the
Yalama and Mukhtadir coasts, the width of the coastal semi-desert landscape varies between 100 and 1,200
meters, whereas in the Khachmaz and Shabran sectors, the shallow shelf waters extend to 3—4 kilometers in
width. This condition has driven the formation of sandy ridges that constitute elementary landscape units.

In connection with the rise in the Caspian Sea level up to 1998, the semi-desert landscape shifted inland
by 200-300 m in the northern part of the coast to 1000-1500 m in the southern part. The primary portion of
this semi-desert landscape transitioned to a subaqueous development regime, transforming into aquatic land-
scapes. Even in the area of the Agzybir lagoon, the shoreline moved 4-5 km inland, reconstituting the historical
shoreline position of 1926. According to our calculations, 80-100 km? of semi-desert landscape was inundated
by marine waters.

Based on landscape characteristics, coastal aeolian (wind-formed) landforms can be divided into stabilized
(anchored) and unstabilized (active/mobile) groups. Unstabilized or mobile sand-and-shell materials include
coastal dune ridges extending along the shore from northwest to southeast. The relative height of these dunes
ranges from 2-3 meters to 10-12 meters, reaching 15-17 meters above the Caspian Sea level in certain places.

Within the functional-dynamic structure of the coastal plain landscapes of the Samur-Davachi lowland, a
purely natural component could not be isolated. The anthropogenic factor has become fully integrated within
it, driving highly diverse trends in landscape evolution (Gu et al., 2022). On the aeolian-marine plain, over-
grazing exacerbates landscape instability. On the Shollar plain, forests with a canopy density of 0.4-0.5 cur-
rently account for 75% of the forested area. The reduction in forest canopy density here is primarily linked to
unmanaged logging, livestock grazing, and the spread of timber diseases. Over the past 100 years, the forest
cover of the Shollar plain has decreased by a factor of 2 to 2.5; secondary forests now constitute 60-65% of
the existing oak-hornbeam and ash-hornbeam forest complexes (Figure 2).

Conclusion

Natural and anthropogenic factors can be unidirectional, such as the mutual intensification of hydromor-
phy, thereby accelerating the overall process, which is currently taking place across many irrigation systems
on the Caspian coast of the Samur-Davachi lowland. Conversely, when observed natural processes operate in
multidirectional orientations, they tend to cushion, if not mitigate, the adverse consequences of human activi-
ties. Such is the natural process of dune ridge stabilization under conditions of increasing hydromorphy within
the landscape waterlogging zone.
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Fig. 2. Dynamics of transformation of forest cover on the Shollar plain from 1910 to 2025
Legend: 1. Existing oak-hornbeam forest ecosystems; 2. Deforested shrubby dry steppes affected by anthropogenic impacts; 3. Post-
forest pasture-hayfield complex; 4. Post-forest agrolandscapes; 5. Rural and urban residential (seliteb) landscapes; 6. Coastal sandy
and pebbly beach landscape; 7. Lakes (artificial reservoirs); 8. Coastal reedy and meadowy hydromorphic landscapes formed by the
retreat of the sea.

Thus, an analysis of studies related to Caspian Sea level fluctuations demonstrates that a fully synchronous
correlation between long-term dynamics of air temperature, atmospheric precipitation, and sea level oscilla-
tions is weakly observed. Over the past 50 years, during which dry and warm climatic periods were recorded,
the sea level exhibited both a significant transgressive phase (1978-1995) and a subsequent regressive phase
(from 1995 to the present). This situation necessitates more rigorous, comprehensive research into sea level
fluctuations. Under these circumstances, prioritizing scientific investigations focused on the problems of hu-
man land-use adaptation to sea level oscillations becomes paramount.

As a result of Caspian Sea level fluctuations, the natural and economic structures of the coastal zone
undergo substantial changes, though these are not always negative for human society. However, further un-
mitigated oscillations in the level of the Caspian Sea will drastically intensify negative impacts on economic
activities across the Samur-Davachi Lowland.
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Pe3ztome. B vccrnenoBaHuy pacCMaTpPHUBAIOTCS IPOCTPAHCTBEHHO-BPEMEHHAs IMHAMHKA, CTPYKTYPHas TpaHC(OPMALHS U KOJIOTHYe-
CKasl yCTOMYMBOCTB NMpUOpexHbIX anamadgToB Camyp-/IMBUUHHCKOH HU3MEHHOCTH B YCJIOBHSIX COBMECTHOT'O BO3/ICHCTBHS KOJIeOaHHI
ypoBast Kacrnimifickoro Mopst 1 aHTpOTIOT€HHOI iesiTensHOCTH. Ha 0CHOBE KOMIITIEKCHOTO aHaIM3a MHOTOJIETHHX JJAHHBIX 00 YPOBHE MOps,
Pe3yIBTaTOB MOJIEBOT0 JIAHAMA(THOrO KapTOrpadMpOBAHMS M THAPOTCONOTHUECKHX ITOKA3aTes el OIleHeHa PeaKiis JaHIadToB Ha U3-
MEHEHHUS IPUPOAHBIX YCIOBHH B mepuoasl TpaHcrpeccuu (1978—1995 rr.) u nocnenyromieii perpeccuu (mocne 1995 r., mpu cHIWKEHHN
YpOBHS MOpsI HIKe OTMETKA —29,0 M). YCTaHOBIICHO, YTO B IEPHO]] MAKCUMAIBHOH TpaHCTrpeccud Mopckue Bobl 3aTomwmd 80—100 xkm?
MPUOPEKHBIX MOJIYIYCTHIHHBIX JJAaHAIIA(TOB, BEI3BAaB CMENIeHHEe OeperoBoii TMHUM BrTyOb cymm Ha 200-300 M Ha ceBepe, 10 1500 M Ha
Iore ¥ Ha 4-5 KM B paiioHe JaryHbel Ar3sioup. B pesynbrare Geperoast JIMHUS BEpHYJIaCh K CBOEMY HCTOPHYECKOMY ITOJIOKEHHMIO, 3a(HK-
cupoBaHHOMY B 1926 r. [IoBbIIIeHHE YPOBHS TPYHTOBBIX BOJ 00YyCI0BIIO (hopMUpOBaHHE TPEX KATETOPHI FE€OCHCTEM I10 CTEHIEHH ITepe-
YBJIQXKHEHHMS: CHJIBHO TIepeyBIaXHEHHBIX (TIyOuHa 3ajeranus rpyHToBbix Box 0,0-0,5 M), ymepeHHo nepeyBinaxuEHHBIX (0,5-1,5 M) 1
cimabo nepeyBinaxHEHHBIX (1,5-3,5 M). DTH mpomeccs crmocoOCTBOBAIN MacITaOHO! TpaHCchOopMaIi MPUOPEKHBIX JTaHAMIAPTOB B Cy0-
aKBaJbHBIE M BOJHO-000THEIE KoMIuiekcsl. Ha Illomrapckoii paBHHHE B pe3yIbTaTe CTOJIETHETO aHTPOIIOTEHHOTO BO3/ICHCTBHS IUIOMIAAb
JIECHOTO TIOKpPOBa cokparunachk B 2,0-2,5 pasa, mpu 31oM 60—-65% COXpaHMBIIMXCS JIECHBIX HACAKACHUH MPECTABICHBl BTOPHIHBIMH
JIPEBOCTOSIMH, 9TO COIIPOBOXKAAIOCH aKTHBU3AIMEH TIPOIIECCOB OCTEIHEHUS JIecoB. BMecTe ¢ TeM ycuieHne ruapoMopdu3mMa oUB CIo-
COOCTBOBAJIO YCKOPEHHOMY 3aCeJIeHUIO MPUOPEKHBIX IeCYaHbIX JIOH PACTHTENFHOCTHIO, CHI)KEHHIO MHTEHCHBHOCTH JOJIOBBIX IIPOLIEC-
COB U CTa6PIJ'[PISaL[PIl/I HCaMMOMOp(beIX T€OCUCTEM. HonyquHbIe PE3yIbTaThl CBUACTEIILCTBYIOT O HEJIMHEHHOM XapakTepe BSaHMOﬂeﬁ—
CTBUS TIPUPOJIHBIX M aHTPOTIOT€HHBIX (DAKTOPOB U TOJYEPKUBAIOT HEOOXOIMMOCTh Pa3pabOTKU aIalTHBHBIX CTPATErHii 3eMJICTI0NIb30Ba-
HUS B IMHAMHYHO U3MEHSIONMXCs MPUOpexHbIX 30Hax Kacnuiickoro mopsi.

Knroueevie cnosa: Camyp-/leseuuncras nHusmennocmo, nobepesicve Kacnuiickoeo mops, mpamncepeccus, pespeccus, akeanbhule
aanowagmol

XOZOR DONIZININ SAHIL GEOSISTEMLORINDD LANDSAFT-EKOLOJi SORAITIN FORMALASMASI VO
DINAMIKASININ XUSUSIYYOTLORI (SAMUR-DOVOCi OVALIGI TIMSALINDA)

Zeynalova S.M.1*, ismayilov M.C.%, Cabrayilov E.A.2, Mahmudova K.E.1, 9fandiyeva X.Z 2
IAzarbaycan Respublikast Elm va Tahsil Nazirlivi, Cografiya Institutu, Azarbaycan
AZ1073, Baki, H. Cavid pr. 117
2Mingagevir Déviat Universiteti, Azorbaycan
AZ4500, Mingagevir, D. Oliyeva kii¢. 21
*Masul miiallif: saida.zeynalova@geo.edu.az

Xiilasa. Todgigatda Xozar donizinin saviyys toraddiidlori vo antropogen foaliyyotin birgas tosiri soraitindo Samur-Davagi ovaliginin
sahil landsaftlarinin mokan-zaman dinamikasi, struktur transformasiyasi vo ekoloji dayaniqlihig aragdirilmigdir. Daniz saviyyasinin
¢oxillik miisahide molumatlari, ¢61 landsaft xaritalogdirilmasinin naticalori vo hidrogeoloji gostaricilor kompleks sokildo tohlil edilorak
transgressiya (1978-1995-ci illor) vo sonraki reqressiya (1995-ci ildon sonra doniz soviyyesinin —29,0 m-don asagi enmasi)
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morhalalarinds landsaftlarin  doyisiklikloro reaksiyasi qiymotlondirilmisdir. Noticolor gostorir ki, transqressiyanin maksimum
morhalasinds doniz sulari sahilboyu yarimsohra landsaftlarinin 80—100 km? sahasini basmus, sahil xattinin simalda 200-300 m, canubda
1500 m-o godor, Agzibir laqunu orazisinds ise 4-5 km quruya dogru iralilomasine sobab olmusdur. Bununla da sahil xatti 1926-c1 ildo
geydo alinmus tarixi voziyystino gayitmigdir. Qrunt sularinin soviyyssinin yiiksalmoasi noticasinds izafi riitubstlonmonin ti¢ doracasi
forglondirilmisdir: giiclii (qrunt sularinin darinliyi 0,0-0,5 m), orta (0,5-1,5 m) vo zaif (1,5-3,5 m) izafi riitubstlonmoys moruz galan
geosistemlor. Bu proses sahil landsaftlarimin genis orazilordo sualti akval vo bataqliq komplekslorino transformasiyasini
stiratlondirmisdir. Sollar diizenliyinds bir asr orzinds davam edon antropogen tazyiq naticasindo meso Ortiiyiiniin sahasi 2,0-2,5 dofo
azalmig, moveud messliklarin 60-65%-ni toramo mesaliklar togkil etmis vo mesalorin ¢6llagsmosi prosesi intensivlogmisdir. Bununla
yanagl, torpaglarin hidromorfluq doarocasinin artmasi sahilboyu qum topalorinds bitki ortilyiiniin formalagmasini siirstlondirmis, eol
proseslorinin foalligini zaiflotmis vo psammomorf geosistemlorin sabitlosmasine sorait yaratmigdir. Todgiqatin naticalori tobii vo
antropogen amillor arasindaki qeyri-xotti qarsiliglt alagalori {izo ¢ixarir vo Xozor donizinin dinamik sahil zonalarinda torpagdan
istifadonin doyison tobii soraito uygunlagdirilms strategiyalar osasinda togkilinin zoruriliyini asaslandirir.
Acar sozlar: Samur-Dovagi ovaligi, Xozor donizi sahili, transqressiya, reqressiya, akval landsaftlar
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BIG GEOSPATIAL DATA ANALYTICS FOR SUSTAINABLE
NATURAL RESOURCE MANAGEMENT
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Summary. Big geospatial datasets offer opportunities for natural-resource monitoring, but spatial
dependence, unstable indicator weights, model transferability, and uncertainty complicate their inte-
gration. This study evaluates a reproducible workflow combining pressure indexing, degradation-
risk modelling, spatiotemporal validation, predictor interpretation, intervention analysis, and com-
putational scaling. A synthetic benchmark of 2,400 grid cells observed over 24 months (57,600 rec-
ords) was analysed using seven normalized indicators. Indicator weights were assessed through 100
spatial block-bootstrap samples, while logistic regression and gradient boosting were evaluated un-
der four validation schemes. Permutation analysis and Monte Carlo simulations assessed predictor
contributions and intervention uncertainty. The first principal component explained 60.7% of vari-
ance, the mean pressure index was 0.502, and Moran’s I was 0.954. Logistic regression achieved
AUC values of 0.804 under random validation and 0.785 under buffered spatial validation, perform-
ing comparably to gradient boosting. Hydro-ecological variables provided the strongest transferable
predictive information. The integrated intervention reduced the priority-area index by 12.3% and the
critical share by 29.0 percentage points. Computational scaling remained near-linear up to 2.30 mil-
lion records. The workflow supports uncertainty-aware natural-resource assessment, although oper-
ational use requires local observations and independent field validation.

Keywords: cloud computing,
decision support,

Earth observation,

machine learning,

spatial cross-validation

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

1. Introduction

Natural-resource monitoring increasingly integrates satellite observations, climate reanalysis, digital soil
products, sensor networks, and administrative data. Their volume, heterogeneity, and spatial dependence make
them central to geospatial big-data research, particularly for monitoring water, soil, forests, and agricultural
systems (Ma et al., 2015; Koh et al., 2022). Remote sensing provides repeated observations, GIS links them to
terrain and management units, and cloud platforms facilitate large-scale processing (Gorelick et al., 2017,
Sharma et al., 2024).

However, computational capacity alone does not ensure reliable environmental prediction. Spatial de-
pendence can make random train-test splits overly optimistic, while collinearity, unstable composite-index
weights, model transferability, and scenario uncertainty can affect interpretation and decision support (Dor-
mann et al., 2013; Roberts et al., 2017; Valavi et al., 2019; Ploton et al., 2020; Koldashayeva et al., 2024;
Stock, 2025).

This study addresses the lack of a compact workflow that jointly evaluates index-weight stability, spatial
and temporal transfer, correlated predictor groups, intervention uncertainty, and computational scaling. A con-
trolled synthetic benchmark is used because its data-generating process can be evaluated systematically (Mor-
ris et al., 2019). The analysis examines the stability of the pressure index under spatial resampling, the effect
of validation design on predictive performance, the transferability of predictor groups, and the robustness of
intervention results to variation in weights and treatment effects.
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2. Materials and methods

2.1. Analytical design and benchmark construction

Figure 1 summarizes the workflow. In an empirical application, observations could be drawn from Senti-
nel-2, ERA5-Land and SoilGrids and then joined with terrain, infrastructure and field measurements (Drusch
et al., 2012; Munoz-Sabater et al., 2021; Poggio et al., 2021). The present benchmark is synthetic because no
verified dataset for a named study area was available.

Audit trail: metadata, code, parameters and uncertainty

l

Harmonization Buffered spatial
] Bootstrap-stable
and quality : and temporal
pressure index st
control validation

Multi-source

Uncertainty-aware
ingestion

scenario analysis

Fig. 1. Uncertainty-aware and reproducible analytical workflow

The benchmark contains 40 rows, 60 columns and 24 monthly observations, giving 57,600 cell-month
records over a synthetic area of 6,000 square kilometres. The random seed was fixed at 42. Five spatially
structured latent fields represent aridity, human pressure, terrain, water proximity and an unobserved effect.
Gaussian-smoothed noise was rescaled to the 0-1 interval and transformed into the variables shown in Table 1.

Dry- and wet-season components were calculated first.

1+sin(2r(m mod 12)/12-m/2)
D,, = >

W,=1-D,,

Rainfall anomaly, road density, slope and distance to water were then generated.

R = clip[£(0,0.65) — 0.90A4 — 0.55D,,, + 0.25W,,, —2.5,1.5]
Road density = clip[0.05 + 0.90(0.75H + 0.25H,),0,1]
Slope = clip(0.05 + 0.85S,0,1)

Distance to water = 1 — P

In the expressions, A, H, S and P denote aridity, human pressure, slope and water proximity; Hz is a second
smoothed human-pressure field, and €(0, ) denotes zero-mean Gaussian error with standard deviation .

Table 1
Synthetic benchmark variables and generation rules
Variable Range Pressure direction Rule before clipping
Vegetation index 0.08-0.85 Lower = pressure 0.80 — 0.424 — 0.17H — 0.13S
4+0.11W + 0.10R + £(0,0.035)
Water index -0.35-0.45 Lower = pressure 0.34 — 0.464 — 0.10H
+0.10W + 0.09R + £(0,0.045)
Soil moisture 0.04-0.58 Lower = pressure 0.56 — 0.384 — 0.07H
+0.09W + 0.075R + £(0,0.028)
Temperature anomaly | -5.9t0 9.9 °C Higher = pressure —3.0+954+21H+271-W)
—0.8R + £(0,0.70)
Drought occurrence Oorl Occurrence = pressure | sp = —1.55 + 2.54 + 1.25(1 — W) — 1.05R
Bernoulli{logit™*(sp)}
Land-use intensity 0.08-0.96 Higher = pressure 0.06 + 0.86H + 0.025sin(month phase)
+£(0,0.02)
Erosion susceptibility 0.07-0.87 Higher = pressure 0.03 + 0.43S + 0.28(land use) + 0.204
+0.11(1 — vegetation) + £(0,0.025)

Source: Synthetic benchmark used in this study. A = aridity; H = human pressure; S = slope; W = wet-season component;
R = rainfall anomaly.
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2.2. Bootstrap-stable pressure index

All layers were matched by grid cell and month. For empirical data, the same stage would retain cloud
masks, quality flags, measurement units, resampling rules and spatial reference information. The normalized
difference vegetation index and normalized difference water index were calculated with Equations (1) and (2),
where NIR denotes near-infrared reflectance (Tucker, 1979; McFeeters, 1996).

NIR—Red

NDVI = MR 1
reen—
NDWI = Green+NIR (2)

Each variable was converted to a pressure score g; between 0 and 1. Equation (3) was used for direct-
pressure indicators and Equation (4) for indicators where higher original values represented better conditions.
Here X;; is observation i for indicator j, while a; and b; are fixed lower and upper limits.

_ Xiy—4qj

qij = Yy (3)
bi—xi;
qij = ﬁ 4)

Pressure scores were standardized before principal component analysis. Absolute first-component load-
ings were rescaled to sum to one. Weight stability was evaluated with 100 spatial block-bootstrap samples
based on 10 by 10 cell blocks, retaining all months for selected blocks. Equation (5) defines the bootstrap
weights, their median and the bootstrap-stable index. Critical probability was the share of bootstrap indices at
or above 0.65. Equal weights and thresholds from 0.60 to 0.70 provided sensitivity checks.

(b)
b L ~ . b ~
j( ) = Z'}(ﬁ(b) ,  W; = median, [Wj( )], BS-SRPI; = ¥; W q;; (5)
k1

2.3. Prediction, validation and decision analysis

A binary degradation event was generated for prediction. Equation (6) combines the seven normalized
pressures, temperature-soil-moisture and land-use-erosion interactions, negative rainfall anomaly and an un-
observed spatial field U. The outcome y; follows a Bernoulli distribution with probability p;; prevalence in the
generated data was 47.3%.

n; = —4.55+ 1.35qy + 1.05qy, + 1.35¢qsy + 0.95q7 + 0.65D + 1.15q;y + 1.10gg

pi = [1+exp(—n)]™Y, yi ~ Bernoulli(p;) (6)

Two classifiers were compared. Logistic regression used L2 regularization, C = 1.0 and balanced class
weights. Histogram-based gradient boosting used 120 iterations, learning rate 0.06, 31 terminal leaves, mini-
mum leaf size 30 and L2 regularization 0.5. Predictors were the seven indicators, rainfall anomaly, slope, road
density, distance to water and normalized coordinates.

Validation used a stratified 75:25 split, five buffered vertical spatial folds, five horizontal folds for logistic
regression, a temporal holdout with months 1-18 for training and 19-24 for testing, and a combined holdout
for later months in an unseen eastern block. A two-cell buffer separated spatial test blocks from training data.
Performance was measured by area under the receiver operating characteristic curve, balanced accuracy, F1,
Brier score and calibration coefficients (Gneiting & Raftery, 2007). Buffer-width sensitivity was checked at 0,
1, 2, 4 and 6 cells. A paired 2,000-resample bootstrap compared model AUCs on the spatiotemporal holdout;
details are reported in Supplementary File S2.

Balanced accuracy = %(TPZPFN TNTiVFP) (7)
Brier score = %Zi (i — y)? (8)
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Global Moran's | was calculated from the 24-month mean index with first-order rook adjacency and 999
permutations. Grouped permutation importance was evaluated on the spatiotemporal holdout with 30 repeti-
tions for hydro-ecological, land-and-erosion and spatial-context groups. Twenty individual permutations were
retained as a secondary check.

Three intervention bundles targeted the highest-pressure 15% of cells. Two hundred Monte Carlo runs
varied treatment effects by 20% and sampled a bootstrap weight vector. Results are medians with 95% intervals
and are interpreted as sensitivity estimates, not causal forecasts. Computational scaling was tested from 57,600
to 2,304,000 records using seven float32 layers; each size was repeated three times. Python 3.13 and five
logical processors were used. Full code is supplied in Supplementary File S1.

_ n (LiXjwijzizj
=5 () ©)

3. Results

The first principal component explained 60.7% of variance. Median stable weights were 0.190 for vege-
tation, 0.185 for water, 0.188 for soil moisture and 0.184 for temperature. Land use had the least stable weight
at 0.031, with a 95% interval of 0.003-0.069. The mean pressure index was 0.502. Equal- and stable-weight
indices were strongly related (r = 0.982), but class agreement was lower at 86.3%. Only 2.4% of records had
an uncertain critical classification.

Low, moderate, high and critical shares were 18.6%, 30.2%, 32.7% and 18.4%. Figure 2 shows the spatial
gradient. Moran's | was 0.954 (p = 0.001), indicating strong clustering in the synthetic grid. When the critical
threshold changed from 0.60 to 0.70, the critical share fell from 28.0% to 11.2%.

Mean pressure across 24 monthly periods
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Fig. 2. Mean bootstrap-stable pressure index across the synthetic grid
Note: The grid is synthetic and not georeferenced. A scale bar, north arrow and coordinate reference system are not applicable.

Model discrimination was nearly identical across algorithms (Table 2). Logistic regression reached an
AUC of 0.804 with random validation and 0.785 with buffered spatial validation; gradient boosting reached
0.802 and 0.784. Temporal AUC values were 0.802 and 0.799, while spatiotemporal values were 0.809 and
0.808. For logistic regression, mean spatial AUC stayed within 0.78531-0.78540 across buffer widths from 0
to 6 cells. The paired spatiotemporal AUC difference was 0.0017 (95% CI -0.0014 to 0.0048), supporting
practical equivalence of the two models.

Table 2
Discrimination across validation designs
Model Random AUC Buffered spatial AUC | Temporal AUC | Spatiotemporal AUC
Logistic regression 0.804 0.785 +/- 0.016 0.802 0.809
Gradient boosting 0.802 0.784 +/- 0.017 0.799 0.808

Source: Calculations based on the synthetic benchmark. AUC = area under the receiver operating characteristic curve.
Buffered spatial values are reported as mean +/- standard deviation.
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Buffered spatial classification and calibration are reported in Table 3. Both models had a mean calibration
slope of 0.987 and a Brier score of 0.180. Logistic regression was retained for interpretation because its pre-
dictive performance was essentially the same as gradient boosting. Its spatiotemporal calibration intercept was
-0.346.

Table 3
Classification and calibration under buffered spatial validation

Model Balanced accuracy F1 score Brier score
0.690 +/- 0.022 0.680 +/- 0.129 0.180 +/- 0.008

0.690 +/- 0.023 0.676 +/- 0.131 0.180 +/- 0.008

Calibration slope
0.987 +/- 0.031

0.987 +/- 0.023

Logistic regression

Gradient boosting

Source: Calculations based on the synthetic benchmark. Values are mean +/- standard deviation across five buffered
folds.

Grouped permutation results are shown in Figure 3. Permuting the hydro-ecological group reduced AUC
by 0.300, with a 95% interval of 0.279-0.322. The decrease for land and erosion was 0.006, while spatial
context was unstable. Individual checks ranked soil moisture, vegetation and drought highest. These values
describe predictive contribution rather than causality.

Predictive contribution on the spatiotemporal holdout

Hydro-ecological 1

Land and erosion A

Spatial context -

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Decrease in ROC-AUC after grouped permutation

Fig. 3. Grouped permutation importance on the spatiotemporal holdout
Source: Calculations based on the synthetic benchmark. Error bars show 95% empirical intervals from 30 permutations.

Table 4 summarizes the intervention scenarios. The integrated option reduced the priority-area index by a
median of 12.3% (95% interval 10.2-15.0%) and the critical share by 29.0 percentage points (23.4-35.5). Hy-
dro-ecological and land-and-erosion actions reduced the index by 7.6% and 3.8%, respectively. The direction
of change remained stable across uncertainty runs.

Table 4
Monte Carlo intervention effects in priority cells

Intervention bundle

Median index change
(95% interval)

Median critical-share change
(95% interval)

Hydro-ecological

-7.6% (-9.6 to -5.4)

-17.0 pp (-22.5 to -11.9)

Land and erosion

-3.8% (-6.0 t0 -1.5)

-8.0 pp (-13.4 to -3.4)

Integrated

-12.3% (-15.0 to -10.2)

-29.0 pp (-35.5 t0 -23.4)

Source: Calculations based on the synthetic benchmark. Negative values show lower pressure; pp = percentage points.
At 2,304,000 records, the in-memory calculation had a scaling exponent of 1.12 and estimated working

memory of 138.2 MB (Figure 4). This result describes the normalization and index kernel only; file transfer,
masking and archive latency were outside the timing test.
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In-memory normalization and index-computation scaling
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Fig. 4. Scaling of the in-memory normalization and index kernel
Source: Calculations based on the synthetic benchmark. Each point represents the median of three runs.

4. Discussion

The results show that uncertainty in a composite index enters through the indicator weights as well as
through the final score. The block bootstrap revealed that land-use weight varied more than the main hydro-
ecological weights. Broad spatial ordering may therefore remain similar while records near a management
threshold change class. For decision support, a probability of critical status is more informative than a single
fixed boundary (Koldasbhayeva et al., 2024).

Validation design produced a second key finding. Random AUC was about 0.02 higher than buffered
spatial AUC, which is consistent with evidence that random cross-validation can be optimistic when structured
dependence is ignored (Roberts et al., 2017; Ploton et al., 2020). In this benchmark, changing the buffer from
0 to 6 cells had little effect on mean AUC, but the result still shows that validation geometry should match the
prediction setting (Stock, 2025; Wang et al., 2025).

Temporal and spatiotemporal tests add a calibration perspective. Discrimination remained close to the
spatial result, but calibration shifted, indicating that locations may still be ranked usefully while predicted
probabilities require local recalibration. This supports evaluating generalization, autocorrelation and uncer-
tainty together rather than as isolated technical checks (Koldasbayeva et al., 2024).

Logistic regression and gradient boosting produced almost identical transfer performance. Because the
paired bootstrap interval for the spatiotemporal AUC difference included zero, the more complex model
showed no meaningful discrimination advantage. Logistic regression was therefore retained because it is easier
to audit while offering comparable accuracy and calibration.

The workflow also differs from studies focused mainly on data access or image processing. Google Earth
Engine makes planetary-scale remote-sensing analysis technically feasible (Gorelick et al., 2017), but compu-
tational access alone does not solve validation and uncertainty problems. The present benchmark therefore
concentrates on the analytical stage between data access and management use: index stability, model transfer
and uncertainty-aware scenarios.

Table 5 positions the workflow relative to selected studies. Its novelty lies in combining uncertainty-aware
indexing, spatial-temporal validation, grouped interpretation, intervention analysis and a reproducible scaling
check within one framework.

This integration has practical value. Pressure maps can identify areas needing closer monitoring, bootstrap
probabilities can show where prioritization is uncertain, spatial validation can estimate transfer beyond sam-
pled locations, and grouped importance can guide continued monitoring. The integrated package produced the
largest reduction, but its uncertainty interval is more informative than a single point estimate because local
evidence may change expected treatment effects.

Empirical transfer should follow a clear sequence. Synthetic layers should be replaced by harmonized
Sentinel-2, ERA5-Land, SoilGrids and local administrative data with quality and spatial-reference metadata.
Field sampling should cover both high- and low-pressure zones, index weights and decision thresholds should
be recalculated locally, and model outputs should be compared with independent field observations before the
workflow supports investment or regulation (Sharma et al., 2024).
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Position of the present workflow relative to selected studies

Table 5

Validation / uncertainty

Study Main focus emphasis Relation to this workflow
Roberts et al. (2017); | Cross-validation design for | Spatial dependence and Supports blocked validation
Stock (2025) structured spatial data block-size choice and sensitivity checks

Ploton et al. (2020);
Wang et al. (2025)

Geospatial prediction
evaluation

Spatial transfer and clustered
samples

Supports caution when
interpreting a single
CV design

Koldashayeva et al.
(2024)

Environmental geospatial
modelling

Autocorrelation, generalization
and uncertainty

Motivates joint treatment of
validation and uncertainty

Sharma et al. (2024)

Remote sensing and GIS for
resource management

Importance of in-situ information

Supports field validation
before operational use

Present benchmark

Integrated decision
workflow

Weights, spatial-temporal
transfer, grouped importance and

Combines these checks in
one reproducible experiment

scenarios
Source: Comparative synthesis based on the cited studies.

The limitations remain important. The degradation event is synthetic and generated from known predic-
tors, so the benchmark demonstrates analytical behaviour rather than external ecological validity. The scenar-
ios omit costs, delays, institutional constraints and ecological feedback, and the scaling test covers only the in-
memory kernel. The next step is to test the same workflow in a named study area with observed outcomes and
an independent field-validation set.

5. Conclusion

The analysis shows that big geospatial data can be organized into a reproducible workflow for pressure
indexing, transfer testing, predictor interpretation and uncertainty-aware scenario comparison. Spatial
resampling exposed weight instability that a single principal-component solution would hide. Random valida-
tion was slightly optimistic relative to buffered spatial validation, while logistic regression and gradient boost-
ing produced nearly identical transfer performance. Hydro-ecological information dominated the grouped pre-
dictive signal, and the integrated intervention remained beneficial after uncertainty was propagated through
both weights and treatment effects.

The main contribution is methodological: accuracy, spatial dependence, calibration, uncertainty and man-
agement sensitivity are evaluated together rather than in separate steps. The benchmark is suitable for auditing
the workflow, not for direct regulatory use. The next stage is an empirical application in a defined study area
using harmonized satellite-climate-soil data and independent field observations. Local thresholds and proba-
bility calibration should be estimated and tested before operational use.
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AHAJIM3 BOJIbIIUX TEONNPOCTPAHCTBEHHbBIX JTAHHBIX
JJIs1 YCTOUYUBOI'O YIIPABJIEHUS TPUPOJHBIMU PECYPCAMHU

Hcmaiinosa I''M.}, Kepumosa K.C.'*, Badaxanos A.3.2, Teiimypos JIx. T.2
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Pe3rome. bonbliine MacCUBBI reonpoCTPaHCTBEHHBIX JaHHBIX OTKPBIBAIOT HOBBIC BO3MOKHOCTH JI1 MOHUTOPHUHI'a TPUPOIHBIX PE-
CYPCOB, O/ITHAKO MX MHTETPALIHIO OCIOKHSIOT IPOCTPAHCTBEHHAS 3aBUCHMOCTb, HECTAOMIBHOCTh BECOB MOKa3aTeNel, MEpeHOCHMOCTh
Mozieleil 1 HeoNpeienéHHOCTb. B Mccaen0BaHNK OLIEHUBAETCS BOCIPOM3BOMMAs METOIUKA, 0ObeJUHSIONAs TOCTPOCHNUE HHIIEKCa
Harpy3Kky, MOJICIMPOBaHNe PHCKa Jerpagaliy, MPOCTPAHCTBEHHO-BPEMEHHYIO BaIUIAINIO, HHTEPIPETALUIO MTPEAUKTOPOB, aHAIN3
Mep BO3IEHCTBUS U OLICHKY BBIYMCIUTEIHHOM MacmTa6MpyeMO0TM. CHHTETHYECKHI HaOOp MaHHBIX, BKIIOYAONIHNA HAOIOACHHS 3a
2400 sraeitkamu ceTku B TeueHne 24 mecses (57 600 3ammceit), MpoaHaTH3UPOBAH C UCTIOIB30BAHUEM CEMH HOPMHUPOBAHHBIX MTOKA-
3aterneil. Beca moka3sareneit onennBamuch mo 100 BEIOOpKaM MPOCTPAHCTBEHHOTO OJIOYHOTO OyTCTPAIA, a JIOTUCTHUECKAs! PeTpecCHs
Y TPAANEeHTHEIN OyCTHHT — IO YeTHIPEM CXeMaM Banujaluu. [lepecTaHOBOUYHEIN aHAIN3 U MoAenpoBaHue MetogoM Monre-Kapio
HCTIONB30BATNCH JJISI OLICHKHU BKJIAJ[a IIPEIUKTOPOB U HEOTIPEIEIEHHOCTH Mep Bo3aeiicTus. [IepBast rnaBHAst KOMIIOHEHTA OOBSICHSIIA
60,7% nmucnepcun, cpenHuit HHAEKC Harpy3ku coctasisin 0,502, a unaekc Mopana I — 0,954. 3nauenns AUC noructudeckoif pe-
rpeccuu pocturnu 0,804 mpu ciyvaiinoit Banuaanuu u 0,785 mpu mpocTpaHCTBEHHOW BanuAaluy ¢ Oy(epHbIMHU 30HaMU; €€ pe3yiib-
TaThbl OBIIM COMOCTABHMBI C PE3yJIbTaTaMHU IPaJUEHTHOT0 OycTHHTA. [ HApOIKONIOrHyecKie nepeMeHHbIe 00eceqrBaIi HAnOOIBIITY IO
MEPEHOCUMYIO IPOrHOCTHYECKYI0 HH(POPMATUBHOCT. KOMIUIEKC Mep CHU3MII HHIEKC IPHOPUTETHBIX TeppuTopuid Ha 12,3%, a nomto
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TEPPUTOPHUHA B KPUTHUECKOM COCTOSHIM — Ha 29,0 IPOIEHTHOro IyHKTa. POCT BRIYMCINTENBHBIX 3aTPaT OCTaBAICS OJIM3KHM K JIH-
HeWHOMY npr 00bEéMe HaHHBIX 10 2,30 MutH 3anmceid. MeToanka Mo3BoJIsIeT OLEHNBATh IIPUPOTHEIE PECYPCHI C YUETOM HeopeIeneH-
HOCTH, OJJHAKO €€ MPaKTH4YecKoe IPUMEHEHNE TpeOyeT MECTHBIX HaOMI0AeHNI 1 HE3aBUCHMOI MOJICBOM BalUAAIIIH.

Knruesvie cnosa: obraunvie sviuucieHus, no00epiHcKa NPUHAMUL peuleHull, HabooeHue 3emau, MauunHoe obyuenue, npo-
CMPAHCMEEHHAs NEPEKPECMHAA 8aTUOAYUS

TOBIii RESURSLARIN DAYANIQLI iDARD EDILMOSi UCUN
BOYUK GEOMOKAN MOLUMATLARININ TOHLILI

ismayilova G. M., Karimova K. S.*, Babaxanov A. E.2, Teymurov C. T.3
IMingacevir Déviat Universiteti, Azarbaycan
AZ4500, Mingagevir, D. Oliyeva kii¢. 21
2Azorbaycan Respublikast Elm va Tahsil Nazirliyi, Cografiya Institutu, Azarbaycan
AZ1073, Baki, H. Cavid pr. 117
SLANDAU Moktabi, Azarbaycan
AZ1022, Baki, Samad Vurgun kiig. 77
*Mosul miisllif: kamala.karimova@mdu.edu.az

Xiilasa. Boyiik hacmli geomokan molumatlari tobii ehtiyatlarin monitoringi {iglin yeni imkanlar yaradir, lakin mokan asihiligi,
gostaricilorin  ¢oki omsallarinin geyri-sabitliyi, modellorin digor oraziloro totbiq edilo bilmosi vo geyri-miioyyonlik onlarmn
inteqrasiyasim ¢atinlogdirir. Todgigatda tozyiq indeksinin hesablanmasini, deqradasiya riskinin modellogdirilmasini, mokan-zaman
validasiyasini, prognozlasdirict doyisonlorin ~ sorhini, midaxilo tedbirlorinin  tohlilini  vo hesablama miqyaslanmasinin
giymatlondirilmasini birlogdiren tokrarlana bilon metodika giymotlandirilir. 24 ay orzindo miigsahids olunan 2400 soboko xanasini shato
edon sintetik malumat dasti (57 600 geyd) yeddi normallagdirilmig géstarici asasinda tohlil edilmisdir. Gostaricilorin ¢oki amsallar: 100
mokan bloklu butstrep se¢mosi, logistik reqressiya vo gradiyent giiclondirms modellori isa dord validasiya sxemi tizro
giymatlondirilmisdir. Prognozlagdirict dayigonlorin téhfasini vo miidaxilo tadbirlarinin geyri-miisyysnliyini miiayyonlogdirmak iigiin
permutasiya tohlili vo Monte-Karlo simulyasiyalari totbiq edilmisdir. Birinci osas komponent dispersiyanin 60,7%-ni izah etmis, orta
tozyiq indeksi 0,502, Moranin I indeksi iso 0,954 olmusdur. Loqistik reqressiyanin AUC gostaricisi tosadiifi validasiyada 0,804, bufer
zonalar totbiq edilon mokan validasiyasinda iso 0,785 togkil etmis vo naticolor gradiyent giiclondirmo modeli ilo miiqayissolunan
olmusdur. Hidroekoloji dayigonlor digor orazilors totbiq zamani on yiiksok prognostik informativliyi tomin etmisdir. Kompleks
mildaxilo todbirlori prioritet orazilorin indeksini 12,3%, kritik voziyyotdo olan orazilorin payini ise 29,0 faiz bondi azaltmigdir.
Maslumatlarin hacmi 2,30 milyon geyds ¢atdiqda hesablama xarclorinin artimi1 xottiys yaxin qalmigdir. Metodika tobii ehtiyatlarin geyri-
miiayyanlik nozars alinmagqla qiymotlondirilmosini dastaklayir, lakin praktik tatbiq tigiin yerli miisahido malumatlari vo miistaqil ¢6l
validasiyasi talob olunur.

Acar sozlar: bulud hesablamalari, gararlarin gabulunun dastoklonmasi, Yer Sathinin miisahidasi, masin Gyranmasi, Makan iizra
carpaz validasiya
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Summary. Mudflows represent one of the major natural hazards affecting river basins of the
Greater Caucasus, where their dynamics are controlled by the interaction of hydrometeorological
conditions, basin characteristics, sediment availability, and anthropogenic pressures. This study in-
vestigates the dynamics of mudflow events in the Azerbaijani part of the Greater Caucasus and de-
velops a classification framework for evaluating their potential hazard. The analysis was based on
hydrometeorological records and long-term monitoring materials, with particular attention to rainfall
intensity and direction, spatial coverage of river basins, and mudflow characteristics. The results
Keywords: mudflow, sediment | indicate that the spatial progression of intense rainfall plays an important role in the development of

transport, intense rainfall, catastrophic mudflows. Rainfall progressing from the upper mountainous parts of a basin toward the
river basin, natural hazards, downstream reaches creates particularly favorable conditions for the formation of high-magnitude
Greater Caucasus, mudflow mudflows, whereas rainfall of comparable intensity progressing in the opposite direction does not
classification necessarily produce catastrophic events. Based on the combined characteristics of rainfall and basin

coverage, mudflows were classified into seven groups. The seventh group, in which intense rainfall
affects the entire river basin from the high-mountain zone to the lowland reaches, represents the
highest hazard level and corresponds to catastrophic mudflow events. The proposed classification
provides a basis for differentiating mudflow hazards and may support the selection of appropriate
engineering and risk-reduction measures in vulnerable river basins of the Greater Caucasus.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

Introduction

Recent monitoring observations indicate that mudflow activity remains significant in the Greater Caucasus
and has also been recorded in rivers where such events were not previously observed. The rivers of the Greater
Caucasus provide a particularly relevant setting for mudflow research because the major types of mudflows
recognized in existing classifications occur within this region. Unlike conventional floods, mudflows can mo-
bilize and transport large volumes of weathered material accumulated within a catchment over extended peri-
ods. Therefore, investigating their hydrological characteristics and flow dynamics is essential for understand-
ing their magnitude and potential hazard.

Previous studies have addressed various aspects of mudflow and flood processes, including mudflow
modelling, rainfall-induced slope instability, mudflow dynamics, flood mapping, and the influence of forest
cover on runoff and hazard formation (Chen & Wang, 2014; Inaba, 2003; Mills & Paul, 2003; Oguz et al.,
2016; Petrascheck & Kienholz, 2003). These issues have also been investigated in Azerbaijan (Guliyeva et al.,
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2019; Mamedov, 2024; Nabiyev et al., 2019). In particular, the transport of coarse bed material and the devel-
opment of methods for quantifying sediment movement are important for evaluating mudflow dynamics and
identifying their hydrological regularities (Mamedov, 2025).

The Azerbaijani part of the Greater Caucasus is characterized by physical-geographical conditions favor-
able for hazardous natural processes, including catastrophic mudflows. The mudflow disturbance coefficient
of river basins ranges from 0.03 to 0.59, indicating substantial spatial variability in mudflow activity across
the region (Catalogue of Mudflow-Prone Rivers of Azerbaijan, 2008). The interaction of steep mountainous
terrain, hydrological processes, sediment availability, and intense precipitation makes the region particularly
important for investigating the mechanisms controlling mudflow formation and development.

Despite previous research on the geomorphological, climatic, and geographical aspects of mudflows, their
hydrological dynamics and associated regularities remain insufficiently investigated in the Greater Caucasus.
This limitation is partly related to the scarcity of long-term stationary observations, limited instrumental meas-
urements, methodological difficulties in quantitative assessment, and challenging field conditions. In particu-
lar, the dynamic characteristics of catastrophic mudflows and the influence of rainfall distribution across river
basins require further investigation. Therefore, this study aimed to investigate mudflow dynamics in the
Greater Caucasus, with particular emphasis on the erosion, transport, and deposition of mudflow sediments,
and to develop a systematic classification framework for assessing mudflow behavior and associated hazards.

Materials and methods

The study was based on hydrometeorological data provided by the National Hydrometeorological Service
of the Ministry of Ecology and Natural Resources of the Republic of Azerbaijan, together with monitoring
materials collected by the Institute of Geography in recent years. A comparative approach was applied to
evaluate differences in mudflow dynamics under varying hydrometeorological conditions.

Particular attention was given to the onset, intensity, spatial extent, and direction of intense rainfall across
river basins, as these factors were used to assess differences in mudflow formation and development. Rainfall
conditions were compared with observed mudflow characteristics to identify patterns associated with the for-
mation of high-magnitude and catastrophic events.

Results and discussion

The Azerbaijani part of the Greater Caucasus is characterized by complex and highly differentiated relief
(Imrani et al., 2022). Pronounced altitudinal zonation contributes to considerable spatial variability in climatic
conditions, landscapes, soils, and vegetation (Museyibov, 1998). These physical-geographical conditions also
influence weathering processes, sediment availability, and the accumulation of transported material within
mudflow depositional cones.

The deposition and redistribution of mudflow sediments depend strongly on flow dynamics. High-velocity
mudflows generate considerable kinetic energy and hydrodynamic pressure, which affect the transport and
deposition of coarse and fine material. To examine these processes, the depositional cones of the Balakanchay,
Talachay, Mukhakhchay, and Kurmukchay rivers were selected as representative study sites. These rivers pro-
vide relatively favorable natural conditions for examining lateral sediment redistribution because mudflows
enter comparatively straight channel sections within their depositional cones.

Field observations suggest that the lateral redistribution of mudflow material may also be associated with
the Coriolis effect. In relatively straight channel sections, flow deflection could contribute to transverse asym-
metry and influence the distribution of transported sediments between the riverbanks. However, this potential
effect should be considered together with local channel morphology, flow velocity, sediment characteristics,
and other hydrodynamic factors.

Mudflow dynamics were also strongly influenced by the onset, intensity, spatial extent, and direction of
intense rainfall across the river basin. Catastrophic mudflows characterized by high flow velocities and de-
structive potential were associated with intense rainfall reaching approximately 3 mm min™ and extending
from high-mountain mudflow source areas toward the depositional cone. The spatial progression of rainfall
affected the mobilization, transport, and accumulation of sediment within the channel and could contribute to
the formation of temporary sediment blockages and increased hydrodynamic pressure (Figure 1).
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Fig. 1. Flash flood in the Balakanchay River, September 27, 2025

The direction of rainfall progression is therefore an important factor in interpreting mudflow development.
When intense rainfall progressively affects the basin from the upper mountainous source areas toward the
downstream reaches, runoff and sediment supplied from different parts of the catchment may contribute suc-
cessively to the main channel. Under favorable conditions, this process can increase the magnitude and de-
structive potential of the resulting mudflow. In contrast, rainfall progressing in the opposite direction may
produce a different sediment-transport response because of the transient characteristics of flow within the river
channel. These differences provide an important basis for evaluating mudflow dynamics and for the subsequent
classification of mudflow events according to their hydrometeorological characteristics.

The lateral displacement of high-magnitude mudflows within depositional cones may also be influenced
by centrifugal and Coriolis effects. In particular, the hydraulic impact generated by a high-velocity sediment-
laden flow can be estimated as:

2
p= 'J.IZIEIII;;I-"".-F 1)

where P is the hydraulic impact force, F is the area of the sediment-barrier wall (m?), V is the mean flow
velocity (m/s), and g is the acceleration due to gravity (m/s?).

Under intense rainfall conditions of approximately 3 mm min™' or greater, mudflows originating in the high-
mountain zone may substantially increase in volume as they move toward the depositional cone. The resulting
high-magnitude flows may exhibit lateral displacement within the channel, potentially reflecting the combined
influence of flow momentum, channel geometry, centrifugal effects, and Coriolis forcing. The Coriolis effect on
mountain rivers remains subject to uncertainty because these rivers generally have smaller dimensions, confined
valleys, and lower discharges than large lowland rivers. Its influence may therefore be negligible during low- and
moderate-flow conditions but could become more detectable during exceptionally large mudflow events. Ac-
cordingly, the observed lateral asymmetry of catastrophic mudflows in the Greater Caucasus is treated here as a
potential hydrodynamic effect rather than definitive evidence of Coriolis forcing alone.

The catastrophic mudflows recorded in the Mukhakhchay and Talachay rivers in 1964 provide evidence of
pronounced lateral asymmetry in sediment deposition. In Mukhakhchay, large-diameter boulders were predom-
inantly deposited along the right side of the channel, whereas finer sand and loamy sediments accumulated mainly
on the left side (Mamedov, 2014). This spatial differentiation may indicate the influence of transverse hydrody-
namic forces, including a potential Coriolis effect, particularly during high-magnitude mudflow events.

Mudflow volumes also varied considerably among years and river basins. According to historical records,
the mudflow volume in the Balakanchay River was approximately 372,000 m?® in September 1932 and reached
1,780,000 m? in July 2003. Similarly, the mudflow volume in the Talachay River was approximately 282,000
m? in 1964 and reached 4,473,000 m* in July 2003 (Mamedov, 2011). These substantial differences may reflect
the combined influence of physical-geographical conditions, hydrometeorological variability, and anthropo-
genic pressure within the river basins.

Field observations indicate that intense rainfall in the upper parts of the basins initiates surface runoff and
mobilizes weathered material, while mudflow activity becomes more pronounced farther downstream as runoff and
sediment contributions converge within the main channel. After tributaries enter the main river, temporary sediment
blockages may form in narrow and curved channel sections. The failure of these blockages can generate high hy-
drodynamic pressure, contributing to the transformation of high-magnitude flows into catastrophic mudflows.
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The 1964 events demonstrate the destructive consequences of this process. The Talachay mudflow caused
extensive damage to Zagatala and settlements located farther downstream, while the Mukhakhchay mudflow
affected agricultural areas around Mukhakh, Chobankol, Zayam, and Tasmali. In contrast, Gozbarakh, located
on the left side of Mukhakhchay, experienced comparatively limited damage. The branch directed toward
Mukhakh was characterized predominantly by coarse mudflow deposits, whereas the branch toward Cho-
bankol and Zayam contained a greater proportion of suspended and fine material. In the latter area, sand and
clay deposits exceeding 1 m in thickness were recorded. This pronounced lateral differentiation in sediment
size and deposition supports the presence of complex transverse flow dynamics during catastrophic mudflows
and may be consistent with a Coriolis contribution, although local channel morphology and other hydrody-
namic controls should also be considered.

The spatial variability in the hydrodynamic characteristics of high-magnitude mudflows on the southern
slope of the Greater Caucasus may also be associated with regional climatic conditions, particularly variations
in the degree of continentality (Table 1).

Table 1
Indicators Determining the Degree of Continentality in the Studied River Basins

Location Absc_)lute Maxilr_nounrg-term ab?\(;llilrj]ti?num Latitude, | Temperature CIouqmess, De_gree 01_‘
elevation, m o o degrees | amplitude, °C points | continentality
temperature, °C | temperature, °C
Balakan 400 +37° -21° 41°40° 58° 6,6 1,40
Zagatala 487 +38° -23° 41°38’ 61° 6,4 1,47
Gakh 600 +38° -23° 41°20° 61° 6,2 1,48
Sheki 639 +37° -23° 41°13° 60° 6,1 1,46
Oghuz 700 +38° -23° 41° 04 61° 6,0 1,49
Gabala 781 +37° -26° 40°57 63° 5,8 1,55
Goychay 94 +41° -16° 39°15° 57° 5,6 1,46
Aghsu 165 +43° -17° 40°35° 60° 5,8 1,49
Shamakhi 750 +38° -19° 40° 38’ 57° 59 1,41

Analysis of Table 1 shows considerable spatial variation in the degree of continentality across the southern
slope of the Greater Caucasus. The highest value was recorded in Gabala (1.55) and the lowest in Balakan (1.40).
With the exception of Sheki, continentality generally increases from Balakan toward Gabala and subsequently
decreases toward Shamakhi. This spatial pattern is associated with differences in elevation, cloudiness, precipi-
tation, and temperature amplitude. In particular, the relatively high elevation of Gabala and lower winter cloudi-
ness favor radiative cooling and a greater temperature amplitude. Large temperature amplitudes may intensify
physical weathering and consequently increase the availability of unconsolidated material within river basins.

The formation of catastrophic mudflows on the southern slope of the Greater Caucasus is associated with
the combined influence of intense rainfall, sediment availability, and basin conditions. Rainfall progressing
from the upper basin toward downstream reaches may promote runoff concentration and the formation of
temporary channel blockages, whose failure can generate high hydrodynamic pressure. Climatic variability,
increasing aridity, and anthropogenic modification of catchment surfaces may further influence mudflow ac-
tivity. On the northeastern slope, damaging mudflows were also recorded in 2009, affecting orchards and set-
tlements located along river channels.

Precipitation is particularly important for mudflow formation in the study area. At elevations of 1,700
3,600 m on the southern slope of the Greater Caucasus, mean daily precipitation during June—September ranges
from approximately 6 to 13 mm, which is reported to be 1.2—1.5 times higher than in other mountainous regions
of Azerbaijan. Historical records indicate extreme precipitation totals of 100 mm at Damarjig and 140 mm at
Gabalain 1932, and 171 and 188 mm at Zagatala in 1944 and 1964, respectively. In 1983, precipitation reached
176 mm at Gabizdara, whereas recorded values during 1992—2007 ranged from 15.1 to 119 mm.

The intensity of extreme rainfall events generally ranges from 1 to 3 mm min™". Such rainfall may affect
both lower and high-mountain parts of river basins, resulting in rapid accumulation of runoff. To quantify this
process, the river basins were divided into three spatial components and potential water accumulation was
estimated for different rainfall intensities and durations. For a rainfall intensity of 1 mm min™ lasting 30 min,
each square kilometre of basin area receives approximately 30,000 m* of precipitation water. Accordingly,
basins larger than approximately 40 km? may receive more than 1 million m* during such an event. Estimated
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volumes reach approximately 15.51 million m?® for a 517 km? basin, 28.56 million m?* for 952 km?, and 45.0
million m? for 1,500 km?. The accumulated volume increases further with longer rainfall durations (Table 2).

Volume of Water Accumulated in River Basins and Their Elementary Subareas

on the Southern Slope of the Greater Caucasus

Table 2

Total basin Volume of intense rainfall at 1, 2, and 3 mm/min (10° m?)
area and its volume (10° m?®) 30-min volume (10° m®) 60-min volume (10° m?)
No. River—station elementary
subareas, F,| 1 2 3 1 2 3 1 2 3
fi, £ (km?) mm/min | mm/min | mm/min | mm/min | mm/min | mm/min | mm/min | mm/min | mm/min
f, 20,7 21 41 62 621 1242 | 1863 | 1242 | 2484 | 3726
1 | Hamamchay-llisu | f241,2 41 82 124 | 1236 | 2472 | 3768 | 2472 | 4944 | 7416
F 62 62 124 | 186 | 1860 | 3720 | 5580 | 3720 | 7440 | 11160
_ 16,8 7 14 20 204 408 612 408 816 | 1224
2. S;‘r'ﬁgfsu’ f,13,6 14 27 4 408 816 | 1224 | 816 | 1632 | 2448
F 205 20 41 62 615 | 1230 | 1854 | 1230 | 2460 | 3690
f, 14 14 28 42 420 840 | 1260 | 840 | 1680 | 2520
3. ﬁgmg’ f, 28 28 56 84 840 | 1680 | 2520 | 1680 | 3360 | 5040
F 42 42 84 126 | 1260 | 2520 | 3780 | 7520 | 5040 | 7560
. f1 30,7 31 61 92 921 1842 | 2763 | 1842 | 3684 | 5526
4, Eﬁ;lrf::sﬁgil f261,4 61 123 184 1842 | 3684 | 5526 | 3684 | 7368 | 11052
F 92 92 184 | 276 | 2760 | 5520 | 8280 | 5520 | 11040 | 16560
i f111,7 12 23 35 351 702 | 1053 | 702 | 1404 | 2106
5. t?]ae”r‘rfglu'?g Near f,234 | 23 47 70 702 | 1404 | 2106 | 1404 | 2808 | 4202
F35 35 70 105 | 1050 | 2100 | 3150 | 2100 | 4200 | 6300
Oghuzchay— f110,2 10 20 31 306 612 918 612 | 1224 | 1836
6 | Oghuz 2 20,4 20 41 61 612 1224 | 1836 | 1224 | 2448 | 3672
F306 31 61 92 918 | 1836 | 2754 | 1836 | 3672 | 5508
. f1 40 40 80 120 | 1200 | 2400 | 3600 | 2400 | 4800 | 7200
7. E:ﬁ:m:‘:hay’ f2 80 80 160 240 | 2400 | 4800 | 7200 | 4800 | 9600 | 14400
F 120 120 | 240 | 360 | 3600 | 7200 | 10800 | 7200 | 14400 | 21600
f, 32 32 64 96 960 | 1920 | 2880 | 1920 | 3840 | 5760
10. | Bumchay-Bum f, 64 64 128 192 | 1920 | 3840 | 5760 | 3840 | 7680 | 11520
F 96 96 192 | 288 | 2880 | 5760 | 8640 | 5760 | 11520 | 17280
. fL 42 42 84 126 | 1260 | 2520 | 3780 | 2520 | 5040 | 7560
12. gzg;'g‘paramhay’ f, 84 84 168 | 252 | 2520 | 5040 | 7560 | 5040 | 10080 | 15120
F 126 126 | 252 | 378 | 3780 | 7560 | 11340 | 7560 | 15120 | 22680
f,4933 | 493 | 987 | 1480 | 14799 | 29598 | 44397 | 29598 | 59196 | 88794
15. ggﬂg‘ f,986,6 | 987 | 1973 | 2960 | 29598 | 59196 | 88974 | 59196 | 118392 | 177588
F1480 | 1480 | 2960 | 4440 | 44400 | 88800 | 133200 | 88800 | 177600 | 266400
f122,1 22 44 66 663 | 1326 | 1989 | 1326 | 2662 | 3978
16. ﬁﬂg;‘;ggg‘ f, 44,2 44 88 133 | 1326 | 2652 | 3978 | 2652 | 5304 | 7956
F 66,4 66 133 199 | 1992 | 3984 | 5976 | 3984 | 7968 | 11952
f1 23,1 23 46 69 693 | 1386 | 2079 | 1386 | 2772 | 4158
17 xgﬂggmd‘ay‘ f,46,2 46 92 139 1386 | 2772 | 4158 | 2772 | 5544 | 8316
F 69,4 69 139 | 208 | 2082 | 4164 | 6246 | 4164 | 8328 | 12492
o f,117,3 | 117 | 235 | 352 | 3519 | 7038 | 10557 | 7038 | 14076 | 21114
18. g;rglr:?)ir;crhay— f,2346 | 235 | 469 235 | 7038 | 14076 | 21114 | 14076 | 28152 | 42228
F 352 352 | 704 | 1056 | 10560 | 21120 | 31680 | 21120 | 42240 | 63360
fL 14,4 14 29 43 432 864 | 1296 | 864 | 1728 | 2592
19. 22?%?;’“”’ f,28,8 29 58 86 864 1728 | 2592 | 1728 | 3456 | 5184
F 432 43 86 130 | 1296 | 2592 | 3888 | 2502 | 5184 | 7776
f.1223 | 122 | 245 | 367 | 3669 | 7338 | 11007 | 7338 | 14676 | 22014
20. | Aghsu-Aghsu f,2446 | 245 | 489 | 734 | 7338 | 14676 | 22014 | 14676 | 29352 | 44028
F 367 367 | 734 | 1101 | 11010 | 22020 | 33030 | 22020 | 44040 | 66060
f1331,7 | 332 | 663 | 995 | 9951 | 19902 | 29853 | 19902 | 39804 | 59706
21. | Pirsaat-Poladli 26634 | 663 | 1327 | 1990 | 19902 | 39804 | 59706 | 39804 | 79608 | 119412
F 995 995 | 1990 | 2985 | 29850 | 59700 | 89550 | 59700 | 119400 | 179100
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These calculations demonstrate the strong dependence of potential runoff volume on rainfall intensity, du-
ration, and basin area. Together with sediment availability and channel conditions, these factors determine the
magnitude and destructive potential of mudflows. Mudflows are distinguished from conventional floods by their
high sediment concentration, greater density, substantial transport of coarse material, and distinct flow dynamics.
Therefore, a classification that differentiates mudflow events according to their hydrometeorological and basin
characteristics is necessary for hazard assessment and for selecting appropriate risk-reduction measures.

Classification of mudflows

Based on the combined effects of the controlling factors, mudflows were classified according to the spatial
extent of intense rainfall within the river basin and the resulting hydrodynamic and sediment-transport charac-
teristics. To ensure comparability among the classes, a constant rainfall intensity of 3 mm min™' and a duration
of 2 h were considered. Rainfall progression was evaluated in two principal directions: from the foothills to-
ward the high-mountain zone and from the high-mountain zone toward the foothills.

Class I. Weak mudflows occurring mainly in the lower river reaches when intense rainfall affects the
lowland and foothill zones. Their relatively low magnitude is associated with the limited contributing area and
comparatively short flow path.

Class II. Mudflows generated when intense rainfall extends from the lowland to the lower-mountain zone.
Compared with Class |, the larger contributing area increases surface runoff, sediment transport, and flow
energy.

Class 1. Mudflows occurring when rainfall affects the area from the lowland to the middle-mountain
zone. The larger contributing area results in greater runoff and sediment transport than in the preceding classes.

Class IV. Mudflows generated when intense rainfall extends from the lowland to the high-mountain zone.
These events involve a larger proportion of the basin and are characterized by greater sediment transport and
higher flow magnitude.

Class V. Mudflows associated with intense rainfall affecting the high- and middle-mountain zones. Alt-
hough the contributing area may be smaller than in some preceding classes, these events are characterized by
a relatively high integrated sediment load and may produce temporary channel blockages whose failure gen-
erates strong hydraulic impacts.

Class VI. Mudflows occurring when intense rainfall extends from the high-mountain to the lower-moun-
tain zone. Compared with Class V, the larger contributing area results in greater sediment mobilization and
more powerful flows.

Class VII. Mudflows generated when intense rainfall affects the entire basin, from the high-mountain zone
to the lowland reaches. These events are characterized by the maximum integrated sediment load and the
highest destructive potential and are therefore classified as catastrophic mudflows.

Conclusion

The results demonstrate that river basins of different sizes can generate substantially different mudflow vol-
umes even under rainfall of the same intensity and duration. The proposed seven-class classification indicates a
progressive increase in mudflow magnitude as the spatial extent of intense rainfall and the contributing basin area
increase. Class VII, in which intense rainfall affects the entire basin from the high-mountain source areas to the
lowland reaches, represents the highest hazard level and corresponds to catastrophic mudflow events.

Catastrophic mudflows on the southern slope of the Greater Caucasus are associated with the combined
effects of intense rainfall, sediment availability, basin characteristics, and channel processes. Rainfall progress-
ing from the upper mountainous parts of a basin toward downstream reaches can promote rapid runoff con-
centration, sediment mobilization, and the formation of temporary channel blockages. Failure of these block-
ages under increasing hydraulic pressure can substantially increase the magnitude and destructive potential of
the resulting mudflow. The classification developed in this study therefore provides a practical framework for
differentiating mudflow hazard levels and selecting appropriate risk-reduction and engineering measures for
individual river basins.
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Pe3ztome. CeneBbie NOTOKH IPEICTABISIIOT cOO0H OJHY U3 OCHOBHBIX MIPUPOJHBIX OMTACHOCTEH, XapaKTepHbIX ISl PEYHBIX Oaccei-
HOB bonpmoro Kaekaza. VIx tuHaMuKa onpeenseTcs: B3anMOJICHCTBHEM THAPOMETEOPOJIOTHYECKUX YCIOBHHI, IPUPOIHBIX OCOOCHHO-
cTeil BOJ0COOPHBIX OaccelfHOB, HATNYUS PHIXJI000JIOMOYHOT0 MaTepralia 1 aHTPOIIOTeHHBIX Bo3/eiicTBHi. B nccnenoBannu paccmar-
pHBaeTCs TMHAMUKA CeJIeBBIX SIBICHUIT B Tpeaesax azepOaiimpkanckoil yactu bonbioro KaBkasa u pa3pabarsiBaeTcs Knaccudukany-
OHHas CUCTEMA IJIs1 OIICHKH CTCIICHU UX l'lOTeHLLVIaJ'IbHOﬁ OITACHOCTH. AHAJIM3 OCHOBaH Ha rUAPOMETCOPOJIOTHICCKUX TaHHBIX U MaTe-
puanax MHoOrojieTHero MoHuTOpuHra. Oco0oe BHHMaHHE YAEICHO WHTCHCHMBHOCTH W HANPAaBICHUIO MEpeMelIeHHs aTMOC(HEepHBIX
0Ca/IKOB, MPOCTPAHCTBEHHOMY OXBAaTy PEUHBIX 0acCCEHHOB M XapaKTEPHCTHKAM CEJIEBBIX IOTOKOB. Pe3ynbTaThl nccieoBaHuUs IOKa-
3BIBAIOT, YTO HAIMPABJICHHE MPOCTPAHCTBEHHOTO IIEPEMEIIEeHNS 30HBI HHTEHCHBHBIX OCAJKOB HTPAET BaXKHYIO pOJIb B ()OPMUPOBAHUH
KaTacTpodmyecKux cenel. [lepemernienne 30HB 0CaIKOB OT BEICOKOTOPHBIX yJacTKOB OacceifHa BHH3 110 TEUESHHIO CO31aéT 0COOEHHO
ONIaronpHuATHEBIE YCIOBUS AT ()OPMHPOBAHUS MOIIHBIX CEJIEBBIX MOTOKOB. B TO e BpeMst mepeMeIeHne 0caJKoB COTOCTABUMOM HH-
TEHCUBHOCTU B IMPOTUBOIIOJIOKHOM HallpaBJICHHUU HE O65[33T6J'II>HO NPUBOJAUT K BO3SHUKHOBCHUIO ](aTaCTpO(bl/IquKl/IX CCJICBBIX ABJIC-
HUH. Ha ocHOBE COBOKYITHOTO yuéTa XapakTepHCTHK OCaAKOB U CTEIIEHU 0XBaTa MMU TEPPUTOPUH PEeUHOTro OacceiiHa ceneBble TOTOKU
KJIacCU(GUIIMPOBaHBI Ha ceMb rpymil. CepMast rpyIIna, XapakTepU3yIOIIascsl BbINAACHHEM HHTEHCHBHBIX 0CaIKOB Ha BCEil TeppUTOPUH
PEIHOTO OacceifHa — OT BbICOKOFOpHOﬁ 30HBI 10 pPaBHUHHBIX YYaCTKOB, COOTBETCTBYET HAaUBBICILIEMY YPOBHIO OIIACHOCTH U BKIIIOYAET
karacTpoduueckue ceeBble siBneHus. [IpenokenHas Kiaccupukanus co3naéT HayqYHO-METOMIECKYI0 OCHOBY 1ist nuddepenima-
I[IH CEeNIEBOM OMACHOCTH U MOXKET HCIOJIB30BATHCS TIPH BEIOOPE COOTBETCTBYIOMINX WHXKEHEPHO-3aIINUTHBIX MEPONIPUSATHII H Mep IO
CHIDKEHHIO PHCKOB B CEJICOITACHBIX PedHBIX Oacceiinax bombmoro Kaskasa.

Kntoueswie cnosa: cenv, nepenoc HaHOCO8, UHMEHCUBHbIE 00JICOU, peuHoll baccelit, npupoousie onachocmu, Bonvwoii Kasxkas,
Kaaccuguxayus cene
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BOYUK QAFQAZ CAYLARINDA SELLORIN DINAMIKASI VO TOSNIFATI
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Xiilasa. Sel hadisalori Boyiik Qafqazin cay hovzalaring tosir gdstoran asas tobii tohlitkslorden biridir. Onlarin dinamikasi hidrome-
teoroloji seraitin, hovzalarin tabii xiisusiyyatlorinin, sel materialinin mdévcudlugunun va antropogen tosirlorin qarsiliql slaqesi ilo
miioyyan olunur. Todgiqatda Boyiik Qafqazin Azaorbaycan hissosinds bas veran sel hadisolorinin dinamikasi aragdirilmig vo onlarin
potensial tohliikalilik deracesinin qiymatlendirilmasi iglin tosnifat sistemi hazirlanmisdir. Tohlil hidrometeoroloji miisahide malumat-
lar1 vo uzunmiiddatli monitorinq materiallari asasinda aparilmis, yagintilarin intensivliyina va harakat istiqamating, ¢cay hovzalari lizra
makan ohatasine va sel hadisslorinin xiisusiyyastlorine xiisusi diqqst yetirilmisdir. Noticalor gostorir ki, intensiv yagintilarin orazi izro
harokat istigamati folakatli sellorin formalagmasinda miihiim rol oynayir. Yagintilarin hovzonin yiiksok dagliq hissslorindon asagi axin
istigamotinds harokot etmasi giiclii sellorin yaranmasi tigiin xiisusilo olverisli sorait formalagdirir. Bunun oksino olaraq, eyni intensivliys
malik yagmtilarin oks istiqgamotds horakati he¢ do homigo falakotli sel hadisolorinin bas vermasine sabab olmur. Yagmtilarin xiisusiy-
yatlori vo ¢ay hdvzalorini ohato etmo doracasi birlikdo nozors alinmagla sel hadisalori yeddi qrupa tosnif edilmisdir. Yeddinci grup
intensiv yagintilarin ¢ay hovzasinin yiiksak dagliq qursagindan diizenlik hissalerine qadar biitiin srazisini ohata etdiyi hallar1 birlesdirir
va on yiiksak tohliikslilik doracasine malik olmagqla falakatli sel hadisolorine uygun golir. Toklif olunan tosnifat sel tohlitkasinin
doracalar {izra forqlondirilmasi ii¢iin elmi-metodoloji asas yaradir vo Boyiik Qafgazin sel tohliikesine moruz qalan ¢ay hdvzalorinda
miivafiq mithandis-miihafizs tadbirlarinin va risklorin azaldilmasi istiqgamatinds tadbirlarin secilmasine kdmok edas bilar.

Acar sozlar: sel, gatirmalarin dasinmasi, intensiv yagislar, ¢ay hovzasi, tabii tohliikalar, Boyiik Qafqaz, sellarin tasnifati
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Summary. This study examines how English-language mass media frame climate hazards
through lexical choice, grammatical agency, quantification, evaluation, and epistemic qualification.
The corpus comprises 18 headlines published in 2024 by Reuters, the Associated Press, and The
Guardian, with six items from each outlet. A mixed-methods approach combines framing analysis,
critical discourse analysis, lexical frequency analysis, and binary coding across seven categories.

Keywords: climate communi- Explicit climate attribution, severity/urgency, and quantification/evidence each occur in 12 of 18
cation, climate hazards, criti- headlines (66.7%), whereas preparedness/response appears in only three (16.7%), producing an at-
cal discourse analysis, fram- tribution-response gap of 50 percentage points and an urgency-response ratio of 4.0. Reuters shows
ing, media discourse, news the strongest epistemic caution, the Associated Press emphasizes human-centred consequences, and
headlines The Guardian records the highest urgency-response ratio. Dominant frames remain relatively diverse

(normalized Shannon entropy = 0.90), but response-oriented framing is weak. The findings support
a cause-impact-response model linking climate attribution with vulnerability, institutional account-
ability, and feasible adaptation or mitigation measures.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

1. Introduction

Climate hazards are physical events, but their public meaning is shaped through discourse. News organi-
zations influence which aspects become salient, how causal agency and vulnerability are represented, and
which responses are presented as feasible. Framing therefore contributes to defining problems, diagnosing
causes, evaluating consequences, and suggesting responses (Entman, 1993). Headlines are especially im-
portant because they condense complex events into highly salient propositions that shape the interpretation of
the accompanying report (Dor, 2003).

This communicative role has become increasingly important as climate-related extremes intensify. The
IPCC (2023) concludes that human-caused climate change has already affected weather and climate extremes
in every region, while the WMO (2025) identifies 2024 as the warmest year in the 175-year observational
record, with global mean near-surface temperature approximately 1.55+ 0.13°C above the 1850-1900 average.
Media analysis must therefore consider not only whether climate change is mentioned, but also how hazards
are connected with causation, evidence, uncertainty, vulnerability, responsibility, and action.

Previous research documents a shift away from overt climate scepticism and false balance while identify-
ing persistent differences among media systems, journalistic norms, and ideological cultures (Antilla, 2005;
Boykoff & Boykoff, 2007; Carvalho, 2007; Schéfer & Schlichting, 2014; Vu et al., 2019). Even when anthro-
pogenic climate change is accepted, headlines may emphasize scientific attribution, human consequences, ur-
gency, quantification, uncertainty, or institutional response.

Against this background, the study examines a balanced corpus of 18 climate-hazard headlines published
in 2024 by Reuters, the Associated Press (AP), and The Guardian. It investigates dominant frames, lexical and
grammatical constructions of causation and urgency, outlet-level differences, and the balance between threat-
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oriented and response-oriented communication. The study combines headline-level critical discourse analysis
with reproducible quantitative measures of frame prevalence, density, balance, and diversity.

2. Materials and methods

2.1. Research design and corpus construction

A small-corpus mixed-methods design was adopted. The empirical material consists of 18 English-lan-
guage headlines published between February and December 2024: six from Reuters, six from AP, and six from
The Guardian. Inclusion required that an item report a climate-related hazard or a scientifically attributed ex-
treme event, be published in 2024, and represent news, analysis, or explanatory reporting rather than an opinion
column. The sample covers heatwaves, floods, wildfires, drought, tropical storms, and multi-hazard summar-
ies.

The headline was selected as the unit of analysis because it is comparable across outlets and is constrained
by brevity, editorial salience, and newsworthiness. The corpus contains 230 lexical words. Table 1 presents
the balanced outlet structure and principal thematic coverage.

Table 1
Composition of the headline corpus
Outlet n Principal thematic coverage Share (%)
Reuters 6 Heat, floods, wildfire, drought, tropical storms 33.3
Associated Press 6 Heat, floods, hurricanes, multi-hazard impacts 33.3
The Guardian 6 Heat, rain/floods, global records, multi-hazard losses 33.3
Total 18 Six principal hazard groupings 100.0

Source: Author’s corpus compiled from the 2024 media items listed in the original dataset.

The equal number of headlines per outlet prevents one source from dominating the descriptive results. It
also makes outlet-level rates directly comparable because every percentage is based on the same denominator
of six headlines.

2.2. Coding framework

Each headline was manually coded for seven non-exclusive categories. A category received a value of 1
when at least one clear textual marker was present and 0 when absent. Because the categories are non-exclu-
sive, one headline could simultaneously express attribution, urgency, evidence, human impact, and response.
A separate mutually exclusive dominant-frame code was then assigned to identify the principal interpretive
emphasis. The operational framework is summarized in Table 2.

Table 2
Operational frame categories and linguistic indicators

Category Operational definition Indicative markers
climate change; climate crisis;
warming climate; made;
blame
kills; killed; deadly; people;
missing; sweltering;
destruction
extreme; devastating; worst;
red alert; impossible;

Direct link to climate change, climate crisis,

Explicit climate attribution . :
or a warming climate

Deaths, affected populations, displacement, suffering,

Human impact '
or lived consequences

Severity/urgency Language intensifying danger, scale, exceptionality,

or immediacy !
dangerous; costly
A . Numbers, studies, records, reports, or probability scientists; study; report; data;
Quantification/evidence : . L ST .
claims authorizing the proposition record; twice; 45 times
Preparedness/response Planning, adaptatlop, prepa_redness, not prep_ared;‘plans; cpmbat;
or a response imperative reminder; adaptation
Uncertainty/qualification Epistemic I|_m|ts, pr(_)t_Jabl_Ilty, unclear; fea.1r_ed; Ilkely;_ chance;
or contrastive qualification less severe; interrogative form

Panama Canal; damages;
costly; infrastructure;
economic loss
Source: Developed from Entman (1993), Fairclough (2003), Bednarek and Caple (2017), and climate-framing literature.

Material systems, trade routes, infrastructure,

Economic/infrastructure . .
or financial loss
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2.3. Quantitative measures and analytical procedure

The analysis proceeded in three stages. First, the headlines were read and coded according to Table 2.
Second, dictionary-assisted searches verified recurrent lexical markers and produced word counts. Third, the
coded patterns were interpreted through critical discourse analysis, with attention to transitivity, modality,
evaluative intensity, scientific sourcing, and the visibility of response. Six transparent measures were used.

The normalized frequency of a lexical item w per 1,000 headline words is calculated by Equation (1),
where f(w) is the observed frequency and N is the total number of words in the corpus.

NF(w) = &2

x 1000 1)

For example, the word climate occurs 14 times in a 230-word corpus: NF(climate) = (14/230) x 1000 = 60.9.
Category prevalence is calculated by Equation (2), where n(j) is the number of headlines containing cate-
gory jand n =18.

P() = 2 x 100 @)

Thus, explicit climate attribution appears in 12 headlines: P(attribution) = (12/18) x 100 = 66.7%.
Outlet-level category density measures the average number of coded category occurrences per headline.
In Equation (3), n(o,j) is the number of occurrences of category j in outlet o and n(0) is the number of headlines
from that outlet.
Z n(o,j)
n(o)

D(o) = 3)

The attribution-response gap measures the percentage-point distance between headlines haming climate
causation and headlines naming preparedness or response.

G(AR) = P(attribution) — P(response) 4)
The urgency-response ratio compares the number of severity/urgency markers with the number of prepar-

edness/response markers. The max function prevents division by zero in a replication with an outlet that con-
tains no response markers.

R(UR, 0) _ n(severity,0) (5)

max[1,n(response,o0)]

Finally, normalized Shannon entropy summarizes the diversity of the six mutually exclusive dominant
frames. In Equation (6), p(i) is the share of dominant frame i and k is the number of dominant-frame categories.
Values approach 0 when one frame dominates and 1 when all frames are equally distributed.

_ _ ZpM®InpQ@)
H(N) = D2 (6)
Because this is a single-author exploratory study, no inter-coder reliability coefficient is claimed. Trans-
parency is instead supported by explicit definitions, disclosed category counts, worked calculations, and a
corpus structure that can be independently checked.

3. Results

3.1. Overall frame prevalence

Three categories dominate the corpus: explicit climate attribution, severity/urgency, and quantification/ev-
idence each occur in 12 of 18 headlines (66.7%). Human impact appears in seven headlines (38.9%), uncer-
tainty/qualification in six (33.3%), preparedness/response in three (16.7%), and economic/infrastructural con-
sequences in two (11.1%). Table 3 provides the complete outlet comparison.

The distribution reveals a systematic asymmetry. The corpus is strong at naming climate causation, dan-
ger, and evidential authority, but weak at naming response options, responsible institutions, or adaptive capac-
ity. Readers are four times more likely to encounter an urgency marker than a response marker in the sampled
headlines.
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Table 3
Frame prevalence by outlet, n (%)
Frame category Reuters Associated Press The Guardian Total
Explicit climate attribution 4 (66.7) 5 (83.3) 3 (50.0) 12 (66.7)
Human impact 1(16.7) 4 (66.7) 2(33.3) 7(38.9)
Severity/urgency 4 (66.7) 2 (33.3) 6 (100.0) 12 (66.7)
Quantification/evidence 3 (50.0) 4 (66.7) 5 (83.3) 12 (66.7)
Preparedness/response 1(16.7) 1(16.7) 1(16.7) 3(16.7)
Uncertainty/qualification 4 (66.7) 1(16.7) 1(16.7) 6 (33.3)
Economic/infrastructure 1(16.7) 0 (0.0) 1(16.7) 2(11.1)

Note: Categories are non-exclusive; therefore, column totals exceed the number of headlines. Source: Author’s coding.

3.2. Outlet-specific patterns and derived indicators
Figure 1 visualizes the outlet differences. Reuters combines attribution with frequent epistemic qualifica-
tion; AP most consistently connects climate attribution to human-centred consequences; and The Guardian
uses severity/urgency language in all six headlines. The figure also shows that preparedness/response remains
equally rare across all outlets.

100

80 4

60

40

Headlines containing frame marker (%)

BN Reuters

Bmm Associated Press

Climate Human
attribution impact

Severity /
urgency

Evidence /
quantification

Preparedness /
response

B The Guardian

Uncertainty /
qualification

Economic /
infrastructure

Fig. 1. Percentage of headlines containing each frame marker, by outlet
Source: Author’s calculations based on the 18-headline corpus.

The derived indicators in Table 4 make the imbalance more explicit. Category density is calculated from
the total number of coded occurrences in each outlet: Reuters has 18 occurrences, AP 17, and The Guardian
19. The Guardian therefore has the densest framing profile (3.17 markers per headline), while AP has the

lowest (2.83).
Table 4
Derived quantitative indicators
Category occur- . Attribution-response gap Urgency-response
Outlet s Density D(0) (D) A

Reuters 18 18/6 = 3.00 (4-1)/6 x 100 = 50.0 4/1=4.00
Associated Press 17 17/6 = 2.83 (5—1)/6 x 100 = 66.7 2/1=2.00

The Guardian 19 19/6 = 3.17 (3-1)/6 x 100 =33.3 6/1 =6.00
Overall 54 54/18 = 3.00 (12-3)/18 x 100 = 50.0 12/3 =4.00
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The overall attribution-response gap equals 50 percentage points: 66.7% of headlines name climate attrib-
ution, but only 16.7% name preparedness or response. AP records the largest attribution-response gap (66.7
points) because attribution is highly visible while response remains rare. The Guardian records the highest
urgency-response ratio (6.00), meaning that urgency markers outnumber response markers six to one. Reuters
occupies an intermediate position, whereas AP’s ratio of 2.00 reflects its stronger orientation toward human
consequences and quantification rather than uniformly intensified crisis language.

3.3. Dominant frames, lexicalization, and agency

When one dominant frame is assigned to each headline, scientific attribution leads with six items (33.3%),
followed by human consequences with five (27.8%). Uncertainty / qualification, adaptation / preparedness,
and crisis / urgency each account for two headlines (11.1%), while economic/systemic loss accounts for one
(5.6%). Substitution of these shares in Equation (6) gives H(N) = 0.901, approximately 0.90. Dominant frames
are therefore relatively diverse, even though response-oriented framing remains infrequent.

The lexical calculations support this interpretation. Climate occurs 14 times (60.9 per 1,000 words),
change eight times (34.8), heat five times (21.7), floods four times (17.4), and crisis three times (13.0). Scien-
tific authorization is signalled by study/studies four times, scientists twice, report twice, and data once. Num-
bers such as twice, 45 times, death totals, wind-speed increments, and financial losses convert abstract risk
into measurable scale.

Causal agency is frequently encoded through active transitive verbs: climate change made, climate change
doubles, climate change goosed, climate crisis exposed, and climate crisis to blame. These constructions reduce
ambiguity about the relation between anthropogenic warming and hazardous outcomes. However, climate
change often functions as an abstract grammatical actor, while fossil-fuel production, land-use decisions, in-
frastructure inequality, and regulatory choices remain backgrounded. Scientific causation is visible, but polit-
ical and institutional responsibility is only partly articulated.

4. Discussion

4.1. Convergence and outlet differentiation

Two thirds of the sampled headlines explicitly connect hazards to climate change, contrasting with earlier
coverage in which climate science was often omitted or contested (Antilla, 2005; Boykoff & Boykoff, 2007).
Nevertheless, clear outlet differences remain. Reuters emphasizes scientific authority and epistemic qualifica-
tion, AP combines attribution with measurable human consequences, while The Guardian employs the strong-
est urgency language. These differences support Carvalho’s (2007) argument that shared scientific premises
can be framed through different professional and ideological cultures.

4.2. The response deficit and climate efficacy

The most important structural imbalance is the limited visibility of response: only three headlines fore-
ground preparedness or action, producing an attribution-response gap of 50 percentage points and an urgency-
response ratio of 4.0. Repeated emphasis on danger without visible efficacy may leave audiences with little
indication of who can act or how risks can be reduced. Even within the constraints of headline writing, concise
response cues can connect urgency with preparedness, adaptation, or institutional responsibility (Nisbet, 2009).

4.3. Quantification, uncertainty, and climate justice

Quantification strengthens climate-hazard reporting by translating probability, casualties, physical
changes, and economic losses into measurable terms, although such figures require appropriate context. Reu-
ters’ frequent uncertainty markers also demonstrate that qualification does not necessarily weaken scientific
knowledge; rather, it can distinguish between event probability, intensity, frequency, and other dimensions of
risk (Painter, 2013).

Human-centred framing is strongest in AP, but vulnerability is represented mainly through immediate
consequences rather than structural inequality. A broader climate-justice perspective should also consider dif-
ferences in exposure, access to protection, infrastructure, socioeconomic conditions, and institutional respon-
sibility.

4.4. Editorial implication: a cause-impact-response model

The findings support a compact cause-impact-response model for climate-hazard reporting. The cause
component communicates the strongest available attribution evidence; impact identifies affected people and
systems; and response indicates preparedness, adaptation, mitigation, or institutional responsibility. In practi-
cal terms, climate-hazard reporting should address four questions: What happened? How is climate change
related? Who is most affected and why? What response is possible or required?
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5. Conclusion

This study examined 18 climate-hazard headlines from Reuters, the Associated Press, and The Guardian
published in 2024. Explicit climate attribution, severity/urgency, and quantification/evidence each appear in
66.7% of the sample. Reuters privileges scientific sourcing and epistemic caution, AP combines attribution
with guantified human consequences, and The Guardian uses the most intensive urgency vocabulary.

These calculations clarify the central imbalance. The corpus contains an attribution-response gap of 50
percentage points and an urgency-response ratio of 4.0. The Guardian’s ratio reaches 6.0, while AP records
the largest attribution-response gap at 66.7 points. Although dominant-frame diversity is high (normalized
Shannon entropy = 0.90), preparedness and response remain structurally underrepresented.

The study therefore recommends cause-impact-response framing that connects scientifically grounded at-
tribution with vulnerability, institutional accountability, and feasible action. The corpus is small, limited to
three English-language outlets and one calendar year, and headline analysis cannot capture article bodies, im-
ages, or audience reception. Future studies should expand the sample, compare headlines with leads and visu-
als, and apply multiple coders or computational methods. Nevertheless, the transparent coding scheme and
worked calculations provide a replicable conference-scale model for studying how climate hazards become
public discourse.
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ToKa3arelield, OEHOYHBIX CPEJCTB U AMUCTEMUYECKOH MotanpHOCTH. Kopiryc nuccmeoBanns BKIIIOYaeT 18 HOBOCTHEIX 3ar0JIOBKOB,
ory6unkoBaHHEIX B 2024 rony arentcTBamu Reuters, Associated Press n m3ganmem The Guardian, 1mo mecTh 3aroJIOBKOB OT Ka)XK[0TO
ncroynnka. CMenaHHbIH METOJONOTHYECKHH OAX0A 00beanHseT (peiiM-aHaan3, KPUTHISCKHH AUCKYpC-aHaINu3, aHaIN3 JIEKCHIe-
CKHUX YacTOT U OMHAapHOE KOAWPOBAHHE IO CeMH Kareropwsm. [Ipsmast aTpuOynus KIMMaTHYECKUX SIBICHUH M3MEHEHHIO KIIMMara,
BBIPAXKEHHE CEPbE3HOCTH M HEOTIIOKHOCTH YTPO3, @ TAKXKE UCTIOIb30BAHIE KOJIMIECTBEHHBIX TOKa3aTeeH U 10Ka3aTeIbCTB MPEICTaB-
nensl B 12 u3 18 3aronoBkoB (66,7%) 1mo kKaxk10i U3 yka3aHHBIX KaTeropuil. B To ’e BpeMs MoATroTOBKA K KIIMMAaTHIECKUM yTpo3aM H
MEpHI pearnpoBaHys YIOMHHAIOTCS JIUIIb B TPEX 3aronoBKax (16,7%). Pa3peiB Mexk My 4acTOTOM KIMMAaTHIECKOH aTpuOyLuH U OCBe-
IIEHHEM Mep pearupoBaHus cOCTaBisieT 50 MPOIEHTHBIX ITyHKTOB, 2 COOTHOIICHUE YaCTOT BBIPAKEHNS HEOTIOKHOCTH U YIOMHHAHUS
Mep pearupoBanus pocturaet 4,0. Reuters xapakrepusyercs HanboJiee BEIpaKEHHON SMNCTEMHYECKOI 0CTOPOXKHOCTEIO, Associated
Press akueHTHpyeT BHMMaHHE Ha MOCIEICTBHAX KIMMAaTHYECKHX yrpo3 A 4YelloBeka, Torna kak The Guardian nemoHcTpupyer
HauOoJIbIIIee COOTHOIICHNE YACTOT BBIP)KEHNS HEOTIOKHOCTH U OCBEILIIEHHsI Mep pearnpoBaHus. JJoMuHUpYyIomue GppeliMbl XapaKkTe-
PU3YIOTCSI OTHOCHTEINIBHO BBICOKAM pa3zHooOpaszneM (HopManu3oBanHas sHTponus [llennona = 0,90), ogHako ¢peliMupoBanue, Opu-
SHTHPOBAHHOE Ha MEpHI pearupoBaHusl, BEIpakeHo ciiabo. [TosrydeHHbIe pe3yapTaTsl 000CHOBBIBAIOT IPHMEHEHHE MOICIH «IPHYHHA—
BO3JIEHCTBHE—PEarnpOBAHIE, CBA3BIBAIONICH aTpHOyNNIO KIMMATHYECKUX SIBICHUH C ySI3BUMOCTBIO, HHCTUTYIIHOHAIBFHOH OTBET-
CTBEHHOCTBIO M IPAKTUUECKH OCYIIECTBIMBIMH MEPAaMHU aJaNTAI[X WA CMSATIEHHS ITOCIEACTBUI N3MEHEHHS KIUMaTa.

Knrouesvie cnoga: knumamuueckas KOMMYHUKAYUS, KIUMamuyeckue onachocmu, Kpumuieckul OUCKypc-aHanus, gpeimuposa-
Hue, MeouaoucKkypc, HoOBOCMHbIE 3A20108KU

INGILISDILLI KUTLBVI INFORMASIYA VASITOLORINDO IQLIM TOHLUKSOLORININ
ISIQLANDIRILMASI: MEDIA MATERIALLARININ TONQIDI DISKURS TOHLILI

Qurbanova G.Q.'*, Heybatova A.V.23
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AZ4500, Mingagevir, D. Bliyeva kiig. 21
2Azorbaycan Respublikasi Elm va Tahsil Nazirliyi, Cografiya Institutu, Azarbaycan
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8Azarbaycan Déviat Pedaqoji Universitetinin Quba filiali, Azarbaycan
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*Moasul miiallif: gulnara.qurbanova@mdu.edu.az

Xiilasa. Todgiqatda ingilisdilli kiitlovi informasiya vasitslarinin iglimlo bagl: tohliikslori leksik se¢im, qrammatik subyektlik,
kamiyyat gostaricilori, giymatlondirms va epistemik ehtiyatliliq vasitasilo necs ¢argivalondirdiyi arasdirilir. Todgigat korpusu Reuters,
Associated Press vo The Guardian torsfindon 2024-cii ildo dorc edilmis, hor media qurumundan alt1 olmaqla imumilikde 18 xabor
bashigim ohato edir. Qarisiq metodoloji yanasma gorgivolondirma tohlilini, tongidi diskurs tohlilini, leksik tezlik tohlilini vo yeddi
kateqoriya {izro binar kodlasdirmani birlogdirir. iqlim doyisikliyi ilo ac1q sobab slagasinin qurulmasi, tohliikenin ciddiliyi vo tacililiyi,
elaco do kamiyyaot gostoricilori va siibutlara istinad kateqoriyalarinin hor biri 18 basligdan 12-do (66,7%) miisahids edilmigdir. Bunun
oksina olaraq, hazirliq vo cavab todbirlori yalniz ti¢ basligda (16,7%) oks olunmusdur. Noticads iglim doyisikliyi ilo sobab olagesinin
qurulmasi vo cavab todbirlarinin isiglandirilmasi arasinda 50 faiz bondi forg, tacililik va cavab tadbirlorinin geyd olunma tezliklori
arasinda isa 4,0 nishoti miioyyan edilmisdir. Reuters epistemik ehtiyatliligin on yiiksok saviyyssi ilo segilir, Associated Press iglim
tohliikalorinin insanlara tosirini 6n plana ¢ixarir, The Guardian iss tacililik vo cavab todbirlorinin geyd olunma tezliklori arasinda an
yiiksok nisbasto malikdir. Dominant ¢orgivolondirma modellori nisboton yiiksok miixtaliflik niimayis etdirse do (normallagdirilmig
Sennon entropiyasi = 0,90), cavab todbirlorino yonalmis ¢argivelondirmo zoif ifads olunmusdur. Todqiqatin naticalari iglim doyisikliyi
ilo sobob slagesinin qurulmasini hassasliq, institusional cavabdehlik, eloco do hoyata kegirilmasi miimkiin olan uygunlagsma va ya
tosirlorin azaldilmasi todbirlori ilo olagoalondiron «sobab—tosir—cavab todbirlori» modelinin tatbigini osaslandirir.

Acar sozlar: iqglim kommunikasiyast, iglim tohliikalori, tonqidi diskurs tahlili, ¢ar¢ivalondirma, media diskursu, xabar bashqglar
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Summary. The study examines the sustainable use and conservation of water resources in the
Ganja Physical-Geographical Region under increasing water demand and climate-related pressures.
The region possesses a diverse hydrographic network consisting of mountain rivers, lakes, reservoirs,
groundwater, and springs that support drinking-water supply, agriculture, industry, recreation, and
ecosystem functioning. Most rivers originate on the northeastern slope of the Lesser Caucasus and
belong to the Kura River basin; with the exception of Aghstafachay, they are generally less than 100
km long. The study shows that river flow is extensively used for irrigation and is regulated by reser-
voirs and hydraulic structures, while mountain lakes, particularly those within Goygol National Park,
constitute important freshwater and ecological resources. At the same time, seasonal water scarcity,
inefficient irrigation, pollution, and increasing demand create significant pressures on regional water
resources. Sustainable management therefore requires the wider application of water-saving irriga-
tion technologies, improved flow and water-quality monitoring, control of wastewater discharge,
protection of groundwater and river corridors, and conservation of water bodies within protected
areas. These measures are essential for maintaining the long-term ecological and socioeconomic
functions of the region’s water resources.

Keywords: Ganja Physical-
Geographical Region,

water resources, rivers, lakes,
reservoirs, groundwater,
sustainable water
management
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Introduction

Sustainable use and conservation of water resources have become increasingly important under the grow-
ing impacts of climate change and rising water demand. This issue is particularly relevant for Azerbaijan,
where water resources are relatively limited and their efficient management is essential for maintaining water
supply, agricultural production, and ecological stability.

The Ganja Physical-Geographical Region encompasses the northeastern slope of the Lesser Caucasus and
its foothill plains and is characterized by a relatively dense hydrographic network. Its water resources consist
primarily of mountain rivers originating in the Murovdagh and Shahdagh ranges, together with groundwater,
springs, lakes, and reservoirs. Most rivers belong to the Kura River basin and flow as right tributaries of the
Kura. These resources play an important role in drinking-water supply, irrigation, industry, and the functioning
of regional ecosystems.

Accordingly, the study focuses on the spatial and hydrological characteristics of the region’s principal
water resources, their current patterns of use, major environmental pressures, and measures required for their
sustainable management and conservation.

Analysis and discussion

The rivers of the Ganja Physical-Geographical Region belong to the Kura River basin and are fed mainly
by snow, rainfall, and groundwater. Stable groundwater recharge plays an important role in the annual runoff
regime, while relief, geological structure, soil and vegetation cover, basin morphology, lake coverage, wetland
conditions, and glaciation influence runoff formation (Mammadov, 2012).
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The river network is unevenly distributed across the region and varies considerably with elevation. Drain-
age density generally increases toward mountainous areas and is particularly high in the middle-mountain
zone, where most rivers originate. However, this relationship is also controlled by precipitation and other local
physical-geographical conditions. Surface water and groundwater together determine the regional water-re-
source potential, while the relative contribution of individual alimentation sources is reflected in the hydrolog-
ical regime (Constructive Geography of the Republic of Azerbaijan, 1996-1999).

Rivers constitute the principal component of the region’s water resources. With several exceptions, in-
cluding Aghstafachay and Hasansuchay, most originate within the Azerbaijani part of the Lesser Caucasus and
are extensively used for irrigation, domestic water supply, and other economic purposes.

Hasansuchay originates in the Murguz Range of the Lesser Caucasus and is a transit river fed mainly by
snow and groundwater. Its lower reaches carry significant flow primarily during periods of heavy precipitation
because its water is extensively used for irrigation. Summer floods, particularly in June and July, coincide with
high agricultural water demand, emphasizing the need for efficient use while maintaining sufficient down-
stream flow (Museyibov, 1998).

Aghstafachay, another transit river, originates in the Pambak Range and is fed by groundwater, snowmelt,
and rainfall. Its flow is regulated by a reservoir and is extensively used for irrigation. The river generally
maintains a high-flow regime until the end of June, providing favorable conditions for seasonal water use.

Akhynchachay originates near the Bashkent Pass of the Kecheldagh Range. Its water resources are par-
ticularly important during summer, when heavy rainfall can increase discharge in July (Ayyubov & Hajiyev,
1984). A reservoir regulates its flow for irrigation. Its tributary Tovuzchay, originating in the Murguz Range,
is also a transit river and is regulated by the Khatinli Reservoir. More than four main canals withdraw water
for irrigation, while upstream water use reduces the flow entering Azerbaijan. The river is also exposed to
pollution associated with industrial activities within its basin.

Asrikchay, a right tributary of Akhynchachay, is formed by small spring-fed rivers originating in the
Shahdagh Range. Rainfall and groundwater constitute its principal sources of alimentation. The river has hy-
drorecreational importance and is also intensively used for irrigation through five main canals.

Zayamchay originates on the northern slope of the Shahdagh Range at the confluence of Shakarbaychay
and Chatindara rivers and drains parts of Shamkir, Tovuz, and Gadabay districts. It is fed by groundwater,
rainfall, and snowmelt and is characterized by a spring high-water regime. Its irrigation use is supported by
small hydraulic structures that regulate river discharge.

Shamkirchay is one of the region’s most important rivers. It originates on the northeastern slope of the
Shahdagh Range at the confluence of Sarisu and Aghdashsu rivers. Goygol, situated at an elevation of 2,470 m,
contributes to the Shamkirchay system through one of the Sarisu tributaries, and its regulated outflow provides
additional water during periods of intensive irrigation. Shamkirchay is also connected with Ganjachay by an
irrigation canal and has important irrigation, hydrorecreational, and ecological functions (Mammadov, 2012).

m Agriculture

® Drinking and domestic
water supply

Industry and other
technical needs

Fig. 1. Distribution of Shamkirchay River water use by sector (%).

Goshgarchay originates on the northern slope of Mount Goshgar in the Murovdagh Range and is formed
by the confluence of Khoshbulag and Hamamchay, the latter being supplied by permanent springs. Its upper
basin has a dense river network. Although its water is used in agriculture and industry, contamination by min-
ing waste restricts its effective use.
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The water resources of other rivers of the Ganja Physical-Geographical Region, including Ganjachay,
Goranchay and Incechay, are also used for irrigation. The Rasul and Khan channels have been constructed
from Ganjachay, supplying water for irrigation around Ganja. More than seven channels withdraw water from
Goranchay for irrigation of surrounding areas. The water of Incechay does not reach the Kura River because
it is fully utilized; more than five main canals withdraw water from the river. Analysis of the hydrological
characteristics and sustainable use of Aghsuchay and Kurekchay shows that several lakes were formed in the
Aghsuchay valley as a result of earthquakes. The largest of these lakes is Goy-Gol. Kurekchay is formed by
the confluence of three rivers—Ilkhidara, Omerchay and Banovshachay. Hydrologically, llkhidara is regarded
as the principal river. Kurekchay flows into the Kura River downstream of the Mingachevir Reservoir. Because
rural settlements are located along the river, its water is widely used for irrigation.

Fig. 2. Ganjachay River (Topalhasanli village).

A portion of the water resources of the Ganja Physical-Geographical Region is concentrated in lakes. As
noted above, landslide-dammed lakes were formed when the collapse of Mount Kapaz during an earthquake
blocked the course of Aghsuchay. The picturesque mountain lakes Goygol, Maralgol, Zeligol, Shamligol and
others are located within forest and subalpine meadow zones and constitute freshwater sources. The lakes are
distinguished by their transparency, with visibility reaching depths of approximately 13 m. Because Goygol
has an outlet, its water is used as a source of freshwater.

In the vicinity of Mount Kapaz in the Ganja Physical-Geographical Region, in addition to Goygol, there
are Maralgol, Zeligol, Ordekgol, Shamligol, Aynagol, Garagol, Jeyrangol, Ayigol, Chiligol and Qushgol. All
of these lakes are freshwater bodies. They have exceptional economic importance within the ecological-recre-
ational system and water-resource balance of the physical-geographical region. The lakes are used sustainably
for various purposes and constitute the area’s greatest tourism and recreation potential. These lakes are located
within Goygol National Park. Their therapeutic and recreational significance is considerable. Because the lakes
are situated in mountain-forest and subalpine meadow zones, the area is characterized by clean, oxygen-rich
air and a cool microclimate. Mountain lakes are sources of clean, high-quality freshwater and also play a major
role in river alimentation (N. N. Hajiyeva, Economic-Geographical Assessment of the Natural Conditions and
Resources of Azerbaijan, Ganja, 2025, p. 178, Star Printing House).

The Ayigol, Chiligol and Qushgol (Ordekgol) lakes were formed when landslides caused by the Ganja
earthquake blocked river valleys. Ayigol is a small freshwater lake located at the intersection of dense moun-
tain forests and meadow zones. According to the results of the studies, the lake was named in connection with
the presence of mountain fauna, particularly Caucasian brown bears, which found shelter in the surrounding
forests and came to the area to drink water. Chiligol, located in Goygol National Park, is one of the small lakes.
Its water is shallow and relatively marshy. It is called Chiligol because dense aquatic vegetation, including
reeds and other wetland plants, grows both on its surface and underwater.
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Fig. 3. Goygol Lake.

Among the small lakes in the Goygol and Maralgol basins, Qushgol (Duck Lake) was formed as a result
of an earthquake. It received this name because various species of mountain and aquatic birds, particularly
ducks, are abundant around and on the water.

All three lakes are fed mainly by snow, rainfall and springs. Their water is cold and transparent. They are
located within Goygol National Park and are of considerable importance as water resources.

It should be noted that rivers originating from the lakes or enriched by their outflow play a major role in
supplying settlements in the Ganja—Goygol area with drinking water. Lakes are highly important for regulating
groundwater in the Ganja Physical-Geographical Region. They contribute to maintaining a continuous supply
of water to springs and groundwater in surrounding areas. The hydrographic network formed by these lakes is
vital for agriculture in foothill and lowland areas. During the summer irrigation season, lake water resources
are intensively utilized. Water from rivers flowing out of the lakes is used to irrigate cultivated lands in Ganja,
Dashkasan and Goygol districts.

The Shamkir Reservoir, which concentrates a portion of the water resources of the Ganja Physical-Geo-
graphical Region, receives the inflow of up to seven small rivers and contains up to four small lakes within its
basin. Since 1956, the lake has functioned as an artificial water body and has been used to regulate the flow of
Shamkirchay. It is an outflowing freshwater body.

The lakes located in the Ganja Physical-Geographical Region regulate air humidity within the mountain-
forest ecosystem, moderate the microenvironment and function as natural reservoirs that help prevent soil
erosion. Since the lakes mentioned above are included within specially protected natural areas, their economic
use is primarily carried out within the framework of protected ecotourism, scientific research and sustainable
water supply.

As shown in Table 1, water resources are used most extensively for domestic purposes, agriculture and
industrial activities.

Over the past century, significant changes have been observed in various components of natural condi-
tions. Excessive exploitation of natural resources, particularly water resources, as well as inefficient use of
these resources, has contributed to the emergence of various problems. The conservation of water resources is
therefore extremely important under present conditions and constitutes a foundation of environmental policy
(Sh. Goychayli and Telman Ismayilov, Economic and Environmental Foundations of Nature Management,
MBM, 2009).

The Ganja Physical-Geographical Region is among the areas with a relatively high population density.
Adequate water supply and good water quality are highly important for human health and agricultural devel-
opment. Excessive use of water resources can lead to water losses in some locations, particularly in depressed
areas of the relief. Sanitary protection zones should therefore be established around water sources to conserve
water and improve its environmental quality.
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Table 1

Sustainable use and conservation of the water resources of Ganjachay and Goshgarchay

Water resource / problem

Area of use

Main threat

Sustainable use and
conservation measure

Ganjachay Irrigation, domestic and Pollution, seasonal de- Wastewater treatment, water
economic use cline in water availability | conservation, and establishment
of riparian protection zones
Goshgarchay Water management and Seasonal decline in water | Flow monitoring and control of
ecosystem availability and pollution | wastewater discharge
Groundwater Drinking water and do- Over-abstraction and Setting limits on water abstrac-

mestic use

pollution

tion and conducting regular hy-
drogeological monitoring

Irrigation water

Agriculture

Water wastage and losses

Application of drip and sprin-
Kler irrigation systems

River ecosystems

Biodiversity and ecologi-
cal balance

Domestic and industrial
waste

Prevention of waste discharge
into rivers and strengthening
environmental control

Overall water-resource
management

Population and economic
activity

Increasing aridity and
water scarcity

Calculation of the water bal-
ance, water reuse, and public

awareness

Constant attention should be paid to the maintenance and repair of the small water-regulating reservoirs
constructed within the physical-geographical region. Otherwise, prolonged use may lead to water leakage from
reservoirs. Population growth and increasing water demand are observed every year. Although water has tra-
ditionally been regarded as a renewable resource, there is a growing concern regarding the depletion of drink-
ing-water resources. Water resources play an indispensable role in regulating the natural conditions and eco-
logical processes of the physical-geographical region. Their most important ecological function is their partic-
ipation in photosynthesis. Due to its multifunctional properties, water contributes to the formation of natural
conditions and is regarded as an indispensable natural resource for meeting human needs.

Conclusion

The water resources of the Ganja Physical-Geographical Region are of major importance in terms of the
area’s natural conditions, the domestic needs of the population and agricultural development.

» The principal objective of sustainable water-resource use is to ensure that the quality and quantity of
existing water resources are preserved for future generations while they are being utilized.

* In agriculture, it is necessary to reduce water losses, particularly losses in irrigation systems and canals,
and to widely apply water-saving technologies.

* Pollution of Ganjachay and other water bodies in the Ganja Physical-Geographical Region should be
prevented, particularly by preventing the discharge of domestic and industrial waste into rivers.

* Protective zones should be established along riverbanks, and regular environmental monitoring should
be conducted.

* Particular attention should be paid to the protection of groundwater in the region. Excessive groundwater
abstraction reduces reserves, while pollution creates problems for drinking-water supply.

* Among the water resources of the Ganja Physical-Geographical Region, Shamkirchay, Tovuzchay and
Asrikchay are of particular importance and occupy an important position in the water-resource system. Water
quality should be monitored to ensure the sustainable use of these rivers.
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Pe3rome. B riccenoBaHNM paccMaTPUBAIOTCSI BOIPOCH! YCTOMIMBOTO HCHONB30BAHMS X OXPaHbI BOJHBIX PeCypcoB I STHIDKHHCKOTO
¢m3uKo-Teorpaduueckoro paifioHa B yCIOBHAX BO3pacTalolieil MOTPeOHOCTH B BOJE U YCHIICHHS BO3AEHCTBHS (hPaKTOPOB, CBSI3aHHBIX
¢ U3MEHeHueM Kiumata. Paiion XxapakTepusyercs pa3HooOpa3HOH ruaporpadMIecKoi ceThro, BKII0YAIOLIei TopHbIe peKH, 03Epa, BO-
JOXPaHWJINILA, TIOJ3EMHBIE BOJBI U POJAHHUKH, KOTOPHIE HI'PAIOT BaYKHYIO POJIb B 00ECIIEUSHNH MUTHEBOTO BOJAOCHA0KEHUSI, CEIIECKOTO
XO03s5CTBa, IPOMBIIUICHHOCTH, PEKPEAIIOHHOI IeSITeIbHOCTH U (PyHKIIHOHUPOBAHHUS IKOCHCTEM. BoJIBIIMHCTBO pek OepET Havaso Ha
CeBepO-BOCTOUHOM ckJIoHe Manoro KaBkasa u oTHocuTCs K Oacceliny pekn Kypsl. 3a uckiitoueHneM Arcragadvasi, UX IpOTsDKEHHOCTB,
Kak TpaBuiIo, coctaBisieT MeHee 100 kM. Pe3ynbTars! HCcIem0BaHUS MOKa3bIBAIOT, YTO PEUYHOM CTOK IIUPOKO UCIIONB3YETCS AT OpO-
HIEHHSI M PETYINPYeTCs MOCPEICTBOM BOJOXPAHIIIMIN M THAPOTEXHUIECKHX COOpYkeHnil. Bmecte ¢ TeM ropHsle 03épa, 0COOEHHO
PpAacroioXeHHBIE Ha TeppUTOpUH [ €MrénbCcKOro HaMOHAIBHOTO MapKa, MPEICTaBIAI0T co00H BaKHBIE PECypCHl MPECHOI BOIBI U
HMEIOT 3HAYHUTETbHYIO YKOJIIOTHIECKYIO IIEHHOCTh. OTHOBPEMEHHO CE€30HHBIH JeduuT Boabl, Hed(pGEeKTHBHOE HCIOIB30BAaHUE BO-
HBIX PECYPCOB B OPOCUTEIBHBIX CHCTEMaX, 3arpA3HEHHE U pacTyLIUH CIpOC Ha BOAY CO3JAl0T CYLIECTBCHHYIO HAarpy3Ky Ha BOJHBIC
pecypchl peruoHa. B cBsi3u ¢ 3TUM ycTOHYMBOE yHpaBIeHHE BOAHBIMU pecypcaMu TpedyeT Gosee MUPOKOro BHEAPEHHs BopocOepe-
raloIIMX TEXHOJIOTHH OPOLIEHHs, COBEPIICHCTBOBAHHS MOHUTOPHUHIA PEYHOTO CTOKA M Ka4eCTBa BOABI, YCHICHHS KOHTPOJIS 3a cOpo-
COM CTOYHBIX BOJ], OXPaHbI IIO/I3¢MHBIX BOJ U IIPUPEUHBIX TEPPUTOPHH, a TaKKe COXPAHEHUs BOAHBIX OOBEKTOB B Ipesenax 0cobo
OXpaHsAEeMbIX IPUPOAHBIX TeppHTOpHUil. Peann3anns ykazaHHBIX Mep UMeET BaKHOE 3HAUEHHE /I JOJTOCPOYHOTO COXPAHEHUS 3KO-
JIOTHYECKHX U COIHAITBLHO-3KOHOMHIECKHUX (DYHKIMIT BOJHBIX PECYPCOB HCCIEAYEMOT0 paioHa.

Knroueswvie cnosa: I'anoowcunckuil pusuxo-eeoepaguyeckuil patioH, 800Hbvle pecypcul, peku, 03épd, 000XPAHUIUYA, NOO3EMHbLE
60001, yCmouuugoe ynpagienue 600HbIMU pecypcamu

GONCO FiZIKi-COGRAFi RAYONUNUN SU EHTIYATLARINDAN
DAYANIQLI iSTIFADO VO ONLARIN QORUNMASI

Haciyeva N.N.'*, Sokiliyeva H.F.2, Babayeva 9.1.3
1Ganca Déviat Universiteti, Azarbaycan
AZ2000, Ganca, Heydar Oliyev pr. 429

2Baki Doviat Universiteti, Azarbaycan
AZ1148, Baki, Zahid Xalilov kii¢. 23
3Mingagevir Déviat Universiteti, Azorbaycan
AZ4500, Mingagevir, D. Oliyeva kiig. 21
*Moasul miiallif: nasiba.haciyeva@mail.ru

Xiilasa. Todgigatda suya telobatin artmasi vo iglim doayismolari ilo slagedar tozyiglorin giiclonmasi soraitinds Gonca fiziki-cografi
rayonunun su ehtiyatlarindan davamli istifads vo onlarin mithafizasi mosalolori aragdirilmigdir. Rayon igmoli su tachizati, kend tasor-
riifati, sonaye, rekreasiya vo ekosistemlorin foaliyyati tigiin mithiim shomiyyst dasiyan dag caylari, gollar, su anbarlari, yeralti sular vo
bulaglardan ibarot zongin vo miixtalif hidrografik sobokays malikdir. Caylarin oksariyyati Kicik Qafqazin simal-sorq yamacindan
baslanir vo Kiir ¢ay1 hovzesino aiddir. Agstafacay istisna olmagla, onlarin uzunlugu asason 100 km-don azdir. Todgigat gostorir ki, cay
sularindan suvarma mogsadilo genis istifado olunur vo onlarin aximi su anbarlar1 vo hidrotexniki qurgular vasitesilo tanzimlonir.
Bununla yanagi, dag gollari, xtisusile Goygol Milli Parkinin arazisinds yerlogon géllor miihiim sirin su manbaslari va ekoloji ehtiyatlar
hesab olunur. Eyni zamanda, movsiimi su ¢atismazligi, suvarma sistemlorinds sudan somorasiz istifads, ¢irklonma va suya talobatin
artmasi regionun su ehtiyatlarina ciddi tozyiq gostorir. Buna gors do su ehtiyatlarinin davamli idars olunmasi suya gonast edan suvarma
texnologiyalarinin daha genis totbiqini, ¢cay aximi va suyun keyfiyysti tizro monitoringin tokmillogdirilmasini, tullanti sularinin
axidilmasina nazarstin giiclondirilmasini, yeralti sularin vo gayboyu orazilorin mithafizasini, elacs do xiisusi miihafizo olunan tebiot
arazilorinds yerlogon su obyektlorinin qorunmasini tolob edir. Bu todbirlorin hayata kegirilmasi rayonun su ehtiyatlarinin ekoloji vo
sosial-igtisadi funksiyalarinin uzunmiiddatli qorunub saxlanilmasi baximindan miihiim shomiyyat kasb edir.

Acar sézlar: Gonco fiziki-cografi rayonu, su ehtiyatlari, ¢aylar, gollor, su anbarlari, yeralti sular, su ehtiyatlarimmn dayanigl idara
edilmasi
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SOLAR-ENERGY POTENTIAL OF OPTIMALLY ORIENTED AREAS
OF THE WRINKLED TERRAIN ON THE NORTHERN COASTAL ZONE
OF THE MINGECHEVIR RESERVOIR
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Summary. This study evaluates the solar-energy potential of naturally inclined terrain along a
200 m-wide landward strip of the wrinkled northern coast of the Mingechevir Reservoir, Azerbaijan.
The study line extends from map-derived point A (41.0028° N, 46.6509° E) to point B (40.8000° N,
47.1127° E). The methodology combines the “time-of-use” optimal-orientation approach of Gar-
dashov (2022), terrain slope and aspect screening, and long-term solar-resource information from
the Global Solar Atlas, ERA5 and MERRA-2. To prevent positional uncertainty from including res-
ervoir water or deep inland terrain, the endpoints are treated as along-shore anchors, the shoreline is
traced between their nearest coastal positions, and a one-sided 200 m landward buffer defines the
study polygon. Annual, spring/summer and autumn/winter target orientations were taken as
34°/180°, 19°/180°, and 56°/180° (tilt/azimuth), respectively, with stated angular tolerances. In the
numerical terrain model, the georeferenced shoreline and the Copernicus GLO-30 DEM tiles were
used. The screening indicates that the north shore is structurally favourable because many slopes
face generally south towards the reservoir. The estimated suitable terrain area is largest for summer
and spring-autumn orientations, smaller for the annual orientation, and limited for the steep winter
orientation. The results support the concept of using naturally oriented coastal slopes for PV place-
ment, while demonstrating that final engineering quantities require direct high resolution DEM, land-
cover, geotechnical and grid-access data.

Keywords: Mingechevir Res-
ervoir, solar energy, photo-
voltaic orientation, terrain as-
pect, digital elevation model,
Global Solar Atlas, ERAS5,
MERRA-2, time of use

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

1. Introduction

Mingechevir Reservoir is located on the Kura River in central-western Azerbaijan and was created as part
of the Soviet-era hydroelectric and water-management development of the region. The reservoir and its dam-
hydroelectric complex supported the establishment and growth of the modern city of Mingachevir. A total
engineered capacity is approximately 16 billion m?® and there is a relationship between the reservoir, the dam
and the city that developed around the power project (NASA Earth Observatory, 2010).

The reservoir remains economically important for hydropower, water regulation, irrigation, fisheries, rec-
reation and regional development. Mingachevir is widely regarded as one of Azerbaijan’s principal energy
centres; official information indicates that a large share of the country’s electricity generation is concentrated
in Mingachevir, reflecting both its hydropower legacy and its later thermal-power infrastructure (President of
the Republic of Azerbaijan, 2025). The reservoir is also Azerbaijan’s largest and supports boating, fishing,
tourism and biodiversity-related activities (Azerbaijan Tourism Board, 2026).

The northern coastal zone shown in Fig 1 consists of elongated, eroded hills and slopes that descend
generally southwards towards the reservoir. This geometry is potentially favourable for fixed photovoltaic
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installations because south-facing terrain can naturally approximate the azimuth and tilt of an optimally ori-
ented PV panel. The current study aims to identify shares of the terrain whose slope and aspect fall within
prescribed neighborhoods of annual or seasonal optimum panel orientations and to estimate their solar-re-
source characteristics.

The present work extends the “time-0f-use” orientation concept proposed by Gardashov (2022) which is
based on the research of Gardashov et al. (2000). In that approach, daily optimal tilt and incident direct solar
energy are combined using energy weights to obtain the optimal orientation for any selected time interval.
Here, the same concept is applied to the terrain itself: a DEM cell is considered naturally suitable when its tilt
and azimuth are sufficiently close to the target PV orientation for the selected period.

! Wi

i+ (11‘ _h | .
by ) . R |
b Mingache g

"

&

Fig. 1. Google Earth view of the Mingechevir Reservoir and the map-derived northern-shore study line from A to B.

2. Description of the study area and data sources

The adopted endpoints are A =41.0028° N, 46.6509° E and B =40.8000° N, 47.1127° E. Their uncertainty
is accepted only along the shoreline. Cross-shore uncertainty is removed by snapping the points to the northern
water-land boundary and constructing a one-sided buffer extending 200 m landward. The preliminary traced
shoreline length is approximately 45.3 km, giving a nominal corridor (coastal zone) area of about 9.07 km?
before exclusions.

The Global Solar Atlas reports Azerbaijan-wide long-term ranges of approximately 3.44—4.80 kWh m™2
day™ for GHI, 3.82 — 5.56 kWh m™2 day™" for optimum-tilt irradiation and 29-37° for optimum annual tilt
(World Bank/ESMAP and Solargis, 2026). The annual target tilt of 34° adopted here lies within that range.
ERAS5 and MERRA-2 are included in the final workflow to calculate monthly means, variability, minima and
maxima, and to cross-check the atlas climatology (Gelaro et al., 2017; Hersbach et al., 2020). The information
about data sources and their role in the current study is given in Table 1.

Table 1
Data sources and their role in the analysis

Source Role Important qualification

Supplied Google Earth map | A-B endpoints and visual shoreline geometry | Map-derived; approximate
Elevation, slope and aspect for final GIS model | 30 m DSM; final recommended
source

Long-term GHI, DNI, GTI and optimum tilt 1994/1999/2007-2018 climatology,
source dependent

Copernicus DEM GLO-30

Global Solar Atlas

ERAS Hourly surface solar radiation and meteorology | 1940-present; reanalysis
MERRA-2 Hourly solar and atmospheric fields 1980—pr§sent; independent
reanalysis
Energy-weighted “time-of-use” optimal orien- | Published
Gardashov (2022) tation mathematical/software method
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3. Methodology

Shoreline-constrained terrain corridor

The shoreline is treated as the water-land boundary. The A-B shoreline segment is selected and a 200 m
one-sided landward buffer is formed. Reservoir-water cells are excluded by the water mask, and all terrain
beyond 200 m inland is removed. This procedure implements the clarification that endpoint uncertainty may
act along the coastal line but must not place the study area in water or deep inland terrain.

Terrain tilt and azimuth

For a georeferenced elevation surface z(x, y), the local gradients dz/dx and dz/dy are calculated.

Terrain tilt 6 and downslope azimuth ¢ are obtained from

B = arctan \(0z/0x)2 + (0z/0y)? and the four-quadrant aspect relation. Flat or unreliable water-mask cells are
omitted. Copernicus GLO-30 is used because it provides open 30 m elevation data; it is technically a digital
surface model and therefore may include vegetation and structures (Copernicus Programme, 2024).

“Time-of-use” optimal orientation
Gardashov (2022) defines the optimal tilt, Gop: time of use , for a selected time interval (“time-0f-use”) by
weighting daily optimal tilts 6o :, (i = 1,2, ... ,365) with the corresponding incident direct solar energy S::

is iz
gopt_time of use — Z Bopt_i i, Pi=Si/ Z Sj
i=i1

J=iy

Where, i1 and i, the day numbers of year between which optimal direction of panel for “time of use” should
be found.

The same principle can be applied to azimuth through a circular energy-weighted mean. In Table 2 for the
present calculation, the adopted south-facing target orientations and tolerances are listed.

Table 2
Target PV orientations and screening tolerances
Period Target tilt (°) Target(il)zimuth "l;}z ;(,)lAeg— AzimuthA‘E;ﬂerance,
Annual 34 180 +6° +20°
Spring 19 180 +6° +20°
Summer 19 180 +6° +20°
Autumn 56 180 +6° +20°
Winter 56 180 +6° +20°

A terrain cell is classified as suitable when |8 — 8,,¢| < |A6| and the circular azimuth difference

lo — @opte| < |Ag|. Adjacent suitable cells are grouped into numbered regions. The area of the suitable
region equals to the number of selected cells multiplied by the projected cell area.

Solar irradiation on selected relief

The final calculation uses hourly direct normal irradiation (DNI), diffuse horizontal irradiation and global
horizontal irradiation, followed by a transposition model for each cell’s tilt and azimuth. The beam component
is obtained from DNI multiplied by the cosine of the incidence angle; diffuse and ground-reflected terms can
be estimated with an isotropic, Hay-Davies or Perez model (Duffie & Beckman, 2013; Perez et al., 1990).
Monthly and annual energy are summed over time. ERA5 and MERRA-2 provide independent long-term at-
mospheric forcing, whereas the Global Solar Atlas provides a high-resolution long-term benchmark.

For the preliminary numerical tables, an annual horizontal resource of approximately

1585 kWh m™ yr~' and an annual optimum-plane resource of approximately 1875 kWh m™ yr—' were
adopted, consistent with the central part of the Azerbaijan-wide Global Solar Atlas ranges. Seasonal values
were distributed using a representative monthly climatology. These values are assumptions and they are re-
placed by the extracted site-specific grids in the final version.
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4. Results and discussion

Fig 2(a) presents the 3D terrain model of the 200m wide A-B landward corridor (coastal zone). In Fig.
2(b), the annual suitable areas indicated as 1 and 2, are shown. Fig. 2(c) presents these same areas 1 and 2 in
geographical coordinates (latitude, longitude). Fig 3 and Fig 4 present the suitable areas for Autumn/Winter
and Spring/Summer periods, respectively. Fig 5 represents monthly irradiation distribution. In Table 3 the
annual suitable regions and their estimated areas are given. In Table 4 the Autumn/Winter and in Table 5
Spring/Summer -suitable regions and their estimated areas are presented. In Table 6, the solar energy resource
indicators for the optimal orientation periods (annual, spring/summer, autumn/winter) are presented.

{b) Annual optimally eriented relef
(areas 1 and 2 only)

(¢) Annual suitable areas in
geographial coordnates

{a) 30 terrain model

e
113 z
120 1!7
10 3 \
i 5
Lo . \

% H

3
20 3
Y
\.
0 10 2 30 4 6.7 %8 %69 40 411
Distance aiong northemn shereline from A (km) Longhude {*E)

Fig. 2. (a) 3D model of the A-B landward corridor; (b) annual suitable areas 1 and 2; (c) annual suitable areas 1 and 2 presented in
geographical coordinates (lat, lon).

Table 3
Annual suitable regions
Region No. Start from A (km) | End from A (km) Area (m?)
1 6.56 9.49 56,293
2 18.56 20.59 34,194
(a) Autumn/Winter suitable areas (b) Autumn/Winter suitable areas (in lat.lon)
41,0004 S
40.9751 N =\ x
§ 40,950 > 3
% £ w092 .
g 5 w.ers R
3 40,850
40.825 N
40,800
10 20 30 46.7 46,8 46,9 47.0 471
Oistance along northern shoreline from A (km) Longitude {*E)

Fig 3. (a) Autumn/Winter suitable areas 1 and 2; (b) Autumn/Winter suitable areas 1 and 2 presented in geographical coordinates (lat, lon).

Table 4
Autumn/Winter -suitable regions
Region No. Start from A (km) End from A (km) Area (m?)
1 7.29 8.93 35,823
2 19.05 19.96 14,655
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(a) Spring/Summer suitable areas (b) Spring/Summer suitable areas (in lat. lon)
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Fig 4. (a) Spring/Summer suitable areas 1, 2, 3 and 4; (b) Spring/Summer suitable areas 1, 2, 3 and 4 presented in
geographical coordinates (lat, lon).

Table 5
Spring/Summer -suitable regions
Region No. Start from A (km) End from A (km) Area (m?)
1 0.00 14.90 2,804,408
2 17.93 25.26 1,276,127
3 37.44 38.31 6,513
4 38.80 45.01 1,221,462
Table 6
Areas and solar-resource indicators for the annual and seasonal optimal orientation periods
Target azimuth Mean energy (kWh Mean
Period Target tilt (deg) & (deg) 4 Area (m?) > er?gd") irradiance
g p (W m—2)
Annual 34 180 90487 1875 214
Spring/Summer 19 180 5308510 659 305
Autumn/Winter 56 180 50477 422 195

As can be seen from Table 6, the optimal tilted area for spring/summer is approximately 50 times larger
than the annual optimal tilted area and 100 times larger than the optimal tilted area for autumn/winter. At the
same time, for autumn/winter period, the annual and autumn/winter optimally tilted areas receive approxi-
mately the same amount of irradiation; for summer period the annual and summer/spring optimally tilted (Fig.
5). As a result of information presented in Table 6 and in Fig 5, we obtain final assessment of solar energy
potentially available for production (Table 7). The yearly produced solar energy is greater in summer/spring
tilted areas and it is about 1.4 mil. MWHh. This is enough to meet the electricity demands of approximately
226,000 businesses (residential buildings, infrastructure facilities, etc.) with a monthly consumption of 500
kWh. The Mingechevir Reservoir and its coastal zone are intensively used to support sport boating, fishing,
tourism, and ecology-related activities, and therefore the use of clean energy is extremely important in that
region.

The principal physical advantage of the northern shore is its generally south-facing downslope direction.
Unlike a flat site, where mounting structures must create the complete tilt, naturally inclined terrain can reduce
earthworks and support rows that follow the relief. However, favorable slope and aspect alone do not establish
constructability. Geotechnical stability, erosion, drainage, access roads, vegetation, land ownership, protected
zones, reservoir-level variation and grid distance must also be assessed.

The estimated areas depend strongly on angular tolerance. Narrower tolerances increase optical similarity
to the ideal PV plane but reduce usable land and may fragment the selected regions. Wider tolerances increase
area but can introduce shading, row-layout and non-uniformity problems. A final multi-criteria model should
therefore optimize energy, grading cost, cable length, erosion risk and ecological constraints simultaneously.
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Fig 5. Monthly irradiation for optimally oriented areas in annual, autumn/winter, and spring/summer

Table 7
The Annual, Spring/Summer and Autumn/Winter optimal oriented areas solar energy indicators
Annual | Annual | Spring/ Spring/ Spring/ Autumn/ Aut.umn/ Aut.umn/
Annual GTIopt| PV out,| Summer Summer | Summer Winter Winter | Winter
Month | GTI opt i GTI opt to| PV out, GTI opt | PV out,
- to Area | 15% eff| GTI opt GTI opt
(kWh m™) (MWh) | (MWh) | (kWh-m?) Area 15% eff (kWh-m) to Area | 15% eff
(MWh) (MWh) (MWh) | (MWh)
Jan 84 7600 1140 77 408755 61313 84 4240 636
Feb 111 10044 1506 96 509616 76442 111 5602 840
Mar 150 13573 2035 136 721957 108293 150 7571 1135
Apr 171 15473 2320 164 870595 130589 161 8126 1218
May 192 17373 2605 192 1.019E+06 | 152850 172 8682 1302
Jun 204 18459 2768 209 1.109E+06 | 166350 180 9085 1362
Jul 214 19364 2904 217 1.152E+06 | 172800 190 9590 1438
Aug 195 17644 2646 196 1.04E+06 | 156000 182 9186 1377
Sep 166 15020 2253 156 828127 124219 142 7167 1075
Oct 137 12396 1859 116 615787 92368 135 6814 1022
Nov 92 8324 1248 83 440606 66090 92 4643 696
Dec 72 6515 977 67 355670 53350 72 3634 545
Yearly 161785 | 24261 9071113 | 1360666 84340 12651

The method has practical relevance beyond a conventional ground-mounted PV plant. Suitable natural
slopes could host distributed arrays, agrivoltaic strips, reservoir-side auxiliary power, irrigationpumping sys-
tems, tourism facilities or hybrid land-floating PV schemes. The reservoir environment also creates possible
cooling advantages, but humidity, corrosion and shoreline winds must be considered.

5. Conclusion
In the current study, the northern Mingechevir Reservoir shoreline between the map-derived A and B

points is studied as a one-sided 200 m landward coastal zone without allowing coordinate uncertainty to extend
into the water or deep inland. The time-of-use method of Gardashov (2022) has been adopted for the study of
the annual, spring/summer, and autumn/winter optimally oriented areas of wrinkled terrain on the northern
coastal zone of Mingechevir Reservoir. Future work should include high-resolution DEM validation, hori-
zon/shadow analysis, hourly transposition modelling, PV rowlayout optimization, geotechnical and environ-
mental screening, grid-connection analysis, and comparison with floating PV on the reservoir.
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MOTEHIUAJI COTHEYHOM SHEPTETHKU HA YYACTKAX XOJIMHUCTOI'O PEJBE®A C ONNTUMAJILHOM
OPUEHTAIMEN CKJIOHOB B CEBEPHOM ITPUBPEKHOM 30HE MUHISTYEBUPCKOI'O BOJOXPAHUIMIIA

Tapaamos J.P.5%*, Mamaes III.M.3
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Pe3ztome. B nccienoBaHNN OIEHMBACTCS MOTEHIMAN COJTHEYHON SHEPIHM Ha yJacTKaxX MECTHOCTH C €CTECTBEHHBIM YKJIOHOM B
npezesnax moJocsl cyu mrpruHoi 200 M BIOJb M3PE3aHHOT0 CEBEPHOT0 MO0epekbst MUHISTYEBUPCKOTO BOJAOXpAaHMIUINA B A3epoaii-
JokaHe. JIMHUS McClieIoBaHMs TPOCTHPACTCSI MEXAY OIPEIeIEHHBIMU 10 KapTorpaduyecKuM JaHHbIM Toukamu A (41,0028° c. mr.,
46,6509° B. 1.) u B (40,8000° c. 1., 47,1127° B. 1.). MeToaonorus o0beauHIET Mpeaioxennbiit ['apaamossiM (2022) moax0/1 K ONTH-
MaJIbHOM OpUEHTAIMK C y4E€TOM BPEMEHHU HCIOJIb30BaHMS COJIHEYHOM SHEPIUH, OLIEHKY NPUTOAHOCTH TEPPUTOPHM MO KPYTH3HE U
9KCIIO3MIMU CKJIOHOB, & TaK)K€ MHOTOJICTHHE JIaHHBIC O COJIHEYHBIX JHepreTndeckux pecypcax u3 Global Solar Atlas, ERAS5 u
MERRA-2. Iy npeoTBpamnieHus BKIIOYEHHS aKBaTOPHH BOJOXPAHIIAINA HIH YAAIEHHBIX OT Oepera y4acTKOB CYIIH BCIEICTBHE
TIO3UIIMOHHOM HeOonpeneNnéHHOCTH HaJanbHas W KOHEYHAs TOYKH PACCMaTPHBAIOTCS KaK OMOpPHBIE OPUEHTHPHI BJIOJTH MOOEPEXbs.
Mexy GpKkalIIuMy K HUM O€peroBBIMH ITO3UIMSIMU POCIISKUBACTCS OeperoBast INHMS, TTocie 4ero GopMupyeTcst 0THOCTOPOHHSIS
Oydepnas 30Ha mupuHOoH 200 M B HaNpaBIEHUU CYIIH, ONPEeNIomas TPaH:IbBI HCCIeAyEeMOro IOJIUroHa. LleneBbie mapamMeTpsl
OpHEHTALMH IJIsl TOI0BOTO, BECEHHE-JIETHETO M OCCHHE-3MMHET0 [IEPHO/I0B IPHHSTHI COOTBETCTBEHHO paBHbIMU 34°/180°, 19°/180° u
56°/180° (yrou HaKJIOHA/a3UMYT) C Y4ETOM YCTAHOBJICHHBIX TOMYCTUMBIX YIJIOBBIX OTKIOHEHUH. [IpH MOCTPOCHUH YUCIICHHON MOIeH
penbeda HUCHONB30BAUCH TeONpHBsI3aHHas OeperoBast JIMHUS U COOTBETCTBYIOIINE (parMeHThl nudpoBoii Moaenu penbeda Coper-
nicus GLO-30. OueHka MpUroAHOCTH TEPPUTOPHH TTOKA3BIBACT, YTO CEBEPHOE MOOEPEKbE 001a/1aeT OIaronpUATHBIMU CTPYKTYPHBIMU
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XapaKTepUCTUKAMU, TIOCKOJIBKY 3HAYMTEbHAS YACTh CKJIOHOB OPUEHTHPOBAHA IIPEUMYILECTBEHHO Ha 0T, B CTOPOHY BOJIOXPAHHJIHIIA.
PacuérHast 1oma b IPUroHBIX YIaCTKOB OKa3aach HAMOOJIBINEH JIIs JIETHETO M BECEHHE-OCEHHETO BAPHAHTOB OPUEHTAIIUH, MEHb-
IIeH TS TOZI0BOrO BapHAHTA U OTPAHMYEHHOM JJIsi 3MMHET0 BapUaHTa, TpeOyroliero 6osee KpyToro yria HakiaoHa. [lomydeHHbIe pe-
3yJbTaThl MOATBEPKIAIOT MEPCIIEKTHBHOCTD pasmMenieHust (oroanekrpuueckux (PV) maneneil Ha NMpHOPEKHBIX CKIOHAX C €CTe-
CTBEHHO OJIAronpHsATHOMN OpHeHTalueil. BMecte ¢ TeM MokasaHo, 9TO JJisi OKOHYATEIBHOTO ONPEACIICHHSI HHKECHEPHO-TEXHUYECKHUX
apamMeTpoB HEOOXOMUMBI HEMTOCPEACTBEHHbIE JaHHbIe HU(GPOBOH MOJIEIH pelibe(a BHICOKOTO MPOCTPAHCTBEHHOTO Pa3pellCHHs, a
TAK)KE CBEJICHUSI O 3€MEIbHOM MOKPOBE, TEOTEXHMYECKHX YCIOBHUAX M BOSMOXKHOCTSX MOIKIIOYEHHS K DIICKTPUIECCKUM CETSIM.

Knroueswie cnosa: Munesuesupckoe 6000XpaHuiuuje, COTHEUHAs SHEP2USL, OPUCHMAYUSL (POMOINEKMPUYECKUX YCIMAHOBOK, IKCNO-
3uyUs CKIOHO8, yugposas modens penveda, Global Solar Atlas, ERAS, MERRA-2, epems ucnonv3osanus

MIiNGOCEVIR SU ANBARININ SIMAL SAHIL ZONASINDA PARCALANMIS RELYEFIN
OPTIMAL SOMTLONMIS SAHOLORININ GUNOS ENERJiSi POTENSIALI

Qardasov E.R.}?*, Masayev S.M.3
IAzarbaycan Respublikas: Elm va Tahsil Nazirliyi, Geologiya va Geofizika Institutu, Azarbaycan
AZ1143, Baki, H. Cavid pr. 119
2Azarbaycan Doviat Neft va Sanaye Universiteti, Azarbaycan
AZ1010, Baki, Azadlig pr. 20
3Mingagevir Déviat Universiteti, Azarbaycan
AZ4500, Mingagevir, D. Oliyeva kii¢. 21
*Masul miiollif: emin_gardashov@yahoo.co.uk

Xiilasa. Todgigatda Azarbaycanin Mingagevir su anbarinin girintili-gixintili gimal sahili boyunca qurunun igarisina dogru uzanan
200 m eninds zolagda tobii meyilliys malik orazilorin giinas enerjisi potensiali qiymatlondirilmigdir. Todgigat Xstti Xorito osasinda
miisyyan edilmis A (41,0028° sm. e., 46,6509° s. u.) vo B (40,8000° sm. e., 47,1127° . u.) noqtslori arasinda uzanir. Metodologiya
Qardasovun (2022) giin orzindo istifads vaxtina osaslanan optimal istiqgamatlondirms yanasmasini, relyefin meyilliyi vo yamaclarin
ekspozisiyasi tizro uygunlugun giymotlondirilmosini, hamginin Global Solar Atlas, ERA5 vo MERRA-2 molumat bazalarinin uzun-
miiddatli giinas enerjisi ehtiyatlarina dair gostaricilorini birlogdirir. Mévqe geyri-miiayyanliyi noticasinds su anbarinin akvatoriyasinim
Vs ya sahildon uzaqda yerlagon quru orazilarin todgigat sahosine daxil edilmasinin qargisini1 almaq magsadilo baglangic va son noqtalor
sahilboyu istinad noqtalori kimi gobul edilmis, onlarin sahil xattino on yaxin mdvqelari arasinda sahil xotti miisyyanlogdirilmis vo
qurunun igarisina dogru bir tarafli 200 m-lik bufer zona yaradilaraq tadgiqat poliqonu formalasdirilmisdar. 1llik, yaz-yay va payiz-qus
dovrlori tiglin hodaf istigametlondirmo parametrlori miivafiq olaraq 34°/180°, 19°/180° va 56°/180° (meyillik bucagi/azimut) gabul
edilmis vo bucaglar tizro yol verilon konarlagmalar nozoro alinmigdir. Relyefin ragomsal modelinds cografi koordinatlarla slagslon-
dirilmis sahil xattindan vo Copernicus GLO-30 rogomsal yiiksaklik modelinin miivafiq fragmentlorindan istifads edilmigdir. Orazilarin
uygunluq baximindan qiymotlondirilmosi gostarir ki, simal sahili struktur baximindan slverislidir, ¢iinki yamaclarin shamiyyatli hissasi
imumilikds conuba, su anbarma dogru istiqgamotlonmisdir. Glinas enerjisindon istifads iigiin uygun hesab edilon srazilorin toxmini
sahosi yay veo Yyaz-payiz istigamatlondirms variantlarmda on boyiik, illik istigamatlondirms variantinda nisbaton kigik, daha boyiik
meyillik bucagi tolob edon qis variantinda iso mohdud olmugdur. Noticalor tobii istigamstlonmis sahil yamaclarinda fotovoltaik (PV)
panellarin yerlogdirilmosi konsepsiyasinin mogsadouygunlugunu tasdiglayir. Bununla yanasi, yekun miihandis-texniki hesablamalarin
aparilmasi tigilin yiiksok mokan ayirdetmasine malik birbasa rogomsal yiiksoklik melumatlarinin, torpaq ortilyiins, geotexniki soraito vo
elektrik sobokasine qosulma imkanlarina dair melumatlarin olds edilmasinin zoruriliyi gostorilir.

Acgar sézlor: Mingagevir su anbari, giinas enerjisi, fotoelektrik qurgularin somtlonmasi, yamaclarin ekspozisiyasi, ragamsal
yiiksaklik modeli, Global Solar Atlas, ERA5, MERRA-2, istifada vaxt:
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ASSESSMENT OF THE IMPACT OF ROAD TRAFFIC NOISE ON THE URBAN
ENVIRONMENT AND POPULATION HEALTH IN GABALA CITY

Aliyev A.A.**, Mammadov M.L!, Abdullayeva Kh.R.?
Unstitute of Geography, Ministry of Science and Education of the Republic of Azerbaijan
117, H. Javid Ave., Baku, AZ1073
2Mingachevir State University, Azerbaijan
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*Corresponding author: anvar.aliyev@geo.edu.az

Summary. Road traffic noise is an increasingly important environmental concern in urban areas,
particularly in cities experiencing growth in transport activity and tourism. This study assesses road
traffic noise levels in Gabala City, Azerbaijan, and evaluates their potential implications for the urban
environment and population health. Field measurements were conducted at selected monitoring
points along major urban streets characterized by relatively high traffic intensity. Noise levels were
measured using a SVAN 947 sound level meter, with observations focusing primarily on Category

Keywords road traffic noise, Il and IV streets. The measured values were evaluated against the noise limits adopted in the study.
environmental noise, urban The results indicate that average road traffic noise levels at most monitoring locations remained
environment, population within or below the referenced limits; however, during peak traffic periods, noise levels along 28

health, noise pollution, traffic | May, V. Gahramanov, A. Javad, and H. Javid streets and avenues exceeded the reference level by
intensity, Gabala, Azerbaijan approximately 7-10 dB. Particular attention is given to potentially vulnerable population groups,
including children, older adults, and pregnant women. The findings demonstrate the importance of
continuous urban noise monitoring, improved roadside green infrastructure, traffic management, and
regular technical inspection of vehicles. The study provides an empirical basis for integrating envi-
ronmental noise considerations into urban and transport planning in Gabala.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

Introduction

The rapid development of transportation infrastructure provides substantial economic and social benefits;
however, it is also associated with increasing environmental pressures. Road transport, in particular, affects
various components of the urban environment through atmospheric emissions and noise pollution. Unlike
many natural environmental processes, anthropogenic impacts may occur rapidly and intensively, potentially
exceeding the capacity of ecosystems to recover. The continuous growth of motorized transport therefore rep-
resents an important source of environmental pressure in urban areas.

Road vehicles are among the major mobile sources of urban environmental pollution. In addition to at-
mospheric emissions, increasing traffic volumes contribute substantially to environmental noise. In Azerbai-
jan, the number of motor vehicles has increased considerably in recent years. According to the statistical in-
formation cited in the study, the total number of motor vehicles in the country exceeded 1.95 million by the
end of 2025, approximately 85% of which were passenger cars. The vehicle fleet increased by approximately
5.5%, or 94,934 vehicles, within one year. These trends highlight the growing importance of assessing
transport-related environmental pressures in Azerbaijani cities.

Road traffic noise is generated by multiple components and processes, including engines, transmission
systems, exhaust systems, vehicle horns, and tire—road interaction. Its intensity is additionally influenced by
road surface characteristics, topography, vehicle condition, traffic speed and intensity, and the presence of
urban vegetation. Consequently, traffic noise represents a complex environmental problem whose spatial and
temporal characteristics may vary considerably within the same urban area.
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Environmental noise is also relevant to public health. The source material associates prolonged exposure
to elevated noise levels with adverse effects on the nervous and cardiovascular systems, chronic fatigue, re-
duced concentration and memory, and disturbances in rest and recovery. Such effects may be particularly
important for vulnerable population groups, including children, older adults, and pregnant women.

Despite growing international attention to environmental noise, the source manuscript identifies a lack of
sufficiently detailed research on road traffic noise in Azerbaijan. This research gap is particularly relevant for
developing urban and tourism centers where increasing mobility may intensify environmental pressures.
Gabala City, located on the southern slopes of the Greater Caucasus, represents an important case because of
its tourism potential and relatively intensive road traffic. Accordingly, this study aims to measure and assess
road traffic noise at selected locations in Gabala City and evaluate its potential implications for the urban
environment and population health.

Literature review

Environmental noise is increasingly recognized as an important urban environmental and public-health
concern. Road traffic is one of the principal sources of environmental noise exposure, particularly in densely
populated urban areas. According to the World Health Organization (WHO), prolonged exposure to environ-
mental noise is associated with adverse outcomes including annoyance, sleep disturbance, cardiovascular ef-
fects, cognitive impairment, and reduced well-being. WHO recommends reducing average road traffic noise
exposure below 53 dB Lden and night-time exposure below 45 dB Lnight to minimize adverse health effects
(World Health Organization, 2018).

Recent epidemiological evidence further supports the relevance of road traffic noise to population health.
A systematic review and dose-response meta-analysis by Fu et al. (2023), incorporating 23 studies, found that
each 10 dB increase in road traffic noise exposure was associated with an approximately 2% increase in overall
cardiovascular disease risk, with stronger associations reported for some cardiovascular outcomes. More recent
systematic evidence has similarly reported positive exposure-response relationships between long-term road
traffic noise and myocardial infarction and stroke, reinforcing the importance of incorporating environmental
noise into urban health assessments.

The magnitude of traffic noise is influenced by a combination of transport and environmental factors,
including traffic volume, vehicle speed and composition, road-surface characteristics, vehicle condition, urban
morphology, topography, and the spatial relationship between roads and residential areas. Consequently, ef-
fective noise assessment requires not only measurement of sound levels but also consideration of the charac-
teristics of the surrounding urban environment. WHO guidance emphasizes interventions at both the noise
source and transmission pathway, including traffic-flow management, appropriate road surfaces, vehicle-re-
lated measures, barriers, insulation, and urban planning interventions.

In Azerbaijan, previous research has addressed the environmental impacts of road transportation, includ-
ing traffic intensity and associated anthropogenic pressures (Aliyev, 2013; Khalilov, 2006). However, the
available literature remains limited with respect to instrument-based assessments of road traffic noise in re-
gional urban centers. This research gap is particularly relevant for Gabala, where tourism development and
increasing mobility may intensify transport-related environmental pressures. Therefore, field-based assess-
ment of road traffic noise in Gabala provides an opportunity to establish baseline evidence for subsequent
environmental monitoring and urban planning.

Materials and methods

Study area

The study was conducted in Gabala City, Azerbaijan, located on the southern slopes of the Greater
Caucasus. Gabala is characterized by an expanding tourism sector and increasing road traffic activity, making
traffic-related environmental noise an important issue for urban environmental assessment. According to the
statistical data used in this study, the city covers an area of approximately 9.5 km? and had a population of
15,319 in 2025.

To obtain a spatially representative assessment of road traffic noise, monitoring locations were selected
along streets characterized by different road categories and traffic conditions. Particular attention was given
to Category 111 and IV streets, where relatively intensive traffic was observed. The monitoring network
covered different parts of the urban road system in order to identify spatial variations in traffic-generated
noise. The spatial distribution of the monitoring points and the corresponding noise-level classes is presented
in Figure 1.
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Fig. 1. Spatial distribution of road traffic noise monitoring points and measured noise levels in Gabala City, Azerbaijan

Noise measurement and assessment

Road traffic noise measurements were conducted using a SVAN 947 sound level meter at the selected
monitoring locations. The measurements were subsequently processed to characterize the average noise con-
ditions at the investigated sites. More than 36 observation records obtained during the field survey were ana-
lyzed to evaluate the spatial variation in road traffic noise across Gabala City.

For spatial interpretation, the measured noise levels were grouped into three classes: <56 dB, 56-66 dB,
and >66 dB. These classes were used to visualize the distribution of relatively low, moderate, and high meas-
ured noise levels across the urban road network (Figure 1). The classification provides a spatial representation
of locations where road traffic noise was comparatively elevated and facilitates comparison among different
parts of the city.

The field observations focused on roads with relatively high traffic intensity and considered the influence
of road and traffic characteristics on the urban acoustic environment. The resulting measurements were com-
pared across monitoring locations to identify areas where elevated noise levels occurred, particularly during
periods of intensive road traffic. The analysis therefore combined instrument-based field measurements and
spatial assessment to characterize road traffic noise conditions in Gabala City.

Population-based assessment

To complement the environmental noise assessment, demographic data for Gabala City were examined to
identify population groups potentially more sensitive to noise exposure. In 2025, the city had a population of
15,319, comprising 7,565 males (49.4%) and 7,754 females (50.6%). Children aged 0-14 accounted for 3,294
persons (21.5%), the working-age population aged 15-64 comprised 10,646 persons (69.5%), and residents
aged 65 years and older accounted for 1,379 persons (9.0%).

These demographic characteristics were considered in interpreting the potential public-health relevance
of traffic noise, with particular attention to children and older residents as potentially vulnerable population
groups. However, because the study did not include individual-level clinical or epidemiological measurements,
the health component was interpreted as an exposure-related assessment rather than evidence of direct causal
health effects.
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Results and discussion

Road traffic noise can have different effects on human health depending on the intensity and duration of
exposure as well as individual susceptibility. The source material indicates that the response to environmental
noise may vary according to age, sex, and health status, with children, older adults, and pregnant women con-
sidered particularly sensitive groups. It further notes that prolonged exposure to elevated noise levels may
affect sleep and contribute to physiological responses involving the cardiovascular and nervous systems.

For a general representation of the relationship between noise intensity and the reported effects considered
in the source study, noise levels ranging from 30 to 150 dB are presented in Figure 2.

NO EFFECT EVENING CHILDREN'S DAYTIME TOLERANCE HEARING LETHAL
THRESHOLD AWAKENING THRESHOLD THRESHOLD IMPAIRMENT EFFECT

Fig. 2. Noise levels and their reported effects on human health (dB).

The information presented in Figure 2 illustrates that the potential effects associated with noise become
progressively more severe as sound intensity increases. However, the health implications of environmental
noise cannot be determined solely by a single sound-pressure level, as they also depend on exposure duration,
frequency, time of day, individual susceptibility, and other environmental and health-related factors. There-
fore, Figure 2 should be interpreted as a general representation of the noise-effect categories considered in the
source study rather than as evidence of health outcomes among the population of Gabala.

The field measurements conducted in Gabala demonstrated spatial and temporal differences in road traffic
noise levels. Along 28 May Street, V. Gahramanov Street, A. Javad Street, and H. Javid Avenue, average noise
levels were generally within the reference range; however, during certain peak traffic periods, the measured
values exceeded the reference level by approximately 7-10 dB. In contrast, measurements along 20 January
Street, S. Vurgun Street, P. Hashimov Street, and H. Aliyev Avenue were generally at or below the reference
level.

These findings demonstrate that road traffic noise is not uniformly distributed throughout Gabala City.
Higher noise levels were associated with particular road sections and periods of increased traffic activity. This
spatial variation may be influenced by several interacting factors, including traffic intensity and speed, vehicle
condition, road-surface characteristics, topography, and the presence of roadside vegetation.

Analysis of more than 36 observation records indicates that the overall road traffic noise environment in
Gabala was not characterized by uniformly elevated noise levels during the study period. Nevertheless, the
occurrence of values exceeding the reference level during peak traffic periods identifies localized areas where
continued environmental noise monitoring may be necessary.

Population exposure and potential health relevance

The demographic structure of Gabala City was also considered when evaluating the potential relevance of
environmental noise exposure. In 2025, the city had a total population of 15,319, including 7,565 males
(49.4%) and 7,754 females (50.6%). Children aged 0-14 years accounted for 3,294 residents (21.5%), while
10,646 residents (69.5%) were aged 15-64 years and 1,379 (9.0%) were aged 65 years or older.

As shown in Figure 3, females represent 50.6% and males 49.4% of the city’s population, indicating a nearly
balanced sex distribution. Children aged 014 years constitute more than one-fifth of the total population, while
residents aged 65 years and older account for 9.0%. These demographic characteristics are relevant to environ-
mental noise assessment because population groups may differ in their susceptibility to noise exposure.
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Fig. 3. Age and sex structure of the population of Gabala City in 2025.

However, the present study did not collect individual-level medical data or directly assess associations
between measured noise exposure and specific diseases among Gabala residents. Therefore, the findings
should be interpreted as an environmental exposure assessment with potential public-health relevance, rather
than as evidence of a causal relationship between road traffic noise and health outcomes.

Conclusion

This study assessed road traffic noise in Gabala City, Azerbaijan, using instrument-based field measure-
ments at selected locations representing different road categories and traffic conditions. The findings demon-
strate that road traffic noise varies spatially and temporally across the city and is particularly influenced by
periods of increased traffic intensity.

The measurements showed that average noise levels at many monitoring locations remained within or
below the reference levels applied in the study. However, during peak traffic periods, noise levels along 28
May Street, V. Gahramanov Street, A. Javad Street, and H. Javid Avenue exceeded the reference level by
approximately 7-10 dB. In comparison, measurements along 20 January Street, S. Vurgun Street, P. Hashimov
Street, and H. Aliyev Avenue were generally within or below the reference range.

The spatial distribution of the measurements indicates that environmental noise in Gabala is characterized
by localized traffic-related hotspots rather than uniformly high noise levels throughout the city. Although the
observed conditions do not demonstrate direct health effects, elevated noise levels at specific locations may be
environmentally relevant, particularly for potentially vulnerable population groups such as children and older
residents. Therefore, the results should be interpreted as an assessment of environmental noise exposure rather
than as evidence of a causal relationship between traffic noise and specific health outcomes.

Considering the continued development of Gabala as an urban and tourism center, increasing traffic vol-
umes may intensify noise-related environmental pressures in the future. Consequently, systematic monitoring
and the integration of environmental noise considerations into urban planning, transport management, and
public-health protection strategies are important for maintaining a sustainable urban environment.

Recommendations

Based on the findings, regular road traffic noise monitoring should be conducted at locations characterized
by intensive traffic, particularly during peak periods. Priority should be given to areas where elevated noise
levels were identified during the field measurements.

Urban and transport planning should incorporate measures aimed at reducing traffic-related noise expo-
sure. These should include the development and maintenance of roadside green belts, improvement of traffic-
flow management, regular technical inspection of motor vehicles, and consideration of noise exposure when
locating sensitive facilities such as schools and childcare institutions. These measures are consistent with the
preventive actions proposed in the original study.

Particular attention should also be given to monitoring areas used frequently by potentially vulnerable
population groups. Continued collection of standardized noise data would make it possible to identify long-
term trends, evaluate changes associated with increasing traffic intensity, and provide a stronger scientific basis
for future environmental and urban-management decisions.

70


https://doi.org/10.33677/GGIANASCONF20230300009

A.A.Aliyev et al. | ANAS Transactions, Earth Sciences, Special Issue / 2026, 66-72; DOI: 10.33677/GIANASCONEF20260300009
REFERENCES

Aliyev, A.A. (2013). Monitoring of traffic intensity and environmental conditions on the Baku—Guba—-Russian border (M-1) highway.
Proceedings of the Azerbaijan National Academy of Sciences, Earth Sciences, (1), 96-99.

Aliyev, A.A. (2018). The impact of noise on human health. International Scientific Journal “Internauka”, 2(42), 16-20.
https://doi.org/10.25313/2520-2057-2017-18-3248

Basner, M., McGuire, S., Miiller, U., Elmenhorst, E.-M., Bozigar, M., de Kluizenaar, Y., Janssen, S., Witte, M., & Guski, R. (2022).
Environmental noise and effects on sleep: An update to the WHO systematic review and meta-analysis. Environmental Health
Perspectives, 130(7), 076001. https://doi.org/10.1289/EHP10197 ACS Publications

Clark, C., & Paunovic, K. (2018). WHO environmental noise guidelines for the European Region: A systematic review on environ-
mental noise and quality of life, wellbeing and mental health. International Journal of Environmental Research and Public Health,
15(11), 2400. https://doi.org/10.3390/ijerph15112400 PubMed Central (PMC)

Dory, D. (1992). Towards a geographic analysis of pluralistic health care systems. Geographia Medica, Supplement 8, 61-64.

Fu, X., Wang, L., Yuan, L., Hu, H., Li, T., Zhang, J., Ke, Y., Wang, M., Gao, Y., Huo, W., Chen, Y., Zhang, W., Liu, J., Huang, Z.,
Zhao, Y., Hu, F., Zhang, M., Liu, Y., Sun, X., & Hu, D. (2023). Long-term exposure to traffic noise and risk of incident cardiovas-
cular diseases: A systematic review and dose-response meta-analysis. Journal of Urban Health, 100(4), 788-801.
https://doi.org/10.1007/s11524-023-00769-0 PubMed

Jafarov, S. (2024). Education Policy of 3rd Generation Universities. Revista De Gestdo Social E Ambiental, 18(6), €05690.
https://doi.org/10.24857/rgsa.v18n6-007

Jafarov, S. (2024). Internationalisation and cultural aspects of online learning, training, and research. Pakistan Journal of Life and
Social Sciences, 22(2), 6437-6452. https://doi.org/10.57239/PJLSS-2024-22.2.00486

Jafarov, S., Babashova, S., Dadashov, T., & Garibov, S. (2024). The influence of intonation on the interpretation of parenthetical
clauses. Pakistan Journal of Life and Social Sciences, 22(2). https://doi.org/10.57239/pjlss-2024-22.2.00810

Khalilov, S.B. (2006). Ecogeographical problems of Azerbaijan. Baku.

Meddour, R., & Sahar, O. (2026). The rare, endemic and threatened vascular flora of Algerian wetlands: A review. Acta Botanica
Caucasica, 5(2), 14-32. https://doi.org/10.30546/abc.2026.30910

Pavlova, E.l. (2004). Ekologiya transporta [Transport ecology]. Transport.

Tolsky, V.E., Butakova, G.V., & Melnikova, B.N. (1995). Shum na transporte [Noise in transport]. Transport.

World Health Organization Regional Office for Europe. (2018). Environmental noise guidelines for the European Region. World
Health Organization.

OLIEHKA BO3JIEMICTBUS IIYMA ABTOMOBUJIbHOI'O TPAHCIIOPTA
HA T'OPOACKYIO CPENY U 31O0POBBE HACEJIEHUS I'OPOJA I'ABAJIBI

AaueB A. A.'*, Mamenos M. U.', A6ayniaesa X. P.”
"Hucmumym eeoecpagpuu Munucmepemea nayku u obpazoganus Azepobatiodscarckoii Pecnybnuku, Azepbatioscan
AZ1073, baky, np. I. /[casuoa, 117
Munesuegupckuil 2ocyoapcmeenblil yHugepcumem, Azepbaiiodxcan
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Pe3rome. 11lym aBTOMOOMIIBHOTO TPAHCIIOPTA CTAHOBUTCS BCE OOJIee 3HAUMMOI 9KOJIOTMUECKOH ITPoOIeMOli B TOPOJICKUX paloHax,
0CcOOEHHO B TOPOAIAX, XapaKTEPU3YIOIIIXCS POCTOM TPAHCTIOPTHOM aKTHBHOCTH U pa3BUTHEM TypHu3Ma. B nccienoBanuy oneHnBarOTCS
YPOBHH IIyMa aBTOMOOMIEHOTO TPaHCIOpTa B Topoe ['abana (A3epbaiimkaH) U pacCMaTPUBAIOTCS HX MMOTEHIMAIBHBIE TOCTEICTBUS
JUISL TOPOZACKOHM Cpebl U 370pOBbs HaceneHus. [loeBsle M3MepeHns! MPOBOIMINCH B BRIOPAHHBIX MYHKTaX MOHHUTOPHHTA BIOJIb OC-
HOBHBIX TOPOJICKUX YIIHII, XapaKTePU3YIOMNXCSI OTHOCUTEIHFHO BBICOKOH HHTEHCHBHOCTBIO TPAHCIIOPTHOTO JBIKEHHS. Y POBHH IIyMa
H3MEpSUTHCH ¢ oMolbio mymMomepa SVAN 947, pu 3ToM HabI0eHus ObUTH COCPEAOTOUYEHBI IpeUMyIlecTBeHHO Ha ynunax 111 n
1A% KaTel"OpPIi’I. nOqueHHbIe 3HAUYCHUS OLICHUBAJIUCH l'lyTéM COITIOCTABJICHUSA C MPEACIbHBIMU YPOBHAMU IIyMa, IPUHATHIMU B UCCJIC-
JOBAaHHWHU. Pe3yﬂbTaTbI IIOKa3bIBAKOT, YTO CPEAHUEC YPOBHHU IITyMa aBTOMOOMJIHLHOTO TpaHCIOpTa B OOJIBIIIMHCTBE IIYHKTOB MOHUTOpPUHIA
HaXOAWJIMCh B MpeAeiaxX YCTAaHOBJICHHBIX B UCCICNOBaHUHW HOPMATUBHBIX 3HAQUCHUM WJIM HMOKE HUX. O)IHaKO B IECPHUOABL IMHKOBOM
TPAHCIIOPTHOM HArpy3KH ypOBHH IlIyMa Ha yiuuax u npocnekrax 28 Mas, B. 'axpamanosa, A. J[xaBana u I'. Jl>)xaBuaa npeBsianu
MIPUHATHI KOHTPOJBHBIN ypoBeHb npubmmsurensHo Ha 7—-10 n1b. Ocoboe BHMMaHUE yaeleHO MOTEHIHATBHO YS3BUMBIM IPyIIIaM
HaCeJICHNs], BKIIIOYast JeTeH, MOXKIIIBIX JIIOeH U OepeMeHHBIX JKeHIINH. [1oydeHHbIe pe3yIbTaThl CBUAETENBCTBYIOT O BXKHOCTH He-
MIPEPBIBHOTO MOHUTOPHHTA FOPOJICKOTO IITyMa, COBEPIICHCTBOBAHMS NIPHUIOPOKHOI 3eN€HOH HHPPACTPYKTYPHI, yIIPABICHUS TPAHC-
HOPTHBIMHU MTOTOKAMU M PETyJSIPHOTO TEXHHYECKOrO OCMOTpPa TPAHCIOPTHHIX cpeAcTB. MccnenoBanne GopMupyeT IMIUPUYECKYIO
OCHOBY I yu€Ta 3KOJIOTHUECKHX aCIEKTOB ITyMOBOT'O BO3/IEHCTBUS TPU T'OPOJCKOM M TPAHCIIOPTHOM IUIaHUpOBaHUU B ["abaie.

Kniouesvle cnoga: asmompancnopmmubiii uiym, IKOI02UYECKUL ULYM, 20POOCKAsL Cpedd, 300P08be HACEIeHUsl, WYMOGOe 3a2ps3He-
Hue, unmencusnocmo osudicenus, I abana, Azepbatioxcan
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QOBOLO SOHORINDD AVTONOQLIYYAT S9S-KUYUNUN SOHOR MUHITIN® VO
OHALININ SAGLAMLIGINA TOSIRININ QiYMOTLONDIRILMOSI

Oliyev 9.A.'*, Mommadov M.I.!, Abdullayeva X.R.2
Azarbaycan Respublikasi Elm va Tahsil Nazirliyi, Cografiva Institutu, Azorbaycan
AZ1073, Baki, H. Cavid pr. 117
2Mingagevir Doviat Universiteti, Azarbaycan
AZ4500, Mingagevir, D. Oliyeva kii¢. 21
*Moasul miidllif: anvar.aliyev@geo.edu.az

Xiilasa. Avtomobil nogliyyatinin yaratdigi sas-kiiy sohor orazilorindo, xiisusilo nogliyyat foaliyystinin vo turizmin inkisaf etdiyi
soharlords getdikca daha mithiim ekoloji problems gevrilir. Todgigatda Azorbaycanin Qobaslo goharinds avtomobil nagliyyatinin yarat-
dig1 sas-kiiy soviyyslori giymotlondirilmis vo onlarin gohor miihitino vo ohalinin saglamligina potensial tosirlori aragdirilmigdir. C6l
Slgmalori nagliyyatin harokot intensivliyinin nishston yiiksok oldugu osas gohar kiigalori boyunca segilmis monitoring montagolorinds
aparilmigdir. Sos-kiiy soviyyslori SVAN 947 sas soviyyesi 6l¢an cihaz vasitssilo 6l¢iilmiig, miisahidalor asason 111 vo IV kateqoriyali
kiigolori ohato etmisdir. Olgiilmiis gostoricilor todgigatda gobul edilmis sas-kiiyiin yol verilon hadlori ilo miigayisali sokilds
giymotlondirilmisdir. Noticolor géstarir ki, monitoring mantagalarinin sksariyystinds avtomobil nogliyyatinin yaratdigi orta sas-kily
soviyyaloari istinad edilon hodlor daxilinds vo ya onlardan asagi olmusdur. Lakin naqliyyatin pik horokot saatlarinda 28 May, V.
Qohromanov, A. Cavad va H. Cavid kii¢o vo prospektlorinds sas-kily soviyyslori istinad gostaricisini toxminon 7-10 dB agmgdir.
Usaglar, yasli insanlar vo hamilo gadinlar da daxil olmagqla, potensial hossas ohali qruplarina xiisusi digqot yetirilmisdir. Todgigatin
naticalori gohor miihitindo sos-kiiyiin davamli monitoringinin aparilmasinin, yolkonari yasil infrastrukturun tokmillogdirilmasinin,
nagliyyatin horokatinin idars edilmasinin vo nogliyyat vasitolorinin miintozom texniki baxigdan kegirilmasinin shomiyyatini gostorir.
Tadgigat Qabals soharinds goharsalma va naqliyyat planlagdirilmasi proseslaring ekoloji sas-kiiy amilinin inteqrasiyasi tigiin empirik
osas yaradir.

Agar sézlar: avtonaqliyyat sas-kiiyii, atraf miihit sas-kiiyii, sohor miihiti, ahalinin saglamiigi, sas-kiiy ¢irklonmasi, nagliyyat harako-
tinin intensivliyi, Qabala, Azarbaycan
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ENVIRONMENTAL ASSESSMENT OF THE EFFECTS OF AIR POLLUTION AND
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Summary. Children with congenital heart defects (CHDs) may be particularly vulnerable to en-
vironmental stressors. This study investigated associations of geomagnetic activity and ambient air
pollution with hematological parameters in 42 children aged 3 months to 15 years with echocardio-
graphically confirmed CHDs in Baku, Azerbaijan. Participants were examined on 21 different days
in 2023. Geomagnetic activity was characterized using the Kp index, while air pollution was assessed
using daily indicators, particularly PM2.5 and particulate matter. Associations with leukocyte, eryth-

Keywords: congenital heart rocyte, and platelet parameters were evaluated using Pearson’s correlation coefficient. The Kp index
defects, geomagnetic activity, was negatively correlated with PLT (r=-0.414, p <0.01) and PCT (r=-0.419, p <0.01). Particulate
Kp index, air pollution, pollution showed positive correlations with WBC (r = 0.321), RDW-SD (r = 0.360), and RDW-CV
PM2.5, hematological (r=0.415), and negative correlations with BAS% (r = —0.434), EOS# (r = —0.444), and EOS% (r =
parameters, children —0.436) (p <0.01). PM2.5 was negatively correlated with PLT (r=—0.374), PCT (r =—0.406), BAS#

(r=-0.567), BAS% (r=—0.478), and EOS# (r =—0.334) (p <0.01). No significant correlations were
found between geomagnetic activity and air-pollution indicators (p > 0.05). These findings suggest
that geomagnetic activity and particulate air pollution are associated with distinct hematological var-
iations in children with CHDs and warrant further investigation in larger longitudinal studies.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

1. Introduction

Environmental and geophysical stressors are increasingly investigated as potential modifiers of cardio-
vascular and hematological health. Among these factors, ambient air pollution and geomagnetic activity have
attracted particular attention because of their reported associations with cardiovascular events and physiolog-
ical responses. Previous studies have suggested relationships between geomagnetic disturbances and cardio-
vascular outcomes, including changes in hemostatic and platelet-related processes [1-4].

Children with congenital heart defects (CHDs) may represent a particularly vulnerable population because
cardiovascular abnormalities and chronic hypoxia can influence compensatory and hematological mechanisms
[5-8]. Environmental exposures may therefore be of particular relevance in this population. However, the
hematological responses of children with CHDs to external physical and environmental factors remain insuf-
ficiently characterized.

Ambient air pollutants, particularly fine particulate matter (PM2.5) and other airborne particles, may also
be associated with hematological and inflammatory responses. Although the effects of geomagnetic activity
and air pollution have been investigated separately, considerably less is known about their relationships with
hematological parameters in children with CHDs. Moreover, whether geomagnetic activity and local air-pol-
lution indicators represent related exposures or act as independent environmental stressors remains unclear.

Baku provides a relevant setting for examining these relationships because children living in the city may
be exposed to variations in both ambient air quality and geomagnetic conditions. Evaluation of these exposures
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together with leukocyte, erythrocyte, and platelet indices may provide additional information on the hemato-
logical responses of children with CHDs.

Therefore, this study aimed to investigate the relationships between geomagnetic activity, represented by
the Kp index, ambient air-pollution indicators, and hematological parameters in children with CHDs living in
Baku, Azerbaijan. In addition, the study evaluated the relationship between geomagnetic activity and the in-
vestigated air-pollution indicators to determine whether their variations were statistically associated.

2. Materials and Methods

2.1. Study Population

The study included 42 children with congenital heart defects (CHDs) admitted to the Department of Pe-
diatric Cardiac Surgery of the Scientific Surgery Center named after Academician M.A. Topchubashov, Min-
istry of Health of the Republic of Azerbaijan, on 21 different days in 2023. The participants ranged in age from
3 months to 15 years, with a mean age of 6.6 years. All participants were permanent residents of Baku, Azer-
baijan.

CHD diagnoses were confirmed by echocardiography and included different structural cardiac abnormal-
ities, such as atrial septal defect, ventricular septal defect, patent ductus arteriosus, and tetralogy of Fallot.

The inclusion criteria were permanent residence in the study area for at least six consecutive months and
clinical and instrumental confirmation of CHD. Children with acute infectious diseases in the active phase,
hematological or autoimmune diseases, or use of medications capable of directly affecting hematological pa-
rameters were excluded. Participation was based on formal ethical consent from the children and their parents
or legal guardians.

2.2. Hematological Assessment

Venous blood samples were collected in the morning under fasting conditions from the antecubital vein
into K3-EDTA tubes. Hematological measurements were performed using a fully automated hematology an-
alyzer.

The investigated parameters included leukocyte indices (WBC, NEUT#, NEUT%, LYM%, BAS#,
BAS%, EOS#, IG#, and 1G%), erythrocyte indices (RBC, HGB, HCT, MCV, MCH, MCHC, RDW-CV, and
RDW-SD), and platelet indices (PLT, PCT, MPV, PDW, and P-LCR).

2.3. Environmental and Geomagnetic Data

Daily environmental and medical data were recorded for the same 21 observation days in 2023. Geomag-
netic activity was characterized using the Kp index, a global measure of disturbances in the Earth's magnetic
field expressed on a scale from 0 to 9. Kp data were obtained from international monitoring sources.

Ambient air-pollution data were obtained from ground-level air-quality monitoring stations. The available
environmental indicators included daily mean concentrations of carbon monoxide (CO) and PM2.5, together
with particulate pollution data used in the subsequent analyses.

2.4. Statistical Analysis

Associations between geomagnetic activity, air-pollution indicators, and hematological parameters were
evaluated using Pearson's correlation coefficient (r). Statistical calculations were performed using Microsoft
Excel. A value of p < 0.05 was considered statistically significant.

3. Results

3.1. Relationship Between Geomagnetic Activity and Air Pollution

No statistically significant correlations were observed between the Kp index and the investigated air-pol-
lution indicators, including CO, SO2, NO2, PM10, PM2.5, and particulate matter (p > 0.05). Thus, variations
in geomagnetic activity during the observation period were not statistically associated with variations in the
measured ambient air-pollution indicators.

3.2. Geomagnetic Activity and Hematological Parameters

Significant negative correlations were observed between the Kp index and PLT (r=-0.414, p <0.01) and
between the Kp index and PCT (r = —0.419, p < 0.01) (Figure 1). In contrast, correlations between the Kp
index and RBC (r = 0.203, p > 0.05) and RDW-SD (r = 0.266, p > 0.05) were weak and not statistically
significant. No correlation between the Kp index and MPV was reported.
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Fig. 1. Relationship between the Kp index and PCT in children with congenital heart defects in Baku

3.3. Particulate Pollution and Hematological Parameters

Particulate pollution showed significant positive correlations with WBC (r = 0.321, p < 0.01), RDW-SD (r
=0.360, p < 0.01), and RDW-CV (r = 0.415, p < 0.01). Significant negative correlations were observed with
BAS% (r=-0.434, p < 0.01), EOS# (r = —0.444, p < 0.01), and EOS% (r = —0.436, p < 0.01). Positive corre-
lations were also reported for NEUT# (r = 0.305, p < 0.01) and NEUT% (r = 0.311, p < 0.01). The relationships
between particulate air pollution and WBC, RDW-SD, and RDW-CYV in children with congenital heart defects
are illustrated in Figure 2.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
——Toz ——WBC ——RDW-SD RDW-CV

Fig. 2. Relationships of particulate pollution with WBC, RDW-SD, and RDW-CV in children with congenital heart defects in Baku

PM2.5 was negatively correlated with several hematological parameters, including PLT (r = —0.374,
p<0.01), PCT (r=-0.406,p < 0.01), BAS# (r=—-0.567, p<0.01), BAS% (r=—-0.478, p <0.01), and EOS#
(r=-0.334, p <0.01). Among these associations, the strongest reported correlation was observed between
PM2.5 and BAS# (r = —0.567).

4. Discussion

The present study identified distinct associations between geomagnetic activity, particulate air pollution,
and hematological parameters in children with congenital heart defects (CHDs) living in Baku. The principal
findings were the negative correlations of the Kp index with PLT and PCT, as well as significant associations
of particulate pollution and PM2.5 with several platelet, leukocyte, and erythrocyte-related indices. At the
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same time, no statistically significant relationship was observed between geomagnetic activity and the
investigated air-pollution indicators. Taken together, these findings suggest that geomagnetic variability and
ambient particulate pollution may represent different environmental exposures associated with distinct patterns
of hematological variation in children with CHDs.

One of the most notable findings was the negative association between geomagnetic activity and platelet-
related parameters. The Kp index was negatively correlated with both PLT (r =—0.414, p < 0.01) and PCT (r
=-0.419, p < 0.01), whereas no significant association with MPV was reported. Previous investigations have
suggested that geomagnetic disturbances may be associated with cardiovascular and hemostatic responses [3—
5]. Changes in platelet activity in relation to space-weather conditions have also been discussed in previous
studies [3, 7]. The present results extend this line of investigation to a pediatric population with congenital
cardiac abnormalities, in which the physiological response to external stressors may differ from that of healthy
adults.

The simultaneous negative associations of the Kp index with PLT and PCT deserve particular attention.
PLT reflects the circulating platelet count, whereas PCT represents the proportion of blood volume occupied
by platelets. Their parallel associations with increasing Kp values may therefore indicate variation in the cir-
culating platelet compartment during periods of increased geomagnetic activity. However, because the present
study is observational and correlation-based, these findings should not be interpreted as evidence that geomag-
netic activity directly causes platelet depletion or thrombocytopenia. Rather, they demonstrate a statistical
relationship that requires confirmation in larger longitudinal studies.

The absence of a significant association between the Kp index and MPV may also be relevant. In the
original hypothesis, this pattern was interpreted as potentially reflecting peripheral platelet consumption rather
than impaired platelet production. Such an interpretation is biologically plausible in the context of CHDs,
because chronic hypoxia and altered cardiovascular hemodynamics may influence platelet activation and mi-
crocirculatory processes [7, 8]. Nevertheless, MPV alone cannot distinguish peripheral platelet consumption
from altered bone-marrow production. Therefore, the present findings should be regarded as supporting a hy-
pothesis that can be tested using additional markers of platelet activation, coagulation, endothelial function,
and bone-marrow response.

The vulnerability of children with CHDs may be particularly relevant when interpreting these observa-
tions. Congenital structural abnormalities of the heart can be accompanied by chronic or intermittent hypox-
emia, altered blood flow, and compensatory hematological responses. Previous work has described hemato-
logical adaptation in pediatric patients with CHDs under chronic hypoxic conditions [8]. Against this back-
ground, additional environmental or geophysical stressors could potentially be associated with measurable
changes in circulating blood-cell parameters. The present study does not establish the biological pathway re-
sponsible for such changes, but the observed platelet-related associations indicate that this question merits
further investigation.

In contrast to the platelet-dominant pattern observed for the Kp index, particulate air pollution was asso-
ciated with a broader spectrum of hematological parameters. Total particulate pollution showed positive cor-
relations with WBC, RDW-SD, RDW-CV, NEUT#, and NEUT%, together with negative correlations with
BAS%, EOS#, and EOS%. These findings indicate simultaneous variations in leukocyte and erythrocyte-dis-
tribution indices in relation to particulate exposure. The positive association with WBC and neutrophil indices
may be consistent with an inflammatory response to airborne particulate exposure, although the cross-sectional
correlation analysis used in this study cannot establish an inflammatory mechanism.

The associations involving RDW are also of interest. RDW-CV and RDW-SD characterize variation in
erythrocyte size and are commonly used as indicators of erythrocyte heterogeneity. In the present study, par-
ticulate pollution was positively associated with both indices. This observation suggests that increased partic-
ulate exposure may coincide with greater variability in erythrocyte morphology in children with CHDs. How-
ever, RDW is influenced by multiple clinical and nutritional factors. Therefore, the observed relationships
cannot specifically be attributed to iron deficiency, vitamin B12 deficiency, folate deficiency, anemia of
chronic disease, or any other particular mechanism without corresponding biochemical measurements. The
original data did not include these measurements, and these mechanisms should consequently be regarded as
possible explanations rather than established outcomes.

PM2.5 demonstrated a somewhat different pattern. Negative correlations were observed between PM2.5
and PLT (r = —0.374), PCT (r = —0.406), BAS# (r = —0.567), BAS% (r = —0.478), and EOS# (r = —0.334),
with all of these relationships reported at p < 0.01. The strongest reported association was between PM2.5 and
BAS# (r = —0.567). The associations of PM2.5 with PLT and PCT are particularly noteworthy because the
same platelet indices were also negatively associated with the Kp index. This convergence identifies platelet-
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related parameters as potentially sensitive hematological indicators in the study population, although the mech-
anisms associated with the two exposures may differ.

Particulate matter, particularly fine particles such as PM2.5, has received substantial attention because of
its potential cardiovascular effects. Previous research has established the broader relevance of particulate air
pollution to cardiovascular health [1]. Fine particles may interact with the respiratory system and may be as-
sociated with systemic biological responses. In children already affected by congenital cardiac abnormalities,
such environmental exposure could be particularly important. Nevertheless, the present study measured statis-
tical associations rather than individual-level biological exposure, and therefore direct mechanistic conclusions
cannot be drawn.

An additional finding was the absence of statistically significant correlations between the Kp index and
the investigated air-pollution indicators (p > 0.05). This is important for interpreting the other results. Within
the observation period, changes in geomagnetic activity were not statistically synchronized with variations in
CO, SO2, NO2, PM10, PM2.5, or particulate pollution. Thus, the observed associations of the Kp index and
particulate pollution with hematological parameters cannot simply be explained by a significant correlation
between these two groups of environmental variables.

However, the absence of correlation between geomagnetic activity and air pollution should not be inter-
preted as proof that the two exposures act independently on the human body. Demonstrating independent ef-
fects would require multivariable statistical modelling in which geomagnetic activity, individual pollutants,
meteorological conditions, demographic characteristics, CHD type and severity, and other potential confound-
ers are evaluated simultaneously. The present Pearson correlation analysis does not provide such adjustment.
Consequently, the results indicate distinct statistical associations, rather than confirmed independent biological
effects.

This distinction is particularly important when considering the original observation that both higher Kp
values and higher PM2.5 concentrations were negatively correlated with PLT and PCT. Although this pattern
raises the possibility that platelet-related parameters may respond to multiple environmental stressors, the cur-
rent analysis cannot determine whether their associations are additive, synergistic, or independent. A formal
interaction analysis would be necessary to establish whether simultaneous elevations in geomagnetic activity
and PM2.5 are associated with greater hematological changes than either exposure alone.

The study also has potential clinical relevance. Children with CHDs constitute a heterogeneous popula-
tion, and their hematological status may be influenced by the type and severity of cardiac defect, oxygen sat-
uration, surgical history, medication use, nutritional status, and other clinical factors. Identification of envi-
ronmental conditions associated with variations in platelet and inflammatory-related indices may therefore
contribute to a broader understanding of environmental vulnerability in this population. At the same time, the
present results are not sufficient to support specific therapeutic interventions, including antioxidant treatment
or changes in clinical management, without prospective clinical evidence.

From an environmental-health perspective, the findings support further investigation of air quality as a
potentially relevant factor for vulnerable pediatric groups in Baku. The associations of particulate pollution
with WBC, neutrophil indices, RDW indices, basophils, eosinophils, PLT, and PCT suggest that future studies
should evaluate not only conventional cardiovascular outcomes but also detailed hematological profiles. Com-
bining environmental monitoring with repeated individual blood measurements could help determine whether
short-term changes in particulate exposure precede measurable hematological responses.

The present study also contributes to the comparatively limited literature examining geomagnetic activity
in pediatric cardiovascular populations. Most previous research cited in this study has focused on cardiovas-
cular events, mortality, hemostatic responses, or platelet activity in broader or adult populations [2-7]. By
focusing specifically on children with CHDs, the present analysis identifies a population in which geomag-
netic-hematological relationships have received substantially less attention. This represents one of the main
potential contributions of the study, although the findings should be considered exploratory because of the
relatively small sample and limited observation period.

4.1. Study limitations

Several limitations should be considered when interpreting the findings. First, the study included 42 chil-
dren examined across 21 observation days, which limits statistical power and the generalizability of the results.
Second, the analysis was based primarily on bivariate Pearson correlations and therefore did not control for
potential confounding factors.

Third, children with different forms of CHD were analyzed together. Atrial septal defect, ventricular septal
defect, patent ductus arteriosus, tetralogy of Fallot, and other CHDs may differ substantially in their hemody-
namic characteristics and degree of hypoxia. Future studies should therefore stratify participants according to
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CHD type, cyanaotic status, disease severity, and oxygen saturation.

Fourth, the available analysis does not account for several potentially relevant individual-level variables,
including sex, nutritional status, body mass index, iron status, vitamin B12 and folate levels, socioeconomic
conditions, and previous surgical interventions. These variables may influence hematological parameters and
should be incorporated into future multivariable analyses.

Fifth, ambient monitoring data represent environmental concentrations and may not accurately reflect in-
dividual exposure. Personal exposure to PM2.5 and other pollutants may vary according to residential location,
indoor air quality, daily activity patterns, and time spent outdoors. Future studies would benefit from spatially
resolved exposure assessment or individual monitoring.

Finally, the use of multiple correlations across a relatively large number of hematological parameters
increases the possibility of chance findings. Future investigations should use larger samples, repeated-
measures designs, multivariable regression models, and appropriate correction for multiple comparisons.
These approaches would allow a more robust assessment of whether geomagnetic activity and air pollution are
independently associated with hematological changes in children with CHDs.

4.2. Implications and future research

Future studies should integrate geomagnetic, environmental, meteorological, and clinical data within
a unified analytical framework. Repeated hematological measurements in the same children before, during,
and after periods of increased geomagnetic activity or elevated air pollution would provide stronger temporal
evidence than cross-sectional correlations. Inclusion of platelet-activation markers, inflammatory biomarkers,
coagulation parameters, oxygen saturation, and detailed CHD characteristics would also help clarify the bio-
logical pathways underlying the observed associations.

Larger multicenter studies involving children from both highly polluted and relatively less polluted areas
could further determine whether the associations observed in Baku are reproducible in other environmental
settings. Such studies may ultimately help identify environmental conditions associated with increased physi-
ological stress in children with congenital cardiovascular disease.
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OLEHKA BJIWAHUA 3ATPABHEHUS ATMOC®EPHOI'O BO3IYXA M TEOMATHUTHOM AKTHUBHOCTH HA TE-
MATOJIOIT'HYECKHUE NOKA3ATEJIX Y JETEHU C BPOXJIEHHBIMUA ITIOPOKAMM CEPALIA B T'OPOJIE BAKY

lagxuesa H.A.'*, dpenaues I'./1.2, MycaeBa A.B.}
'A3epbatiosxcanckuil MeOuyuHcKull ynugepcumem, Asepbaiiodxcan
AZ1022, Baky, yn. Aueapa 'acvimzaoe, 14
2Uncmumym mamemamuru Munucmepcemea Hayku u 0bpasosanus Azepbatioxcanckou Pecnyonuxu, Azepbaiiosxcan
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SMunesiuesupcruii 2ocyoapcmeennviil yHugepcumem, Azepoaiiodxcan
AZ4500, Muneauesup, ya. /. Anuesoii, 21
*Aemop, omeeuarowuil 3a nepenucky. dosnargiz1964@gmail.com

Pesztome. [letu ¢ BpoxxaéHHBIME IOpokamu cepana (BIIC) MoryT ObITh 0COOEHHO BOCIIPHIMYHUBEI K CTPECCOBBIM (haKTOPaM OKpYXKa-
IoIeH cpenpl. B HccnenoBaHNN N3yYarCch B3aUMOCBS3M T'€OMarHUTHON aKTHBHOCTH | 3arpI3HEHHS aTMOC(EPHOTO BO3/TyXa C TFeMaToJIo-
TMYECKUMH ITOKa3aTelsIMU y 42 nieteld B Bo3pacTe OT 3 MecsIeB JI0 15 sieT ¢ 3XxoKkapauorpadmIecky MoATBepKIEHHBIMH BPOKIEHHBIMU
nopokamu cepana B ropoae baky (Azepoaiimkan). O6cieoBaHHEe YIaCTHUKOB IPOBOIIIIOCH B TeueHue 21 otaenbHOro 1us B 2023 roxy.
I'eomarHuTHasE aKTUBHOCTH XapaKTepH3oBaach nHAekcoM Kp, Toraa Kak 3arpsi3HeHHE aTMOC(EPHOro BO3/IyXa OLEHUBAIOCH M0 CyTOY-
HBIM TIOKa3aTeJsiM, B yacTHOCTH PM2.5 1 cofepKaHHIo B3BEIICHHBIX YacTHIl. B3anMocCBsA3M ¢ MoKa3aTeIsIMH JEHKOIUTOB, SPUTPOIIUTOB
1 TPOMOOIIUTOB OIEHUBAIUCH C HCTIOIb30BaHHEM Kod(dunuenTa koppemsinun [Tupcona. YcraHOBIeHa OTpHLATETbHAS KOPPETAINS HH-
nekca Kp ¢ mokazaremssmu PLT (r = —0,414; p < 0,01) u PCT (r = —0,419; p < 0,01). 3arps3HeHre Bo3ayxa B3BEIICHHBIMH YacTHLAMHU
MPOAEMOHCTPUPOBAIO mojtoxkuTeNbHbIe Koppemsiinuu ¢ WBC (r = 0,321), RDW-SD (r = 0,360) u RDW-CV (r = 0,415), a Taxoke oTpuia-
TenpHbIe Koppesiimu ¢ BASY% (r =—0,434), EOS# (r =—0,444) u EOS% (r=-0,436) (p < 0,01). BeIsiBIICHBI OTpHIIATEIBHBIC KOPPEISIIAN
PM2.5 ¢ PLT (r=-0,374), PCT (r = —0,406), BAS# (r = —0,567), BAS% (r = —0,478) u EOS# (r = —0,334) (p < 0,01). CraTuctuuecku
3HAYUMBIX KOPPEILSIIIHA MEeX/Ty TeOMarHUTHOH aKTUBHOCTBIO M TTI0Ka3aTelsIMK 3arpSI3HEHHs aTMOC(epHOTro BO3Iyxa He 00HapyKeHo (p >
0,05). INomy4eHHbIe pe3yIbTaThl CBHIETEIBCTBYIOT O TOM, YTO T€OMarHUTHas akTUBHOCTB U 3arpsi3HEHHE aTMOC(EPHOTo BO3TyXa B3Be-
LICHHBIMU YaCTHIIAMH CBSI3aHBI C PA3JIMYHBIMKA U3MCHEHWSIMH TeMaTOJIOTMUECKHX IToKasareseil y JeTei ¢ BPOXKIEHHBIMU MOPOKaMH
cep/ua, 9To 00yCIOBINBAET HEOOXOAUMOCTD JATHEHIINX HCCIIEAOBAHMI ¢ 6oJee KPYITHBIMH BEIOOpKAMH H IIPOIOJIBHBIM AU3AHHOM.

Kniouesnbie cnosa: sposicoennvie NOPoKU cepoyd, 2eoMasHUMHAsL akmueHocmy, unoexc Kp, zazpsiznenue ozoyxa, PM2.5, cema-
monozuiecKue nokazamenu, 0Oemu

BAKIDA ANADANGOLM®O UR9K QUSURLU USAQLARIN HEMATOLOJi GOSTORICILORINO HAVA
CIRKLONMOSININ VO GEOMAQNIT AKTiVLiYiN TOSIRININ EKOLOJi QiYMOTLONDIRILMOSi

Haciyeva N.A."*, Ofondiyev Q.C.2, Musayeva A.V.?
Azarbaycan Tibb Universiteti, Azarbaycan
AZ1022, Baki, Onvar Qasimzada kii¢. 14
24zarbaycan Respublikasi Elm va Tahsil Nazirliyi, Riyaziyyat Institutu, Azarbaycan
AZ1141, Baki, Baxtiyar Vahabzado kii¢. 9
SMingagevir Déviat Universiteti, Azarbaycan
AZ4500, Mingagevir, D. Oliyeva kiig. 21
*Moasul miisllif: dosnargiz1964@gmail.com

Xiilasa. Anadangolmo iirok qiisurlari (AUQ) olan usaqlar otraf miihitin stress amillorino qarsi xiisusilo hessas ola bilorlor.
Todgigatda Azarbaycanin Baki soharinds exokardiografiya vasitssilo anadangslmo iirak qiisuru diagnozu tesdiglonmis, 3 ayligdan 15
yasadok 42 usaqda geomagnit aktivliyi vo atmosfer havasinin ¢irklonmasi ilo hematoloji gostoricilor arasindaki slagslor aragdirilmigdir.
Istiraketlar 2023-cii il orzinds 21 miixtalif giindo miiayina olunmusdur. Geomaqnit aktivliyi Kp indeksi asasinda, atmosfer havasinin
cirklonmasi iso giindslik gostaricilar, xiisusilo PM2.5 vo havadaki asili hissaciklor asasinda giymotlondirilmisdir. Leykosit, eritrosit vo
trombosit gostaricilari ilo olagalar Pirsonun korrelyasiya omsali vasitoasilo tohlil edilmigdir. Kp indeksi ilo PLT (r = —0,414; p < 0,01)
vo PCT (r = —0,419; p < 0,01) arasinda monfi korrelyasiya miiosyyan edilmisdir. Havadaki asili hissaciklorlo ¢irklonmo WBC (r =
0,321), RDW-SD (r = 0,360) vo RDW-CV (r = 0,415) gostaricilori ilo miisbot, BAS% (r = —0,434), EOS# (r = —0,444) vo EOS% (r =
—0,436) gostoricilari ilo iso monfi korrelyasiya niimayis etdirmisdir (p < 0,01). PM2.5 ilo PLT (r = —0,374), PCT (r = —0,406), BAS#
(r=-0,567), BAS% (r=-0,478) vo EOS# (r = —0,334) gostoricilori arasinda monfi korrelyasiya askar edilmisdir (p < 0,01). Geomagnit
aktivliyi ilo atmosfer havasinin ¢irklonma gostoricilari arasinda statistik shamiyyatli korrelyasiya miiayyon edilmamisdir (p > 0,05).
Olds edilon naticolor geomagnit aktivliyi vo atmosfer havasinin asili hissaciklorlo ¢irklanmosinin anadangoslms tirok qiisurlari olan
usaqlarda forgli hematoloji doyisikliklorlo slagoli oldugunu gostorir vo daha genis istirak¢1 qruplarini ohato edon uzunmiiddatli
todqiqatlarin aparilmasini zaruri edir.

Acar sazlor: anadangalmo dirok giisurlari, geomagnit aktivlik, Kp indeksi, hava ¢irkianmasi, PM2.5, hematoloji gostaricilor,
usaqlar
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OPTIMIZING MINERAL NUTRITION FOR BEAN QUALITY AND
SUSTAINABLE AGRICULTURAL PRODUCTION
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Summary. The development of domestic agricultural production is an important component of
national food security. In this context, optimizing plant mineral nutrition is essential for maintaining
soil fertility, improving nutrient-use efficiency, and ensuring sustainable agricultural production.
This study investigated the effects of different fertilizer rates on nutrient uptake by the pods and
phytomass of vegetable bean (Phaseolus L.) during the growing season. The experiment included an
unfertilized control, 10 t ha™' manure, N30P30K30, N60P60K30, and N9OP60K 60 treatments. The
results demonstrated that fertilizer application substantially affected nitrogen, phosphorus, and po-
tassium removal by both pods and phytomass. Nutrient removal by bean pods was generally greater
for nitrogen than for phosphorus. The highest nutrient removal by pods was recorded under the
N60P60K30 treatment, reaching 51.5 kg ha™' N, 27.2 kg ha™! P, and 29.0 kg ha™! K. The same treat-
ment also resulted in the highest nutrient accumulation in phytomass, with 17.9 kg ha™ N, 5.5 kg
ha' P, and 7.5 kg ha™! K. The lowest values were generally observed in the unfertilized control.
Overall, the findings indicate that appropriate optimization of mineral fertilizer rates can improve
nutrient uptake and productivity while supporting more efficient nutrient management in vegetable
bean production.

Keywords: vegetable bean,
mineral nutrition, fertilizer
rate, nutrient uptake,
phytomass, nutrient-use
efficiency, sustainable
agriculture
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Introduction

Efficient fertilizer management requires the appropriate determination of nutrient application rates to
achieve targeted crop yields. Plant nutrition is strongly influenced by soil nutrient reserves, moisture availa-
bility, soil reaction, and organic matter content, while the effectiveness of fertilizers and other agricultural
practices is closely related to soil properties (Shafran, 2022a). Fertilization is one of the major factors contrib-
uting to agricultural productivity and may account for approximately 30-50% of additional crop yield
(Korchenkina et al., 2017; Liu et al., 2020). Therefore, optimizing fertilizer application according to the phys-
icochemical and agrochemical characteristics of soils is essential for efficient crop production (Kudeyarov,
2019; Shafran, 2022b).

Sustainable agricultural production also requires the maintenance and restoration of soil fertility (Utkin,
2022). Increasing the return of plant residues to soil and improving nutrient-use efficiency can contribute to
more sustainable nutrient management (Sharkov et al., 2022). At the same time, fertilizer-induced changes in
soil properties depend on fertilizer type, application rate, duration of use, and inherent soil characteristics
(Yaroshenko et al., 2018). Consequently, improved agricultural technologies are needed to enhance the effi-
cient use of soil resources and plant nutrients (Roeva et al., 2023). Although mineral fertilizers can substan-
tially increase crop productivity, their application may also affect soil humus status, nutrient regimes, biolog-
ical activity, and physicochemical properties (Borontov et al., 2019; Kosyakin, 2019). Both mineral and or-
ganic fertilizers therefore play an important role in managing crop productivity and maintaining soil fertility
under intensive agricultural systems (Vasyuchkov et al., 2023).

For leguminous crops, biological nitrogen fixation and effective plant-rhizobia symbiosis are particularly
important for vegetative growth and stable yield formation (Alyoshin & Zavalin, 2023). A well-functioning
symbiotic system can substantially reduce the requirement for external nitrogen inputs; however, when nitrogen
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fixation is insufficient, legumes increasingly depend on nitrogen supplied by the soil and fertilizers (Otieno et
al., 2009).

Despite the agronomic importance of vegetable bean, the effects of different fertilizer rates on its produc-
tivity and technological quality under irrigated gray-brown soils in arid climatic conditions remain insuffi-
ciently studied. In particular, limited information is available on changes in the quality characteristics of green
pods and seeds at different developmental stages in response to mineral nutrition. Therefore, this study aimed
to evaluate the effects of mineral nutrition on the yield and technological quality of vegetable bean and to
identify an optimal mineral fertilizer application rate during the growing season.

Materials and methods

The study was conducted on irrigated gray-brown soils at the Absheron Auxiliary Experimental Farm of
the Research Institute of VVegetable Growing, Ministry of Agriculture of the Republic of Azerbaijan. The soils
of the experimental area are characterized by a cultivated horizon with heavy- and light-loamy textures and a
predominance of silt and clay fractions. Long-term agricultural use has altered the structure of the arable layer
of these irrigated gray-brown soils, with silty fractions predominating throughout the soil profile and reaching
higher proportions (43.7-55.0%) in the upper horizons. The soils are characterized by relatively low humus
contents of 1.57% in the topsoil and 1.24% in the subsoil, relatively high carbonate contents (8.3-17.8%) in
the middle horizons, and a slightly alkaline soil reaction.

The locally adapted Zulyal vegetable bean cultivar (Phaseolus L.) was used in the experiment. The exper-
imental plots were plowed in autumn, followed by harrowing and sowing in spring. Planting furrows and
irrigation channels were subsequently established. The major proportion of manure and mineral fertilizers was
applied during autumn plowing, while the remaining portion was applied in spring. Vegetable beans were sown
at a spacing of 45 x 10 cm, with 45 cm between rows and 10 cm between plants, at a sowing depth of 4-5 cm.

The field experiment consisted of five fertilizer treatments: (1) control without fertilizer; (2) 10 t ha™
manure; (3) N30P30K30; (4) N60P60K30; and (5) N9OP60K60. Manure was used as the organic fertilizer.
Ammonium nitrate containing 34% active ingredient was used as the nitrogen fertilizer, superphosphate con-
taining 20% active ingredient as the phosphorus fertilizer, and potassium chloride containing 45% active in-
gredient as the potassium fertilizer.

Plant samples were analyzed using standard analytical procedures. Ashing was performed according to
the K. E. Ginzburg method. Nitrogen was determined using the Kjeldahl micromethod, phosphorus by the
photoelectrocolorimetric method, and potassium by flame photometry.

The plant samples were further analyzed for total nitrogen, phosphorus, potassium, and crude protein.
Total nitrogen was determined photocolorimetrically, phosphorus was determined photometrically according
to GOST 26657-97, potassium was determined by flame photometry following dry ashing, and crude protein
content was calculated using the corresponding analytical values.

Results and discussion

Effects of Organic and Mineral Fertilizers on Nutrient Removal

by Vegetable Bean Pods and Phytomass

Crop growth and yield are influenced by the genetic potential of the cultivar, soil and climatic conditions,
cultivation practices, fertilizer application, and biotic stresses (Khan et al., 2022). Organic and mineral ferti-
lizers can improve nutrient availability and contribute to the replenishment of nutrients removed with harvested
biomass (Kydyraliev & Bodoshov, 2014). For leguminous crops, nitrogen nutrition is particularly important
because plant growth depends on the balance between biologically fixed nitrogen and nitrogen supplied by the
soil and fertilizers (Alyoshin & Zavalin, 2023; Oldroyd & Dixon, 2014). Appropriate fertilizer management
may also improve nutrient-use efficiency in legume-based production systems (Biswas et al., 2025).

The results demonstrated that nutrient removal by vegetable bean varied considerably among fertilizer
treatments. Nitrogen removal by pods ranged from 29.5 to 51.5 kg ha™!, phosphorus from 11.0 to 27.2 kg ha™!,
and potassium from 15.2 to 29.0 kg ha™* (Table 1). In general, nutrient removal increased with fertilizer appli-
cation, with nitrogen being removed in the greatest quantity and phosphorus in the lowest.

The highest nutrient removal by pods was recorded under the N60P60K30 treatment, reaching 51.5 kg
ha™ N, 27.2 kg ha™ P, and 29.0 kg ha™ K. Compared with the unfertilized control, these values represented
increases of 22.0 kg ha' N, 16.2 kg ha™ P, and 13.8 kg ha™! K, respectively. Thus, increased pod yield was
accompanied by greater nutrient removal (Table 1).

A similar response was observed for nutrient accumulation in the dry phytomass. Nitrogen accumulation
was 8.7 kg ha™ in the control, 12.2 kg ha™ with 10 t ha™ manure, 14.3 kg ha™ under N30P30K30, 17.9 kg ha™
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under N60P60K30, and 16.3 kg ha™' under N9OP60K60. The corresponding phosphorus values were 1.8, 2.5,
4.5, 5.5, and 5.9 kg ha™', while potassium accumulation was 3.7, 5.0, 6.4, 7.5, and 6.1 kg ha™', respectively.
Overall, the N60P60K30 treatment produced the highest combined nutrient accumulation in phytomass, with
179 kgha' N, 5.5kgha™ P, and 7.5 kg ha™ K (Table 1).

Nutrient removal by pods was substantially greater than nutrient accumulation in phytomass across all
treatments. In the control, pod-to-phytomass ratios were 3.4 for N, 6.0 for P, and 4.1 for K. The corresponding
ratios were 3.2, 7.8, and 4.3 with 10 t ha ! manure; 3.4, 6.6, and 4.3 under N30P30K30; 2.9, 4.9, and 3.9 under
N60P60K30; and 3.1, 5.2, and 4.7 under N90OP60K60. These results confirm that a substantially greater pro-
portion of absorbed nutrients was removed with harvested pods than retained in the remaining phytomass
(Table 1 and 2).

Overall, the response did not increase continuously with fertilizer rate. Although nutrient removal gener-
ally increased relative to the control, increasing fertilizer application from N60P60K30 to N9OP60K60 did not
result in a further improvement in most measured parameters. This indicates that the N60P60K30 treatment
provided a more favorable nutrient response under the experimental conditions and that increasing fertilizer
rates beyond this level did not produce proportional benefits.

Table 1
Nutrient removal by vegetable bean pods and biomass (three-year average)
Pod yield Biomass
Nutrient removal
. 4 . 4 . 4 ,
Treatments Yield, ¢ ha Nutrient removal, kg ha Yield, ¢ ha ke ha"
pods | 41 N P K | Biomass | 9% N P K
matter matter

Control 155.6 13.0 29.5 11.0 15.2 128.8 12.0 8.7 1.8 3.7
10 t ha! manure | 180.2 15.0 38.7 19.5 215 150.4 13.3 122 | 25 5.0
N30P30K30 213.7 17.4 48.6 25.3 27.0 179.7 14.2 143 | 45 6.4
NesoPsoKso 223.4 17.6 51.5 27.2 29.0 220.9 15.8 179 | 5.5 7.5
NgoPsoKso 219.2 175 50.3 25.5 28.8 208.5 15.6 16.3 | 4.9 6.1

Correlation between yield and nutrient removal

Fertilizer application increased not only vegetable bean yield but also nutrient removal. Pod yield was
strongly correlated with the removal of nitrogen (r = 0.999), phosphorus (r = 0.985), and potassium (r = 0.996).
Similarly, biomass yield showed strong positive correlations with nitrogen (r = 0.988), phosphorus (r = 0.998),
and potassium (r = 0.937) removal (Tables 1 and 2). These relationships indicate that fertilizer-induced in-
creases in yield were accompanied by greater nutrient removal.

Effects of organic and mineral fertilizers on nutrient uptake

Plants do not fully utilize nutrients supplied through organic and mineral fertilizers; therefore, fertilizer
application rates should be adjusted according to crop nutrient requirements and soil nutrient availability. Ni-
trogen, phosphorus, and potassium uptake depends on their availability in the soil, fertilizer application, and
plant developmental stage. Previous studies have also emphasized the importance of maintaining an appropri-
ate nutrient balance in agricultural soils (Sychev & Shafran, 2017). The efficiency of fertilizer-derived nutrient
uptake is strongly influenced by the availability of readily accessible nutrient reserves in the soil
(Gadjimammadov et al., 2019).

In the unfertilized control, vegetable bean production depended entirely on soil nutrient reserves. With
fertilizer application, both native soil nutrients and fertilizer-derived nutrients contributed to crop nutrient up-
take. Nitrogen removal by pods increased from 29.5 kg ha™ in the control to 38.7-51.5 kg ha™" in the fertilized
treatments. Phosphorus removal increased from 11.0 to 19.5-27.2 kg ha™!, while potassium removal increased
from 15.2 t0 21.5-29.0 kg ha™'. The highest values were consistently recorded under N60P60K30.

Compared with the control, nitrogen removal by pods increased by 9.2 kg ha™ under 10 t ha™ manure,
19.1 kg ha™ under N30P30K30, 22.0 kg ha™* under N60P60K30, and 20.8 kg ha! under N9OP60K60. The
corresponding increases in phosphorus removal were approximately 8.5, 14.3, 16.2, and 14.5 kg ha™!, while
potassium removal increased by approximately 6.3, 11.8, 13.8, and 13.6 kg ha™!, respectively. These results
demonstrate that phosphorus was removed in smaller quantities than nitrogen and potassium and that increas-
ing fertilizer rates beyond N60P60K30 did not result in further nutrient removal.

Nutrient accumulation in phytomass showed a similar response. Across the treatments, nitrogen accumu-
lation ranged from 8.7 to 17.9 kg ha™!, phosphorus from 1.8 to 5.5 kg ha™, and potassium from 3.7 to 7.5 kg
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ha™', with the lowest values in the control and the highest values under N60OP60K30. Overall, the results demon-
strate that nutrient removal with harvested pods was substantially greater than nutrient accumulation in the

remaining phytomass.
Table 2

Nutrient uptake by vegetable bean phytomass from soil and fertilizers (three-year average)

ST |  Oftotal, % | TNOSPROTUS | pintal 0p | POBBSSIUM | 1 o6imero, %
o= kg ha kg ha
Treatment | 2 o0
'§ = | From From From | From . From
. - . L From soil L
soil fertilizers soil |fertilizers fertilizers
Control 8,8 100 1,8 100,0 3,7 100
-1
10 t ha 122 | 721 | 279 25 720 | 280 5.0 74,0 26.0
manure
N30P30K30 14,3 61,5 38,5 3,8 47,4 52,6 6,3 58,7 41,3
NsoPsoK3o 17,9 49,2 50,8 55 32,7 67,3 7,5 49,3 50,7
NgoPsoKso 16,3 54,0 46.0 49 36,7 63,4 6,1 60,7 39,3

Nutrient uptake from applied fertilizers

Based on the experimental results, nutrient uptake coefficients for vegetable bean were calculated consid-
ering nutrient removal by the main and secondary yield components, including roots, leaves, and stems, ac-
cording to the established methodology (Narusheva, 2014).

In the unfertilized control, total nitrogen removal by above- and below-ground plant organs was 38.3 kg
ha™'. Fertilizer application increased total nitrogen removal to 50.9-69.4 kg ha™', depending on the treatment.
The calculated nitrogen uptake coefficients were 25.2% for 10 t ha™! manure, 82.0% for N30P30K30, 51.8%
for N60OP60K30, and 31.4% for N9OP60K60 (Table 3).

Total phosphorus removal was 12.8 kg ha™ in the control and increased to 22.0-32.7 kg ha™* following
fertilizer application. The corresponding phosphorus uptake coefficients were 36.6, 54.4, 33.2, and 29.4% for
the manure, N30P30K30, N60P60K30, and N9OP60K60 treatments, respectively. Total potassium removal
increased from 18.9 kg ha™' in the control to 26.5-36.5 kg ha™' in the fertilized treatments. Potassium uptake
coefficients were 12.6% with manure, 48.0% under N30P30K30, 58.6% under N60P60K30, and 26.6% under
N90P60K60 (Table 3).

Overall, nutrient uptake efficiency varied substantially with fertilizer rate. The highest nitrogen and phos-
phorus uptake coefficients were recorded under N30P30K30 (82.0 and 54.4%, respectively), whereas the high-
est potassium uptake coefficient occurred under N60P60K30 (58.6%). These results indicate that the
N30P30K30 and N60P60K30 treatments provided the most favorable nutrient-use responses, while further
increasing fertilizer application to N9OP60K60 reduced the uptake efficiency of all three nutrients.

Table 3
Nutrient Uptake Coefficients of VVegetable Bean from Fertilizers
by Above- and Below-Ground Plant Organs (Three-Year Average)
Treat- | Nitrogen, | Differ- Uptal_<e Phospho- Differ- Uptal_<e _Potas— Differ- Uptal_<e
ment kg ha™ ence coeffi- rus,ikg ence coeffi- siim, kg ence Goeffi-
cient, % ha™ cient, % ha™ cient, %
Control 38,3 12,8 18,9
10 tha™
manure 50,9 12,6 25,2 22,0 9,1 36,6 26,5 75 12,6
N3oP30K30 62,9 24,6 82,0 29,1 16,3 54,4 33,3 14,4 48,0
NeoPsoKso 69,4 31,1 51,8 32,7 19,9 33,2 36,5 17,6 58,6
NgoPsoKso 66,6 28,3 31,4 30,4 17,6 29,4 34,9 15,9 26,6
Conclusion

The results demonstrated that mineral nutrition significantly influenced nutrient removal and uptake by
vegetable bean. Fertilizer application increased the removal of nitrogen, phosphorus, and potassium by both
pods and phytomass compared with the unfertilized control. The N60P60K30 treatment produced the highest
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pod yield and the greatest nutrient removal, reaching 51.5 kg ha™ N, 27.2 kg ha™' P, and 29.0 kg ha™ K in pods
and 17.9 kgha' N, 5.5kgha P, and 7.5 kg ha™ K in phytomass. Increasing the fertilizer rate to N9OP60K60
did not provide a further improvement in these parameters.

Nutrient uptake efficiency also varied among fertilizer treatments. The highest uptake coefficients for
nitrogen (82.0%) and phosphorus (54.4%) were recorded under N30P30K30, whereas the highest potassium
uptake coefficient (58.6%) occurred under N60P60K30. Overall, the results indicate that N30P30K30 and
N60P60K30 provided the most favorable nutrient-use responses, while N60P60K30 was the most effective
treatment for maximizing yield and nutrient removal under the experimental conditions.
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OITUMU3ALNUA MAHEPAJIBHOI'O IIUTAHUS ®ACOJIA JJIS1 IOBBIINEHUS KAYECTBA ITPOAYKIIUU U
OBECNEYEHUSA YCTOMUYHABOI'O CEJbCKOX03AMCTBEHHOI'O ITPOU3BOJICTBA

Mawmenosa 1I.A."*, Hacuposa T.A.!, Beiinesa 3.M.', badaesa T.M.>
"Hucmumym eeoepagpuu Munucmepcemea nayku u oopasosanus Asepoaiioscarckoii Pecnybauku, Azepbatioscan
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Pesiome. PazBute OTEYECTBEHHOIO CEIBbCKOXO3SAMCTBEHHOIO NIPOM3BOJICTBA SBJIACTCA BaKHOM COCTABIAIOIIEH HAalMOHAIBHOMI
IIPOJJOBOJIBCTBEHHON 0€30MacHOCTU. B 3TOM KOHTEKCTe ONTHMM3AIMs MUHEPATIBHOTO MIUTAHHUS PACTEHUI UMeeT CyIECTBEHHOE 3Ha-
YEHHE I COXPAHEHMS IUIOAOPOJHS MOYB, MOBBILICHUS 3()(EKTHBHOCTH MCIIOIB30BaHMS ITUTATENBHBIX JIEMEHTOB M 00ecIeYeHUs
YCTOHUYHBOTO CETbCKOXO35HCTBEHHOTO MPOU3BOACTBA. B HccaenoBaHnu U3ydanock BIHSAHUE PA3NIUUHBIX HOPM BHECEHUS yHOOpeHuit
Ha HOTJIOIIEHUE ITMTAaTeIbHBIX 3JIeMeHTOB 600amu 1 putomaccoii oBontHoi dacosu (Phaseolus L.) B TeueHne BereTannoHHOTO IEepH-
ona. CxeMa OITbITa BKIIFOYajIa KOHTPOJILHBIN BapHaHT Oe3 BHECEHHUS yI00peHNi, BHeCEHHe HaBo3a B HopMe 10 T/ra, a Tak)Ke BapHaHTHI
N30P30K30, N60P60K30 1 N9OP60K60. PesynbraTsl mokasany, 4To BHECEHHE YIOOPCHUH CYIIECTBEHHO BIIMSIIO Ha BBIHOC a30Ta,
¢docthopa u kanus kak 606amu, Tak ¥ GUTOMACCOIT pacTeHHH. BBIHOC MUTATENBHBIX JIEMEHTOB 600aMu (acoyiu B 1IEJIOM OBLT BBIIIE
10 a30TY, 4eM 1o Gocdopy. Hanbonpmuii BEIHOC TUTATENBHBIX 2JIeMeHTOB 600amu oTMedeH B BapranTe N6OP60K30 u coctasun 51,5
Kr/ra a3oTa, 27,2 xr/ra ¢pocdopa u 29,0 kr/ra kanusa. B 3ToM jxe BapuaHTe YCTaHOBIEHO MAaKCHMAalbHOE HAKOIUICHHE ITUTATEIbHBIX
3JIeMeHTOB B puromacce: 17,9 kr/ra a3ora, 5,5 kr/ra ¢ocdopa u 7,5 kr/ra kanus. HaumeHpImme 3Ha4eHUS TPEUMYIIECTBEHHO HAOIIO-
JIaHCh B KOHTPOJIBHOM BapuaHTe 0e3 BHECCHUs yAOOpeHui. B menoM nosrydeHHbIe pe3ynbTaThl CBUACTENBCTBYIOT O TOM, YTO ONTH-
MH3aL¥si HOPM BHECEHUSI MUHEPAIBHBIX YA0OpEHHH CIIOCOOCTBYET YTy dIISHAIO TIOTJIONICHHS TUTATEIbHBIX 2JIEMEHTOB M OBBIILICHUIO
IIPOIYKTHBHOCTH, OJJTHOBPEMEHHO obecrieunBast 6osee 3p(heKTHBHOE yIpaBiIeHIE MUTATEIBHBIM PEKUMOM IPH BHIPAIIMBAHUN OBOIL-
HOH acoiy.

Knroueswie cnosa: osownasn gacons, munepanbHoe numanue, HOpMa yooOpenull, nozioujeHue NUMmameibHblx eeuecms, Gumo-
maccea, dhpexmusrHocms UCNONL308AHUA NUMAENLHBIX 6EUECME, YCMOUYUBOE CENbCKOE XO3ANUCMEO

MOHSULUN KEYFiYYOTININ YUKSOLDILMOSI VO DAYANIQLI KOND TOSORRUFATI ISTEHSALININ
TOMIN EDILMOSi UCUN LOBYANIN MINERAL QiDALANMASININ OPTIMALLASDIRILMASI

Mammadova S.A.'*, Nasirova T.A.!, Valiyeva Z.M.!, Babayeva T.M.?
"Azorbaycan Respublikast Elm va Tohsil Nazirliyi, Cografiya Institutu, Azarbaycan
AZ1073, Baki, H. Cavid pr. 117
2Mingagevir Doviat Universiteti, Azarbaycan
AZ4500, Mingagevir, D. Bliyeva kiig. 21
*Masul miiallif: shabnam.mammadova@geo.edu.az

Xiilasa. Yerli kond tosorriifat istehsalinin inkisafi milli arzaq tohlitkasizliyinin mithiim torkib hissasidir. Bu baximdan bitkilarin
mineral qidalanmasinin optimallagdirilmasi torpaq miinbitliyinin qorunmasi, qida elementlarindan istifado somorsliliyinin artirilmasi
va dayanigh kond tosorriifati istehsalinin tomin edilmasi tigtin mithiim ohomiyyat kasb edir. Todgigatda vegetasiya dovriindo miixtolif
giibro normalariin toravaz lobyasinin (Phaseolus L.) paxlalari v fitokiitlasi torafindon gida elementlarinin monimsanilmasine tasiri
aragdirilmigdir. Tacriibays giibra verilmoyan nozarst varianti, 10 t/ha peyin, N30P30K30, N60P60K30 vo N9OP60K60 giibralomo
variantlar1 daxil edilmigdir. Naticolor gostormisdir ki, giibralorin tatbigi ham paxlalar, hom do fitokiitls torsfindon azot, fosfor va
kaliumun monimsanilmasine shamiyyatli doracads tosir gostormisdir. Lobya paxlalari tarsfindon gida elementlarinin monimsanilmasi
imumilikds azot tizro fosfora nisbston daha yiiksok olmusdur. Paxlalar torsfindon gida elementlorinin on yiiksok manimsanilma
gostaricilori N6OP60K30 variantinda qeyds alinmis vo azot tizra 51,5 kq/ha, fosfor tizra 27,2 kg/ha, kalium tizrs iso 29,0 kg/ha toskil
etmisdir. Eyni variantda fitokiitlods gida elementlarinin an yiiksak toplanma gostoricilori miisyysn edilmisdir: azot iizra 17,9 kq/ha,
fosfor tizra 5,5 kg/ha vo kalium iizro 7,5 kg/ha. On asag1 gostoricilor osason giibra totbiq edilmoyan nozarot variantinda miisahido
olunmugsdur. Umumilikdoe, todgigatin neticolori mineral giibro normalarimin diizgiin optimallasdiriimasinin qida elementlorinin
manimsanilmasini va mohsuldarlig: artira, eyni zamanda taravez lobyasimin becarilmasinds gida elementlarinin daha semarali idara
olunmasina sorait yarada bilocoyini gostorir.

Agar sozlar: toravaz lobyasi, mineral gidalanma, giibra normasi, gida elementlarinin manimsanilmasi, fitokiitla, qida elementla-
rindan istifada samaraliliyi, dayanigli kand taSarriifat
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Summary. Infrastructure systems operate in increasingly unstable environments characterized by
technological, economic, operational, and security-related risks. This study develops a selective man-
agement mechanism for infrastructure systems aimed at concentrating managerial attention and re-
sources on critical elements while maintaining their overall sustainability. The research adopts a
system-oriented conceptual approach and draws on scientific literature, regulatory materials, practi-
cal cases, and established risk-management practices. System analysis, SWOT analysis, Failure
Mode and Effects Analysis (FMEA), and scenario modeling are incorporated into the proposed
framework. The study distinguishes selective management from general infrastructure management
and identifies the principal conditions and organizational mechanisms required for its implementa-
tion. The proposed mechanism comprises continuous risk monitoring, identification and ranking of
critical infrastructure elements, risk identification and assessment, development of targeted manage-
ment measures, decision-support information systems, and coordination and personnel training. Par-
ticular attention is given to automation, modularity and scalability, security, fault tolerance, contin-
uous monitoring, and standardization as principles supporting selective infrastructure management.
The framework also integrates adaptive management, resource redistribution, redundancy, recovery
mechanisms, and scenario-based decision support. The proposed approach provides a structured ba-
sis for prioritizing vulnerable infrastructure components and allocating management resources ac-
cording to their significance, condition, criticality, and exposure to risk. It can support more focused
and adaptive infrastructure management under conditions of uncertainty.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

1. Introduction

Infrastructure constitutes a fundamental component of modern economic systems, supporting economic
activity and the provision of essential services to society. Increasing environmental instability, technological
change, and exposure to multiple risks have strengthened the need for management approaches capable of
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maintaining the reliability and sustainability of infrastructure systems. Recent research emphasizes that infra-
structure resilience requires the capacity to withstand disruptions, adapt to changing conditions, and restore
essential functions following adverse events (Curt & Tacnet, 2018; Guo et al., 2021).

The concept of infrastructure has been interpreted from different theoretical perspectives. Bell (2004) and
Schumpeter (2007) associated infrastructure with the conditions supporting economic activity and societal
development, while Mallaev and Avramchikova (2017) emphasized its institutional dimension and its role in
creating organizational and economic conditions for market functioning. Previous studies have also addressed
specific aspects of infrastructure-related risk management, including energy-service systems (Guskova & Ul-
yankin, 2016), entrepreneurial risks within economic security systems (Barikaev, 2018), and IT infrastructure
risks (Maslova, 2022). These studies demonstrate the importance of risk-oriented management but primarily
address particular sectors or categories of risk.

Under conditions of uncertainty, managing individual infrastructure components in isolation may be in-
sufficient because failures or imbalances in one element can affect the functioning of interconnected compo-
nents. Risk-oriented and adaptive approaches are therefore increasingly important for maintaining system sus-
tainability under changing operating conditions (Gridneva & Vasilevsky, 2025).

Accordingly, this study aims to develop a mechanism for selective management of infrastructure systems
under risk conditions. The proposed approach integrates risk monitoring, prioritization of infrastructure ele-
ments, targeted managerial interventions, and scenario-based decision support to improve the adaptability and
sustainability of infrastructure systems.

2. Materials and methods

The study adopts a system-oriented conceptual approach to the management of infrastructure systems
under risk conditions. The analysis draws on scientific publications, regulatory and legal documents, research
reports, practical cases, and other materials describing infrastructure management and risk-management prac-
tices.

The methodological framework combines system analysis with induction and deduction, analysis and syn-
thesis, SWOT analysis, Failure Mode and Effects Analysis (FMEA), and scenario modeling. System analysis
was used to examine infrastructure as an interconnected set of components, while SWOT analysis and FMEA
provide tools for identifying vulnerabilities, assessing critical elements, and prioritizing risks. Scenario mod-
eling was incorporated to support the evaluation of alternative management responses under changing condi-
tions (Nevskaya et al., 2024).

Based on this framework, existing infrastructure-management practices were synthesized to develop a
selective management mechanism comprising risk monitoring, prioritization of infrastructure elements, risk
assessment, targeted management measures, and decision-support procedures.

3. Results and discussion

Infrastructure systems comprise interconnected technical, organizational, and managerial components
whose reliable operation is essential for the functioning of the broader economic system. Their management
therefore requires a combination of general and selective approaches. General management covers the system
as a whole through common planning, organization, coordination, and control procedures, whereas selective
management introduces targeted interventions for individual elements or groups of elements that require ad-
ditional managerial attention.

In this study, selective management is understood as a complementary mechanism rather than a replace-
ment for general infrastructure management. Its purpose is to identify problematic or vulnerable elements and
concentrate managerial actions and resources on preventing failures, mitigating negative consequences, and
supporting critical activities. Selective interventions can be incorporated at different stages of the management
cycle, including goal setting, planning, organization, implementation, coordination, and control.

The proposed approach is particularly relevant under risk conditions because infrastructure components
differ in their criticality, vulnerability, technical condition, and contribution to overall system performance.
Selective management therefore allows management resources to be directed toward those elements where
intervention is expected to have the greatest importance for system stability.

The expected benefits of selective management include reduced potential losses and operating costs, im-
proved resource efficiency and management quality, and a better balance among the interests of infrastructure-
system participants.
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The proposed framework is based on six interrelated principles: automation, modularity and scalability,
security and risk prevention, availability and fault tolerance, continuous monitoring and analysis, and docu-
mentation and standardization. Automation can reduce manual intervention and operational errors, while mod-
ularity supports adaptation to changing system requirements. Security and fault tolerance protect critical com-
ponents and maintain service continuity, whereas continuous monitoring enables the early identification of
anomalies and emerging risks. Documentation and standardization provide transparency and facilitate the in-
tegration and management of infrastructure components. These principles should be periodically reviewed as
technological conditions, risks, and organizational requirements evolve. The principal types of selective infra-
structure management are summarized in Figure 1.

Infrastructure system

] management ]
General management of the in- Selective management of the in-
frastructure system frastructure system
[ I [ |
Personnel Resource Development Mana;gement dOf
management management management motives an
Incentives

Fig. 1. Types of selective management of the infrastructure (compiled by the author)

Selective infrastructure management can be implemented through four main areas: personnel manage-
ment, resource management, development management, and management of motives and incentives. Person-
nel management may employ role-, attribute-, behavior-, and rule-based approaches to regulate responsibili-
ties, permissions, and access to infrastructure resources. Resource management focuses on targeted interven-
tions that improve resource utilization and reduce the likelihood of operational problems, while development
management directs goals, resources, and projects toward long-term system sustainability. Management of
motives and incentives aims to align the interests of personnel and service users with infrastructure-manage-
ment objectives. The appropriate combination of these approaches depends on organizational characteristics,
security requirements, and the scale and complexity of the infrastructure system.

To implement selective management, it is advisable to have an appropriate mechanism in the management
system of the infrastructure system.

The mechanism of selective management of the infrastructure system under risks is a comprehensive ap-
proach aimed at selectively influencing key elements of the infrastructure to minimize risks and increase the
sustainability of its functioning.

The selective management mechanism uses a sample, selective approach to concentrate management ac-
tions and resources on the most critical infrastructure elements in order to minimize the negative consequences
of risk impact.

It includes the following components.

1. Functional organization (or units) for the implementation of continuous monitoring of the state of the infra-
structure system and risks (risk monitoring, timely response to threats, assessment of the effectiveness of risk iden-
tification, etc.). Risk management methods (SWOT analysis, FMEA, scenario modeling) can be used as tools.

2. Studying the condition and ranking of infrastructure elements. The main function is to determine the
priority of infrastructure components and their condition (e.g., power supply systems, traffic centers, IT plat-
forms) according to the criteria of significance (socio-economic, technical, etc.), condition and criticality for
the functioning of the infrastructure, vulnerability to risks.

3. Implementation of systematization and determination of risks (identification, recognition and classifi-
cation of risks).

4. Conducting risk analysis and assessment (determining possible damage from risk occurrence, clarifying
the probability of risk occurrence).

5. Development of measures for selective risk management (definition of objects and elements subject to
selective impact, development and planning of measures, programs, projects for selective impact, appointment
of a responsible officer, determination of the results of selective impact).
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6. Information system for decision support. This system should ensure the integration of current data from
different sources (e.g., geographic information systems, Big Data, etc.) for scenario modeling and optimization
of management decisions.

7. Interaction and personnel training. They are used for the purposes of personnel training to act in crisis
situations, as well as for the coordination between departments (for example, the Ministry of Emergency Man-
agement, energy, logistics).

The following methods and tools can be used in the mechanism of selective management of the infrastruc-
ture system under risk conditions:

— adaptive management strategies; flexible plans of action for key elements in the form of redundancy
(duplication of critical nodes), dynamic redistribution of resources (e.g., energy, personnel) in case of threats;
localization of impact (isolation of damaged segments to prevent cascading failures), etc.

— implementation of a monitoring and feedback system that ensures continuous monitoring of the infra-
structure state using sensors, 10T devices, analytical platforms, etc., which allow to forecast wearing of equip-
ment and track anomalies in real time;

— mechanisms for redundancy and restoration to create “buffer zones” (in the form of reserve capacities,
backup communications);

— plans for the fallback recovery, etc.

Selective management of the infrastructure system under risk conditions allows concentrating resources,
focusing actions on key critical elements of the infrastructure, ensuring a sufficient level of stability of its
functioning even in conditions of uncertainty. This approach should combine proactivity (risk prevention) and
reactivity (quick response), which allows for an efficient and comprehensive solution to the problem of effec-
tive management of the infrastructure system.

Selective management of the infrastructure system under risk conditions is an innovative approach aimed
at increasing the sustainability and efficiency of the key elements functioning. The main focus is on selective
effect on the most vulnerable components, such as traffic centers, power supply systems and IT platforms,
which allows minimizing risks and reducing costs. The use of SWOT analysis, FMEA and scenario modeling
techniques ensures accuracy in assessing threats and developing adaptive strategies.

An important aspect is the implementation of special devices and analytical platforms for continuous
monitoring of the infrastructure condition. This allows for prompt detection of anomalies and prevention of
cascading failures. The principles of modularity, scalability and security ensure the flexibility of the system in
a changing external environment.

Selective management also involves the creation of “buffer zones” and reserve capacities, which increases
fault-tolerance. However, successful implementation of the approach requires regular updating of the method-
ology and adaptation to new challenges. Thus, the proposed mechanism contributes not only to reducing risks,
but also to increasing the competitiveness of infrastructure systems.

4. Conclusion

This study proposes a selective management mechanism for infrastructure systems operating under risk
and uncertainty. Unlike general management, selective management focuses managerial attention and re-
sources on infrastructure elements according to their criticality, vulnerability, and current condition. The pro-
posed mechanism integrates continuous risk monitoring, prioritization of infrastructure elements, risk identi-
fication and assessment, targeted management measures, decision-support tools, and personnel coordination
and training.

The framework combines proactive risk prevention with responsive measures and incorporates adaptive
management, monitoring and feedback systems, redundancy, and recovery mechanisms. Its application can
support more focused allocation of management resources and strengthen the ability of infrastructure systems
to respond to disruptions and changing operating conditions. The proposed mechanism provides a conceptual
basis for further development and practical testing of selective infrastructure management approaches in dif-
ferent infrastructure contexts.
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Pe3tome. THppacTpyKTypHBIE cUCTEMBI QYHKIIMOHUPYIOT BO BCE€ Oosiee HECTAOMIIBHOM cpejie, XapaKTepU3yIOIecs: TEXHOIOTU-
YEeCKHMH, YKOHOMHIECKIMH, OTIEPalMOHHBIMH PHCKaMH M PUCKAMH, CBSI3aHHBIMU C 6e301acHOCThI0. B nccnenoBanmm paspadaTsiBa-
€TCsl MEXaHU3M CEJICKTUBHOTO YNPABICHNS MHYPACTPYKTYPHBIMU CHCTEMaMH, HAIIPABICHHBIM HA KOHI[EHTPALUIO YIPABICHIECKOTO
BHHMAaHUS M PECYPCOB Ha KPUTHYECKH BaXKHBIX dJIEMEHTaX HPH COXpaHeHUH oOlei ycToitunBocTH cucteM. MccienoBanne OCHOBBI-
Ba€TCsA Ha CUCTEMHO-OPUEHTUPOBAHHOM KOHLECTITYaJIbHOM IIOAX0A€ C UCIIOJIb30BAHUEM Hay‘{HOﬁ JIMTEPATYPbl, HOPMATUBHBIX MAaTEPU-
aJI0B, MPAKTUYECKUX MPUMEPOB U CIOKHMBLIMXCS METOAOB YIpaBIeHHs pHUcKaMu. B mpeyiaraeMyro KOHIENITYalbHY0 MOJIENb BKIIIO-
YeHbl CUCTeMHBIH aHanu3, SWOT-ananus, anaiau3 BUIoB U nocneactBuil otkazoB (FMEA), a Taxke cuenapHoe MoaenupoBanue. B
HCCIIEI0BAaHUN IPOBOUTCS pa3rPaHUIEHHE CEIEKTHBHOTO M O0IIEro ynpasieHHs HHPPACTPYKTYPOH, OIPeesIIOTCS OCHOBHBIE YCIIO-
BUS I OpTaHNU3AIIMOHHBIE MEXaHU3MbI, HEOOXOIMMBIE JUIS ero peanu3anud. [IpearaeMplii MeXaHU3M BKIIIOUaeT HEIPEPBIBHBIH MO-
HUTOPHHT PHCKOB, BEIBICHNE U PAHKUPOBAHNE KPUTHIECKH BaXKHBIX JIEMEHTOB HHPPACTPYKTYPEI, HACHTU(DHUKAIIHNIO U OIIEHKY pHC-
KOB, pa3paboTKy IENEBBIX YNPABICHIECKHX MEPOIPUSITHH, HHPOPMAMOHHBIE CUCTEMbI MOJICPIKKH MPUHATHS PEIICHUH, a TaKKe
KOOP/MHALMIO U MOATOTOBKY IepcoHana. Ocoboe BHUMaHUE YAEISeTCs aBTOMaTH3alluK, MOIYJIbHOCTH M MacIITabupyemMocTH, 6e3-
OIIAaCHOCTH, OTKaSOyCTOﬁqMBOCTH, HENPEPLIBHOMY MOHUTOPUHI'Y U CTaHAAPTU3ALUU KaK TPUHIUIIAM, OGCCHeqHBa}OLLII/IM CCJICKTHUBHOC
ynpasieHne nHdpacTpykrypoi. [Ipeqmaraemas Mozenb Takxke 00beIUHACT aJalTUBHOE YIIPABICHHUE, TepepacipeielicHHe PeCypcoB,
PE3EpBUPOBAHNUE, MEXAHU3MbI BOCCTAHOBJICHUSA U MOAACPIKKY MPUHATUSA peme}mﬁ Ha OCHOBC CLICHApHECB. Hpe)lHO)I(CHHbIﬁ noaxon
(bopMHUpYET CTPYKTYPHUPOBAHHYIO OCHOBY JJIsI OTPEEICHHs] IPHOPUTETHOCTH YSI3BUMBIX KOMIIOHEHTOB HH(PACTPYKTYpHI M pachpe-
JIeTIEHHs YIPaBIEHIECKUX PECYPCOB B COOTBETCTBUH C MX 3HAUNMOCTBIO, COCTOSTHUEM, KPHTHYHOCTBIO U ITOJBEPKEHHOCTHIO PUCKAM.
JlaHHBII MTOJXO0I MOXKET CIIOCOOCTBOBATH OoJiee IIeIeHANPABICHHOMY M aJaNTHBHOMY YIIPaBICHUIO HH(PACTPYKTypOil B YCIOBHIX
HEOTIPEIeTIEHHOCTH.

Knrouesvie cnosa: ungpacmpykmypHsie cucmemvl, celeKmugHoe ynpasienue, MOHUMopuHe puckos, CyeHapHoe MooeluposaHue,
OYEHKA PUCKOB, NOOOEPIHCKA NPUHAMUSA PeUleHUll
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RiSKLORIN MONITORINQIi VO SSENARIi MODELLOSDIRILMOSi 9SASINDA
INFRASTRUKTUR SiSTEMLORININ SELEKTiV iDARO EDILMOSI
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Xiilasa. Infrastruktur sistemlori texnoloji, iqtisadi, amaliyyat vo tohliikesizliklo bagh risklorlo sociyyelonon, getdikco daha qeyri-
sabit miithitdo foaliyyot gostorir. Todqiqatda infrastruktur sistemlorinin iimumi dayaniqligin1 qorumagqla yanasi, idarsetmo digqatinin
va resurslarmin kritik elementlor tizorinds comlogdirilmasine yonalmis selektiv idaraetmo mexanizmi islonib hazirlanmigdir. Todqiqat
sistem yoniimlii konseptual yanagmaya asaslanir va elmi adobiyyata, normativ materiallara, praktiki niimunalors vo formalagmis risk-
lorin idars edilmasi tacriibalarins istinad edir. Toklif olunan gar¢ivaya sistem tohlili, SWOT tahlili, nasazliq ndvlerinin va tasirlarinin
tohlili (FMEA), hamginin ssenari modellogdirilmasi daxil edilmisdir. Toadqiqatda selektiv idarsetmo infrastrukturun timumi idars
edilmosindan forglondirilmis, onun hoyata kegirilmasi tigiin tolob olunan asas sortlor va togkilati mexanizmlor miloyyan edilmisdir.
Toklif olunan mexanizm risklorin davamli monitoringini, kritik infrastruktur elementlorinin miioyyonlogdirilmasini vo ranqlagdirilma-
sin1, risklorin miisyyon edilmoasi va qiymatlondirilmasini, mogsadyonlii idaraetmoa todbirlorinin hazirlanmasini, gorarlarin gabuluna
dostok veron informasiya sistemlorini, eloco do koordinasiya vo kadr hazirligini ohato edir. Selektiv infrastruktur idarosetmosini
dostokloyon prinsiplor kimi avtomatlagdirmaya, modulluga vo miqyaslana bilmoys, tohliikssizliys, nasazliqlara davamliliga, fasilosiz
monitoringa va standartlasdirmaya xiisusi diqqat yetirilmisdir. Toklif olunan ¢argive adaptiv idaraetmoni, resurslarin yeniden boliis-
diiriilmasini, ehtiyatlilig1 tomin edon mexanizmlari, barpa mexanizmlarini va ssenarilar asasinda qararlarin qobuluna dastayi de 6ziinds
birlogdirir. Toklif olunan yanagma hassas infrastruktur komponentlorinin prioritetlogdirilmasi vo idarsetmos resurslarinin onlarin
shamiyyatina, vaziyyatina, kritikliyina va risklora mearuz qalma saviyyasine uygun boliisdiiriilmasi figlin strukturlagdirtlmig asas yara-
dir. Bu yanasma qeyri-miioyyonlik soraitinds infrastrukturun daha moqsadyonlii vo adaptiv idars edilmosini dostoklays bilor.

Acgar sozlor: infrastruktur sistemlori, selektiv idaraetma, risklorin monitoringi, ssenari modellasdirilmasi, risklorin qiymatlondi-
rilmasi, qarar gabuluna dastok
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Summary. The purpose of this study is to investigate the methods of regulating the economic
resource of infrastructure complexes, taking into account the impact of risk factors. Infrastructure
complexes play an important role in the progress of the economy, but they are subject to various
dangers, such as financial, environmental and operational difficulties. The present study identifies
the basic components of infrastructure complexes, their economic potential and the risks associated
Keywords: infrastructure with their regulation. Based on an analysis of existing scientific views and relevant publications, the
systems, economic efficiency, study suggests a unified framework for regulating infrastructure complexes with a focus on hazard
economic potential and risks, reduction and cost-effectiveness. The results include a mathematical model of an economic resource,
strategic management, a systematization of infrastructure complexes, and a detailed analysis of risk management principles.
sustainability, management The study argues that effective regulation of infrastructure complexes requires a strategic approach
combining hazard assessment, economic analysis, and adaptive management. This work contributes
to this field by providing a comprehensive understanding of infrastructure regulation and offering
applied advice to all stakeholders.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

Introduction

Infrastructure complexes, including transport networks, energy systems, water supply, and communica-
tions, are a vital foundation for economic development. Effective management of these systems is critical for
sustaining economic growth and improving the living standards of the population. Over the years of research,
numerous scientific approaches to infrastructure management have been proposed. For example, Bertalanffy's
Systems Theory emphasizes the interrelationship of infrastructure components and their combined impact on
economic indicators. E. Hollnagel's Resilience Engineering concept is similarly aimed at increasing the resil-
ience of infrastructure systems to failures and their ability to recover. These approaches are widely discussed
in the scientific literature, particularly in the works of L Hong, M Ouyang, M Xu, P Hu, Terje Aven, Enrico
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Zio and other authors who emphasize the importance of adapting to change and reducing risks in infrastructure
management. (Hollnagel et al., 2006; Hong et al., 2020)

Russian scientists are also actively studying various aspects of managing the economic potential of infra-
structure systems, considering the impact of risks. For example, S.P. Kirilchuk, S.M. Yergin, E.V. Nali-
vaychenko, and I.V. Artukhova have investigated methods for assessing the development of the region's pro-
duction infrastructure, justifying the impact of production infrastructure drivers on economic growth.
(Kirilchuk et al., 2022)

E.A. Trofimov and T.I. Trofimova emphasized the need to divide social production into material produc-
tion (identified with the real sector of the economy) and the infrastructure complex, which includes diverse
components such as production, energy, social, institutional, information, and environmental elements. This
approach necessitates a rethinking of the traditional understanding of a region's economic potential and the
approaches to its assessment. (Trofimov & Trofimova, 2021)

Y.l. Mikhailov, V.P. Semenov and N.V. Mikhailova examined methods for assessing the effectiveness of
the production infrastructure of mining enterprises.

Research in the fields of information technology, drivers of economic growth, high-tech industries, social
infrastructure, features of digital economy development etc., has indicated the existence of humerous connec-
tions, factors, and phenomena between industries and infrastructure systems, uniting them into a single socio-
economic system that requires a comprehensive approach.

Analysis of scientific sources revealed a variety of methodologies for determining the economic potential
of both the infrastructure as a whole and its individual components. These methodologies primarily reveal the
economic aspects of infrastructure potential, although increasing attention is also being paid to social, envi-
ronmental, and other aspects, and the methods are based on mathematical calculations, discounting, and com-
plex mathematical models. The assessment of economic potential, in a general sense, is primarily considered
as the determination of the totality of resources, opportunities, and conditions available to the infrastructure.

The aim of this study is to address these gaps by developing a comprehensive framework for managing
the economic potential of infrastructure systems, with a focus on minimizing risks.

Methods

The theoretical and methodological basis of the study were the works of domestic and foreign scientists
in the field of economic geography, geopolitics, location of production, network economy, development of
regions and clusters, as well as works revealing methodological issues of identification, structural construction
of clusters, mechanisms of formation and state support of cluster development. The article uses methods of
system, logical, comparative analysis, methods of determining efficiency, groupings, cluster analysis, etc.

Results

For the uninterrupted functioning of the economy a developed infrastructure is necessary. It ensures the
unity of production and consumption processes, deepens the specialization of activities, and increases the ef-
ficiency of the division of labor. The concept of “infrastructure” is multifaceted and encompasses a set of
conditions for economic development, a complex of interconnected industries, the non-productive sector, the
service sector, etc. In this context, infrastructure is viewed as a complex, organized system of interconnected
economic entities that provide services to support socio-economic activity. Infrastructure systems are divided
into transport, energy, heat and water supply, information and communication systems, and others.

There are many classifications of infrastructure systems based on various criteria. In the field of design
and management, it is possible to present an original classification of infrastructure systems, based on the
criterion of their hierarchy (4 levels) in ensuring the life of the population, functional role, and relationship
with the urban environment.

The first level includes essential services for the population, such as water supply, sewage systems, elec-
tricity supply, heating, trade, healthcare, security, and others that provide for the basic needs of the population
and the economy, supporting the functioning of the urban environment.

The second level of infrastructure covers transport systems, including roads, railways, public transport
and airports. They provide mobility for the population and economic entities, the transportation of goods,
connecting different parts of the city and regions.

The third level of infrastructure is represented by information and communication systems, such as radio,
television, communication networks, the Internet, data management systems, etc. They facilitate the transmis-
sion of information, access to knowledge, and coordination of various areas of activity.
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At the fourth level of infrastructure formations are waste management systems, such as landfills, waste
processing plants, and waste recycling systems, which ensure environmental safety and sustainable develop-
ment of the urban environment.

Infrastructure systems provide services to the population and businesses, and participate in the creation of
tangible and intangible goods and values. They provide access to markets and all types of resources and infor-
mation, and create favorable conditions (including institutional ones) for business and entrepreneurship devel-
opment. Developed infrastructure systems influence economic performance by contributing, for example, to
lower transaction costs, increased labor productivity, and faster capital turnover, thereby stimulating invest-
ment activity. In addition, infrastructure plays a vital role in ensuring social stability and improving the quality
of life of the population by providing access to education, healthcare, and other social services.

Like any economic object (element), infrastructure systems possess characteristics and indicators that re-
flect their features, state, and dynamics of change, and which serve the purposes of management, planning,
and development. One of the most important characteristics of infrastructure systems, which has not yet been
sufficiently studied, is economic potential, reflecting their ability to sustain themselves and develop inde-
pendently. Furthermore, the economic potential of the infrastructure system is considered as a combination of
resources, opportunities, and factors capable of ensuring sustainable economic growth and improving the liv-
ing standards of the population in a given territory. It includes not only the physical presence of infrastructure
facilities, such as transport networks, energy systems, and communication lines, but also their qualitative char-
acteristics, operational efficiency, and ability to adapt to the changing needs of the economy.

Assessing the economic potential of an infrastructure system requires a comprehensive approach that con-
siders both guantitative and qualitative indicators. For example, it is important to consider not only the volume
of investment in infrastructure, but also its effectiveness.

The economic potential of an infrastructure system is its ability to generate economic value by supporting
production, exchange, and consumption. This potential is determined by characteristics such as productivity,
efficiency, and sustainability.

Based on this definition of an infrastructure system, economic potential consists of the following key
components:

Physical (tangible) assets, which include infrastructure facilities such as roads, canals, power supply net-
works, buildings, structures, as well as equipment, raw materials, etc.

Intangible assets mean the elements that do not have a physical form but generate economic profit (e.g.,
patents, service marks, trademarks, licenses, etc.).

Human resources, which is represented by qualified specialists involved in the creation of the infrastruc-
ture system, maintaining its operation, and managing it.

Financial resources include the investments and funding necessary to ensure the operation and develop-
ment of the infrastructure.

Technological advancements are progressive technologies that improve the performance and productivity
of infrastructure.

The combination of components and the structure of an infrastructure system determine the size and char-
acteristics of its economic potential. Given the importance and influence of potential, it can be argued that
economic potential also affects the composition of components and the structure of the infrastructure system.

For management and planning purposes, the economic potential of an infrastructure system (EPIS) can be
represented by the following mathematical expression:

EPIS =3(TA+ 1A+ HC + FR + TI)xRxEMSxS, (1)

where TA denotes tangible assets; 1A — intangible assets; HC — human capital; FR — financial resources; Tl
— technological innovations; R — risk-based losses (value in the range 0-1); EMS — efficiency of the man-
agement system of infrastructure (value in the range 0-1); S — socio-economic situation in the region (value
in the range 0-1).

To determine the volume (value) of the economic potential of an infrastructure system, relevant economic
indicators (cost, prices, revenues, etc.), as well as expert assessments, can be used. The determination of expert
assessment values can be illustrated using Table 1 as an example.
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Table 1
Scale of expert assessment values (in scores)
Range of the assessment Criteria Description
0-0.2 Low level Minimal influence
0.2-0.5 Average risk level Insignificant influence
0.5-0.8 High level of risks Significant impact
0.8-1 Critical level of risks High impact

The management of the infrastructure system must ensure the creation of conditions and the application
of such methods, in which the formation and use of economic potential, considering risk and the need to
achieve the required level of competitiveness, should strive for maximum values in each period of time:

EPIS — max. 2

Infrastructure risks are the probability of events occurring that threaten the functioning of key infrastruc-
ture elements (transport, energy, water supply, communications, IT).

It is important to synchronize the management of infrastructure and the industries it serves. Infrastructure
serves as the foundation for the successful functioning of these industries. Therefore, management should be
aimed at maintaining operational efficiency, development, and adaptation to the needs of the industry, which
is achieved through planning, design, construction, operation, and modernization.

There is a close relationship between the economic potential of infrastructure and the industry it serves.
Infrastructure creates the conditions for the efficient operation of the industry, reducing costs and ensuring
reliable access to resources. In turn, the growth of the industry stimulates the development of infrastructure.

It is important to distinguish between strategic, tactical, and operational management of the economic
potential of infrastructure, considering the impact of risks. Strategic management focuses on long-term goals
and risk prevention, while tactical and operational management address short-term tasks. Strategic manage-
ment defines the mission and direction of development, tactical management develops specific measures, and
operational management ensures uninterrupted operation. Risk management is an integral part of strategic
management, while tactical and operational management consider risks in the context of current tasks.

Let's consider the key aspects of the goals and objectives associated with managing the economic potential
of the infrastructure system, considering the impact of risks. The main goal in this context is to maximize the
socio-economic impact of the infrastructure system while ensuring its high resilience in the face of various
risk situations.

Achieving this overall goal requires fulfilling a number of conditions:

1) the staff of the infrastructure system must ensure the effective attraction, allocation, and rational use of
resources aimed at maintaining current operations and development;

2) an essential condition is the consideration of risks and the development of measures to eliminate nega-
tive consequences following the adoption of management decisions;

3) realizing economic potential involves implementing innovations, including in the technological sphere.
This makes it possible to increase the efficiency and quality of services through modernization;

4) it is very important to use a variety of tools and methods to improve efficiency in the field of manage-
ment, such as diversifying sources of funding or establishing partnerships between the state and the private
sector;

5) the coordination of measures undertaken by all participants in infrastructure complexes and the trans-
parency of the entire process are absolutely essential for realizing human resource potential in various areas of
the economy and for effective risk management.

The results obtained highlight the importance of developing a strategy in the field of infrastructure poten-
tial management. This includes analyzing and preventing threats, minimizing risks, and ensuring the rationality
of financial investments. This study presents a framework that considers the diversity of risks and their poten-
tial consequences for economic growth.

95


https://doi.org/10.33677/GGIANASCONF20230300009

L.Z.Bayguzina et al. | ANAS Transactions, Earth Sciences, Special Issue / 2026, 92-97; DOI: 10.33677/GIAN ASCONF20260300013

Conclusion

1. Infrastructure complexes play a key role in economic progress, but they are subjected to serious risks.

2. Effective management involves applying a strategic model that combines risk analysis and cost-effec-
tive solutions.

3. The proposed model for managing the economic potential of infrastructure, which considers the impact
of risks, provides valuable insights for industry stakeholders.
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9KOHOMHMKH, OJTHAKO ITOJBEPKECHBI Pa3IMYHBIM yIpo3aM, BKIIOYasi (MHAHCOBEIE, IKOJIOTHIECKHE U OIepalliOHHbIe TPYAHOCTH. B nc-
CJICIOBAHHH OTIPEAEIISIOTCSI OCHOBHBIE KOMIOHEHTHI HHPPACTPYKTYPHBIX KOMIUIEKCOB, HX 9KOHOMUYECKHIT MOTEHIMA M PUCKH, CBSI-
3aHHBIE C UX peryaupoBaHueM. Ha ocHOBe aHamM3a CyIIECTBYIOIUX HAYyYHBIX MMOJXOI0B U COOTBETCTBYIOIIUX IMyONUKalui mpe/ia-
raeTcsi eAnHask KOHLENTyalbHasi OCHOBA PETyIMpOBaHUs HHPPACTPYKTYPHBIX KOMIIIEKCOB C aKIIEHTOM Ha CHIDKEHHUE YyIpo3 U obecrie-
YeHHe SKOHOMUYEeCKOH 3 dexkTuBHOCTH. Pe3ynpTaThl BKIIOUaOT MaTEMaTHUECKYIO MOJIETb SKOHOMHUYECKOTO pecypca, CHCTeMaTH3a-
LIHI0 MH(PACTPYKTYPHBIX KOMIUIEKCOB M HOAPOOHBIH aHAIM3 MPUHLMIIOB yIPaBJIeHUs pHUcKaMH. B uccienoBannn 060CHOBBIBaeTCS,
410 3} dexTHBHOE perynupoBaHie HHPPACTPYKTYPHBIX KOMIUIEKCOB TPeOyeT CTPATErHIecKOro MOAX0Aa, 00beANHSIOMETO OICHKY
YIpo3, 5KOHOMUYECKUIl aHaIN3 W aJalTHBHOE yIpaBiieHne. JlanHas paboTa BHOCHT BKJIaja B pa3BHTHE paccMaTpHBaeMOH 006iacTy,
obecnieyrBasi KOMIUIEKCHOE TIOHUMaHHUe PeryIHpoBaHUs HHPPACTPYKTYPHI U IIpeAsaras IpakTHIeCKHe PEKOMEH AN BCEM 3anHTe-
PECOBaHHBIM CTOPOHAM.

Kniouesvie cnosa: ungpacmpyxmyphvie cucmemvl, dKOHOMUUECKAS IPHEKMUBHOCb, IKOHOMUYECKUL NOMEHYUAN U PUCKU,
cmpamezuieckoe ynpasienue, yCmou4ueocms, ynpasieHue
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Xiilasa. Todqiqatin magsadi risk amillarinin tasirini nozors almagla infrastruktur komplekslorinin iqtisadi resurslarmm tonzim-
lonmosi iisullarimi aragdirmaqdir. Infrastruktur komplekslori igtisadiyyatm inkisafinda miihiim rol oynayir, lakin maliyys, ekoloji vo
oamaliyyat ¢otinliklori kimi miixtalif tohliikolors moruz qalir. Todgigatda infrastruktur komplekslorinin osas komponentlari, onlarin
igtisadi potensiali vo tonzimlonmasi il bagli risklor miioyysn edilmisdir. Moveud elmi yanagmalarin vo miivafiq nasrlorin tohlili
osasinda tohliikolorin azaldilmasina vo igtisadi somoroliliys xiisusi digqat yetirilmoklo infrastruktur komplekslorinin tonzimlonmasi
tiglin vahid konseptual ¢argiva toklif olunur. Noticolor igtisadi resursun riyazi modelini, infrastruktur komplekslorinin sistemlogdiril-
mosini va risklorin idaro edilmosi prinsiplorinin otrafli tohlilini ohato edir. Todgigatda asaslandirilir ki, infrastruktur komplekslorinin
somarali tanzimlonmasi tohliikalorin giymotlondirilmasini, igtisadi tahlili vo adaptiv idaroetmoni birlogdiran strateji yanasma tolab edir.
Bu todgiqat infrastrukturun tenzimlonmasinin hortorofli anlasilmasini tomin etmoklo vo biitiin maraqli torofloro praktiki tovsiyslor
togdim etmoklo miivafiq sahayos téhfs verir.

Acar sozlar: infrastruktur sistemlori, igtisadi somaralilik, igtisadi potensial va risklor, strateji idaraetma, dayaniqliq, idaraetma
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Summary. This study develops a system-scenario multifactor model for optimizing meso-level
economic potential using matrix methods. The model considers an industry as a complex socio-eco-
nomic system in which resource and institutional components interact under internal and external
influences. It integrates indicators of potential profitability, return, and intensity within a hierarchical
matrix framework to support strategic decision-making. The empirical analysis uses data from lead-

Keywords: economic ing enterprises in the Belarusian light and textile industry, incorporating 42 indicators of local re-
potential, meso-level, matrix source potential and 72 indicators of local institutional potential. The methodology involves con-
modeling, system-scenario structing state and index matrices, aggregating indicators at three analytical levels, and positioning
model, optimization, textile enterprises within a strategic decision-making matrix. The results reveal differences in resource and
industry institutional potential, with an integral economic potential index of 0.963 for the analyzed enterprise.

Institutional potential demonstrated stronger performance than resource potential. The proposed
model provides a quantitative framework for identifying constraints, comparing development sce-
narios, and selecting strategies to improve economic efficiency and adaptability at the meso-level.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

1. Introduction

The optimization of economic potential has become increasingly important for industrial systems
operating under uncertainty, globalization, integration, and digital transformation (Kostikova et al., 2016). At
the meso-level, an industry represents a complex socio-economic system comprising interconnected
enterprises and multiple resource, institutional, and managerial components. These components interact
dynamically and are influenced by both internal and external factors (Andrianov & Grebnev, 2015;
Kvyatkovskaya & Frenkel, 2009).

Existing approaches to economic potential optimization do not fully capture the complex relationships
amonyg its structural components. In particular, limited attention has been paid to the dynamic interdependence
of resource and institutional parameters and their combined influence on industrial development. This
limitation complicates the assessment of economic potential and the selection of appropriate development
strategies.

Matrix modeling provides a useful analytical framework for addressing this problem because it enables
multiple economic indicators and their interrelationships to be represented within an integrated quantitative
system (Brinza et al., 2016; Romanenko, 2007; Yaroshevich, 2023). Combined with scenario analysis, this
approach can support the assessment of alternative development trajectories and the selection of strategies for
improving economic potential.

2. Methodology
This study applies a system-scenario multifactor modeling approach to assess and optimize economic
potential at the meso-level. The methodological framework is based on matrix modeling, which enables the
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interrelationships among multiple parameters of economic potential to be represented and analyzed within an
integrated system (Brinza et al., 2016; Romanenko, 2007; Yaroshevich, 2023).

The model distinguishes between two principal components of economic potential: local resource
potential and local institutional potential. Their performance is evaluated through three analytical dimensions:
potential profitability, potential return, and potential intensity. These dimensions provide the basis for
assessing changes in economic potential and comparing the relative efficiency of its structural components.

The modeling procedure consists of three analytical levels. At the first level, state matrices are constructed from
the initial economic parameters. The local resource potential matrix comprises 42 specific indicators, calculated
from all possible paired ratios of seven initial parameters. The local institutional potential matrix comprises 72
specific indicators reflecting institutional and external-environment factors relevant to industrial development.

At the second level, dynamic index matrices are constructed to measure changes in the indicators over time.
Individual indicators are subsequently aggregated using a hierarchical procedure to obtain composite measures of
resource and institutional potential. At the third level, the resulting indices are normalized and used to position
industrial entities within a strategic decision-making matrix. This positioning provides the basis for identifying
appropriate development scenarios according to the relative performance of resource and institutional potential.

The empirical application was conducted using economic data from enterprises of the Belarusian light and
textile industry. The detailed calculation is illustrated for JSC Mogotex, while the strategic analysis also
incorporates other enterprises within the industry. The matrix calculations were performed using spreadsheet-
based computational procedures.

The calculation module is based on a number of microsystems, claterized by the level of economic
potential development (microsystems can be grouped according to other criteria in accordance with the
objectives of the IAS of the RPR (for example, by the level of contribution to sectoral GDP, financial level,
level of innovation sensitivity, and others).

3. Results and discussion

The proposed model was applied to economic data from leading enterprises of the Belarusian light and
textile industry. JSC Mogotex (Microsystem 1) was selected to illustrate the detailed matrix calculations. The
analysis distinguishes between local resource and local institutional potential and evaluates both components
in terms of potential profitability, return, and intensity. The selection and application of matrix modeling
procedures were informed by established approaches to assessing the economic efficiency of industrial
enterprises (Romanenko, 2007). The matrix model for the scenario analysis of local resource potential in
Microsystem 1 (JSC Mogotex) for 2016 and 2017 is presented in Table 1.

Table 1
Matrix Model for the Scenario Analysis of Local Resource Potential (Microsystem 1)
2016

Designations PR OP VR OPF 0S HR FOT
PR 1 21,454 24,591 14,060 10,383 0,585 3,532
OP 0,047 1 1,146 0,655 0,484 0,027 0,165
VR 0,041 0,872 1 0,572 0,422 0,024 0,144
OPF 0,071 1,526 1,749 1 0,738 0,042 0,251
0s 0,096 2,066 2,368 1,354 1 0,056 0,340
HR 1,710 36,690 42,055 24,046 17,756 1 6,040
FOT 0,283 6,074 6,963 3,981 2,940 0,166 1

2017

Designations PR OP VR OPF 0S HR FOT
PR 1 14,421 27,027 16,330 7,580 0,316 1,964
OP 0,069 1 1,874 1,132 0,526 0,022 0,136
VR 0,037 0,534 1 0,604 0,280 0,012 0,073
OPF 0,061 0,883 1,655 1 0,464 0,019 0,120
0s 0,132 1,902 3,565 2,154 1 0,042 0,259
HR 3,160 45,566 85,397 51,599 23,951 1 6,206
FOT 0,509 7,342 13,760 8,314 3,859 0,161 1
PR — profit from sales; OP — volume of production; VR — revenue from sales; OPF — fixed assets; OS — working capital;
HR — number of employees; FOT — wage fund

Source: compiled by the author
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The corresponding matrix model for the scenario analysis of local institutional potential in Microsystem
1 for 2016 and 2017 is presented in Table 2.

Table 2
Matrix Model for the Scenario Analysis of Local Institutional Potential (Microsystem 1)
2016

Designations PR OP VR RM NIR E RU | IP

PR 1 21,454 24,591 0,181 1,614 11,479 1,734 0,051 3,124
OP 0,047 1 1,146 0,008 0,075 0,535 0,081 0,002 0,146
VR 0,041 0,872 1 0,007 0,066 0,467 0,071 0,002 0,127
RM 5,522 118,459 135,782 1 8,912 63,384 9,574 0,282 | 17,250
NIR 0,620 13,292 15,236 0,112 1 7,112 1,074 0,032 1,936
E 0,087 1,869 2,142 0,016 0,141 1 0,151 0,004 0,272
RU 0,577 12,374 14,183 0,104 0,931 6,621 1 0,029 1,802
I 19,592 | 420,320 481,789 | 3,548 | 31,623 | 224,904 | 33,969 1 61,206
IP 0,320 6,867 7,872 0,058 0,517 3,675 0,555 0,016 1

2017 1.

Designations PR OP VR RM NIR E RU | IP

PR 1 14,421 27,027 0,120 1,027 11,086 1,152 0,035 2,037
OoP 0,069 1 1,874 0,008 0,071 0,769 0,080 0,002 0,141
VR 0,037 0,534 1 0,004 0,038 0,410 0,043 0,001 0,075
RM 8,319 119,976 224,850 1 8,548 92,226 9,588 0,294 | 16,944
NIR 0,973 14,036 26,305 0,117 1 10,790 1,122 0,034 1,982
E 0,090 1,301 2,438 0,011 0,093 1 0,104 0,003 0,184
RU 0,868 12,514 23,452 0,104 0,892 9,619 1 0,031 1,767
I 28,268 | 407,657 763,996 | 3,398 | 29,044 | 313,367 | 32,577 1 57,573
IP 0,491 7,081 13,270 0,059 0,504 5,443 0,566 0,017 1

RM — marketing expenses; NIR — expenses on scientific and information resources; E — export volume; RU —
management expenses; | — investment volume; IP — volume of sales of innovative products based on the criteria of

"new product” and "with new functions"

Source: compiled by the author

To assess changes over time, the state matrices were transformed into dynamic index matrices. The
resulting indices capture changes in potential profitability, return, and intensity and provide the basis for
subsequent aggregation. Because the individual matrix elements represent intermediate calculations, the
analysis below focuses on the aggregated indicators that are directly relevant to evaluating economic potential
and selecting development strategies.

The multidimensional nature of the resulting indicators requires hierarchical aggregation to facilitate
comparison among industrial entities. Accordingly, the model applies a three-level aggregation procedure,
beginning with the first-level indices of resource and institutional potential presented in Table 3.

Table 3
First-Level Aggregated Indices of Resource and Institutional Potential
Local resource potential Local institutional capacity
Industry - - - - - -
entity Index potential potent_lal pot_ent!a_l potential |_ootent_|al poFentl_a_I
output intensity profitability output intensity profitability
2013 /2012 1,289 1,240 0,544 1,151 1,071 0,498
2014 /2013 0,873 1,010 0,453 0,830 0,951 0,431
Microsystem | 2015 /2014 0,992 0,960 0,028 1,377 1,411 0,038
1 2016 / 2015 1,016 1,034 30,529 1,293 1,367 37,739
2017 /2016 0,867 1,546 1,321 0,895 1,559 1,350
Irpi 0,997 1,140 0,774 1,088 1,251 0,839
Iipi — the aggregated index of the first level of generalization according to indicators of potential output, potential
intensity, potential profitability

Source: compiled by the author

The results reveal substantial variation in the development of resource and institutional potential over the
analyzed period. Changes in profitability were particularly pronounced, reflecting fluctuations in sales profits
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and the financing of marketing, innovation, investment, and information-related activities. Export performance
also influenced the observed dynamics, as the analyzed enterprise operated with a substantial share of export-
oriented production.

At the first aggregation level, the resource potential profitability index was 0.774, indicating an average
annual decline of 22.6%, whereas the potential intensity index reached 1.140, corresponding to an average annual
increase of 14%. Institutional potential demonstrated comparatively stronger performance: the aggregated indices
of potential return and potential intensity reached 1.088 and 1.251, respectively. However, the institutional
profitability index remained below unity at 0.839. These results indicate that improvements in institutional
capacity were not accompanied by comparable growth in profitability.

The results of analytical calculations of the aggregated indices of the second level of generalization and
the integral index of the level of development of economic potential (the third level of generalization) for
microsystem 1 are presented in Table 4.

Table 4
Aggregated Indices of the Second and Third Levels of Economic Potential Assessment
Local resource potential Local institutional capacity
Industry entity | The indicator | potential potential potential potential | potential | potential
output intensity profitability output intensity | profitability
Irpi 0,997 1,140 0,774 1,088 1,251 0,839
Ki 0,067 0,218 0,715 0,067 0,218 0,715
Microsystem 1 lrpi 1,000 1,029 0,833 1,006 1,050 0,882
I'p (ip) 0,950 0,977
lep 0,963

Iipi — aggregated index of the first level of generalization; ki — significance coefficient; 1y, ip) — aggregated index of the
second level of generalization; le, — the integral index of the level of realization of economic potential (the third level of
generalization).

Source: compiled by the author

The second- and third-level aggregation confirms the stronger performance of institutional potential
compared with resource potential. The corresponding second-level aggregated indices were 0.950 for resource
potential and 0.977 for institutional potential, resulting in an integral economic potential index of 0.963. Although
the analyzed enterprise did not reach the reference value of unity, the results indicate that institutional factors
contributed more strongly to overall economic potential than resource factors. A comparable calculation
procedure was previously applied to other microsystems of the Bellegprom concern according to their
contribution to industry GDP (Narkevich, 2024a). The present results further demonstrate the usefulness of
hierarchical aggregation for identifying imbalances between the resource and institutional components of
economic potential.

At the final stage, the aggregated indices were normalized and used to construct a strategic decision-
making matrix. The relative positions of resource and institutional potential determine the location of each
industrial entity within the matrix and provide the basis for selecting an appropriate development scenario.
This approach builds on the author's previous application of a strategic decision-making matrix to economic
potential optimization (Narkevich, 2024b) and extends the analysis through the system-scenario multifactor
framework used in the present study.

Strategic Positioning of Industrial Enterprises Based on Economic Potential ravles
Industrial entity||Normalized coordinates||Matrix quadrant Recommended strategic orientation
I(\J/I;ccrol\s/l)gsé%r;xl) 0.765; 0.378 d Concentrated growth and product/market development
l(\jlslgoégﬂ%r)‘ 2 0.673; 0.469 b Vertical integration and integrated growth
I(\jl;goizsgn 3 1.000; 0.745 c Investment- and innovation-oriented development

Source: compiled by the author
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As shown in Table 5, the analyzed industrial enterprises occupy different positions within the strategic
decision-making matrix, reflecting variations in their economic potential and corresponding development
strategies.

The strategic positioning demonstrates that the analyzed enterprises require different development
trajectories. JSC Mogotex is characterized by comparatively stronger institutional than resource potential and
therefore requires strategies aimed at strengthening resource efficiency, market position, and product
development. JSC BPHO is associated with an integrated-growth trajectory emphasizing vertical integration,
whereas JSC Lenta requires a stronger investment and innovation orientation. These differences demonstrate
the ability of the proposed model to translate quantitative assessments into differentiated strategic
recommendations.

4. Recommendations

The proposed system-scenario multifactor model can be used to support strategic decision-making in
complex industrial systems by integrating resource and institutional components of economic potential within
a unified analytical framework. Its application enables industrial entities to identify imbalances between these
components, assess alternative development trajectories, and select strategies consistent with their current
economic potential.

For practical implementation, priority should be given to the components that constrain overall economic
performance. Enterprises with comparatively weaker resource potential should focus on improving production
efficiency, technological modernization, and resource utilization, while stronger institutional capacity can be
used to support innovation, investment, and market development. Where institutional potential is
comparatively weak, greater attention should be paid to marketing, innovation, investment, scientific and
information resources, and management mechanisms.

The matrix-based calculations can be implemented using spreadsheet software, making the approach
accessible for routine analytical and decision-support purposes. The framework may also be adapted to
different industrial systems by modifying the initial indicators and their relative significance according to
sector-specific characteristics.

5. Conclusion

This study developed and applied a system-scenario multifactor model for assessing and optimizing
economic potential at the meso-level using matrix methods. The framework integrates resource and
institutional components of economic potential and evaluates their dynamics through potential output,
intensity, and profitability indicators. Hierarchical aggregation and strategic positioning enable the
transformation of multiple economic indicators into interpretable measures for decision-making.

The empirical application to enterprises in the Belarusian light and textile industry demonstrated
differences between resource and institutional potential. For JSC Mogotex, the second-level aggregated indices
were 0.950 for resource potential and 0.977 for institutional potential, resulting in an integral economic
potential index of 0.963. The results therefore indicate comparatively stronger institutional potential and
identify resource efficiency as an area requiring greater attention. Strategic positioning further demonstrated
that the analyzed enterprises require differentiated development trajectories depending on the balance between
their resource and institutional components.

The proposed approach provides a quantitative basis for diagnosing structural imbalances, comparing
development scenarios, and supporting the selection of industrial development strategies. Its matrix structure
also allows the indicator system to be adapted to the characteristics of different industrial contexts. Further
research should test the framework using more recent data, additional industries, and longer observation
periods to assess its robustness and broader applicability.
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CUCTEMHO-CHEHAPHASI MHOTO®AKTOPHASA MOJEJIb OIITUMHU3AIIMUUA DKOHOMHUYECKOI'O
MHOTEHIUAJIA HA ME3OYPOBHE C UCIIOJIb30OBAHUEM MATPUYHbBIX METO1OB
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Pe3tome. B uccnenoBanun pa3paboTaHa CHCTEMHO-CLIeHApHasi MHOTO(aKTOpHAast MOJENb ONTHUMH3AIMH SKOHOMHUYECKOTO MOTEH-
I1ajla Ha ME30yPOBHE C UCIOJIB30BaHUEM MAaTPUYHBIX METOAOB. MoJieslb pacCMaTpUBAET OTPACIb MPOMBIIUIEHHOCTH KaK CI0XKHYIO
COIHATFHO-YKOHOMHYECKYIO CHCTEMY, B KOTOPOH pecypcHbIe M HHCTHTYIIMOHAIBHBIC KOMIOHEHTHI B3aMMOICHCTBYIOT IO BIUSTHUEM
BHYTPCHHHX ¥ BHEIIHHUX (akTOpOoB. JJIst HOANEPKKH MPUHSTHUS CTPATETNIECKNX PEIIeHHH TOKa3aTeNId NOTeHIINAIBHON PeHTa0eIbHO-
CTH, IOXOTHOCTH U HHTEHCUBHOCTH O0BEANHSAIOTCS B paMKaxX HePapXUIeCcKOH MaTpUIHOH CTPYKTYpBl. DOMIMPHIECKHI aHAIN3 OCHO-
BaH HA JAHHBIX BEAYIIUX IPENPHUATHI JETKONH U TEKCTIIFHOW NMPOMBINIIIEHHOCTH benapycn u oxBaTeiBaeT 42 moKa3aTens JIOKalb-
HOTO PECYpPCHOTO MOTEHIMANA U 72 MOKa3aTels JOKaIbHOT0 HHCTUTYIIMOHATIBHOTO MOTeHIMana. MeTogonorus npeaycMaTpuBaeT mo-
CTPOEHUE MAaTPHI[ COCTOSHUI 1 MHAEKCOB, arpernpoBaHye MoKa3arenel Ha TpEX aHAMNTUIECKHX YPOBHSX U MO3ULIHOHUPOBAHKE TIPE-
MIPUSITUH B MAaTPHUIIE IPUHATHS CTPATETMIECKHX PEIIEHHN. Pe3yTbTaThl BBEISBIIN PA3IMUIMs MEXKY PECYPCHBIM H HHCTUTYLIHOHAIbHBIM
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MOTEHIIMAJIOM, IIPU 3TOM MHTErPaJIbHBIM MHAEKC SKOHOMHYECKOT0 MOTEHIMaNa aHaIU3UpyeMoro npeanpuarus cocrasui 0,963. Un-
CTHUTYIMOHAIBHBIN IIOTEHIUAN ITPOJIEMOHCTPHUPOBAI OoJiee BEICOKHE ITOKA3aTEeNIH 110 CPABHEHHIO C PECYpCHBIM TOoTeHIuanoM. [1pen-
Jaraemasi MoJiesb IIPEACTaBIsAET COOOH KOTMYECTBEHHYO OCHOBY /ISl BBISBICHUS OTPaHUYEHUH, COTIOCTABICHHUS CLIEHApHEB Pa3BUTHS
U BBIOOpA CTpaTeruii, HarpaBJICHHBIX Ha MOBBIIICHHE SKOHOMUYECKO 3 (EeKTHBHOCTH U aIaTHBHOCTH HAa ME30yPOBHE.

Knrouesvie cnosa: sxonomuueckuti NOMeHYUa, Me30ypoGeHsb, MampuiHoe MOOeIUposanue, CUCMeMHO-CYEeHapHas MOOeb, ONMu-
MU3ayus, mekCmunbHAas NPOMbIULTIEHHOCb.

MATRIiS METODLARINDAN iSTiFADO ETMOKLO MEZOSOViYYODO iQTiSADIi POTENSIALIN
OPTIMALLASDIRILMASININ SiSTEM-SONARI 9SASLI COXAMILLI MODELI
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Xiilasa. Todqiqatda matris metodlarindan istifado etmoklo mezosaviyyads iqtisadi potensialin optimallagdirilmasi tigiin sistem-
sonari osasli ¢oxamilli model islonib hazirlanmisdir. Model sonaye sahosini resurs vo institusional komponentlorin daxili vo xarici
amillorin tosiri altinda qarsiliqh olagads oldugu miirokkob sosial-igtisadi sistem kimi nozordon kegirir. Strateji qorarlarin gobulunu
dastoklomak magsadils potensial rentabellik, galirlilik vs intensivlik gostaricilari iyerarxik matris strukturu gargivasinda birlasdirilir.
Empirik tohlil Belarusun yiingiil vo toxuculug Sonayesinin aparicit miiassisalorinin molumatlarina asaslanir vo lokal resurs potensialinin
42, lokal institusional potensialin iso 72 gostoricisini ohato edir. Metodologiya voziyyot vo indeks matrislorinin qurulmasini,
gostaricilarin ti¢ analitik saviyyads aqreqasiyasini vo miiassisalorin strateji gorarlarin qabulu matrisinde mévgelandirilmasini nazarda
tutur. Naticalor resurs va institusional potensial arasinda forglori agkar etmis, tohlil edilon miiassiss {izrs iqtisadi potensialin inteqral
indeksi 0,963 toskil etmisdir. Institusional potensial resurs potensiali ilo miiqayisodo daha yiiksok gostoricilor niimayis etdirmisdir.
Toklif olunan model mohdudiyyatlorin miisyyanlogdirilmasi, inkisaf ssenarilorinin miiqayisasi vo mezosoviyyads igtisadi somaraliliyin
Vo adaptasiya gabiliyyatinin artirilmasina yonolmis strategiyalarin segilmasi ti¢iin komiyyat asash gqiymotlondirmo gargivasi toqdim
edir.

Acar sézlar: igtisadi potensial, mezosaviyya, matris modellasdirilmasi, sistem-senari modeli, optimallagdirma, toxuculug sonayesi

104


https://doi.org/10.33677/GGIANASCONF20230300009
mailto:lora1166@yandex.ru

G.N.Kutsuri et al. | ANAS Transactions, Earth Sciences, Special Issue /2026, 105-111; DOI: 10.33677/GIAN ASCONF20260300015

ANAS Transactions Earth Sciences Special Issue / 2026

http://www journalesgia.com

ASSESSMENT OF THE RISKS AND EXPECTED ECONOMIC IMPACT OF SMALL
BUSINESS GROWTH BASED ON AN ADAPTED BALANCED SCORECARD (BSC)

Kutsuri G.N.'¥, Maruashvili A.A.?2, Huseynova B.A.3, Solopova N.A.%,
Abiyev E.V.5, Rakova O.G.5, Avdeeva E.A.”
"Financial University under the Government of the Russian Federation, Russia
2New Higher Education Institute, Georgia
3Institute of Geography, Ministry of Science and Education of the Republic of Azerbaijan
117, H. Javid Ave., Baku, AZ1073
*Moscow State University of Civil Engineering (National Research University), Russia
SMingachevir State University, Azerbaijan
21, D. Aliyeva Street, Mingachevir, AZ4500
SRyazan State Medical University named after Academician I.P. Pavlov,
Ministry of Health of the Russian Federation, Russia
’Empress Catherine II Saint Petersburg Mining University, Russia
*Corresponding author: gkucuri@fa.ru

Summary. This study examines the impact of digital transformation on small business efficiency
in Russia and proposes an assessment methodology based on an adapted Balanced Scorecard (BSC).
The analysis considers major digital trends, including e-commerce, artificial intelligence, digital plat-
forms, cloud technologies, and automation, as well as key constraints such as regional digital ine-
quality, dependence on imported technologies, cybersecurity risks, and shortages of qualified per-
sonnel. The proposed methodology integrates five dimensions of business performance: economic,
operational, marketing, innovation, and social efficiency, while also accounting for the costs of im-
plementing digital technologies. A practical calculation for a small retail enterprise demonstrates the
applicability of the model and indicates that economic and marketing performance make the greatest
contribution to overall efficiency, whereas high digitalization costs may reduce the final result. The
findings show that cost optimization, process automation, digital marketing, and innovative technol-
ogies can improve small business efficiency and competitiveness in the digital economy.

Keywords: digital economy,
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assessment, trends,
development, problems,
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Introduction

Digital transformation has become an important factor in the development and competitiveness of small
businesses in Russia. Its growing influence is associated with globalization, changing consumer preferences,
cost optimization, and the need to improve operational efficiency. Digital tools enable small enterprises to
overcome limitations related to business scale and geographical location, expand market access, and interact
with customers through electronic platforms and digital payment systems.

Changing consumer behavior further accelerates this transformation. In 2023, 42% of consumers made
more than half of their purchases through digital channels, increasing the need for small businesses to adapt
traditional business models. Digital technologies also contribute to cost reduction: business process automation
can reduce accounting costs by approximately 50% and transportation costs by 10%. Moreover, predictive
analytics and artificial intelligence applied to supply-chain management can increase labor productivity by 18—
22%.

Against this background, the study aims to assess the efficiency of small businesses in Russia under digital
economy conditions, identify major challenges, and develop an adapted approach for evaluating and improving
their performance.
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Materials and methods

The study applies theoretical analysis, synthesis, observation, and comparison to assess the efficiency of
small businesses under digital economy conditions. The research is based on relevant scientific literature, sta-
tistical data, and Internet sources. Particular attention is given to digital transformation trends, their impact on
small business performance, and the adaptation of the Balanced Scorecard (BSC) approach to the digital busi-
ness environment.

Theoretical approaches

Recent research emphasizes the growing influence of digital transformation on small and medium-sized
enterprises. Domestic studies examine the current state of the digital economy (Abashkin et al., 2024), digital-
ization opportunities and project-management tools for SMEs (Arutyunyan et al., 2023; Bagdykov et al.,
2023), and the opportunities, mechanisms, and barriers associated with small business digital transformation
(Myzrova et al., 2024; Stepanov, 2022).

International research conceptualizes the digital economy from several complementary perspectives. Tap-
scott (1996) interprets it through the development of the network economy, while Schwab (2016) associates
contemporary digital transformation with the Fourth Industrial Revolution. Frey and Osborne (2013) empha-
size its implications for employment, whereas Goi et al. (2023) examine the influence of digital technologies
on companies’ strategic management. Together, these approaches provide the theoretical basis for assessing
how digital transformation affects small business efficiency.

Results

The retrospective analysis identifies three main stages in the development of Russia’s digital economy.
The formation stage (1990s—early 2000s) was characterized by the emergence of Internet infrastructure, e-
commerce, and the first digital services; by 2005, Internet penetration in the business environment had reached
35%. The active development stage (2000s—early 2010s) involved the rapid expansion of mobile communica-
tions, social networks, and digital business tools, with the share of companies using CRM systems increasing
from 12% to 48%. The current stage (2010s—present) is characterized by deeper integration of e-commerce,
digital platforms, big data, blockchain, and ecosystem-based business models, together with government pro-
grams supporting digital transformation.

Recent trends indicate a rapid expansion of Russia’s digital economy, particularly in e-commerce, digital
platforms, artificial intelligence (Al), and digital infrastructure. In 2023, the e-commerce market reached 7.9
trillion rubles, representing a 48% increase, with approximately 5.03 billion orders (Data Insight, 2024). Dig-
ital platforms are also expanding across transport, finance, education, and healthcare, while B2B platforms
contribute to greater competitiveness and lower transaction costs (Pashkin, 2024; RAEC, 2024).

Al adoption is another major trend, particularly in process automation, customer service, and predictive
analytics. The Russian Al market was expected to exceed 300 billion rubles in 2024, approximately 1.5 times
the 2023 level, while exports by domestic Al vendors were also projected to increase substantially (Smart
Ranking, 2024a, 2024b). The adoption of advanced Al technologies in industry is expected to increase by a
further 12% (Smart Ranking, n.d.). At the same time, broadband infrastructure has expanded, with the share
of the population having broadband Internet access increasing from 70% in 2020 to 85% in 2024 (Ministry of
Digital Development, Communications and Mass Media of the Russian Federation, n.d.). The growing use of
the Internet of Things, cloud computing, big data, and cybersecurity technologies further supports digital in-
frastructure and enables smaller firms to access technologies such as chatbots and predictive analytics.

Despite these developments, Russia’s digital transformation faces several constraints, including regional
inequality, dependence on imported technologies, cybersecurity risks, and shortages of qualified personnel. In
2023, the level of digitalization in Moscow and St. Petersburg was reported to be 60% higher than the regional
average, while approximately 72% of business software was reported to be of foreign origin. Moreover, de-
mand for IT specialists among small businesses is estimated to be only 54% satisfied (Ministry of Digital
Development, Communications and Mass Media of the Russian Federation, n.d.). These limitations may re-
strict technological adoption and increase risks associated with digital dependence and security.

Nevertheless, digitalization provides substantial opportunities for small businesses by improving customer
interaction, reducing operating costs, expanding access to alternative financing, and supporting data-driven
decision-making. The institutional environment also contributes to this process through subsidies, financing
mechanisms, and educational initiatives. The article reports that digitalization subsidies may cover up to 50%
of SME costs, crowdlending platforms have increased access to financing by 35%, and the “Digital Profes-
sions” program has trained approximately 120,000 specialists.
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These developments highlight the need for an assessment methodology that reflects the specific charac-
teristics of small businesses operating in the digital economy. Traditional financial indicators alone may not
adequately capture the effects of digital transformation. Therefore, an adapted Balanced Scorecard (BSC) ap-
proach is proposed to integrate financial and non-financial dimensions, including economic performance, cus-
tomer-related outcomes, business-process efficiency, innovation, and development potential. Such an approach
provides the basis for a more comprehensive assessment of small business efficiency and for identifying op-
portunities to improve competitiveness and sustainable development.

The formula for assessing the effectiveness of a small business entity in the digital economy may have the
following form:

E_(Ce*We+Co*Wo+Cm*Wm+Ci*Wi+Cs*Ws)
B Tc '

where: E is the general effectiveness of small business in the digital economy; Ce is the coefficient of economic
efficiency; We is the weight of economic efficiency in the overall assessment; Co is the coefficient of opera-
tional efficiency; Wo is the weight of operational efficiency in the overall assessment; Cm is the coefficient of
marketing efficiency; Wm is the weight of marketing efficiency in the overall assessment; Ci is the coefficient
of innovation efficiency; Wi is the weight of innovation efficiency in the overall assessment; Cs is the coeffi-
cient of social efficiency; Ws is the weight of social efficiency in the overall assessment; Tc is the total costs
of implementing and using digital technologies.

Let’s consider the concepts of the coefficients used in the formula.

1. The coefficient of economic efficiency Ce reflects the financial performance of the business due to the
implementation of digital technologies. It includes the following elements: revenue growth, cost saving, pay-
ability and profitability.

Calculation example:

(PR, — PR;)
e = C ,
where PR1 and PR2 are profits before and after digitalization; C are digitalization costs.

2. The coefficient of operational efficiency Co characterizes the optimization of internal processes due to
digitalization. It includes the speed of operations, reduction of errors, automation of routine tasks.

Calculation example:

oo =™
Ty
where T1 and T2 denote the time before and after optimization.

3. The coefficient of marketing efficiency Cm shows the impact of digital tools on promotion and sales.
It includes conversion, audience reach, ROI advertisement, and social media engagement.

Calculation example:
c Im
m=—,
Em
where Im is income from marketing; Em is expenditures for marketing.

4. The coefficient of innovation efficiency Ci evaluates the ability of a business to implement and use new
technologies. It includes the number of implemented innovations, patents, the share of digital products in rev-
enue.

Calculation example:
Ni

Ci=—,
1 Np

where Ni is the number of innovations; Np is the total number of projects.

5. The coefficient of social efficiency Cs determines the contribution of business to society through digital
technologies. It includes the level of digital literacy of employees, the environmental friendliness of processes,
customer satisfaction.

An example of the calculation method:

_ Npr

~ Nr '’

where Npr is the number of positive reviews; Nr is the total number of reviews.

Cs
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The costs (Tc) for implementing digital technologies in a small business may include hardware (server
systems, computers, sensors), software (licenses, subscriptions, CRM systems), personnel education (courses,
trainings), implementation and configuration (1T specialist services), technical support (maintenance, updates),
cybersecurity (data protection, antiviruses).

The following is an example of calculating the efficiency of a small business in one of the regions of
Russia. The clothes shop implemented online sales and a CRM system.

Total costs (Tc) amounted to 500 000 rubles.

Weights: We=0.3; W0=0.2; Cm=0.25; Ci=0.15; Cs=0.1.
Calculation of coefficients:

Ce = (1200 000 — 800 000) / 500 000 = 0.8.

Co = (10 days - 5 days) / 10 = 0.5.

Cm = (400 000 rubles of income / 200 000 rubles of expenditures) = 2.0.

Ci = (2 new digital services / 5 projects) = 0.4.

Cs = (85% positive reviews / 100%) = 0.85.

The final efficiency will be:

o _(08%03+05+02+20+025+04+015+ 0.85+0.1)

500 000 = 0.00000197 .

Conclusion: Marketing (Cm) and economics (Ce) contributed the most to efficiency, but high costs reduce
the overall indicator. Cost optimization can increase E.

Based on the results of the project implementation, a number of measures can be proposed to improve the
overall effectiveness of a small business entity in the digital economy.

1. Cost optimization (| Tc¢):

— using cloud solutions instead of purchasing server systems (for example, renting CRM in SaaS format);

— gradual introduction of digital tools (not all at once);

— use of free and cheap software analogues (for example, Tilda instead of an expensive CMS).

Reducing costs by 30-40% will increase efficiency (E) even at current coefficients.

2. Increase in the coefficient of economic efficiency (1Ce):

— implementation of the “dynamic pricing” method (demand analysis and automatic price adjustment);

— using Al analytics to forecast purchases (reducing surplus);

— development of a “subscription and repeat sales” program (loyalty programs).

It is assumed that the increase in profit will increase Ce and provide an increase in the contribution to
efficiency.

3. Improving operational efficiency (1Co):

— warehouse automation (1C + mobile terminals for accounting);

— implementation of chatbots for processing orders and returns;

— integration of online and offline sales (unified database of balances).

As a result, acceleration of processes should reduce labor costs and increase the value of the coefficient
of operational efficiency (Co).

4. Enhancing the marketing efficiency (1Cm):

— targeted advertising in social networks (VK, Telegram);

— implementation of gamification (promotional offers, quests, referral programs);

— use of UGC content (reviews, styles from buyers).

The expected effect is that an increase in conversion and marketing ROI will raise the value of the coeffi-
cient of marketing efficiency (Cm).

5. Development of innovations (1Ci):

— implementation of a VR (virtual) fitting room on the website;

— using NFT (digital tokens) to verify brand authenticity;

— launch of Al stylist (selection of looks based on preferences).

These unigue technologies are expected to increase Ci and attract new audiences.

6. Improving social efficiency (1Cs):

— implementation of a program for environmentally friendly packaging and clothing recycling;

— training employees in digital skills through free courses;

— support for local designers (collaborations).
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It is expected that the company's reputation will improve and customer loyalty will increase. The expected
effect will increase the value of the coefficient of social efficiency (Cs).

Final efficiency forecast. If we reduce costs (Tc) to 300 000 rubles and increase coefficients by 20-30%,
then:

i (096* 0.3+ 0.6*0.2+2.4%0.25+0.48*0.15+ 1.0+0.1)
Eproject = 300000 = 0.000003

As can be seen, as a result of the project implementation, the efficiency increase will be 1.5 times.

The greatest effect will be achieved by measures for reducing costs (cloud technologies, gradual imple-
mentation), enhance marketing and automation (targeting, chatbots), and introduce innovations (VR fitting
room, Al analytics), which will make the business more profitable, technologically advanced, and competitive
in the digital economy.

Conclusion

The present research confirms that digital transformation has a significant impact on the effectiveness of
small businesses in Russia. The development of e-commerce, the introduction of artificial intelligence and
cloud technologies create new opportunities for growth. However, the key problems, such as uneven digitali-
zation in regions, dependence on foreign technologies, a shortage of qualified specialists and cybersecurity
risks, still remain.

The proposed methodology for assessing efficiency, based on the adapted BSC model, allows for a com-
prehensive consideration of both financial and non-financial performance indicators of small enterprises. A
practical calculation using a retail store as an example showed that marketing activity and economic efficiency
make the greatest contribution to efficiency, but high digitalization costs can reduce the overall indicator.

To improve efficiency, the following is recommended:

— Cost optimization through cloud solutions and gradual implementation of technologies.

— Automation of operational processes (CRM, chatbots, data analytics).

— Development of digital marketing (targeted advertising, gamification).

— Implementation of innovative solutions (Al, VR, blockchain).

— Improving social responsibility and digital literacy of employees.

Prospects for further research are related to the development of more accurate metrics for assessing the
digital maturity of small businesses and the analysis of the long-term effects of digitalization in various indus-
tries.
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HUHTCIIJICKT, Lll/l(prBbIe l'l.]'laT(bOpM])I, O6J'la‘[l-[ble TEXHOJIOTUH U aBTOMATU3AIUI0, & TAKKE KIIOYCBBIC OIrpaHUYCHUA, TAKUE KaK pETUO-
HaJbHOE U()POBOE HEPABEHCTBO, 3aBUCUMOCTH OT MMIIOPTHBIX TEXHOJIOTHH, PUCKH KHOEepOe30macHOCTH U Ae(DUIUT KBATH(HIIUPO-
BaHHBIX KaJpoB. [Ipe/iaraemas MeToMKa 0ObEIUHSET MSITh HAPABICHNH OIeHKH 3()(EKTUBHOCTH [IEITEIBHOCTH OM3HECa: IKOHO-
MHUYECKYIO0, OMEPAHOHHYI0, MAPKETUHTOBYI0, HHHOBAIIMOHHYO U COLHANBHYIO 3()(heKTHUBHOCTD, OTHOBPEMEHHO YYUTHIBAS 3aTPATHI
Ha BHeJpeHre MU(PPOBBIX TeXHONoruid. [IpakTidecKuii pacyér Ha MpUMepe MaJoro MPEANPUSITHS PO3HHIHONW TOPTOBIH JEMOHCTPH-
pYyeT IPUMEHNMOCTh MOJICNH U MTOKA3bIBACT, YTO HAMOOJBIIHIA BKJIAJ B 00LIYIO0 3 )eKTHBHOCTh BHOCST SKOHOMHUUYECKUE U MapKETHH-
TOBBIC ITOKA3aTC/IM, TOrIa KaK BBICOKHUE 3aTpaThbl HA un(pranaumo MOFyT CHM)KaTh KOHEUHBIN pe3y.m>TaT. PeSyﬂbTaTbI HUCCIeaJ0BaHUs
IMOKa3bIBAKOT, YTO ONTHMH3ALMUA 3aTpaT, aBTOMaTHU3alusg POLECCOB, LlH(prBOﬁ MapKETUHI' © UHHOBAIIUOHHBIC TEXHOJIOTUH MOFyT
CIOCOOCTBOBATh MOBBIICHHIO 3()(HEKTUBHOCTH U KOHKYPEHTOCIIOCOOHOCTH MaJIoro Onu3Heca B YCIOBHAX HU(POBOIT IKOHOMHUKH.

Knrwuesvie cnosa: yupposas sxonomuka, manviil 6uznec, 3hexmusnocmn, oyenka, meHoeHyuu, pazeumue, npooiemvl, uLppa-

cmpykmypa
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UYGUNLASDIRILMIS BALANSLASDIRILMIS GOSTORICILOR SISTEMi (BGS) 9SASINDA KiCiK BiZNESIN
INKISAFINDAN YARANAN RIiSKLORIN VO GOZLONILON iQTiSADI SOMORONIN QiYMOTLONDIRILMOSI
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Xiilasa. Todgigatda rogomsal transformasiyanin Rusiyada kigik biznesin somaraliliyina tosiri aragdirilir vo uygunlagdiriimig
Balanslasdirilmig Gostoricilor Sistemino (Balanced Scorecard — BSC) ssaslanan giymotlondirma metodologiyasi toklif olunur. Tohlildo
elektron ticarst, siini intellekt, rogomsal platformalar, bulud texnologiyalar1 vo avtomatlagdirma da daxil olmagqla osas rogemsal
tendensiyalar, eloco do regional rogomsal boraborsizlik, idxal texnologiyalarindan asililig, kibertohliikasizlik risklori vo ixtisash kadr
catismazhig1 kimi baslica mohdudiyyotlor nazardon kegirilir. Toklif olunan metodologiya rogomsal texnologiyalarin tatbiqi xarclorini
do nazoro almagla biznes foaliyyatinin somoaroliliyinin bes istiqgamotini — iqtisadi, omaliyyat, marketing, innovasiya vo sosial
somaraliliyi birlogdirir. Kigik parakonds ticarot miiossisasi iizro aparilmig praktiki hesablama modelin totbiq oluna bilacayini niimayis
etdirir vo timumi somaraliliys on boyiik tohfonin igtisadi vo marketing gostaricilori torafindon verildiyini, rogemsallasmaya ¢okilon
yiiksok xarclorin iso yekun naticoni azalda bilocoyini gostorir. Tadqiqatin naticolari Xarclorin optimallagdirilmasinin, proseslorin
avtomatlagdirilmasinin, rogomsal marketingin vo innovativ texnologiyalarin rogomsal iqtisadiyyat soraitindo kigik biznesin somo-
raliliyini vo rogabat gabiliyystini artira bilaCayini gostorir.

Agar sézlar: raQamsal igtisadiyyat, ki¢ik biznes, samaralilik, giymatlondirma, meyillar, inkisaf, problemlar, infrastruktur
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Summary. This study evaluates Azerbaijan’s progress toward a green economy that integrates
economic growth, social well-being, and environmental protection. Since conventional indicators
such as GDP fail to reflect environmental and social dimensions, a composite Green Economy Index
is developed for a more comprehensive assessment. Using national data from 1990 to 2023, the index
is constructed from 21 economic, social, and environmental indicators obtained from the World
Bank. Indicators are normalized using the min—max method and aggregated into dimension-specific
sub-indices, which are then averaged to obtain the overall index. The results show a general upward
trend in Azerbaijan’s green economy performance over the study period. Progress is mainly driven
by economic and social improvements, including higher income levels, better access to electricity,
education, and health services. Environmental performance improves over the long term but remains
volatile and contributes less consistently. The findings underline the need to strengthen environmen-
tal policies, expand renewable energy investment, and improve resource efficiency. The index pro-
vides a practical tool for monitoring green economy performance and supporting sustainable policy
design.

Keywords: green economy,
sustainable development,
green economy index,
Azerbaijan, environmental
performance
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Introduction

The relationship between economic development and environmental sustainability has been widely dis-
cussed since the 1970s. The Limits to Growth emphasized that continuous population growth, industrialization,
pollution, and resource consumption could eventually constrain economic development, highlighting the need
to consider the interdependence between economic activity and the natural environment (Meadows et al.,
1972). This perspective contributed to the development of sustainability-oriented approaches based on the
rational use of natural resources and intergenerational equity (Diniz & Bermann, 2012).

Growing concerns about climate change, environmental degradation, and resource depletion have further
demonstrated that conventional economic growth cannot be evaluated independently of environmental and
social conditions. Although environmental protection measures may impose short-term economic costs, main-
taining ecological balance can support sustainable long-term growth and social welfare (Akyazi & Basoglu,
2015).

These developments have also intensified the Beyond GDP debate. GDP remains a fundamental measure
of economic performance but does not adequately capture income inequality, environmental degradation, re-
source depletion, or broader social well-being. Consequently, alternative measures have emerged, including
GDP-adjusted indicators, non-GDP indices, and composite indices integrating economic, social, and environ-
mental dimensions (Ozsoy & Tosunoglu, 2017).

Within this framework, the green economy has emerged as a multidimensional approach integrating
economic development, social well-being, and environmental protection. Its measurement is particularly
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important for assessing national progress and supporting policies related to low-carbon development, green
investment, resource efficiency, and sustainable economic growth.

Problem statement

Sustainable development was formally defined in the Brundtland Report as development that meets pre-
sent needs without compromising the ability of future generations to meet their own needs. The approach
integrates economic growth, basic human needs, natural-resource protection, and environmental considera-
tions into development policy, emphasizing the quality as well as the quantity of growth (Brundtland, 1987;
Soussan, 1992). This principle was further reinforced at the 1992 Rio Conference, where sustainable develop-
ment was recognized as a common global objective.

Within this framework, green growth and green economy have emerged as approaches that integrate eco-
nomic progress with environmental sustainability and human well-being. The foundations of green growth
were strengthened through international initiatives, including the 2005 Seoul Conference and the Rio+20 pro-
cess, which recognized green growth as an important pathway toward sustainable development (Kararach et
al., 2018; UNESCAP, 2012). Green growth emphasizes economic development alongside efficient resource
use, environmental protection, and lower emissions (OECD, 2011; Yalgin, 2016; GGGI, 2012).

The green economy similarly aims to improve human well-being and social equity while reducing envi-
ronmental risks. Its principal objectives include reducing carbon emissions, waste and pollution, preserving
biodiversity, increasing energy and resource efficiency, and promoting social welfare (UNEP, 2011). Public
and private investment can support these objectives by generating employment and income while improving
resource efficiency (Diyar et al., 2014). Although definitions vary, green economy and green growth are gen-
erally regarded as closely related components of sustainable development (Bowen, 2012).

From economic, social, and environmental perspectives, green economy performance therefore depends on
resource efficiency, social equity, ecological sustainability, resilience, and responsible management of nat-
ural resources (EEA Report, 2013; Bass, 2013). These interrelated dimensions are summarized in Figure 1.

* Production and
financial capital

r

N

« Natural capital

Human « Social and human
Walfare capital

Fig. 1. Green Economy
Source: EEA (2013, p.5)

Therefore, the economic dimension covers production and financial capital; the human welfare dimension
encompasses social and human capital; and the ecological dimension includes natural capital.

Materials and methods

GDP does not fully account for the environmental and social consequences of economic activity; there-
fore, alternative measures such as the Environmental Sustainability Index, Environmental Performance Index,
Environmental Vulnerability Index, Index of Sustainable Economic Welfare, and Green Net National Product
have been developed. However, these measures often emphasize particular economic or environmental dimen-
sions rather than providing a comprehensive assessment of the green economy.

Several composite approaches have subsequently been proposed. The Global Green Economy Index
(GGEI), calculated by Dual Citizen since 2010, incorporates 20 variables related to climate change, sector
efficiency, investment, and the environment. Nahman et al. (2016) developed a green economy index based
on 26 economic, social, and ecological indicators for 196 countries, while Kararach et al. (2018) constructed
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a green growth index using 48 variables in five categories for 22 African countries. However, limited historical
data restrict the use of these indices for long-term performance analysis.

Other studies have applied smaller indicator sets to improve temporal comparability. Teixeira et al. (2015)
assessed the socioeconomic and environmental performance of the United States and China using selected
indicators, including CO: emissions, access to drinking water, public health, human development, and renew-
able energy. Similar approaches have been applied to Brazil and Latin American countries using indicators
such as income per capita, CO: emissions, renewable energy, the Gini coefficient, GDP per capita, and fossil-
fuel consumption (Vilashoas & Teixeira, 2017; Velame & Teixeira, 2017). Schlor et al. (2017) developed a
Green Economy Innovation Index for Germany using 46 variables and sub-indices covering the food, energy,
and water sectors.

Research

Composite indices provide a practical means of aggregating multiple variables into a single measure for
decision-making and policy evaluation. Their construction generally involves four stages: variable selection,
transformation, weighting, and evaluation (OECD, 2002).

For assessing green economy development, variables should represent the interaction between economic
activity, social welfare, and environmental conditions. Accordingly, indicator selection should consider three
main areas: (1) green-economy-related investment, employment, and production, including renewable energy;
(2) economic growth and associated environmental pressures, including energy intensity, resource use, and
waste generation; and (3) broader development and welfare indicators, including poverty reduction and natu-
ral-resource consumption. Such indicators allow conventional economic measures to be assessed together with
environmental degradation and resource depletion (Jones, 2011).

Discussion

Since the values of variables generally have different scales and units, these values need to be normalized.
Normalization is essentially a mathematical transformation that arranges raw values with different scales and
units into a common scale. Thus, all values are scaled to a specified range (0-1, 0-10, 0-100, etc.), preventing
one variable from dominating others when the final index value is calculated. Although various normalization
methods exist in the literature, the max-min normalization method used in the World Bank's Human Develop-
ment Index has been chosen for this work. In this method, raw data is normalized within the framework of the
following equations (Nahman et al., 2016):

If the raw values of a variable are desirable to be high (e.g., income per capita), the normalization is done
as follows:

Xi' = Xi—-min (x) (1)

" max (x)—-min (x)

If high raw values are not desirable (e.g., the ratio of government debt to GDP), the normalization is done
as follows:
Xi = max®)-Xi (2

" max (x)—min (x)

Equation (1) and (2), Xi' represents the normalized value, Xi is the raw value of the variable, and max(x)
and min(x) are the maximum and minimum values of the variable, respectively. Thus, all numerical values of
the variables are brought into a defined range. If the normalized values are closer to the lower end of the range,
it indicates poor performance, while values closer to the upper end of the range indicate good performance.
Since the range used in this case is 0-1, a normalized value of 0 represents the worst condition, and 1 represents
the best condition.

Weighting is the process of evaluating the relative importance of the various components within an index.
In an index, it is possible to assign different weights according to the significance of each variable. This helps
to assess the role of each variable in the index more accurately and in a balanced manner.

Obtaining azerbaijan’s green economy index

In this study, Azerbaijan's green economy index was calculated for the period 1990-2023. The most im-
portant limitation of the study is the lack of data. The lack of regular data for many variables caused the study
to be limited to the period in question. For example, although the Gini coefficient in Azerbaijan has been
calculated for some years.
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In order to create the index, a total of 21 variables, which are thought to represent economic, social and
environmental dimensions in the context of the relevant literature, were used and the data were obtained from

the World Bank (WB) databases. Information and sources of the variables are presented in Table 1.

Table 1

Economic, Social and Environmental Variables Included in the Green Economy Index

DIMENSION

VARIABLE

ECONOMIC

Net National Income (current, US Dollar)

Net National Income per Capita (Current, US Dollar)

Net National Income Growth Rate (Annual, %)

GDP by Purchasing Power Parity (Current US Dollar)
Gross fixed capital formation (current US$)

Gross fixed capital formation (% of GDP)

Agriculture, forestry, and fishing, value added (current US$)

SOCIAL

Life expectancy at birth, total (years)

Mortality rate, infant (per 1,000 live births)

Government expenditure (GE) on education, total (% of GE)
School enrollment, primary (% net)

Poverty rate (% of population)

Access to electricity (% of population)

ENVIROMENTAL

Electricity production from renewable sources, excluding hydroelectric (% of
total)

Renewable energy consumption (% of total final energy consumption)

Fossil fuel energy consumption (% of total)

Adjusted savings: natural resources depletion (% of GNI)

Energy intensity level of primary energy (MJ/$2017 PPP GDP)

Total greenhouse gas emissions excluding LULUCF (Mt CO2e)

Forest area (% of land area)

Arable land (% of land area)

In the index creation process, first the raw data of all variables were normalized with the max-min method
and each variable was brought to a 0-1 scale. Then, economic, social and environmental sub-indices were
calculated by taking the arithmetic average of the normalized values of the variables in each group. Finally,
the scores for the green economy index were obtained by taking the arithmetic average of the sub-indexes
obtained. The graphs below show the normalized economic, social and environmental variables of Azerbaijan
between 1990 and 2023 taken from the World Bank data.
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Fig. 2. Normalized economic index of Azerbaijan for 1990-2023
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Fig. 3. Normalized social index of Azerbaijan for 1990-2023
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Fig. 4. Normalized enviromental index of Azerbaijan for 1990-2023

As depicted in figures, Azerbaijan's economic performance decreased in 1990-1993, it showed a long-
term growth in 1993-2013 and the oil price slump of 2014 caused a drastic economic slowdown with all eco-
nomic indicators and economic performance has declined but with the increasing oil prices in the following
years, after 2016, it again followed a growth rate. Azerbaijan's social indicators also showed a decline between
1990-1994, fluctuations were observed in 1994-2003, and although it showed a decrease in 2019-20 due to the
Covid pandemic, it was at a growth rate in the following years. But talking about a trend for environmental
performance it is not possible. Azerbaijan's environmental performance increased until 1998, 1998-2008 it
fluctuated during the period, showed a large increase in 2008-2010, and had a decreasing trend in the post-
2010 period compared to the previous period. But in general, we can see that environmental performance is
also increasing in the long term.

Green Economy Index
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Fig. 5. Green economy index of Azerbaijan for 1990-2023
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The development of Azerbaijan's green economy index for the 1990-2023 period is presented in Figure 5.
We can say that Azerbaijan's green economy performance is generally on an upward trend. Although this
upward trend became more pronounced in the 1990-2014 period, it followed a stable course in the 2014-2020
period and has been on an upward trend in the following years.

Conclusions

In this study evaluating the green economy performance of Azerbaijan, first of all, a green economy index
consisting of 21 variables belonging to economic, social and environmental dimensions was created. Accord-
ing to the index scores obtained, it can be said that the green economy performance of Azerbaijan has increased
in the period under consideration. This increase was mainly driven by the progress in the economic and social
dimensions. On the other hand, it is not possible to say that it has shown an adequate performance in the
environmental dimension. This is because the environmental performance index has shown a more fluctuating
course than the others in the period under consideration.

In addition to progress in economic and social variables, implementing social policies to increase equitable
income distribution and reduce poverty, and increasing investments in health, education and infrastructure that
contribute to the development of human capital can improve the social index and hence the country's green
economy performance.

In particular, positive developments in environmental variables will further improve the performance of
the green economy. In this context, the development of green technologies that will also contribute to the
economy, the creation of green jobs, the efficient use of natural resources and energy, the rehabilitation of
agricultural land and increasing productivity can improve both economic and environmental performance. In
this context, developing incentives for wind and solar energy investments and accelerating natural gas explo-
ration efforts will contribute to Azerbaijan's current account balance and economic growth by reducing energy
dependency, and will also contribute positively to environmental performance by preventing environmental
pollution. However, in making these investments, it is also important to determine the correct location of the
establishment and to choose the methods that will cause the least damage to the environment. It is also im-
portant to develop and expand recycling practices, which are widely practiced in many countries.
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Pe3rome. B nccnenoBanny oneHuBaeTcs nporpecc Asep6aiipkaHa B HalpaBJICHUH Mepexoa K 3e7IEHOI SKOHOMHKE, 00beINHSIO-
11eif 5KOHOMHUYECKHUI POCT, cCONMaIbHOE O1aronoaydne 1 0XpaHy OKpysxaromiei cpersl. [I0CKonbKy TpaJHIHOHHBIE TIOKAa3aTeH, TAKHE
KaK BaJIOBOW BHyTpeHHHH mpoaykT (BBII), He oTpaxaroT S5KOJOTHIECKHE W COLUAIBHBIE aCTICKTHI, I 00Jiee KOMILIEKCHOW OIIEHKH
pa3paboTaH coctaBHOW VHIekc 3enéHoil skoHOMIKH. Ha 0CHOBe HaIlMOHANBHBIX TaHHEIX 32 1990-2023 romsl nHAEKC CPOPMUPOBAH
13 21 5KOHOMHYECKOTO, COIIMATBHOTO U SKOJIOTHIECKOTO ITOKa3aTels, IIOy4eHHOT0 U3 06a3bl JaHHBIX BecemupHoro 6anka. [Tokasarenn
HOPMAJTM30BaHbI METOJIOM MUHUMAKCa M arpernpoBaHbl B CyOUH/IEKCHI [0 OT/EIEHBIM HAIPABICHUSIM, ITOCIIE Yero My TEM BEIYHUCIICHUS
HX CPEIHEr0o 3HAUCHWsI MOJIy4eH OOLIMil MHIEKC. Pe3ynbTaThl CBUIETENBLCTBYIOT 00 00LIeii TeHASHIIMH pocTa HoKas3aTesel 3enéHon
9KOHOMMKH A3zepbaii/pkaHa B TeYeHHE HcclieyeMoro nepuoaa. [Iporpecc 00ycioBieH TiIaBHBIM 00pa3oM yIIy4IIEeHHSIMH B SKOHOMH-
YEeCKOM M ColMaibHON cepax, BKIIOYAs MOBBIINICHHE YPOBHS JOXOJOB, PAaCIIMPEHHE OCTYINa K JIEKTPOIHEPTUH, 00pPa30BaHHIO U
MEIUIUHCKIM yCITyraM. DKOJIOTHIECKHUE TOKA3aTeNN Yy daloTCs B JOATOCPOTHON EPCIEKTHBE, OTHAKO COXPAHSIOT HECTAOMITBHBIHA
XapakTep W BHOCSAT MEHee yCTOWYMBBIN BKJIaJ B 00mmid mporpecc. [loxydeHHbIe pe3ynbTaThl MOTIEPKUBAIOT HEOOXOAUMOCTD yCHITe-
HUS SKOJIOTHIECKO MOIUTHKH, PAaCIINPEHUS] THBECTUIINIT B BO30OHOBIIAEMYIO SHEPTE€THKY U MOBBIIEHNUS 3 ()EKTHBHOCTH HCIIOIB30-
BaHUA pecypcoB. Pa3paboTaHHBII HHAEKC NpeACTaBIseT cOO0H MpaKTHYECKU MHCTPYMEHT LTI MOHUTOPUHTA TI0Ka3aTesei 3e€Hoi
9KOHOMMKH M TOJIEPKKH (GOPMHUPOBAHHS TIOJIUTUKH YCTOHYMBOTO Pa3BUTHSI.

Knrwouegvle cnosa: senénas sxonomuxa, ycmouuugoe pazeumue, UHOEKc 3eJ1EHOU IKOHOMUKU, A3epbatiodcan, dKono2udeckas pe-
3YNbMaAmMuUGHOCMb
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Xiilasa. Todgigatda Azorbaycanin iqtisadi artimi, sosial rifahi vo otraf miihitin miihafizasini 6ziinds birlosdiran yasil iqtisadiyyata
kegid istigamatinds iraliloyisi qiymatlondirilir. Umumi daxili mohsul (UDM) kimi anonavi géstaricilor ekoloji vo sosial aspektlori oks
etdirmadiyinden daha shatoli giymatlondirmo ii¢iin kompozit Yasil iqtisadiyyat indeksi hazirlanmisdir. Diinya Bankindan olda edilmis
1990-2023-cii illora aid milli molumatlardan istifads edilmokls indeks 21 igtisadi, sosial vo ekoloji gostorici asasinda formalagdiril-
mugdir. Gostaricilor min—maks metodu ilo normallagdirilmig vo ayri-ayri istigamotlor tizro subindekslards birlogdirilmis, daha sonra
onlarin orta qiymeti hesablanaraq imumi indeks oldo edilmigdir. Noticolor todqigat dovriindo Azorbaycanin yasil iqtisadiyyat
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gostoricilorinds iimumi artim meylinin miisahido olundugunu géstorir. iraliloyis osason golir saviyyssinin yiiksalmasi, elektrik
enerjising, tohsilo va sohiyys xidmotlorina ¢ixis imkanlarinin yaxsilagmasi da daxil olmagla iqtisadi vo sosial sahalordoki miisbat
dayisikliklorlo sortlonir. Ekoloji gostoricilor uzunmiiddstli dévrds yaxsilagsa da, doyiskon olaraq qalir vo timumi irsliloyiso daha az
sabit tohfs verir. ©ldo edilon naticalor ekoloji siyasstin giiclondirilmasi, barpa olunan enerji monbolorins investisiyalarin genis-
londirilmosi va resurslardan istifade somareliliyinin artirilmasi zeruratini vurgulayir. indeks yasil iqtisadiyyatin inkisaf gostaricilorinin
monitoringi vo dayanigli siyasatin formalasdirilmasinin dastoklonmosi tiglin praktiki vasito togqdim edir.

Agar sézlor: yasil igtisadiyyat, dayanigly inkisaf, yasil igtisadiyyat indeksi, Azarbaycan, ekoloji naticalilik
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Summary. As regions increasingly face environmental challenges, energy security concerns, and
economic transformation pressures, understanding how green energy transition contributes to sus-
tainable and resilient regional development has become an important research priority. This study
aims to examine the influence of green energy transition on regional economic resilience by analyz-
ing the mediating role of green investment and its effect on green innovation capability. Using survey
data collected from 364 professionals representing energy sectors, industrial organizations, public
institutions, universities and sustainability-related organizations in Azerbaijan, Structural Equation
Modeling was applied to evaluate the proposed relationships. The results reveal that green energy
transition has a significant positive impact on both regional economic resilience and green innovation
capability. The findings further confirm that green investment partially mediates the relationship
between green energy transition and regional economic resilience, indicating that financial mecha-
nisms are essential for converting renewable energy initiatives into sustainable regional development
outcomes. The study contributes to sustainability transition literature by demonstrating that success-
ful green transformation depends not only on renewable energy adoption but also on investment
capacity and innovation development. These findings suggest that policymakers and regional stake-
holders should integrate green energy strategies with investment mechanisms to enhance long-term
regional adaptability and sustainable economic development.
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transformation, green
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1. Introduction

The global transition toward green energy systems has become a key response to climate change and the
pursuit of sustainable economic development. Efforts to reduce carbon emissions, decrease fossil fuel depend-
ence, and enhance energy security have accelerated the adoption of renewable energy, making the green energy
transition (GET) both an environmental necessity and a strategic driver of economic transformation and re-
gional development (Markard, 2018).

Regional economic resilience (RER) refers to a region's ability to adapt to structural change, withstand
disruptions, and sustain long-term growth. GET can strengthen resilience by promoting economic diversifica-
tion, structural transformation, and reduced reliance on conventional energy systems, particularly in resource-
dependent economies such as Azerbaijan.

Although previous studies have examined the effects of renewable energy on economic growth and envi-
ronmental outcomes (Saidi & Omri, 2020; Mukhtarov et al., 2023), limited attention has been given to the
relationship between GET and RER and the mechanisms underlying this relationship.

Therefore, this study examines the direct effect of GET on RER and the mediating role of green investment
(Gl), providing an integrated framework for understanding how green investment translates energy transition
into stronger regional economic resilience.
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2. Literature review and hypotheses development

2.1. Green energy transition, regional economic resilience, and green innovation capability

GET is reshaping regional development through renewable energy adoption, energy efficiency, techno-
logical modernization, and low-carbon transformation. As a strategic response to environmental and economic
challenges, GET strengthens regional adaptability, competitiveness, and sustainable development (Sovacool,
2016; Hasanov & Safarli, 2023). From a socio-technical perspective, energy transitions involve interactions
among technologies, institutions, industries, and society, driving structural transformation and innovation
across multiple sectors (Geels et al., 2017).

RER refers to the ability of regional economies to withstand disruptions, adapt to change, and sustain
long-term development. GET enhances RER by reducing fossil fuel dependence, improving energy security,
promoting economic diversification, and supporting green industries (Dincer, 2000). At the same time, GET
creates technological opportunities that stimulate green innovation capability (GIC) by encouraging
knowledge creation, technological learning, and capability development (Rennings, 2000; Chen, 2008;
Huang & Li, 2017).

GIC reflects the capacity of regions and organizations to develop and apply environmentally oriented
innovations. Its development depends on internal capabilities, external pressures, technological readiness, and
continuous innovation (Cai & Li, 2018; Song et al., 2019). Although previous studies have examined renewa-
ble energy, innovation, and economic growth, limited attention has been given to the role of GET in simulta-
neously strengthening RER and GIC.

Drawing on the preceding discussion, the following hypotheses are proposed:

H1. Green energy transition positively influences regional economic resilience.

H2. Green energy transition positively affects green innovation capability.

2.2. The mediating role of green investment

Gl is a key financial mechanism through which the GET contributes to RER. By financing renewable
energy, clean technologies, sustainable infrastructure, and environmentally responsible projects, GI supports
long-term economic transformation (Chen et al., 2023; Ristanovi¢ et al., 2024).

Beyond financing, Gl promotes technological upgrading, industrial restructuring, and sustainable de-
velopment. Previous studies show that green finance accelerates technological progress, low-carbon de-
velopment, and sustainability-oriented strategies (Zhang et al., 2021; Wang et al., 2022). However, GET
alone is unlikely to strengthen regional resilience without investment mechanisms that transform renew-
able energy initiatives into innovation and sustainable industrial development (Tan & Zhou, 2025; Guli-
yeva et al., 2021).

Gl also enhances RER by encouraging economic diversification, reducing vulnerability to energy-related
shocks, and supporting green development. Institutional frameworks, financial systems, environmental regu-
lations, and investment incentives are essential for mobilizing resources for sustainable transformation (Tao,
2026; Zeynalova, 2019). Despite its importance, the mediating role of Gl between GET and RER remains
underexplored, as previous studies have focused mainly on its direct effects on sustainability and green growth
(Feng & Li, 2025).

Therefore, this study proposes that Gl serves as a transmission mechanism linking GET to stronger re-
gional economic resilience.

H3. Green investment mediates the relationship between green energy transition and regional economic
resilience.

3. Materials and methods

3.1. Research design, measurement and data collection

Data were collected through a structured questionnaire based on validated scales for green energy transi-
tion, green innovation, green investment, and sustainable regional development. The survey was conducted in
Azerbaijan between January and March 2026 using purposive sampling to select respondents with relevant
expertise in energy transition, investment, innovation, and regional development.

All items were measured on a five-point Likert scale ranging from 1 (“strongly disagree”) to 5 (“strongly
agree”). After data screening, 364 valid questionnaires were retained for analysis. Respondents' demographic
characteristics are presented in Table 1.
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Table 1
Demographic profile of respondents
Variable Category Sample size %
Gender Male 188 51.6
Female 176 48.4
18-35 95 26.1
Age 36-65 232 63.7
65 and above 37 10.2
Experience with Less than 1 year 72 19.8
Sustainability |2 Years 205 56.3
More than 5 years 87 23.9
Renewable energy transition 111 30.5
Field Knowledge Gre(_an innovation_activities 103 28.3
Regional economic development 95 26.1
Environmental/sustainability projects 55 15.1

3.2. Data Analysis Procedures

Data analysis was performed using SPSS 26 and SEM. A multi-stage analytical procedure was applied to
evaluate the reliability and validity of the measurement model and to test the proposed hypotheses.

First, descriptive statistics were calculated to summarize respondents’ demographic characteristics. The
reliability of the constructs was assessed using Cronbach’s alpha (o) and CR). Values exceeding the recom-
mended threshold of 0.70 indicated acceptable internal consistency reliability.

CFA was conducted to assess the measurement model. Convergent validity was evaluated using standard-
ized factor loadings and AVE. Factor loadings above 0.60 and AVE values greater than 0.50 were considered
acceptable indicators of convergent validity. Discriminant validity was assessed using the Fornell-Larcker
criterion and the HTMT ratio.

The overall model fit was evaluated using multiple goodness-of-fit indices, including y?/df, CFI, TLI,
RMSEA, and SRMR.

After confirming the adequacy of the measurement model, SEM was applied to examine the hypothesized
structural relationships. The direct effect of GET on RER was analyzed to test H1, while the effect of GET on
GIC was examined to test H2.

Finally, the mediating role of Gl in the relationship between GET and RER (H3) was tested using a boot-
strapping procedure with 5000 resamples and bias-corrected 95% confidence intervals. The indirect effect was
considered statistically significant when the confidence interval did not include zero.

4. Results

The results of the structural model examining the relationships among GET, GIC, GlI, and RER are pre-
sented in Figure 1. The structural model illustrates the estimated path coefficients for the proposed hypotheses,
including the direct relationships and the mediating mechanism of GI.

Green Investment
(GI)

H3 (a)

B=0.584%*=

’

’

’
’

H1 (Direct Effect)
Green Energy Transition ] p=0392¢"* Regional Economic
(GET) Resilience
J H3 (Mediation) l (RER)

GET — GI — RER

P=0.648" i i
Green Innovation Capability

(GIC)

Legend:
T T T T T T T ) —— Direct Effects (H1-H2)
Mediation Analysis Results (H3) i = = =% Mediation Effect (H3)

Indirect effect (a xb): ~ B=0255***  95% CI [0.156,0.386] |
Direct effect (c") B=0392**  95% CI[0.241,0.548] |
Total effect (c) P=0647""  95%CI[0.495,0781] |

Note: *** p < 0.001
Fig. 1. Structural model results
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The detailed results of the structural relationships are presented in Table 2. The findings show that all
estimated structural paths are positive and statistically significant.

Table 2
Results of the structural relationships
Path Relationship Path Coefficient () S.E. C.R. Hypothesis Result
GET — RER 0.392 0.079 5.762 H1 Supported
GET — GIC 0.648 0.073 8.657 H2 Supported
GET — GI 0.584 0.068 7.914 H3 mediation path (a) Supported
GI — RER 0.436 0.071 6.325 H3 mediation path (b) Supported

The results indicate that GET has a significant positive influence on RER (B =0.392, p <0.001), support-
ing H1. This result suggests that the development of renewable energy systems, improvements in energy effi-
ciency, and low-carbon transformation processes contribute to strengthening regional adaptability and sustain-
able economic development.

The results also demonstrate that GET has a strong positive effect on GIC (f = 0.648, p < 0.001), con-
firming H2. This finding indicates that the transition toward cleaner energy systems encourages technological
development, environmental innovation practices, and the creation of new green capabilities.

Furthermore, GET significantly enhances GI (B =0.584, p < 0.001), and GI contributes positively to RER
(B =0.436, p < 0.001).

The explanatory power of the structural model was evaluated using R? values. GET explains 45% of the
variance in GIC (R? = 0.45), indicating its important role in promoting environmentally oriented innovation
capacity. Additionally, GET and GI together explain 59% of the variance in RER (R? = 0.59), demonstrating
strong explanatory capability of the proposed model.

After examining the direct structural relationships, mediation analysis was conducted to evaluate the in-
direct effect of GET on RER through GI. The results are presented in Table 3.

Table 3
Mediation analysis results
Effect Type Path Standardized Effect () S.E. 95% Bootstrap CI
Direct effect (c) GET — RER 0.392 0.079 [0.241, 0.548]
Indirect effect (a xb) | GET — GI — RER 0.255 0.061 [0.156, 0.386]
Total effect (c) GET — RER 0.647 0.072 [0.495, 0.781]

The mediation results presented in Table 3 confirm the mediating role of Gl in the relationship between
GET and RER. The indirect effect of GET on RER through GI is positive and statistically significant (B =
0.255, p < 0.001), and the 95% bootstrap confidence interval does not include zero.

Since both the direct effect of GET on RER and the indirect effect through Gl are significant, the findings
indicate a partial mediation effect. Therefore, H3 is supported.

5. Discussion

5.1. Green energy transition, regional economic resilience, and green innovation capability

The findings confirm that GET has significant positive effects on both RER (H1) and GIC (H2). These
results indicate that GET is not merely a shift from fossil fuels to renewable energy but a broader socio-eco-
nomic transformation that reshapes industrial structures, investment patterns, and regional development.

GET strengthens regional resilience by reducing dependence on conventional energy sources, improving
energy security, promoting economic diversification, and enhancing regions' capacity to respond to environ-
mental and economic shocks. At the same time, the transition stimulates technological learning, knowledge
creation, and the development of sustainable production processes, thereby strengthening regional green inno-
vation capability.

These findings support environmental innovation theory by demonstrating that sustainability-oriented en-
ergy transitions create favorable conditions for technological advancement and capability development. Unlike
previous studies that primarily emphasized the effects of renewable energy on economic growth, emissions,
or existing innovation capacity, this study shows that GET simultaneously enhances both the adaptive capacity
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of regional economies and the development of green innovation capability, highlighting its broader contribu-
tion to sustainable regional transformation.

5.2. The Mediating Role of Green Investment

The mediation analysis confirms that Gl partially mediates the relationship between GET and RER (H3).
This finding indicates that GET strengthens regional resilience both directly and indirectly through investment-
driven mechanisms.

From a theoretical perspective, Gl serves as a strategic mechanism that transforms renewable energy ini-
tiatives into technological progress, sustainable infrastructure, and regional competitiveness. Renewable en-
ergy transition alone is insufficient to enhance resilience without adequate investment to support clean tech-
nologies, energy efficiency, and sustainable industrial transformation.

These findings extend the sustainability literature by showing that Gl is not only a financial resource but
also a key mechanism linking energy transition to regional adaptation, structural transformation, and long-term
economic resilience.

6. Conclusion

The transition toward sustainable energy systems is a key driver of regional transformation. This study
developed and tested a structural framework explaining how the GET enhances RER through the mediating
role of GI. Using structural equation modeling, the study provides empirical evidence on the mechanisms
linking energy transition to long-term regional development.

The findings indicate that GET is not only an environmental initiative but also a catalyst for economic
transformation. Renewable energy and low-carbon systems improve regional adaptability, reduce vulnerabili-
ties, and promote sustainable development, while these benefits depend on the effective mobilization of GI.

The results offer practical implications for policymakers, regional authorities, financial institutions, busi-
nesses, and universities. Renewable energy policies should be integrated with green financing and supportive
regulations, while regional stakeholders should foster sustainable industries, clean technologies, innovation,
and university—industry—government collaboration.

Appendix 1. Measurement items.

Green Energy Transition
GET1 — Adoption of renewable energy technologies
GET2 — Improvement of energy efficiency practices
GET3 — Reduction of dependence on fossil energy sources
GET4 — Implementation of low-carbon energy strategies

Green Innovation Capability
GIC1 — Development of environmentally friendly technologies
GIC2 — Ability to implement green process innovations
GIC3 — Capacity to create sustainable products and services
GIC4 — Integration of environmental knowledge into innovation processes

Green Investment
GI1 — Allocation of financial resources to green projects
GI2 — Investment in renewable energy infrastructure
GI3 — Availability of green financing mechanisms
GI4 — Long-term commitment to sustainable investment activities

Regional Economic Resilience
RER1 — Ability of the region to adapt to economic changes
RER?2 — Capacity to recover from economic and environmental shocks
RER3 — Diversification of regional economic activities
RER4 — Creation of sustainable employment opportunities
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MEPEXO/I K 3EJIEHOM SHEPTETUKE U YCTOMUYHUBOCTDb PETHOHAJIBHOM YKOHOMHUKH
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Pe3tome. B ycrnoBusix, KOria perHOHBI BCE Yallle CTATKUBAIOTCS ¢ IKOJIOTHIECKUMH TIPOOIIeMaMu, yrpo3aMH SHEPTeTHIECKON 0e3-
OMAaCHOCTH U JaBJICHHEM, CBSI3aHHBIM C SKOHOMHYECKOW TpaHchopMmanuel, u3yueHne BKJIaga Iepexona K 3eNEHOH dHEepreTHKe B
yCTOMYMBOE U CTAOMJIBHOE PETHOHAIBHOE PAa3BUTHE CTAHOBUTCS BaXKHBIM HalpaBlIeHUEM Hay4yHbIX HUccienoBaHuid. Llens nccnenosa-
HUSl 3aKJII0YAETCS B U3yUYCHHUHU BIUSHUA IIEPexo/ia K 3eEHOH SHepreTHKe Ha PerHOHABHYI0 YKOHOMUYECKYI0 YCTOMYMBOCTD MOCPE-
CTBOM aHaJIM3a MOCPEIHUUYECKON POJIM 3€NEHBIX MHBECTULMI M MX BO3JEHCTBUS HA MOTEHLMAN 3€NEHBIX MHHOBALMM. [l oneHKH
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IIPeNoNaraéMbIX B3aMMOCBSI3eH MPUMEHEH METOJ MOJEIHPOBAaHMS CTPYKTypHBIMHU ypaBHeHUsMH (Structural Equation Modeling —
SEM) Ha ocHOBe JaHHBEIX ompoca 364 CIenHaInCcTOB, NPEACTABIIONNX YHEPreTHUeCKUe OTPACIIH, TPOMBIIIIICHHBIE OpTaHU3aINH,
rOCyapCTBEHHBIE YUPEKICHUS, YHUBEPCUTETHI U OpPraHU3alllH, CBA3aHHBIE C yCTOMUMBBIM pa3BuTHEM B Azepbaiimkane. Pe3ynbTaThl
MOKA3bIBAIOT, YTO MEPEXOJ K 3e1EHOM SHEPreTUKE OKA3hIBACT CTATUCTUUECKU 3HAUUMOE TTOJIOKUTETbHOE BIUSHNE KaK HA PETHOHAITb-
HYIO 5KOHOMHYECKYIO YCTOHYIMBOCTD, TAK U Ha MTOTEHIIUAN 3eIEHBIX NHHOBAIMH. [oTyueHHbIE pe3ynbTaThl TAKXKE MOATBEP)KAAIOT, UTO
3e1€Hble HHBECTUIIMU YACTUYHO OMOCPELYIOT B3aUMOCBA3b MEXIY IMEPEX0JI0M K 3eEHON IHEPreTHKe U PETHOHATbHON 3KOHOMUYE-
CKOI yCTOWYMBOCTEIO, yKa3bIBasi Ha BAYKHYIO POJIb (PUHAHCOBBIX MEXaHU3MOB B IIPe0Opa30BaHNY MHUIMATUB B 00JIaCTH BO30OOHOBIIS-
€MOH PHEPreTUKH B Pe3yJIbTaThl YCTOHUMBOIO PErHOHANBHOTO pa3BuTHs. McciaenoBanue BHOCUT BKJIaJ B HAyYHYIO JIUTEpaATypy IO
BOIIpOCaM Iepexo/ia K yCTOHINBOMY Pa3BUTHIO, IEMOHCTPHPYSI, UYTO yCIeIIHas 3eJIEHast TpaHc(opManys 3aBUCUT He TOJIBKO OT BHEII-
peHUsI BO30OHOBIISIEMBIX HCTOYHUKOB SHEPTHH, HO ¥ OT MHBECTHIIMOHHOTO IIOTEHIINANIa ¥ Pa3BUTHS HHHOBAIMi. [oy4eHHbIe pe3yiib-
TaThl CBUJETENBCTBYIOT O TOM, YTO Pa3pab0TYNKaM rocyAapCTBEHHON MONUTUKH U PETHOHAIBHBIM 3aHHTEPECOBAHHBIM CTOPOHAM CIIe-
IyeT HHTETPUPOBATh CTPATETHHU PA3BUTHUS 3€NEHON SHEPTETUKH C MHBECTUIIMOHHBIMU MEXaHU3MaMU JUISl TIOBBIIIEHHUS JOJITOCPOUHOM
aJIalITUBHOCTH PETHOHOB U 00ECIICUeHUsI yCTOHUHMBOrO 3KOHOMHUUECKOTO Pa3BUTHSI.

Kniouesvie cnoga: sneopeniie 60300HO6NAEMbIX UCTIOYHUKOE DHEPSUU, YCINOUMUBOE pa3eumue, HU3KoyenepoOHas mpancghopma-
Yus, 3eN1€Hble UHBECTUYUL, IKON02UYECKIe UHHOBAYUY

YASIL ENERJiYO KECID VO REGIONLARIN iQTiSADI DAYANIQLIGI

Zeynalova Z.Z.'*, Biikey A.2, Hasimova N.N.3, Ohmadova X.N.*
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AZ4500, Mingagevir, D. Oliyeva kii¢. 21
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Xiilasa. Regionlarin ekoloji problemlar, enerji tohliikasizliyi ilo bagli narahatliqlar vo iqtisadi transformasiya tozyiglori ilo getdikco
daha ¢ox lizlogdiyi soraitds yasil enerjiys kecidin dayanigli vo davamli regional inkisafa neca t6hfs verdiyinin yranilmoasi mithiim
todgiqgat istigamotino ¢evrilmisdir. Todgiqatin magsadi yasil investisiyalarin vasitagi rolunu v yasil innovasiya potensialina tasirini
tohlil etmokls yasil enerjiyo kegidin regional iqtisadi dayanighiga tesirini arasdirmaqdir. Azerbaycanda enerji sektorlarini, sonaye
toskilatlarini, dévlat miiassisalarini, universitetlori vo dayaniqh inkisafla slagoli toskilatlar: tomsil edon 364 miitoXassisdon toplanmig
sorgu molumatlari ssasinda irali siiriilon slagslorin giymatlondirilmasi tigiin struktur tonliklorin modellosdirilmosi (Structural Equation
Modeling — SEM) metodundan istifads edilmisdir. Naticolor gostarir ki, yasil enerjiys kecid ham regional iqtisadi dayaniqliga, hom do
yasil innovasiya potensialina statistik baximdan shomiyyatli miisbat tosir gostorir. ©lds edilon naticalor, homginin yasil investisiyalarin
yasil enerjiys kegidlo regional iqtisadi dayaniqliq arasindaki olagads gisman vasitaci rol oynadigini tasdiglayir. Bu iss barpa olunan
enerji togabbiislorinin dayanigli regional inkisaf naticalarine gevrilmosinds maliyys mexanizmlorinin mithiim shomiyyost dasidigini
gostarir. Todqiqat ugurlu yasil transformasiyanin yalniz borpa olunan enerji monbalarinin tothigindon deyil, hom do investisiya
imkanlarindan vo innovasiyalarin inkisafindan asilt oldugunu niimayis etdirmoklo dayaniqliliga kegid iizro elmi odobiyyata tohfa verir.
Oldo edilon naticalar gostarir Ki, siyasatgilor vo regional maraqli torsflor uzunmiiddotli regional uygunlasma gabiliyyatini vo dayaniqli
iqtisadi inkisafi giiclondirmak tiglin yasil enerji strategiyalarini investisiya mexanizmlari ilo inteqrasiya etmolidirlor.

Agar sézlar: barpa olunan enerji manbalarinin tathigi, davamli inkisaf, asagi karbonlu transformasiya, yasil investisiyalar, ekoloji
innovasiyalar
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Summary. This study examines technical and economic approaches to managing ecological
restructuring of production in Azerbaijan within the framework of sustainable regional develop-
ment. An integrated economic-geographical approach is applied, considering natural resources,
production structures, environmental pressures, investment, technological modernization, and en-
vironmental monitoring. System-structural, mathematical-statistical, GIS-based, and monitoring
methods are used to assess the relationship between industrial development and environmental

Keywords: green bonds, protection. The findings highlight the importance of efficient resource use, modernization of pro-
public-private partnerships, duction technologies, closed-cycle and low-waste systems, emission reduction, and specialized
renewable energy finance, treatment facilities. Particular attention is given to industrial and environmental conditions in the
resilience channels, Absheron Peninsula, Baku, Sumgayit, and other production areas. The analysis indicates that tech-
investment risk nological modernization and water-reuse systems can reduce resource consumption and environ-

mental pressure while improving production efficiency. The study concludes that effective eco-
logical restructuring requires an integrated management framework combining technological in-
novation, resource efficiency, pollution prevention, environmental investment, scientifically
based monitoring, and territorial planning.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

1. Introduction

Renewable-energy deployment requires substantial upfront capital, long repayment periods, grid access and
credible revenue arrangements. Financing conditions and risk allocation therefore strongly influence project imple-
mentation and electricity costs. International evidence shows that green finance and financial-market development
can support renewable-energy investment, while policy stability and institutional quality remain important determi-
nants of effectiveness (Al Mamun et al., 2022; Alharbi et al., 2023; Anton & Afloarei Nucu, 2020).

Green bonds and public-private partnerships (PPPs) address different financing needs. Green bonds channel
debt proceeds towards eligible environmental activities and require transparent use of proceeds, reporting and
external review (Flammer, 2021; Zerbib, 2019). PPPs and independent power producer (IPP) arrangements com-
bine private capital and expertise with public regulation, grid access and long-term power-purchase agreements,
with effective risk allocation being essential to project performance (Taghizadeh-Hesary & Yoshino, 2020).

Renewable-energy investment may also support regional resilience through spatial and technological di-
versification, reduced fuel dependence, grid reinforcement and demand for local services. However, these
channels should not be equated with observed changes in regional economic resilience, which requires direct
evidence on variables such as employment, regional output and post-shock recovery (Boschma, 2015; Martin
& Sunley, 2015). Accordingly, this study evaluates only measurable project-level resilience-relevant channels.

Azerbaijan provides an important case because hydrocarbons remain central to its energy economy despite
substantial solar and wind resources (IEA, 2023; IRENA, 2019; World Bank Group, 2023). Garadagh Solar
became operational in 2023 and Khizi-Absheron Wind in January 2026, while Bilasuvar and Neftchala add
760 MW of planned solar capacity supported by EBRD, ADB and AlIB financing (Asian Development Bank,
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2024; Asian Infrastructure Investment Bank, 2024; European Bank for Reconstruction and Development,
2024a, 2024b, 2024c; President of the Republic of Azerbaijan, 2023, 2026).

The Sustainable Finance Roadmap for 2023-2026 and Azerbaijan’s Green Taxonomy strengthen the in-
stitutional framework for green finance (Central Bank of the Republic of Azerbaijan, 2023, 2024). At the
international level, the ICMA Green Bond Principles establish requirements for use of proceeds, project eval-
uation and selection, management of proceeds and reporting, complemented by external review and the Cli-
mate Bonds Standard (Climate Bonds Initiative, 2025; ICMA, 2025, 2026a). Building on previous research on
Azerbaijan’s renewable-energy potential (Mustafayev et al., 2022; Vidadili et al., 2017), this study evaluates
project costs and output, PPP and multilateral financing, green-bond readiness, diversification and sensitivity
to financing rates, cost overruns and output shortfalls.

2. Materials and methods

2.1. Research design and data

The study uses a multi-source observational design with a data cutoff of 30 June 2026. Generation projects
were included when capacity was at least 200 MW and public records reported location, technology, total cost
and annual output. Four projects met these criteria. The sample is purposive and disclosure-based rather than
statistically representative of all renewable-energy investment in Azerbaijan. The Azerbaijan Scaling-Up Renew-
able Energy Project (AZURE) was assessed separately because it finances transmission rather than generation.

Government communications, project-company disclosures and multilateral development-bank docu-
ments were prioritised. When environmental estimates differed, project-company values were applied consist-
ently because they reported generation and avoided emissions on the same basis. Values for plants under con-
struction are documented ex ante expectations rather than audited outcomes; no missing regional employment,
income or supplier-spending observations were imputed. The project-level dataset, including location, tech-
nology, installed capacity, investment cost, expected annual generation, avoided CO: emissions, and opera-
tional status, is presented in Table 1. The analytical framework linking financing arrangements, project-level
indicators, risk factors, and potential regional resilience channels is illustrated in Fig. 1.

Table 1
Project-level dataset used in the analysis
. Cost Annual Avoided
- ] Capacity -
Project Location Technology (MW) (USD generation CO: Status
m) (GWh) (kt/year)
Garadagh Solar PV g;‘;ﬁdagh' Solar PV 230 262 500 200 Operational
Khizi-Absheron Khizi and . :
Wind Absheron Wind 240 340 1000 400 Operational
Bilasuvar Solar PV | Bilasuvar | Solar PV 445 383 961 393 Under
construction
Neftchala (Banka) | Nefichala | Solar PV 315 283 686 280 Under
Solar PV construction

Note. Bilasuvar and Neftchala values are ex ante estimates. The Khizi-Absheron avoided-emissions value conservatively represents an
official estimate of more than 400 kt/year. Capacity, generation and emissions values were cross-checked against project-owner dis-
closures (Masdar, n.d.-a, n.d.-b, n.d.-c).

Financing architecture Observed project-level indicators
PPP /IPP = MDB finance Cost/MW - Generation/MW
Potential green-bond refinancing Financing structure = Risk sensitivity

Evidence boundary
No direct estimate of regional GVA,
employment, municipal revenue or
post-shock recovery

Potential resilience-relevant channels
patial dispersion = Technology diversity
Grid reliability « Investment robustness

Risk modifiers
Financing rate = Cost overrun
Output shortfall « Grid constraints

interpretation: project-level channels and proxies are assessed; causal regional resilience impacts are not estimated.

Fig. 1. Analytical framework linking financing variables to project-level indicators and potential
regional resilience channels. Regional resilience itself is not estimated as an outcome.
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2.2. Indicator construction
Capital intensity and expected generation yield were calculated as:

I;

Cl, =—
c,

G,

EGY, = =
c

where I, is investment in USD million, C; is capacity in MW and G, is expected annual generation in GWh.

Avoided-emissions intensity uses the same denominator.
Portfolio concentration was measured with the Herfindahl-Hirschman Index and its diversification com-
plement:
n
HHI:Zsf, DIV =1 — HHI

i=1

where s; is the capacity share of a location or technology.

No project-level labelled green-bond proceeds were identified. A standards-aligned Green Bond Readi-
ness Index (S-GBRI) was therefore constructed as a documentary pre-issuance screen. The seven criteria are
mapped to the ICMA Green Bond Principles (GBP), the 2026 ICMA external-review and impact-reporting
guidance, the Azerbaijan Green Taxonomy and, as a consistency check, the Climate Bonds Standard v4.3
(Climate Bonds Initiative, 2025; ICMA, 2025, 2026a, 2026b).

7 7
S-GBRli= Y ws;, s;€{0,051}, Yw=1
j=1 j=1

For each criterion, the documentary score equals 0 when no public evidence was identified, 0.5 when
evidence was partial or not bond-specific, and 1 when the criterion was fully evidenced. The weighting is
standards-based rather than an equal seven-way split: the four GBP core components jointly receive 0.80 (0.20
each), while external review receives 0.20 as a separate key-recommendation pillar. Where a core component
contains two operational criteria, its 0.20 weight is divided equally. The index is a documentary readiness
screen, not a credit rating, certification or validated predictor of issuance success; no arbitrary high/me-
dium/low thresholds are imposed.

Table 2
Standards-aligned criteria and weights for the S-GBRI
Criterion Standards basis Weight Documentary coding focus
Eligible green use of GBP: Use of Proceeds; Renewable activity is taxonomy-consistent and
» 0.10 - i 4

proceeds Azerbaijan Green Taxonomy eligible for green financing.

Identifiable project / GBP: Use of Proceeds 0.10 Assets ant_j financing need can be clearly identi-
asset pool fied and ring-fenced conceptually.

Public evidence of environmental objectives,
0.20 |eligibility screening and material risk assess-
ment.

Bond-specific account, sub-account or equiva-
lent internal tracking mechanism.

Commitment and mechanism to report alloca-

Project evaluation and | GBP: Project Evaluation and
selection process Selection

Management and
tracking of proceeds

Allocation reporting

GBP: Management of Proceeds | 0.20

framework GBP: Reporting 0.10 tion of proceeds until full allocation.
Impact-reporting GBP: Reporting; ICMA 2026 Comparable quantitative indicators, methods

; : 0.10 : ;
readiness impact framework and assumptions for energy and GHG impacts.

GBP key recommendation; 0.20 Independent pre-issuance review/certification
ICMA 2026 External Reviews ' and appropriate post-issuance verification plan.
Note. The four ICMA GBP core components receive 0.20 each; Use of Proceeds and Reporting are each divided into two
0.10 subcriteria. External review receives 0.20 because it is a distinct ICMA key recommendation and a central integrity
safeguard. The weights are normative and transparent rather than empirically estimated.

External review
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Multilateral mobilisation was measured as disclosed MDB finance divided by published project cost.
Grid-enabling leverage was calculated as:

PLR = Iprivate
public

2.3. Operationalisation of resilience-relevant channels

Regional resilience is operationalised only at the channel/proxy level, not as an outcome variable. Four
observable dimensions are used: (i) location diversification (DIV(L)) as a proxy for exposure to single-node
concentration; (ii) technology diversification (DIV(T)) as a proxy for correlated technology/resource concen-
tration; (iii) AZURE private-investment leverage (PLR(AZURE)) as a proxy for the enabling role of transmis-
sion investment; and (iv) CRC sensitivity to financing-rate, cost-overrun and output shocks as a measure of
project-finance vulnerability. These indicators describe conditions that may support or constrain resilience, but
they do not measure regional income stability, employment recovery, firm survival or other direct economic-
resilience outcomes. Accordingly, the empirical language below is limited to observed project-level results
and plausible resilience-relevant channels.

2.4. Financing-risk scenarios

For a 20-year recovery period, the capital recovery factor and capital-recovery component were calculated
as:

r(i+nr)"

CRF{:T,TI) = m

I x CRF(r,n) x 108

CRC
G x 103

Scenarios use financing rates of 6%, 8% and 10%, plus 10% and 20% cost overruns and a 10% generation
shortfall. These assumptions are sensitivity tests, not observed weighted average costs of capital. Because
operating expenditure, taxes, degradation and curtailment are excluded, CRC is not a complete levelised cost
of electricity.

3. Results

3.1. Portfolio scale and efficiency

Within the four-project sample, total capacity is 1,230 MW and disclosed investment is USD 1.268 billion.
Expected full-operation output is at least 3.147 TWh annually, with avoided emissions of at least 1.273 million
tonnes of COz. Solar accounts for 990 MW (80.5%) and wind for 240 MW. At the cutoff date, 470 MW was
operational and 760 MW was under construction; the latter values are therefore ex ante project expectations
rather than realised performance.

500

Capacity (MW)

Gafadagh

0 4 2
.i\,hbﬁ“em s pefc™®
K

Project

Fig. 2. Installed or planned capacity of the four renewable-energy projects in the disclosure-based sample
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As shown in Fig. 2, Bilasuvar Solar PV has the largest capacity among the four projects (445 MW),
followed by Neftchala Solar PV (315 MW), Khizi-Absheron Wind (240 MW), and Garadagh Solar PV (230
MW).

Weighted capital intensity is USD 1.031 million/MW. Bilasuvar has the lowest disclosed capital intensity;
Khizi-Absheron has the highest cost per MW but the strongest generation yield. Consequently, at an 8% fi-
nancing rate, the wind project has the lowest capital-recovery component per MWh. The calculated capital
intensity, generation yield, avoided CO: intensity, and capital-recovery components for the analyzed projects
are summarized in Table 3.

Table 3
Derived project indicators
Proiect Capital intensity Generation yield Avoided CO: CRC at 8%
) (USD m/MW) (GWh/MW) intensity (kt/MW) (USD/MWh)

Garadagh Solar PV 1.139 2.174 0.870 53.4
Khizi-Absheron Wind 1.417 4.167 1.667 34.6
Bilasuvar Solar PV 0.861 2.160 0.883 40.6
Neftchala (Banka) So-
lar PV 0.898 2.178 0.889 42.0
Portfolio weighted 1.031 2.559 1.035 41.0
value

3.2. Diversification and financing structure

Location concentration is HHI(L) = 0.270, giving DIV(L) = 0.730; the analysed capacity is therefore
distributed across several project nodes. Technology concentration is higher (HHI(T) = 0.686; DIV(T) = 0.314)
because solar dominates capacity. These are concentration metrics, not direct measures of regional economic
resilience. Spatial dispersion may reduce single-location concentration, while technology concentration in-
creases the potential value of wind, storage, flexible demand and transmission reinforcement. PPP/IPP struc-
tures are the principal delivery model. Garadagh combines foreign investment, a PPA and a grid agreement.
Khizi-Absheron received a USD 197.1 million EBRD-arranged syndicated loan, about 58.0% of reported cost
(European Bank for Reconstruction and Development, 2023). EBRD, ADB and AlIB commitments for Bi-
lasuvar and Neftchala total approximately USD 481 million, or 72.2% of their combined USD 666 million
cost. In this sample, multilateral finance provides long tenor, due diligence and risk sharing at substantial scale.
AZURE illustrates the complementary role of public grid investment. A USD 173.5 million World Bank loan
is expected to unlock USD 384 million of private renewable investment (World Bank, 2025):

PLR 354 2.21
AZURE — 173.5 e
Table 4
Financing arrangements and resilience-relevant channels
Project/ Principal financing Quantitative financing Potential resilience-relevant

programme structure evidence channel
Foreign-invested PPP/IPP Operational capacity, gas savings
with PPA and grid agreement and investment demonstration

Garadagh Solar USD 262 m project cost

Khizi-Absheron BOO company with syndi- USD 197.1 m loan; about | Technology diversification and
Wind cated debt and PPA 58.0% of cost high output across two districts
Bilasuvar- Sponsor equity plus EBRD, About USD 481 m; Regional capital formation and
Neftchala Solar ADB and AlIB finance 72.2% of cost infrastructure demand

Sovereign grid investment USD 173.5 m loan; USD | Grid reliability and lower connec-
AZURE . 4 : e - ? ;

enabling private generation 384 m mobilisation tion and curtailment risks

As summarized in Table 4, the analyzed projects rely on different financing arrangements, including pub-
lic-private partnerships, syndicated loans, and multilateral financing, which may support renewable-energy
deployment through investment mobilization, technological diversification, and grid development.
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3.3. Green-bond readiness and risk sensitivity

The standards-aligned scoring produces the same preliminary documentary profile for the four projects
on the public evidence reviewed. Green eligibility and asset identification are fully evidenced (1.0 each). Pro-
ject evaluation and selection receives a partial score (0.5) because environmental and MDB due-diligence
documentation exists, but no issuer-level green-bond framework defining a formal bond selection process was
identified. Impact-reporting readiness also receives 0.5 because generation and avoided-CO: metrics are pub-
licly available, but several values are ex ante and no bond-specific impact-reporting commitment exists. Man-
agement of proceeds, allocation reporting and external review receive 0 because no labelled green-bond frame-
work or issuance was identified. With the Table 2 weights:

5 GBRI=0.35

The S-GBRI value of 0.35 is not assigned to a high, medium or low category because no validated thresh-
old exists. It indicates partial pre-issuance documentary readiness: the underlying assets are identifiable and
environmentally eligible, but the issuer-level architecture required for a credible labelled bond—proceeds
tracking, allocation reporting and independent external review—has not yet been evidenced. The result there-
fore supports only a cautious proposition that the assets could become candidates for future refinancing or
aggregation after those requirements are established.

Increasing the assumed financing rate from 6% to 10% raises the portfolio CRC from USD 35.1/MWh to
USD 47.3/MWh, a 34.7% increase without any engineering change. The sensitivity of the aggregate portfolio's
capital-recovery component to alternative financing-rate assumptions is presented in Table 5. The increase in
the portfolio's capital-recovery component under financing-rate scenarios of 6%, 8%, and 10% is illustrated in
Fig. 3.

Table 5
Financing-rate sensitivity of the aggregate portfolio
Financing rate Capital recovery Annualised capital cost Capital-recovery component
g factor (USD m) (USD/MWh)
6% 0.0872 110.6 35.1
8% 0.1019 129.1 41.0
10% 0.1175 148.9 47.3
50 q
48 47.3
2 16
2
)
T 44
é 427 41.0
S
£ 40 1
3
2 38
:‘é‘_
S 361 35.1
344
6 8 10

Assumed financing rate (%)
Fig. 3. Sensitivity of portfolio capital-recovery cost to assumed financing rates (scenario analysis; the rates are not observed WACC)

A 10% cost overrun adds USD 126.8 million and a 20% overrun adds USD 253.6 million. A 10% gener-
ation shortfall removes 314.7 GWh of annual output and at least 127.3 kt of expected CO: savings. Project
value therefore depends on financing cost, construction discipline and realised performance, not capacity an-
nouncements alone.
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4. Discussion

Within the selected projects, Azerbaijan’s utility-scale renewable expansion relies primarily on PPP/IPP
arrangements and multilateral project finance rather than domestic labelled green bonds. PPAs and dedicated
project companies provide revenue predictability, while multilateral financing contributes long-term capital,
due diligence and risk sharing. The Bilasuvar—Neftchala financing structure and the Khizi-Absheron syndi-
cated facility demonstrate the role of these mechanisms in mobilising investment without placing the full fi-
nancing burden on the public sector.

The results identify several resilience-relevant channels but do not establish a causal effect on regional
economic resilience. Spatial diversification is relatively strong (DIV(L) = 0.730), whereas technology diversi-
fication remains limited (DIV(T) = 0.314) because solar accounts for 80.5% of the analysed capacity. This
concentration highlights the potential importance of wind, storage, flexible demand and transmission rein-
forcement. The AZURE programme further demonstrates the enabling role of grid investment in supporting
private renewable generation.

Financing conditions are also important for project economics. Increasing the assumed financing rate from
6% to 10% raises the portfolio CRC from USD 35.1/MWh to USD 47.3/MWh, while cost overruns and gen-
eration shortfalls further weaken project performance. Effective risk allocation, predictable regulation, banka-
ble PPAs and adequate grid infrastructure are therefore important components of renewable-energy financing.

Green bonds could complement existing financing through refinancing or portfolio aggregation; however,
the S-GBRI score of 0.35 shows that eligible renewable assets alone are insufficient. A credible labelled green-
bond structure would additionally require an issuer-level Green Bond Framework, proceeds tracking, alloca-
tion and impact reporting, and independent external review in line with ICMA principles (ICMA, 2025, 20264,
2026b).

These findings should be interpreted within the study’s limitations. The analysis covers only four large,
disclosure-rich projects; Bilasuvar and Neftchala data are ex ante; detailed tariffs and debt terms are unavailable;
and consistent regional employment, output and post-shock recovery data are absent. Consequently, the study
identifies project-level resilience channels rather than causal regional-resilience effects. Future research should
compare expected and realised project performance and incorporate direct regional economic indicators.

5. Conclusion

The four-project portfolio comprises 1,230 MW of renewable capacity, USD 1.268 billion of disclosed in-
vestment and at least 3.147 TWh of expected annual generation. The results show that PPP/IPP arrangements
and multilateral co-financing are the principal financing mechanisms in the analysed projects. Multilateral com-
mitments finance approximately 72.2% of the combined Bilasuvar—Neftchala project cost, while the AZURE
programme is expected to mobilise USD 2.21 of private renewable investment per dollar of public lending.

The analysis also reveals relatively strong spatial diversification (DIV(L) = 0.730) but limited technology
diversification (DIV(T) = 0.314), alongside substantial sensitivity to financing conditions and project-perfor-
mance risks. The S-GBRI score of 0.35 indicates that the projects contain eligible and identifiable green assets
but currently lack key bond-specific mechanisms, particularly proceeds management, allocation reporting and
external review.

Overall, Azerbaijan’s current utility-scale renewable financing model is driven primarily by PPP/IPP and
multilateral finance, while green bonds represent a potential complementary financing instrument if the re-
quired institutional and reporting architecture is established. These conclusions are limited to the analysed
project sample; broader claims regarding regional economic resilience require direct regional outcome data.
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HWHBECTHUIIAOHHBIE MEXAHWU3MBbI PA3BUTHS 3EJiEHOM SHEPTETUKHA U YKPEILIEHUS
3KOHOMHWYECKON YCTOMUYNBOCTH PETUOHOB ASEPBAMIKAHA

Tacanm A.P.'*, Tupastau M.K.2, PacyJios 3.01.3
'A3epbaiiodxcanckuil yHusepcumem apxumexmypul u cmpoumenbcmea, Azepbaiioxcan
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2Unemumym ceoepaghuu Munucmepcmea Hayku u obpazosanus Azepoaiioxcanckou Pecnybnuxu, Azepbaiioscan
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*Aemop, omsemcmeennuiii 3a nepenucky: amal.hasanli@azmiu.edu.az

Peziome. B nccnenoBaHuN pacCMaTPUBAIOTCS TEXHUUECKHE U 3KOHOMHYECKHE MOAXOIbI K YHPABICHHUIO SKOJIOTUIECKOH pe-
CTpYKTypH3anueil mpousBoacTBa B A3epbaiixkaHe B KOHTEKCTE YCTOMUHBOTO PErHOHANIBH Or0 pa3sBUTuUs. [IpuMenseTcs KoMIIeKc-
HBII S5KOHOMHKO-TeorpaduIecKuii MoIxo/1, yIUTHIBAIONINN IPHPOIHEIE PECYPCHI, IPOU3BOIACTBEHHEBIE CTPYKTYPHI, SKOJIOTHIECKHE
Harpy3KU, HHBECTHIIMY, TEXHOJIOTHYECKYIO MOACPHU3ALMIO U 9KOJIOTHYECKUIA MOHUTOPUHT. J{7Is OLIEHKU B3aUMOCBA3H MEXY IIPO-
MBIIUIEHHBIM Pa3BUTUEM U OXPaHOI OKpy’Karollei cpeabl UCIOIb3YITCS CUCTEMHO-CTPYKTYpPHbIE, MaTeMaTUKO-CTaTUCTUUECKUE
METOJBI, METOJIbI Ha OCHOBe reorpaduueckux nHGopmannoHHbx cucrteM (I'VIC) u 3KOJIOrHYEcKOr0 MOHUTOpPHUHTA. Pe3ynbTaThl
MOJ9EPKHUBAIOT BAXKHOCTH PAI[OHATBHOTO HCIIOJIB30BAHMUS PECYPCOB, MOAESPHU3AINY IPOU3BOICTBEHHBIX TEXHOIOT U, BHEAPEHUS
CHCTEM 3aMKHYTOTO IIUKJIA X MaJOOTXOAHOTO IIPOU3BOJICTBA, COKPAIEHNS BPEIHBIX BEIOPOCOB U CO3/aHMS CIICIHATH3UPOBAHHBIX
OUYHUCTHBIX coopyxeHui. Oco6oe BHUMaHUE yAeNseTcs IPOMBIIIICHHBIM U SKOJIOTHYECKUM yCIOBUSIM ATIIEPOHCKOTO MOIyOCT-
posa, baky, Cymranta u Apyrux mpou3BOJCTBEHHBIX TEPPUTOPHHA. AHAIN3 MOKA3hIBAET, YTO TEXHOJIOTHYECKAs MOJSPHU3ANUS U
CHCTEMBI TIOBTOPHOTO MCIIOJIb30BAaHMS BOJIBI CIIOCOOHBI CHIIKATh MOTPEOJICHHE PECYPCOB U aHTPOIIOTEHHYIO HAarpy3Ky Ha OKpy»XKa-
IOIIYIO Cpely, OJHOBPEMEHHO NOBbINIas 3G PeKTHBHOCTh Npou3BoACTBa. [1o pe3ypTaTaM HCCIeN0BaHHS YCTAHOBIIEHO, UTO A dek-
THBHAsl 9KOJIOTMYECKasi PECTPYKTYpH3aLUs TpeOyeT BHEAPESHUSI KOMIUIEKCHOM CHCTEMBI YIIPaBIeHUs, 00beIUHSIONIEeH TEXHOJIOTH-
YecKre WHHOBAIMHU, PECYpPCHYIO 3G PEKTUBHOCTD, IPEAOTBPALICHHIE 3arPsI3HEHUS, IKOJIOTHIECKIEe NHBECTHIINH, HAyYHO 000CHO-
BAaHHBI MOHUTOPUHT U TEPPUTOPHAIBHOE IUNIAHUPOBAHUE.

Kniouesvie cnosa: 3enénvie obnueayuu, 20cyoapcmeeHHO-4acmuoe napmuépcmeo, uHancuposanue 80300H081AeMOll dHepee-
MUKW, KAHAbL YKPeNnieHUs YCmouuugocmu, UH8eCmuyOHHbIl PUCK

AZORBAYCAN REGIONLARINDA YASIL ENERJININ iNKiSAFI VO iQTiSADI DAYANIQLIGIN
GUCLONDIRILMOSININ INVESTiSiYA MEXANIZMLORI

Hoasanli A.R.'*, Hidayatli Y.K.2, Rasulov Z.Y.?
"Azarbaycan Memarhq va Insaat Universiteti, Azorbaycan
AZ1073, Baki, Ayna Sultanova kiig. 11
24zorbaycan Respublikasi Elm va Tahsil Nazirliyi, Cografiya Institutu, Azarbaycan
AZ1073, Baki, H. Cavid pr. 117

SMingagevir Déviat Universiteti, Azarbaycan
AZ4500, Mingagevir, D. Oliyeva kiig. 21

*Moasul miisllif: amal.hasanli@azmiu.edu.az

Xiilasa. Todqgiqatda dayaniqli regional inkisaf ¢or¢ivasinds Azerbaycanda istehsalin ekoloji restrukturizasiyasinin idars edilmasine
texniki vs iqgtisadi yanasmalar aragdirilir. Tobii resurslar, istehsal strukturlari, ekoloji tazyiglor, investisiyalar, texnoloji modernlosmo
Vo ekoloji monitoring nozars alinmaqla kompleks iqtisadi-cografi yanasma totbiq edilmisdir. Sonayenin inkisafi ilo otraf miihitin
miihafizosi arasindaki olagonin giymetlondirilmesi iigiin sistem-struktur, riyazi-statistik, cografi informasiya sistemlorina (CiS)
osaslanan vo monitoring metodlarindan istifade olunmugdur. Noticalor resurslardan somarali istifadonin, istehsal texnologiyalarmim
modernlogdirilmasinin, gapali dovriyyali va az tullantili sistemlarin totbiginin, zororli emissiyalarin azaldilmasinin vo ixtisaslagdirilmig
tomizloyici qurgularin yaradilmasinin ohomiyyatini gostorir. Abseron yarimadasinda, Baki, Sumqayit vo digor istehsal orazilorinds
sonaye Vo ekoloji goraito xiisusi diggot yetirilmigdir. Tohlil gostorir Ki, texnoloji modernlogsma vo suyun tokrar istifadosi sistemlori
istehsalin somarsliliyini artirmaqla yanasi, resurs istehlakini vo otraf miihito antropogen tozyiqi azalda bilor. Tadgiqatin naticalarine
asasan, samarsli ekoloji restrukturizasiya texnoloji innovasiyalari, resurs somoraliliyini, ¢irklonmonin garsisinin alinmasini, ekoloji
investisiyalari, elmi asaslandirilmis monitoringi vo orazi planlagdirilmasini birlogdiran kompleks idarsetms sisteminin totbigini talob
edir.

Acar sozlar: yagil istigraziar, doviat—ozal torafdashigi, barpa olunan enerjinin maliyyalagdirilmoasi, dayaniqlhigin giiclondirilmasi
kanallari, investisiya riski
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Summary. This study examines the technical and economic approaches to the effective manage-
ment of ecological restructuring of production in the regions of Azerbaijan within the framework of
sustainable regional development. The research applies an integrated economic-geographical ap-
proach and considers natural resource potential, production structures, environmental pressures, cap-
ital investment, technological modernization, and environmental monitoring. System-structural,
mathematical-statistical, geographic information system (GIS), and monitoring-based methods are
used to assess the relationship between production development and environmental protection. The
results indicate that ecological restructuring requires the economical and comprehensive use of nat-
ural resources, modernization of production technologies, expansion of closed-cycle and low-waste
systems, reduction of harmful emissions, and development of specialized treatment facilities. Partic-
ular attention is given to industrial and environmental conditions in the Absheron Peninsula, Baku,
Sumgayit, and other production areas of Azerbaijan. The analysis demonstrates that technological
modernization and water-reuse systems can reduce resource consumption and environmental pres-
sure while supporting production efficiency. The study also emphasizes the importance of environ-
mental investment and scientifically based monitoring for effective regional management. It con-
cludes that ecological restructuring should integrate technological innovation, resource efficiency,
pollution prevention, environmental investment, and territorial planning within a unified manage-
ment framework.
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restructuring of production,
sustainable development,
natural resource
management, environmental
investment, treatment
facilities, Azerbaijan
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1. Introduction

The ecological restructuring of production has become an important component of sustainable regional
development as economic growth increasingly depends on the efficient use of natural resources and the reduc-
tion of environmental pressures. In Azerbaijan, the interaction between industrial development, resource con-
sumption, and environmental conditions requires an integrated economic and ecological approach to produc-
tion management.

Existing studies have addressed different aspects of regional development and environmental manage-
ment; however, the technical and economic mechanisms linking production restructuring with sustainable re-
gional development remain insufficiently integrated. Ecological restructuring should therefore be considered
not only as an environmental measure but also as a component of technological modernization, resource man-
agement, and territorial development.

Ecological restructuring of production reflects the interaction between social production and the natural
environment and encompasses a broad range of economic and technological measures affecting industry, ag-
riculture, and other sectors (Ozal, 2019). Its implementation requires a systematic approach that combines the
rational use and reproduction of natural resources, pollution prevention, technological improvement, and en-
vironmental protection.
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Accordingly, this study aims to identify the principal technical and economic approaches to the effective
management of ecological restructuring of production in Azerbaijan, with particular attention to resource effi-
ciency, technological modernization, environmental monitoring, treatment infrastructure, and sustainable re-
gional development.

2. Material and method

The study examines the territorial and structural characteristics of ecological restructuring of production
in Azerbaijan and the technical and economic approaches to its effective management. The analysis considers
regional differences in natural resource potential, production structures, capital investment, technological in-
frastructure, and environmental conditions. Particular attention is given to the relationship between economic
development, resource use, and environmental pressures across industrial regions of the country (Mammadov,
2014).

The methodological framework combines system-structural, mathematical-statistical, geographic infor-
mation system (GIS), and environmental monitoring methods. The assessment also considers factors influenc-
ing ecological restructuring, including natural resource potential, established production patterns, the initial
level of economic development, and the territorial organization of production. These methods are used to iden-
tify regional differences, evaluate economic-environmental relationships, and determine the principal technical
and economic directions of ecological restructuring within the framework of sustainable regional development.

3. Problem statement and research results.

The effective management of ecological restructuring should simultaneously address social demand for
natural resources, improve the efficiency of resource use, support resource reproduction, and ensure the eco-
nomical use of non-renewable resources. Scientific and technological progress has expanded the scale of pro-
duction and intensified its interaction with the natural environment, increasing the importance of technological
modernization and environmentally oriented resource management (Mammadov, 2016).

Ecological restructuring and the reproduction of natural resources are closely interconnected. Modern
production systems therefore require not only efficient resource use but also measures aimed at preventing and
mitigating environmental degradation. Environmental protection should be integrated into production man-
agement because ecological restructuring cannot be effectively implemented independently of measures de-
signed to maintain environmental quality and ecological balance.

The Jeyranbatan Reservoir illustrates this relationship. As an important source of water supply for Baku
and Sumgayit, its relatively limited self-purification capacity increases its vulnerability to industrial, agricul-
tural, and domestic pollution. Consequently, the management of production activities affecting the reservoir
must be closely linked to water protection and pollution-prevention measures.

Ecological restructuring also includes measures such as wastewater and air purification, land reclamation,
and the elimination of major sources of water and air pollution. These measures are closely related to the
regenerative functions of natural ecosystems. For example, forest ecosystems contribute to water conservation,
carbon absorption, and oxygen production, demonstrating that environmental protection and resource repro-
duction should be considered complementary components of ecological restructuring (Bityukova, 2017).

Industrial development has substantially altered environmental conditions in several production areas of
Azerbaijan. The Absheron Peninsula provides a notable example, where long-term oil production and related
industrial activities have contributed to the accumulation of petroleum waste and pollutants in soils and ground-
water. These conditions demonstrate the importance of integrating pollution prevention, environmental reme-
diation, and ecological monitoring into the restructuring of industrial production.

Effective environmental management requires scientifically based monitoring capable of identifying
changes in environmental conditions and supporting timely management decisions (lvanova, 2021). Monitor-
ing should combine sanitary-hygienic observations related to population health with geoecological assessment
of changes occurring in natural and economic systems under anthropogenic pressure. Such an integrated ap-
proach provides an information basis for evaluating environmental risks and planning ecological restructuring
measures.

Monitoring activities conducted in the oil- and gas-producing areas of the Absheron Peninsula have also
contributed to the development of an electronic environmental database. The database contains spatial infor-
mation on land contaminated by oil and other wastes, areas affected by formation waters, and the depth and
location of contamination. The integration of these data with precise geographic coordinates can support the
identification of environmentally vulnerable areas and improve the management of economic and environmen-
tal problems.
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Environmental protection and production development should be considered as complementary rather
than competing objectives. The modernization of production requires the systematic incorporation of ecolog-
ical principles into technological and managerial decisions (Nuriyev, 2017). Accordingly, ecological restruc-
turing should encompass all major components of the production system and should be closely linked to sci-
entific and technological progress.

In Azerbaijan, one of the principal objectives of ecological restructuring is to combine economic devel-
opment with technological modernization and more efficient use of natural resources. This process involves
improving production technologies, reducing resource consumption and harmful emissions, and developing
specialized treatment facilities (Mammadov, 2014). The interaction between scientific and technological pro-
gress and production is illustrated in Figure 1.

Elimination of negative

) |

Science and technology—> industrial—ynegative effects

Demand

R 4
Historical Scientific and

development of technological progress
productive forces

W New types of New negative
New demand ——1—— production — cffects J’
Processing of rensed

Change in the technological [

ducti
method of production production iy

Fig. 1. Interaction between scientific and technological progress and production

The further development of ecological restructuring requires a transition from low-waste technologies to
closed-cycle and, where technically feasible, waste-free production systems. Such systems promote the reuse
of waste and by-products between enterprises, reduce demand for primary resources, and strengthen produc-
tion linkages within territorial-industrial complexes (Mammadov, 2020). Previous industrial experience in
Azerbaijan demonstrates the practical potential of this approach. For example, closed technological processes
at the Sumgayit synthetic rubber plant enabled production waste to be used as a secondary resource in the
manufacture of products such as sulfuric acid, alcohol, and styrene. Thus, in the former Soviet period, condi-
tions were created in our country for the production of sulfuric acid, alcohol, and styrene from the waste of the
Sumgait synthetic rubber plant in connection with the transition to a closed technological process, which en-
sured an additional annual increase in the efficiency of enterprises.

Analysis of the obtained data demonstrates that technological modernization has significantly reduced
water consumption in industrial production. In the 1970s, the designed water consumption at Baku oil refiner-
ies reached 8 units per ton of product; by the mid-1980s, water demand had decreased approximately tenfold.
Further ecological restructuring, including the expansion of water circulation and reuse systems, contributed
to an additional reduction in water consumption. Closed-cycle water-use systems were also introduced at
chemical enterprises in Sumgayit. As a result, water withdrawal from natural water bodies decreased by ap-
proximately 35-40%, while production increased by 25-30% (Mammadov, 2019).

These results indicate that ecological restructuring of production should be developed in two interrelated
directions: (1) the rational and comprehensive use of natural resources, particularly mineral raw materials and
water resources; and (2) the reduction or, where possible, elimination of negative environmental impacts as-
sociated with production processes.

Environmental investment is another important component of ecological restructuring. Although environ-
mental protection measures do not always generate immediate economic returns, they contribute to the con-
servation of essential natural resources and the maintenance of environmental quality. With the development
of modern production, the share of investment directed toward environmental protection has also increased
internationally (Bityukova, 2017). In several industrial sectors of Western countries, environmental investment
has accounted for approximately 20-25% of total investment, particularly in metallurgy, the pulp and paper
industry, oil refining, the chemical industry, and electric power generation.
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In Azerbaijan, the share of environmental expenditure in capital investment and operating costs has also
increased. According to the statistical data used in the study, environmental protection expenditure increased
from 30.8 thousand manats in 1991 to 387 million manats in 2019 (Environment in Azerbaijan, 2020). Funds
allocated to fixed capital for the efficient use of natural resources and environmental protection increased from
9.2 thousand manats in 1991 to approximately 350 million manats in recent years. Environmental expenditure
has been particularly concentrated in the oil, energy, chemical, and petrochemical industries. Compared with
the average expenditure across material-production sectors, the corresponding level was reported to be 2.8
times higher in the chemical and petroleum industries and 2.3 times higher in the power industry (Regionlarin
sosial-igtisadi inkisafi, 2016).

Environmental investment also varies among individual industrial sectors and production complexes. Ac-
cording to the estimates considered in the study, capital expenditure for environmental protection in the thermal
and electric power sector amounted to 13.5 manats per 1,000 kV, while investment in water and air purification
in the Ganja non-ferrous metallurgy complex accounted for approximately 6-8% of total capital expenditure.
In several other processing industries, purification-related investment reached 20-25%.

One of the most important criteria for introducing new technology is its environmental performance com-
pared with the technology previously used, particularly its ability to reduce harmful emissions per unit of
production. However, the environmental efficiency of a new technological model should not be assessed in-
dependently of the regional or local conditions in which it is applied.

Accordingly, a comprehensive assessment of pollution is an important stage in evaluating both the envi-
ronmental effectiveness of new equipment and the efficiency of environmental expenditure. Such an assess-
ment makes it possible to evaluate the application of new equipment within regional territorial-production
complexes over its projected service life. The expected volume of pollution associated with the introduction
of new technology can be expressed as:

QytSQck : th- Pom

Here Qy —the expected volume of pollution when using a new technique; Qg - the mass of pollution resulting
from the use of one technique or a single technological process per year; X;s —the number of existing tech-
niques used in the country's economy per year; P,,- the predicted average service life of new techniques. In
our country, when eliminating possible deterioration of the ecological situation of production, the following
conditions should be expected. That is, when replacing an old technology with a new technology, the deterio-
ration with the new technology should be smaller than the deterioration with the old technology (Quew tec.
<Qo1d tec)- In exceptional cases, the deterioration with the new technology may be equal to the deterioration
with the old technology (Quew tec. = Qold tec)-- If these requirements are not met, the existing models will need
to be progressively improved.

Thus, one of the main goals of ecological restructuring of production is the creation of new technology. It
should also be noted that the allocation of costs and their application is not an easy task. In this regard, it is
proposed to either allocate a new model in the composition of a technological circle with a special ecological
purpose, or to solve existing new models, taking a conditional share of the problem as a whole, corresponding
to the urgency of ecological problems.

The determination of the absolute effectiveness of environmental protection measures, the application of
ecologically reconstructed equipment and the disclosure of the sequence of capital invested in environmental
protection in various sectors of the economy. All this leads to the necessity of including in economic calcula-
tions of losses or negative effective indicators, the results of economic activity.

4. Conclusion

The study demonstrates that the effective management of ecological restructuring of production in Azer-
baijan requires an integrated economic and environmental approach based on the interaction between produc-
tion systems and the natural environment. Such an approach should combine technological modernization,
rational use of natural resources, environmental protection, and appropriate management mechanisms within
regional development planning.

Ecological restructuring should not be considered an obstacle to economic development but rather an
essential component of sustainable production. Its effective implementation requires the gradual introduction
of environmentally efficient technologies and management systems that reduce resource consumption and
negative environmental impacts while improving production efficiency. Therefore, economic and environmen-
tal considerations should be integrated into planning and investment decisions to ensure the rational use of
natural resources, improve environmental quality, and support sustainable regional development in Azerbaijan.
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COBEPIIEHCTBOBAHUE YIIPABJIEHHS SKOJIOT' MUECKON MOJEPHUZALIMENA TPOU3BOICTBA
B ABEPBAM’)KAHE: TEXHUKO-9KOHOMHWYECKHI ITOAXO/I

Mawmeno M.X."*, Hupranues H.®.
'Azepbatiodcanckuil 20cyoapcmeeHHblil hedazoudeckuil yHusepcumem, Azepbatiodcan
AZ1000, Baky, yn. Yzeupa I adocubetinu, 68
Munesiuesupckuii 2ocyoapcmeaeniviil yHueepcumem, Azepoaiioxcan
AZ4500, Munesiuesup, ya. /1. Anuesoi, 21
*Aemop, omeemcmeennviii 3a nepenucky: malikmammad.mammadov@adpu.edu.az

Pe3ztome. B nccienoBaHnn paccCMaTPHBAIOTCS TEXHHIECKHE M 9KOHOMUYECKHE MOAXOABI K 3 (GEKTHBHOMY YIPaBIECHHIO 3KOJIOTU-
YeCcKOI peKOHCTPYKIHEH MPOU3BOACTBA B peTHOHAaX A3epOaiipkaHa B paMKax yCTOWYHBOTO PErHOHANBHOTO pa3BuTHs. B pabore mpu-
MEHSIETCS] KOMIIEKCHBIH SKOHOMHKO-Teorpaduueckuil MoIxo ¥ pacCMaTPHBAIOTCS TPHPOLHO-PECYPCHBIA MOTEHIHAI, TIPOU3BOA-
CTBEHHBIE CTPYKTYPBI, IKOJIOTMYECKUE HArpy3KH, KalIUTaIbHbIE BIOKEHHS, TEXHOJIOTHYeCKasi MOJEPHU3ALMS U SKOJIOTUYECKUH MOHU-
TOPUHT. J[711 OLIeHKH B3aMMOCBSI31 MEX]ly pa3BUTUEM IIPOU3BOJCTBA U OXPAHOIl OKpYyKarollel Cpeabl UCIONb3YIOTCA CHCTEMHO-CTPYK-
TypHBIE, MaTeMaTHKO-CTaTUCTHIECKHE METO IbI, reorpaduueckue nadopmarronnsie cuctems! (I'MC) 1 MeTobI, OCHOBaHHBIE Ha MO-
HUTOPHHIC. Pe3yanaT1>1 IIOKa3bIBAOT, YTO DKOJOTHYECKasd PEKOHCTPYKIINA Tpe6yeT 3KOHOMHOTO MU KOMIIJICKCHOI'O HMCIIOJIb30BaHUA
TIPUPOJHBIX PECYPCOB, MOAEPHHI3AIMY ITIPOU3BOACTBEHHBIX TEXHOIOTHH, PACIIMPEHHsI CHCTEM 3aMKHYTOTO IUKJIA 1 MAJIOOTXOIHOTO
IIPOM3BO/ICTBA, COKPAIIEHHS BPEIHBIX BEIOPOCOB M CO3/IaHMUS CIIEIHAI3HPOBAHHBIX OUNCTHEIX coopykeHui. Ocoboe BHUMaHHE y/ie-
JISIETCS IPOMBIIIUICHHBIM 1 9KOJIOTUYECKUM YCIIOBHSAM Ha ATIIIEPOHCKOM IOIyoCcTpoBe, B baky, CyMrante u ApyTrux npou3BOJICTBEH-
HBIX paiioHax A3zepOaiijkaHa. AHaNIN3 ITOKA3BIBAET, YTO TEXHOJIOTHYECKAsT MOJECPHU3ALMUS U CHCTEMBI IIOBTOPHOTO HCIIOIb30BAHHS
BOJIBI MOTYT CHIDKATh MOTPEOJICHHE PECYpPCOB U IKOJIOTHYECKYIO Harpy3Ky, OJHOBPEMEHHO CIIOCOOCTBYsI MOBBIIICHUIO () (HEKTUBHO-
CTH IIPOU3BOJCTBA. B HCCIICIOBAHHHU TAKXEC l'lOquépKI/lBaeTCﬂ 3HAUYCHHUE DKOJIOTUUYCCKHUX l/IHBeCTPILll/Iﬁ U HAYYHO 000CHOBAHHOI'O MOHH-
TopHHTa s 3G (HEKTUBHOTO perHOHANBLHOTO ynpasieHus. CaenaH BBIBOA O TOM, YTO KOJOTHUECKAsi PEKOHCTPYKIUS TOJDKHA 00b-
€IMHATh TEXHOJOTHUECKUEe MHHOBALMH, Y(P()EKTHBHOCTh UCTIOIBb30BAHMS PECYpPCOB, MPEAOTBPAILCHUE 3arpsA3HEHHs, YKOJIOTHYECKHE
MHBECTULIMU U TEPPUTOPHAIILHOE TUIAHUPOBAHKE B PaMKaX €MHOM CUCTEMBI YIIPABICHMUS.

Kntouegvie cnosa: sxonozcuieckas pecmpykmypuzayus npousgoocmea, yCmouyugoe paseumue, ynpasieHue npupooHbIMu pecyp-
camu, sKono2utecKue UH8eCmuyul, ouucmubsle coopyicenus, Azepbaiioxcan
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AZORBAYCANDA ISTEHSALIN EKOLOJi MODERNLOSDIRILMOSININ iDARD EDILMOSININ
TOKMILLOSDIRILMOSIi: TEXNIKI-iQTiSADIi YANASMA

Mammadov M.X.'*, Niftaliyev N.F.>
'Azarbaycan Doviat Pedaqoji Universiteti, Azorbaycan
AZ1000, Bak, Uzeyir Hacibayli kiig. 68
2Mingagevir Doviat Universiteti, Azarbaycan
AZ4500, Mingagevir, D. Oliyeva kii¢. 21
*Masul miiallif: malikmammad.mammadov@adpu.edu.az

Xiilasa. Todgiqatda dayamigh regional inkisaf ¢orgivesindo Azorbaycanin regionlarinda istehsalin ekoloji yenidon qurulmasinin
somoarali idars edilmosinin texniki va iqgtisadi istigamatlori aragdirilir. Todgigatda kompleks igtisadi-cografi yanagma totbiq edilir vo
tobii resurs potensiali, istehsal strukturlari, ekoloji tozyiglor, kapital qoyuluslari, texnoloji modernlogsms va ekoloji monitoring nozordan
kegirilir. Istehsalin inkisafi ilo otraf miihitin miihafizssi arasindaki slagenin giymeatlondirilmesi iigiin sistem-struktur, riyazi-statistik,
cografi informasiya sistemlori (CIS) vo monitorings esaslanan metodlardan istifads edilir. Noticalor gostorir ki, ekoloji yenidanqurma
tobii resurslardan gonaotli vo kompleks istifadoni, istehsal texnologiyalarinin modernlasdirilmasini, gapali dovriyysli va az tullantili
sistemlorin geniglondirilmasini, zororli emissiyalarin azaldilmasini vo ixtisaslagdirilmig tamizloyici qurgularin yaradilmasini tolab edir.
Abseron yarimadasinda, Baki, Sumqayit vo Azarbaycanin digor istehsal orazilorinds sanaye va ekoloji soraito xiisusi digqot yetirilir.
Tohlil gostorir ki, texnoloji modernlogmo va suyun tokrar istifadasi sistemlori istehsalin somoroliliyini dostoklomokls yanasi, resurs
istehlakimi va otraf miihito tozyiqi azalda bilor. Todgigatda, homginin somorali regional idarsetms iigiin ekoloji investisiyalarin vo elmi
asaslandirilmis monitoringin shomiyyoti vurgulanir. Notico olaraq, ekoloji yenidonqurmanin texnoloji innovasiyalari, resurs somara-
liliyini, ¢irklonmonin gargisinin alinmasini, ekoloji investisiyalari vo orazi planlagdirilmasini vahid idarsetms gargivasinds birlogdirmali
oldugu miiayyon edilir.

Agar sozlar: istehsalin ekoloji yenidon qurulmasi, davamli inkisaf, tobii resurslarin idara edilmasi, ekoloji investisiyalar, tomiz-
layici qurgular, Azarbaycan
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THE IMPACT OF DIGITALIZATION AND ARTIFICIAL INTELLIGENCE
ON HUMAN CAPITAL TAKING INTO ACCOUNT
MODERN TECHNOLOGICAL TRENDS
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Summary. This study examines the impact of digitalization and artificial intelligence (Al) on
organizational human capital and proposes an approach for assessing the effectiveness of its devel-
opment. Based on a critical analysis of domestic and international research, human capital is consid-
ered through knowledge, skills, experience, motivation, and health, while its effectiveness is evalu-
ated using productivity, innovation, employee satisfaction, and organizational adaptability. The
study identifies digitalization and Al as major factors transforming employee competencies, labor-

Keywords: human capital, market requirements, work organization, and human capital management. Particular attention is
digitalization, artificial given to automation, digital skills, flexible employment, staff training, and the changing role of em-
intelligence, efficiency, ployees in technology-intensive environments. An integrated assessment approach is proposed that
competencies, labor market incorporates weighted indicators and allows organizations to adapt their evaluation criteria to indus-

try characteristics, organizational size, and strategic objectives. The study also proposes formulas for
assessing human capital efficiency and its development over time, including the influence of risk
factors. The findings emphasize the importance of continuous investment in employee competencies
and organizational adaptability under ongoing digital transformation.
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Introduction

Human capital is generally understood as a combination of knowledge, skills, experience, and health that
contributes to economic and organizational development. Schultz (1961) emphasized investment in human
capital as an important factor in economic development, while Becker (1964) highlighted education and pro-
fessional training as key determinants of human capital formation. These approaches established human capital
as a strategic resource essential for long-term economic development.

Subsequent research expanded this concept by incorporating social and technological factors. Heckman
(2011) emphasized the importance of human capital development, whereas Davenport (2018) highlighted the
transformative role of artificial intelligence and digital technologies. Recent studies have also examined the
relationship between human capital and organizational competitiveness (Brzakovi¢ et al., 2023), flexible work-
ing arrangements (Algasa & Noor, 2022), organizational performance (Austin-Egole et al., 2022), and em-
ployee performance (Orishede & Ndudi, 2020).

Domestic research similarly considers human capital through knowledge, practical skills, and motivation
(Bondarenko, 2006) and recognizes its importance for organizational competitiveness (Gromova, 2014). More
recent studies emphasize the influence of digitalization, information technologies, and employee competencies
on human capital development (Kondrashov et al., 2017; Malakhov & Smyslyaeva, 2022; Podverbnyh et al.,
2024). Despite differences in emphasis, these approaches identify knowledge and skills as fundamental com-
ponents of human capital. Accordingly, this study examines the influence of digitalization and artificial intel-
ligence on organizational human capital and proposes an approach for evaluating the effectiveness of its de-
velopment under modern technological conditions.

Results

Modern literature distinguishes different types of human capital according to alienability, individual or
corporate characteristics, national affiliation, and the distinction between general and specific capital (Mineeva
& Neganova, 2009; Salutova, n.d.). The continuing expansion of the concept also suggests the emergence of
new interpretations and forms of human capital (Drozdov, 2013; Kapelyushnikov & Lukyanova, 2010).

In this study, an organization’s human capital is defined as a set of employee characteristics—including
knowledge, skills, practical experience, motivation, and health—used to achieve strategic goals and perform
current organizational tasks. Its structure may include intellectual capital (knowledge, skills, and creativity),
social capital (interaction and cooperation), emotional capital (motivation and loyalty), and physical capital
(health and working capacity).

The practical application of the human capital concept requires its operationalization through measurable
indicators. Its assessment should therefore consider the value, efficiency, and dynamics of its components.
Depending on the objectives and available information, organizations may apply cost, income, or market ap-
proaches. The cost approach considers expenditures on recruitment, training, and professional development;
the income approach evaluates the economic returns generated by human capital; and the market approach
relies on comparisons with similar assets. Combining different approaches may provide a more comprehensive
assessment, while regular evaluation is necessary because human capital changes over time.

The efficiency of an organization’s human capital development can be understood as the relationship be-
tween the achievement of strategic objectives and the resources invested in developing and utilizing employee
knowledge, skills, and experience. Its assessment may be based on four principal indicators: labor productivity,
employee innovation, employee satisfaction, and organizational adaptability.

Effective human capital management contributes to organizational competitiveness and sustainable de-
velopment. It requires continuous investment in employee development, favorable working conditions, effec-
tive interaction between management and staff, and opportunities to improve and apply professional compe-
tencies. Assessment should also consider qualification levels, work quality, staff turnover, and the return on
investment (ROI) in employee training. In particular, a positive training ROI indicates that the financial bene-
fits associated with staff development exceed the corresponding costs. These indicators collectively enable
organizations to identify weaknesses and determine priorities for further human capital development.

To assess the effectiveness of an organization’s human capital development, five main stages are pro-
posed: (1) identifying its components; (2) estimating the cost of each component; (3) determining the total or
weighted average cost of human capital; (4) identifying and analyzing existing problems; and (5) developing
measures to optimize its structure.

Among the factors affecting human capital, digitalization and artificial intelligence (Al) have become
increasingly important. Digitalization introduces technologies such as process automation, big data, and cloud
computing, thereby increasing demand for digital literacy and analytical skills. Al further transforms the labor
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market by automating routine tasks, supporting data analysis and process management, and creating new pro-
fessional requirements.

These transformations are particularly evident in the financial, retail, transport and logistics, and industrial
sectors. Al enables automation of data processing, risk analysis, and customer service in finance; personaliza-
tion, demand forecasting, and supply-chain optimization in retail; and the development of intelligent manage-
ment and autonomous technologies in transport and logistics.

In industry, digitalization and Al promote automation, robotics, and data-driven optimization, increasing
demand for specialists in data analysis, machine learning, software development, and cybersecurity. Similar
transformations are occurring in socially significant sectors, particularly healthcare and education, while rou-
tine and repetitive tasks are increasingly automated or redesigned.

In Russia, however, the effective adoption of digitalization and Al is constrained by three major chal-
lenges: digital inequality, a shortage of qualified specialists, and insufficient investment in human capital and
technological development. Uneven access to digital infrastructure, particularly in rural, mountainous, and
remote areas, limits the adoption of advanced technologies. At the same time, shortages of Al and IT specialists
restrict innovation and technological competitiveness. Insufficient investment in research and development
further limits the creation of domestic Al solutions and increases dependence on external technologies.

To realize the potential of digitalization and Al in Russia, coordinated measures are required to expand
digital infrastructure, stimulate investment, support research and innovation, and strengthen the regulatory
framework. Economic incentives, including targeted grants, subsidies, and tax measures, can encourage or-
ganizations to invest in digital technologies and Al solutions. At the same time, broader access to digital in-
frastructure and expanded education and professional training are essential for developing the required com-
petencies.

The study identifies three principal effects of digitalization and Al on organizational human capital. First,
technological transformation increases qualification requirements and demand for digital literacy, data analy-
sis, adaptability, and non-routine problem-solving skills, requiring continuous employee training and retrain-
ing. Second, Al automates routine tasks and allows employees to focus on creative and strategic activities
while supporting recruitment, performance assessment, and other human resource management processes.
Third, digital technologies facilitate flexible and remote employment, expanding access to talent while increas-
ing the importance of self-organization, communication, and time-management skills.

To assess the effectiveness of human capital in the time period t1, the following formula can be used:

(PD+IN+ES)*OA
Ac

EHCtl =

) 1

where EHCt1 is the efficiency of the human capital of an organization in the time period t1; PD is productivity;
IN is the set of innovations; ES is employee satisfaction; OA is the organization's adaptability to environmental
conditions; Ac is aggregate cost.

To clarify the calculation, weights can be introduced into formula 1 depending on the significance of the
indicator. In this case, formula 1 will be as follows:

EHCt1 =
Ac

(2)

where W1-W4 are the corresponding weights characterizing the significance of the components (0<W<1).

The need to consider weights for each component based on industry, size and strategic goals is critical. In
this regard, it would be useful to develop a framework within which organizations could adjust the weighting
factors according to their specific context. For example, a knowledge-intensive organization may place greater
emphasis on innovation than a trading company focused on operational efficiency.

Each component of the formula requires detailed disclosure, including its essence, measures and methods
for determining values.

For example, productivity reflects the ability of employees and the organization as a whole to achieve set
goals with minimal time and resource costs. In the context of using digitalization and Al, productivity is related
to the automation of routine processes, the use of Al to analyze data and optimize work processes.

Various indicators can serve as measuring instruments of productivity:

1. Output per employee of the organization (volume of products or services per unit of time).

2. Speed of task execution (time spent on performing specific operations).
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3. Resource utilization factor (the ratio of actually used resources to planned ones).

Methods for determining productivity values may include: analysis of KPIs (key performance indicators)
of employees, automated time tracking systems, comparison of indicators before and after the implementation
of digital solutions, etc.

Innovation is an important component of the formula for determining the effectiveness of an organization's
human capital development. Innovation is the ability of an organization to create and implement new ideas,
technologies, products or processes that improve competitiveness and efficiency. In modern conditions, inno-
vation is often connected with digitalization, the use of Al, and other advanced technologies.

The following indicators can be used to measure innovation:

1. The number of implemented innovative projects over a certain period.

2. The share of new products or services in total sales.

3. Investment level of R&D (research and development).

The following methods can be used to determine the values of these indicators: conducting internal audits
of innovation activity, analyzing the company's patent activity, assessing the market share occupied by new
products, and others.

Satisfaction is one of the difficult to define components of the formula for the effectiveness of an organi-
zation's human capital development.

Satisfaction reflects the level of employee satisfaction with working conditions, corporate culture, oppor-
tunities for professional growth and the implementation of digital technologies and Al. High satisfaction helps
to reduce staff turnover and increase staff involvement in solving the organization's development problems.

A number of relevant indicators can be used to measure the level of satisfaction:

1. Employee satisfaction index.

2. Rate of employee turnover.

3. Results of employee surveys and questionnaires.

Methods for determining the values of these indicators include conducting regular employee surveys, an-
alyzing feedback on employer platforms, and assessing engagement through monitoring systems.

To assess the effectiveness of human capital development in the time period t1 and t2, one can use the
calculation according to the formula:

EDHC(t1,t2) = EHC(t2) — EHC(t1) 3)

where EDHC (t1, t2) is the efficiency of development (growth) of human capital for periods of time t1 and t2;
EHC(t1) and EHC(t2) are the efficiency of the organization's human capital in periods of time t1 and t2, re-
spectively.

Formula 3, considering the heterogeneity of the risk impact at the stages of human capital development,
can also be modified to the following form:

EDHC(t1,t2,t3) = [EHC(t2) — EHC(t1) * R(t2, t1)] —
—[EHC(t3) — EHC(t2) * R(t3,t2)] 4)

where EDHC(t1,t2,t3) is the efficiency of development of human capital for periods 1, 2 and 3; R(t1,t2) is the
share of the result accounting losses due to the influence of risk in the period from 1 to 2 (0<R>1); R(t2,t3) is
the share of the result considering losses caused by the influence of risk in the period from 2 to 3 (O<R>1).

Calculations according to formulas 1 and 4 allow us to obtain general assessments of the effectiveness of
an organization's human capital for the compared periods of time and determine its trends. In addition, it is
possible to identify and analyze the impact of individual components of an organization's human capital to
optimize them.

If necessary, formulas can be contextualized, for example, by expanding the number of indicators used in
them (organizational culture, cooperation, etc.)

It should be considered the possibility of the discussion how the weighting of each component in formulas
1 and 2 (productivity, innovation, or employee satisfaction) may vary depending on the industry, size of the
organization, or specific strategic goals. This will allow for a more accurate interpretation and detailed disclo-
sure of the influence of factors on the effectiveness of human capital, which will contribute to the development
of correct conclusions and sound management decisions.
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Conclusion

1. The human capital of the organization is the most important characteristic of the state of the staff in-
volved in the implementation of strategic goals and solving current tasks of the activity.

2. Digitalization and Al have a significant impact on human capital development, changing skill require-
ments and transforming the labor market.

3. To improve the efficiency of human capital development, organizations need to implement modern
technologies, invest in employee training and adaptability to changing conditions.
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Pe3tome. B nccrnenoBaHum paccMaTpUBAeTCs BIUSHNE NU(PPOBU3ALNH U HCKyCcCcTBeHHOTO MHTEIUIekTa (VM) Ha YenoBeueckuii Ka-
ITUTaJl OPTaHU3aLNH U IPeyIaraeTcst MOAX0/ K olleHKe 3()(heKTUBHOCTH ero pa3BUTHs. Ha 0CHOBE KpUTHYECKOTO aHAIN3a OTEYECTBEH-
HBIX 1 3apyOeKHBIX UCCIICIOBAHNH YEIOBEYESCKIH KalluTall pacCMaTpUBAeTCsl Yepe3 3HaHUs, HaBBIKH, OIIBIT, MOTHUBAIMIO M 37I0POBEE,
a ero 3((eKTHBHOCTD OLIEHUBACTCS C MCIOJIB30BAaHNEM T0Ka3aTesell IPOM3BOIUTEILHOCTH, HHHOBAI[OHHOH eITeIbHOCTH, yIOBIIe-
TBOPEHHOCTH COTPYAHHKOB ¥ OPraHU3AI[MOHHOM alanTHBHOCTHU. B ncenenoBanny ud)poBH3aIys ¥ NCKYyCCTBEHHBIH HHTEIUIEKT OTpe-
JETAI0TCS KaK OCHOBHBIE (DaKTOPBI, TPaHC(HOpMHUPYIOIIHE KOMIETEHIINN PaOOTHUKOB, TPeOOBAaHHS PHIHKA TPY1a, OPTaHU3AIHIO TPy 1a
1 yTIpaBJICHUE YeNIoBeUecKnM KamuTaiaoM. Ocoboe BHIMaHME YAEIAETCS aBTOMATH3aINH, U(GPOBBIM HAaBBIKaM, THOKOH 3aHATOCTH,
00ydeHHIO MepcoHaNa W U3MEHSIOMEHCss poia pabOTHHKOB B TEXHOJIOTHYECKH MHTEHCHBHOH cpefe. IIpenmaraercss KOMIUIEKCHBIH
MOJXOJ K OI[EHKE, BKIIFOYAIOIINI B3BEIIEHHbIE TOKA3aTEN! U O3BOJIAIOMINI OpraHU3aIisAM alallTHPOBAaTh KPUTEPHUH OLIEHKH K 0Tpac-
JIEBEIM OCOOEHHOCTSIM, pa3Mepy OpraHU3allH M CTPATETHYECKHM IelsIM. B mccrieqoBaHUM TakKe Hpeyiararorcst (GOpMyIIbl IS
oleHKH 3()(HEKTUBHOCTH YEIOBEYECKOTrO KalHTala U JUHAMHUKH €r0 Pa3sBUTHS C TEUYEeHHEM BPEMEHHM, BKIIouas BIHsSHUE (HaKTOpOB
pucka. [ToyueHHsle pe3yabTaThl IOJYEPKUBAIOT BAXXHOCTh HENPEPHIBHBIX UHBECTULIMN B KOMIIETCHIIUN COTPYAHUKOB 1 OpraHU3alU-
OHHYIO aJIalITUBHOCTH B YCIOBUSIX ITPOJOIDKAIOIIEHCs dpoBOil TpaHCchopMaIuy.
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Xiilasa. Todgigatda rogemsallasmanin va siini intellektin (SI) toskilatlarm insan kapitalina tosiri arasdirilir vo onun inkisafinin
somaraliliyinin giymotlondirilmosi tiglin yanasma toklif olunur. Yerli vo beynslxalq todgigatlarin tongidi tohlili asasinda insan kapitali
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bilik, bacariq, tocriiba, motivasiya vo saglamliq baximindan nazardan kegirilir, onun somaraliliyi iso mohsuldarlq, innovasiya, isgilarin
momnunlugu vo toskilati adaptasiya qabiliyyati gostoricilori asasinda qiymotlondirilir. Todgigatda rogemsallasma va siini intellekt
is¢ilorin kompetensiyalarini, amok bazarmn taloblarini, smoyin togkilini vo insan kapitalinin idars edilmasini doyisdiron asas amillor
kimi miioyyon edilir. Avtomatlagdirmaya, rogomsal bacariglara, ¢evik mosgulluga, kadr hazirligina vo texnologiya tutumlu miihitdo
iscilorin doyisen roluna xiisusi digqet yetirilir. Cokili gostaricilori 6ziinds birlagdiran vo toskilatlara giymotlondirma meyarlarini saho
xuisusiyyastlorins, togkilatin 6l¢iisiine vo strateji moagsadlorina uygunlagdirmaga imkan veron kompleks giymotlondirmo yanagmasi toklif
olunur. Tadgigatda, hamginin risk amillarinin tasiri nazers alinmagqla insan kapitalinin somarsliliyinin va onun zaman {izrs inkisafinin
giymatlondirilmosi tgiin diisturlar toklif edilir. ©ldo edilon noticalor davam edon rogomsal transformasiya soraitindo iscilorin
kompetensiyalarina vo togkilati adaptasiya qabiliyyatine davamli investisiya qoyulusunun shomiyyatini vurgulayir.
Agar sézlar: insan kapitali, roQamsallasma, stini intellekt, samaralilik, saristalar, amak bazar:
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Summary. Climate-policy documents do more than report environmental conditions: they select
problems, assign responsibility, and construct preferred futures. This study examines how green tran-
sition and regional resilience are linguistically framed in three English-language documents central
to Azerbaijan's climate-development agenda: the Updated Nationally Determined Contribution
(NDC 2.0, 2023), Azerbaijan's NDC 3.0 (2025), and the World Bank Country Climate and Develop-
ment Report (CCDR, 2023). A corpus-assisted ecolinguistic design was applied to a 70,440-token
corpus. Four lexical frames - risk and vulnerability, adaptation and resilience, green transition, and
participation and inclusion - were measured through normalized frequency per 10,000 tokens. Three

Keywords: climate communi- modality categories - obligation and necessity, commitment and futurity, and possibility and capacity
cation, institutional modality, - were also examined. The distribution of frame tokens was tested using chi-square and Cramér's V.
lexical salience, stakeholder Green-transition vocabulary dominated all documents, but its salience increased from 92.40 in NDC
inclusion, sustainable 2.0 to 182.33 in NDC 3.0. The CCDR foregrounded risk and vulnerability (76.36) and adaptation
development and resilience (44.66), whereas NDC 3.0 recorded the strongest participation and inclusion score

(60.91) and the highest commitment and futurity score (155.18). Frame distributions differed signif-
icantly, chi-square = 143.23, df = 6, p < .001; V = .186. The findings indicate a shift in national
discourse toward integrated decarbonization, implementation commitments, and inclusive govern-
ance, while the international diagnostic genre emphasizes exposure, uncertainty, and enabling ca-
pacity. The study recommends clearer, more participatory, and locally meaningful climate commu-
nication.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

1. Introduction

Climate change is simultaneously a physical process, a policy challenge, and a communicative problem.
Scientific assessments and policy documents do not merely transmit neutral information; through lexical se-
lection, grammatical agency, modality, and narrative structure, they define what counts as a problem, who is
expected to act, and which futures appear desirable or unavoidable. Framing theory describes this selective
organization of reality as the foregrounding of particular problem definitions, causes, evaluations, and reme-
dies (Entman, 1993). Ecolinguistics extends this concern by asking whether recurring linguistic patterns sup-
port or weaken ecologically sustainable relations among people, institutions, and the living world (Alexander
& Stibbe, 2014; Fill & Penz, 2018; Stibbe, 2021). Recent climate assessments likewise underline the need to
connect mitigation, adaptation, development, and social resilience within coherent policy narratives (Intergov-
ernmental Panel on Climate Change [IPCC], 2023).

Climate discourse is especially sensitive to framing because it must connect abstract time scales and tech-
nical evidence with everyday decisions. Terms such as risk, resilience, transition, and green growth are not
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interchangeable labels; they activate different assumptions about urgency, responsibility, uncertainty, and so-
cial participation. Research on climate communication has therefore examined metaphors, narratives, voices,
and modal expressions that shape public and institutional understandings (Flettum & Gjerstad, 2017; Nerlich
et al., 2010). A risk-centered text can strengthen preparedness but may also construct communities primarily
as vulnerable recipients. A transition-centered text can mobilize investment while obscuring distributional
consequences when citizens and local actors remain linguistically backgrounded.

Corpus-assisted discourse analysis provides a useful bridge between close reading and reproducible quan-
titative evidence. Frequency patterns identify recurrent lexical priorities, while qualitative interpretation con-
nects those patterns to institutional purpose and genre. Baker et al. (2008) show that corpus methods can test
whether intuitively identified discourses are systematic across a text collection, and Mautner (2009) empha-
sizes their value for critical discourse research. For environmental policy, this combination is useful because
official reports are long, highly structured, and lexically repetitive; normalized counts permit comparison with-
out assuming that documents of different lengths have identical communicative functions.

Azerbaijan offers a relevant case because its climate agenda must address both exposure to climatic haz-
ards and an economic transition shaped by the energy sector. The Updated Nationally Determined Contribution
issued in 2023 established a renewed national commitment framework, while NDC 3.0 expanded sectoral
pathways, implementation language, and social dimensions in 2025 (Republic of Azerbaijan, 2023, 2025). The
World Bank's Country Climate and Development Report (CCDR) approached the same national context
through a diagnostic development lens, linking climate shocks, decarbonization, and economic resilience
(World Bank, 2023). These documents are influential, yet their linguistic differences have received little sys-
tematic attention.

This study addresses that gap through three questions: (1) Which environmental and social frames are
most salient in the three documents? (2) How do obligation, commitment, and possibility differ across national
pledge and international diagnostic genres? (3) What does the comparison reveal about the evolution of Azer-
baijan's climate-policy discourse between NDC 2.0 and NDC 3.0? The objective is not to evaluate the technical
adequacy of the policies, but to identify the linguistic architecture through which transition, risk, resilience,
and participation are made prominent.

2. Materials and methods

The study used a small, purpose-built English-language policy corpus consisting of three publicly availa-
ble documents. The corpus was selected to support both a diachronic comparison of national commitments and
an institutional comparison between national and international policy genres. Table 1 summarizes the dataset.
The final analytical corpus contained 70,440 alphabetic tokens after preprocessing.

Table 1
Composition and analytical role of the policy corpus
Document Institutional genre Year Tokens Analytical role
NDC 2.0 National climate 2023 6,818  Baseline for diachronic national comparison

pledge/update

Expanded national Current national framing and implementation

NDC 3.0 - . 2025 25,777 .

climate commitment discourse
World Bank International diagnostic _— .
CCDR report 2023 37,845 Institutional and genre comparison

Source: Author's corpus compiled from the official English-language documents

PDF text was extracted from the official English versions. Soft hyphens and common ligatures were nor-
malized; repeated page headers, disclosure notices, and document-title strings were removed,; all text was con-
verted to lowercase; and alphabetic tokens were identified, with hyphenated compounds retained as single
units. Numbers were excluded because the study focused on lexical framing rather than numerical target anal-
ysis. Tables and headings remained in the corpus when they contained meaningful lexical material because
they form part of each document's communicative design. A reproducible scripted workflow was used for
tokenization, dictionary matching, normalization, and statistical calculation.

Four semantic frames were operationalized through transparent dictionaries developed from ecolinguistic
literature and iterative corpus inspection. The risk and vulnerability frame included risk, vulnerability, hazard,
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exposure, loss, damage, and shock. The adaptation and resilience frame included adaptation, resilience, resili-
ent, preparedness, and recovery. The green-transition frame included transition, decarbonization, renewable,
low-carbon, green, clean, net-zero, mitigation, efficiency, and electrification. The participation and inclusion
frame included community, stakeholder, participation, citizen, public, local, women, youth, inclusive, equity,
and justice. Inflectional variants were counted separately and aggregated within each frame.

Because the documents differ considerably in length, frame salience was expressed as normalized fre-
guency per 10,000 tokens. In Equation (1), f_td is the frequency of term or category t in document d, and N_d
is the total number of tokens in that document.

_ fiq
NFy =~ x 10,000 )
Ng

Modality was analyzed through three functional categories. Obligation and necessity included must,
should, need, required, and necessary. Commitment and futurity included will, shall, aim, commitment, target,
and plan. Possibility and capacity included can, could, may, potential, opportunity, enable, and capacity. These
categories indicate whether a document primarily directs action, pledges future action, or constructs pathways
as feasible and conditional. They are lexical indicators rather than complete grammatical annotations; for ex-
ample, the analysis does not distinguish every epistemic and deontic use of may or should.

A 3 x 4 chi-square test compared the distribution of raw lexical-frame tokens across the three documents.
Equation (2) summarizes the test, where O;; and Ejj are observed and expected counts. Cramér's V, shown in
Equation (3), was used as an effect-size measure. Because dictionary counts can include polysemous words
such as public and green, the results were interpreted as document-level indicators of discursive salience rather
than exhaustive semantic classifications.

0.: — E::)?
XZ _ Z( ij = 1]) (2)
ij

x> 3
V=
N Xmin(r—1,c—1) ®)
3. Results

Table 2 shows that green-transition vocabulary was the dominant frame in every document. Its normalized
frequency nearly doubled between NDC 2.0 and NDC 3.0, increasing from 92.40 to 182.33 occurrences per
10,000 tokens. The increase was associated with expanded use of decarbonization, efficiency, renewable, mit-
igation, transition, and electrification. The CCDR also displayed strong transition salience (165.94), while risk
and adaptation language accounted for a larger share of its frame profile.

Table 2
Normalized lexical-frame frequencies per 10,000 tokens

Risk and vulnera- Adaptation and . Participation and
Document o - Green transition : .
bility resilience inclusion
NDC 2.0 (2023) 13.20 13.20 92.40 32.27
NDC 3.0 (2025) 19.40 27.93 182.33 60.91
World Bank CCDR
(2023) 76.36 44.66 165.94 32.77

Source: Author's calculations. Values are occurrences per 10,000 alphabetic tokens

The World Bank report recorded 76.36 risk-and-vulnerability items per 10,000 tokens, compared with
19.40in NDC 3.0 and 13.20 in NDC 2.0. It also had the highest adaptation-and-resilience score (44.66). NDC
3.0 differed from NDC 2.0 in two additional respects: its adaptation score more than doubled, and its partici-
pation-and-inclusion score rose from 32.27 to 60.91.

The distribution of lexical frames differed significantly across the three documents, ¥3(6) = 143.23, p <
.001, with a modest Cramér's V of .186. Standardized residuals indicated that the CCDR contained more risk
vocabulary than expected, whereas NDC 3.0 contained more green-transition and participation vocabulary
than expected. The statistical association does not establish causal influence.
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Modality patterns in Table 3 further distinguished the texts. NDC 3.0 had the highest commitment-and-
futurity frequency (155.18), reflecting extensive use of will, targets, plans, aims, and commitments. Its com-
mitment-to-possibility ratio was 3.17, compared with 1.85 in NDC 2.0 and 0.94 in the CCDR. The international
report recorded the highest possibility-and-capacity frequency (75.84), including can, could, potential, oppor-
tunity, and capacity. Obligation-and-necessity frequencies were comparatively moderate in all three docu-
ments.

Table 3
Modality frequencies and discursive-orientation ratios
Document Obligation Pledge Possibility P:R C:P
NDC 2.0 (2023) 36.67 92.40 49.87 2.44 1.85
NDC 3.0 (2025) 27.93 155.18 48.88 3.14 3.17
World Bank CCDR (2023) 38.05 71.34 75.84 0.43 0.94

Note. Frequencies are per 10,000 tokens. Obligation = obligation/necessity; Pledge = commitment/futurity; Possibility =
possibility/capacity; P:R = participation-to-risk ratio; C:P = commitment-to-possibility ratio.

Figure 1 combines the participation-to-risk and commitment-to-possibility ratios. NDC 3.0 occupies the
upper-right position because participation language exceeds risk language by a factor of 3.14 and commitment
language exceeds possibility language by a factor of 3.17. NDC 2.0 shows a similar but less pronounced pledge
orientation. The CCDR appears in the lower-left area, with a participation-to-risk ratio of 0.43 and a commit-
ment-to-possibility ratio below one. The visualization summarizes contrasting communicative orientations and
does not rank document quality.
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Fig. 1. Discursive orientation of the analyzed documents
Source: Author's calculations based on the normalized lexical frequencies

4. Discussion

The results demonstrate that a shared topic does not produce a single climate-policy discourse. All three
documents privilege green-transition vocabulary, yet they organize it around different institutional purposes.
The NDCs function as sovereign commitment documents, so their language presents targets, planned
measures, and future implementation as nationally owned. The CCDR functions as an external diagnostic and
investment-oriented assessment, so it foregrounds vulnerability, trade-offs, uncertainty, and the capacity re-
quired to manage change. This genre contrast helps explain why the CCDR uses more risk and possibility
language, whereas NDC 3.0 uses more commitment language.

The diachronic difference between the national documents is particularly important. NDC 2.0 already
emphasized renewable energy and green development, but NDC 3.0 develops a more integrated decarboniza-
tion vocabulary and gives greater lexical space to resilience, stakeholders, youth, communities, and inclusion.
From an ecolinguistic perspective, this shift is constructive because it broadens the imagined community of
climate action. Environmental policy is represented not only as a technical process of emissions reduction but

152


https://doi.org/10.33677/GGIANASCONF20230300009

N.E.Karimova et al. | ANAS Transactions, Earth Sciences, Special Issue /2026, 149-155; DOI: 10.33677/GIANASCONF20260300021

also as a social process involving institutions and groups. This pattern is consistent with the view that climate
narratives become more actionable when they identify agents and pathways rather than presenting change as
an abstract condition (Flgttum & Gjerstad, 2017).

Lexical inclusion, however, does not automatically equal substantive agency. Words such as public and
local may refer to public finance, public transport, or local infrastructure rather than to citizens acting as deci-
sion-makers. Likewise, frequent nouns such as transition, decarbonization, and implementation can nominalize
processes and conceal who performs them. A fuller grammatical analysis would determine whether commu-
nities appear as active subjects, affected objects, or beneficiaries. Stibbe's (2021) concept of the 'stories we
live by' is relevant here: a policy may mention people frequently while still constructing expertise, investment,
and technology as the principal agents of change.

The modality findings also have practical significance. The high commitment ratio in NDC 3.0 can
strengthen accountability by making intended action visible. Yet repeated will-statements may sound formu-
laic unless they are accompanied by clearly named institutions, timelines, and verification mechanisms. Con-
versely, the CCDR's possibility-oriented language can encourage flexible planning, but excessive reliance on
can, could, and potential may weaken perceived urgency. Effective climate communication should connect
three linguistic moves: define the risk in locally intelligible terms, identify the responsible actor, and specify
the feasible action. This risk-actor-action sequence can reduce both alarmism and vague optimism.

For bilingual and multilingual communication in Azerbaijan, terminology management is also essential.
English expressions such as resilience, just transition, climate-proofing, and adaptive capacity do not always
have a single, widely stabilized Azerbaijani equivalent. Parallel glossaries should preserve technical precision
while avoiding literal translations that are inaccessible to non-specialists. Executive summaries can use short
sentences, active voice, and concrete actor labels such as municipalities, energy regulators, farmers, schools,
and neighborhood organizations. Consultation materials should distinguish information provision from actual
participation by using verbs that show what stakeholders can decide, co-design, monitor, or evaluate.

The study has several limitations. It examines only three English-language documents and uses dictionary-
based counts. Document length, genre, and production processes differ, and some lexical items are polyse-
mous. The statistical test evaluates the distribution of selected frame words rather than the entire discourse.
Metaphor, negation, syntactic agency, visual framing, and Azerbaijani-language versions were outside the
present scope. Future research should build a parallel Azerbaijani-English corpus, use concordance coding and
dependency parsing, and compare policy texts with media coverage, municipal documents, and stakeholder
interviews. These extensions would show whether inclusive vocabulary is reproduced consistently across lev-
els of governance.

5. Conclusion

This corpus-assisted ecolinguistic study identified clear differences in the framing of Azerbaijan's climate-
development agenda. Green-transition vocabulary dominated the three documents, but NDC 3.0 displayed the
strongest integration of decarbonization, commitment, and participation language. The World Bank CCDR
foregrounded risks, exposure, adaptation, and enabling capacity, reflecting its diagnostic and scenario-oriented
function. NDC 2.0 occupied an earlier, more compact pledge profile, while NDC 3.0 constructed a broader
future of sectoral transformation and inclusive implementation.

The research questions are answered in three ways. First, transition is the shared master frame, but risk
and adaptation are much more salient in the international report. Second, national commitment discourse relies
heavily on futurity, whereas the CCDR gives more space to possibility and capacity. Third, the movement
from NDC 2.0 to NDC 3.0 suggests a discursive expansion from target-centered green development toward a
more integrated narrative of decarbonization, resilience, and stakeholder involvement.

For policy communication, technical ambition should be accompanied by explicit social agency. Docu-
ments should name responsible actors, connect risks to concrete actions, stabilize bilingual terminology, and
clarify how communities participate in implementation and monitoring. Such language can support regional
resilience by making climate policy not only technically credible but also understandable, accountable, and
socially shared.
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CMaTpUBACTCs, KAKUM 00pa30oM 3eN€HBIN Mepexo/] U PernoHalbHas YCTOWYHMBOCTD MOJIyYalOT JMHIBUCTHYECKOe (peiiMupoBaHue B
TPEX AHITIOA3BIYHBIX JOKYMEHTaX, 3aHHMMAIOIIUX LEHTPAIbHOE MECTO B KIMMAaTUYECKOM MOBECTKE U IMOBECTKE pa3BUTHA A3zepOaii-
mkana: OGHOBIEHHOM HalMoHaIbHO onpenenseMom Bkiage (NDC 2.0, 2023), nokymenrte AzepoOaiimkana NDC 3.0 (2025) u Joknane
BcemupHoro 6anka o kimmmate u passutin crpansl (CCDR, 2023). K xopmycy o6bémom 70 440 TOKeHOB IPHIMEHEH KOPIYCHO-OPH-
C€HTHPOBAHHBII YKOIMHIBUCTHYECKHH MoAXoxd. YeTsIpe Tekcudeckux (pefiMa — pHCK M ysI3BUMOCTB, aaNTalisl U yCTOWIHUBOCTS,
3eNEHBIN TTIePEeX0]], y4aCTHEe H MHKITIO3UBHOCTh — OLICHHBAIMCh HA OCHOBE HOPMAIM30BaHHOHN 4acTOTH ynoTpebnenus Ha 10 000 To-
KeHOB. Taxke OBUTH HCCIIEZIOBAHBI TPH KaTETOPHH MOJAIBHOCTH: 00S3aTeIbCTBO M HEOOXOIMMOCTD, TIPHHATHE 0053aTENBCTB U OpH-
eHTauus Ha Oyayiiee, BOSMOXHOCTb M OTeHIHAN. PacnpeeneHie TOKeHOB 1o (peiiMam IpoBepsUIOCh C UCTIOIb30BAHHEM KPUTEPHS
Xu-KBajpar u kodhdumuenra V Kpamepa. Jlekcuka 3enéHoro nepexosa npeodiaiana Bo BceX JOKYMEHTAX, OJTHAKO €€ BRIPaKEHHOCTD
yBenmumiaach ¢ 92,40 8 NDC 2.0 no 182,33 8 NDC 3.0. B noxymente CCDR Ha mepBblif I1aH BBIABUTAINUCH PUCK U YSI3BUMOCTh
(76,36), a Taxke aganTanys ¥ ycTOH4uBOCTH (44,60), Torna kak B NDC 3.0 3adukcupoBaHbl Hanbosiee BHICOKHE [TOKA3aTEeNN y4acTHs
¥ HHKMo3uBHOCTH (60,91), a Taroke NpUHATHS 0053aTENbCTB U OpueHTanuu Ha Oynyee (155,18). Pacnpenenenus ¢peliMoB cratu-
CTHYECKH 3HAYMMO pa3nuiaiuch (x> = 143,23; uncno cremnenei ceoboasl = 6; p < 0,001; V = 0,186). [lomy4eHHbIe pe3yabTaThl yKa-
3BIBAlOT HAa CMEIIEHUE HAI[MOHAIBHOTO JUCKypca B CTOPOHY KOMIUICKCHOH JeKapOOHHU3aNH, 00sI3aTeIbCTB M0 peann3aniu HaMeueH-
HBIX ME€p 1 WHKIIIO3UBHOTO YIPABJIEHHS, TOTJa KaK MEXTyHapOJHbIH IUarHOCTHYECKHUH JKaHp aKICHTHPYET BHUMAaHHE Ha ITOBEPKEH-
HOCTH PHCKaM, HEOTIPEIEIEHHOCTH U (JOPMHUPOBAHUN HEOOXOANMBIX BO3MOXKHOCTEH. B mccnenoBanun pekoMeHayeTcst Ooee sicHas,
OCHOBaHHas Ha IIMPOKOM YYaCTHU U YUUTHIBAIOIAs MECTHBIN KOHTEKCT KOMMYHHKAIIHS 110 BOIIPOCAM U3MEHEHHS KINMaTa.

Kniouesvie cnosa: knumamuieckas KOMMYHUKAYUS, UHCIMUMYYUOHATbHASA MOOANbHOCHb, JIEKCUYECKAs 3HAYUMOCb, GKIIOYEHUe
3aUHMEPECcOBAHNbIX CMOPOH, YCMOUYUBOE PA36Uumue
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AZORBAYCAN REGIONLARININ EKOLOJi TRANSFORMASIYASI:
DOVLOT STRATEGIYALARI VO PROQRAMLARININ LINQVISTIK TOHLILI

Karimova N.E."*, Riistamova L.M.!, Basirova G.R.2.3, Hasanaliyeva L.H.*
'Mingagevir Doviat Universiteti, Azorbaycan
AZ4500, Mingagevir, D. Oliyeva kii¢. 21
2Azarbaycan Déviat Daniz Akademiyasi, Azarbaycan
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‘Baki Doviat Universiteti, Azarbaycan
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*Moasul miiallif: nargiz.karimova@mdu.edu.az

Xiilasa. Iqlim siyasatine dair sonadlor yalniz otraf miihitin veziyyati hagqinda melumat vermaklo Kifaystlonmir, ham do problemlori
segir, masuliyyati miiayyonlosdirir vo tstiinliik verilon galocok inkisaf istigamotlorini formalagdirir. Todgigatda Azarbaycanin iglim vo
inkigaf glindsliyinds miihiim yer tutan ii¢ ingilisdilli sonadds yasil kegid vo regional dayaniqligin lingvistik baximdan necs gorgivo-
londirildiyi arasdirilir: Yenilonmis Milli Soviyyado Miioyyon Edilmis Tohfs (NDC 2.0, 2023), Azarbaycanin NDC 3.0 sonadi (2025)
vo Diinya Bankinmn Olko iizra Iqlim vo Inkisaf Hesabat: (CCDR, 2023). 70 440 tokendon ibarat korpusa korpus asash ekolinqvistik
yanagma tatbiq edilmigdir. Dord leksik gargiva — risk vo hossasliq, adaptasiya vo dayaniqliq, yasil kegid, istirak vo inklizivlik — har 10
000 tokeno diigon normallagdirilmig tezlik ssasinda 6lgiilmiigdiir. Homginin ii¢ modalliq kateqoriyas1 — 6hdslik vo zorurst, 6hdslik
gotiirma va galacaya yonalma, imkan vo potensial — aragdirilmigdir. Corgivalars aid tokenlorin paylanmasi xi-kvadrat testi vo Kramerin
V omsali vasitasilo yoxlanilmigdir. Yasil kegidlo bagli leksika biitiin sonadlords tistiinliik togkil etmis, lakin onun ifadalilik saviyyasi
NDC 2.0 sonadindaki 92,40 géstaricisindan NDC 3.0 sanadinds 182,33-5 yiiksolmigdir. CCDR sanadinds risk va hossasliq (76,36),
elaco do adaptasiya va dayaniqliq (44,66) 6n plana ¢ixmig, NDC 3.0 sonadinds iss istirak vo inkliizivlik (60,91), hamginin 6hdalik
gotiirma Vo goalocays yonalmo (155,18) iizra on yiiksok gostoricilor geyds alinmigdir. Coargivalorin paylanmasi arasinda statistik
baximdan oshomiyyatli forglor miioyyon edilmisdir (x> = 143,23; sorbastlik doracasi = 6; p < 0,001; V = 0,186). Naticalor milli diskursda
integrasiya olunmus dekarbonizasiyaya, icra 6hdoliklorino vo inkliiziv idaroetmoys dogru kegidin bas verdiyini, beynalxalq diagnostik
sonad janrinda isa risklora moruz galma, geyri-miiayyanlik vo imkanlarin yaradilmasina xiisusi diqqat yetirildiyini gostorir. Todgigatda
iglim mosalolari tizra daha aydin, istirak¢iliga asaslanan vo yerli sorait baximindan monali kommunikasiyanin qurulmasi tévsiys olunur.

Acar sézlor: iqlim kommunikasiyasi, institusional modalliq, leksik énagixma, maraqli toraflarin prosess colb edilmasi, dayanigl
inkigaf
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Summary. As environmental sustainability and regional development become increasingly in-
terconnected, understanding the organizational factors that promote environmentally responsible be-
havior has become an important research priority. This study aims to examine the effects of sustain-
able production practices and digital environmental transparency on environmental citizenship be-
havior while investigating the moderating role of corporate environmental responsibility. Using sur-
vey data collected from 425 respondents involved in the production and consumption of environ-
mentally sustainable products across Azerbaijan, Structural Equation Modeling was employed to test

Keywords: sustainable the proposed relationships. The results indicate that both sustainable production practices and digital
production practices, digital environmental transparency have significant positive effects on environmental citizenship behavior.
environmental transparency, The findings further reveal that corporate environmental responsibility positively moderates the re-
corporate environmental lationship between digital environmental transparency and environmental citizenship behavior, sug-
responsibility, environmental gesting that transparent environmental communication is more effective when supported by genuine
citizenship behavior, regional | environmental responsibility. The study contributes to the sustainability literature by demonstrating
sustainable development that environmentally responsible production, transparent environmental disclosure, and corporate

environmental responsibility jointly promote environmental citizenship behavior and support re-
gional sustainable development. These findings provide practical implications for policymakers and
business managers seeking to strengthen environmental governance, encourage stakeholder partici-
pation, and foster long-term regional sustainability through more effective corporate sustainability
strategies and collaborative environmental initiatives across sectors.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

Introduction

Environmental sustainability has become a global priority in response to climate change, environmental
degradation, and the growing demand for sustainable regional development. Organizations are increasingly
adopting sustainable production practices, improving environmental transparency through digital technologies,
and strengthening corporate environmental responsibility to support sustainable development objectives.
These initiatives are recognized not only as environmental management tools but also as strategic approaches
that encourage environmentally responsible behavior among employees and stakeholders (Aguinis & Glavas,
2012; Lyon, & Montgomery, 2015; Zeynalova, 2019; Yusubov, 2024).

Environmental citizenship behavior (ECB) refers to voluntary environmental actions that contribute to
environmental protection beyond formal organizational responsibilities (Boiral & Paillé, 2012). In this context,
sustainable production practices and digital environmental transparency can promote ECB by increasing envi-
ronmental awareness, stakeholder trust, and participation in sustainability initiatives. This issue is particularly
important for regions pursuing sustainable development through responsible production systems, transparent
environmental governance, and stronger collaboration between organizations and society (Paillé et al., 2013;
Schnackenberg & Tomlinson, 2016).

Despite the growing body of research on environmental management and corporate sustainability, im-
portant research gaps remain. Existing studies have primarily examined sustainable production, environmental
disclosure, and corporate social responsibility independently (Rosati & Faria, 2019; Rupp et al., 2016), while
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limited attention has been given to environmental citizenship behavior and the moderating role of corporate
environmental responsibility in the relationship between digital environmental transparency and environmen-
tal citizenship behavior.

Therefore, this study aims to examine the effects of sustainable production practices and digital environ-
mental transparency on environmental citizenship behavior and investigate the moderating role of corporate
environmental responsibility. The proposed framework contributes to explaining how responsible production,
transparent environmental communication, and corporate environmental responsibility jointly promote envi-
ronmental citizenship and support regional sustainable development.

2. Literature review and hypotheses development

2.1. Sustainable production practices and environmental citizenship behavior

Sustainable production practices (SPP) have become a fundamental component of corporate sustainability
strategies, enabling organizations to reduce environmental impacts through efficient resource utilization, waste
minimization, pollution prevention, and environmentally responsible production processes. Beyond improving
environmental performance, these practices contribute to developing an organizational culture that encourages
employees and stakeholders to engage in voluntary environmental activities (Fianko et al., 2021). As regions
increasingly pursue sustainable development, environmentally responsible production systems are expected to
promote environmental awareness and environmentally responsible behavior.

Environmental citizenship behavior (ECB) refers to voluntary actions that individuals undertake to sup-
port environmental protection beyond their formal job responsibilities (Zheng, 2025). Such behaviors include
resource conservation, recycling, participation in environmental initiatives, and encouraging sustainable prac-
tices within organizations. Previous studies suggest that organizations implementing environmental manage-
ment and sustainable production practices create favorable conditions for strengthening employees' environ-
mental commitment and citizenship behavior (Daily et al., 2009). Similarly, Bissing-Olson et al. (2013)
demonstrate that positive workplace conditions and pro-environmental attitudes significantly encourage em-
ployees' environmental behavior.

Although previous research has extensively examined the relationship between environmental management
practices and organizational environmental performance, relatively limited attention has been given to the direct
contribution of sustainable production practices to environmental citizenship behavior within the context of regional
sustainable development. Sustainable production not only improves operational sustainability but also encourages
environmentally responsible behavior that contributes to broader regional sustainability goals.

Accordingly, the following hypothesis is proposed:

H1. Sustainable production practices have a positive effect on environmental citizenship behavior.

2.2. Digital environmental transparency and environmental citizenship behavior

Digital environmental transparency (DET) has become an essential component of corporate sustainability
by enabling organizations to disclose environmental information through digital platforms, sustainability re-
ports, and online communication channels. Greater transparency improves stakeholders' access to environmen-
tal information, enhances organizational accountability, and strengthens trust in corporate environmental ini-
tiatives (Schnackenberg & Tomlinson, 2016). As digital technologies continue to reshape sustainability com-
munication, transparent environmental disclosure has become an important mechanism for promoting envi-
ronmentally responsible behavior.

Environmental citizenship behavior (ECB) can be encouraged when employees and stakeholders perceive
organizations as open and accountable regarding their environmental performance. Transparent environmental
disclosure increases environmental awareness, reduces information asymmetry, and motivates individuals to
participate in environmental protection activities (Hahn & Kiihnen, 2013). Conversely, misleading or incom-
plete environmental information may reduce stakeholder confidence and weaken environmental engagement
(Delmas & Burbano, 2011). Recent studies also indicate that digital transformation enhances environmental
communication and stakeholder participation, thereby supporting corporate sustainability objectives (Li &
Zhao, 2024; Huynh & Nguyen, 2025).

Although previous studies have investigated sustainability reporting and environmental disclosure, limited
attention has been given to the direct influence of digital environmental transparency on environmental citi-
zenship behavior. Improving digital transparency may strengthen environmentally responsible behavior by
increasing trust, stakeholder engagement, and participation in organizational sustainability initiatives.

Accordingly, the following hypothesis is proposed:

H2. Digital environmental transparency has a positive effect on environmental citizenship behavior.
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2.3. The moderating role of corporate environmental responsibility

Corporate environmental responsibility (CER) reflects an organization's commitment to integrating envi-
ronmental protection into its business strategy, operational activities, and stakeholder relationships. Organiza-
tions with strong environmental responsibility not only implement sustainable environmental practices but also
communicate their environmental commitments more credibly, thereby strengthening stakeholder trust and
engagement (Aguinis & Glavas, 2012). Consequently, CER is considered an important organizational capa-
bility that enhances the effectiveness of sustainability initiatives.

Digital environmental transparency provides stakeholders with accessible and reliable environmental
information, encouraging environmentally responsible attitudes and behaviors. However, the effectiveness
of transparent environmental disclosure depends on whether stakeholders perceive the organization's envi-
ronmental commitment as genuine. Previous studies indicate that corporate environmental responsibility
increases the credibility of sustainability communication and positively influences employees' and stake-
holders' responses to environmental initiatives (Du et al., 2010; Glavas & Kelley, 2014). Similarly, Farooq
et al. (2014) argue that responsible corporate practices strengthen organizational commitment through
greater stakeholder trust, while Koh et al. (2023) demonstrate that high-quality CSR disclosure enhances
stakeholder engagement.

Despite growing research on environmental disclosure and corporate responsibility, limited studies have
examined the moderating role of corporate environmental responsibility in the relationship between digital
environmental transparency and environmental citizenship behavior. Organizations with stronger environmen-
tal responsibility are more likely to convert transparent environmental communication into greater environ-
mental participation and voluntary environmental behavior.

Accordingly, the following hypothesis is proposed:

H3. Corporate environmental responsibility positively moderates the relationship between digital
environmental transparency and environmental citizenship behavior.

3. Materials and methods

Data were collected through a structured questionnaire based on validated measurement scales for sus-
tainable production practices (SPP), digital environmental transparency (DET), corporate environmental re-
sponsibility (CER), and environmental citizenship behavior (ECB). Sustainable production practices refer to
firms' implementation of environmentally responsible production processes, digital environmental transpar-
ency reflects the extent to which firms openly disclose environmental information through digital platforms,
corporate environmental responsibility represents firms' commitment to integrating environmental responsi-
bility into their business activities, and environmental citizenship behavior captures individuals' voluntary ac-
tions that contribute to environmental sustainability. The survey was conducted in Azerbaijan between June
and October 2025 using a purposive sampling approach targeting individuals involved in the production and
consumption of environmentally sustainable products.

All items were measured using a five-point Likert scale ranging from 1 ("strongly disagree™) to 5
("strongly agree™). After data screening, 425 valid questionnaires were retained for analysis. As shown in Table
1, respondents aged 2635 years constituted the largest age group (35.3%), followed by those aged 36-45
years (30.1%). Male respondents accounted for 56.0% of the sample, while females represented 44.0%. Among
the occupational groups, organic food producers formed the largest category (25.6%). Regarding purchasing
behavior, 50.8% of respondents reported that they frequently purchase eco-friendly products.

The data were analyzed using SPSS 26 and AMOS 26. Reliability was assessed using Cronbach's alpha
(o) and composite reliability, while confirmatory factor analysis was employed to examine convergent and
discriminant validity using standardized factor loadings, average variance extracted, the Fornell-Larcker cri-
terion, and the heterotrait—monotrait ratio. The overall model fit was evaluated using y?/df, CFI, TLI, RMSEA,
and SRMR. Finally, structural equation modeling was performed to test the proposed hypotheses, and statisti-
cal significance was determined at p < 0.05.

4. Results

The results of the structural model examining the relationships among sustainable production practices
(SPP), digital environmental transparency (DET), corporate environmental responsibility (CER), and environ-
mental citizenship behavior (ECB) are presented in Figure 1. The structural model presents the estimated
standardized path coefficients for the proposed direct relationships together with the moderating effect of cor-
porate environmental responsibility.
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Fig. 1. Structural model results

The detailed results of the structural relationships are presented in Table 1. The findings indicate that all
estimated structural paths are positive and statistically significant.

Table 1
Results of the structural relationships
Path Relationship Path Coefficient () S.E. C.R. Hypothesis Result
SPP — ECB 0.487 0.075 6.493 H1 Supported
DET — ECB 0.373 0.066 5.652 H2 Supported
DET x CER — ECB 0.250 0.058 4.310 H3 Supported

The results indicate that sustainable production practices have a significant positive effect on environmen-
tal citizenship behavior (B = 0.487, p < 0.001), supporting H1. This finding suggests that environmentally
sustainable production systems encourage employees and stakeholders to engage in voluntary environmental
activities beyond their formal responsibilities.

Digital environmental transparency also has a significant positive effect on environmental citizenship be-
havior (B = 0.373, p < 0.001), supporting H2. This result indicates that transparent digital disclosure of envi-
ronmental information strengthens environmental awareness, stakeholder trust, and participation in sustaina-
bility initiatives.

The explanatory power of the structural model was evaluated using the coefficient of determination. Sus-
tainable production practices, digital environmental transparency, and the interaction between digital environ-
mental transparency and corporate environmental responsibility jointly explain 55% of the variance in envi-
ronmental citizenship behavior (R? = 0.55), indicating satisfactory explanatory power.

To further assess the moderating role of corporate environmental responsibility, a moderation analysis
was conducted. The results are presented in Table 2.

Table 2
Moderation analysis results

Effect Type Path Standardized Effect () S.E. 95% Bootstrap Cl
Interaction effect DET x CER — ECB 0.228 0.063 [0.101, 0.329]

The moderation analysis confirms that corporate environmental responsibility significantly moderates
the relationship between digital environmental transparency and environmental citizenship behavior. The
interaction effect is positive and statistically significant (f = 0.228, p < 0.001), while the 95% bootstrap
confidence interval [0.101, 0.329] does not include zero. This finding indicates that the positive effect of
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digital environmental transparency on environmental citizenship behavior becomes stronger when corporate
environmental responsibility is higher. Therefore, H3 is supported.

5. Discussion

5.1. Advancing environmental citizenship through sustainable production practices

The findings demonstrate that sustainable production practices have a significant positive effect on envi-
ronmental citizenship behavior (H1), indicating that environmentally responsible production systems play an
important role in encouraging voluntary environmental actions among employees and stakeholders. This sug-
gests that sustainability-oriented production extends beyond improving operational efficiency and contributes
to the development of an organizational culture that values environmental responsibility.

From a theoretical perspective, the results support the view that sustainable production practices create an
environment in which individuals become more willing to engage in environmentally responsible behavior
beyond their formal responsibilities. By integrating resource efficiency, waste reduction, and environmentally
friendly production processes into daily operations, organizations foster stronger environmental awareness and
commitment. Consequently, environmental citizenship behavior becomes a natural outcome of organizational
sustainability efforts rather than merely an individual initiative.

These findings are consistent with previous studies emphasizing the importance of environmental man-
agement practices in promoting pro-environmental behavior. However, the present study extends the existing
literature by demonstrating that sustainable production practices also contribute to broader regional sustainable
development through their influence on environmental citizenship behavior. Therefore, organizations invest-
ing in sustainable production are likely to generate not only environmental and operational benefits but also
stronger stakeholder engagement in sustainability initiatives.

5.2. The influence of digital environmental transparency on environmental citizenship behavior

The findings reveal that digital environmental transparency has a significant positive effect on environ-
mental citizenship behavior (H2). This indicates that transparent disclosure of environmental information
through digital platforms enhances stakeholders' environmental awareness and encourages greater participa-
tion in environmental protection activities.

From a theoretical perspective, digital environmental transparency functions as a mechanism that strength-
ens organizational legitimacy and stakeholder trust. When organizations openly communicate their environ-
mental performance, sustainability initiatives, and environmental objectives, employees and external stake-
holders perceive these commitments as more credible and become more willing to support environmental ini-
tiatives. In this sense, digital transparency reduces information asymmetry while creating stronger relationships
between organizations and their stakeholders.

The findings are consistent with previous research highlighting the importance of transparency and sus-
tainability reporting in promoting stakeholder engagement. Nevertheless, this study contributes to the literature
by demonstrating that digital environmental transparency influences not only organizational reputation but
also environmentally responsible behavior. Consequently, digital disclosure should be viewed as a strategic
sustainability tool capable of fostering environmental citizenship and supporting regional sustainable develop-
ment.

5.3. The boundary role of corporate environmental responsibility

in environmental citizenship behavior

The moderation analysis confirms that corporate environmental responsibility strengthens the positive
relationship between digital environmental transparency and environmental citizenship behavior (H3). This
finding suggests that transparent environmental communication alone may not be sufficient to maximize en-
vironmental citizenship unless it is supported by genuine corporate environmental responsibility.

From a theoretical perspective, corporate environmental responsibility enhances the credibility of envi-
ronmental disclosure and reinforces stakeholders' confidence in organizational sustainability commitments.
When environmental transparency is accompanied by responsible environmental practices, stakeholders are
more likely to perceive sustainability communication as authentic rather than symbolic. As a result, they be-
come more willing to engage in voluntary environmental activities and support organizational sustainability
goals.

The findings support stakeholder theory and corporate environmental responsibility literature, which em-
phasize that responsible organizational behavior enhances stakeholder trust and engagement (Aguinis & Gla-
vas, 2012; Glavas & Kelley, 2014; Farooq et al., 2014). Unlike previous studies that primarily examined the
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direct effects of corporate environmental responsibility, this research demonstrates its role as a boundary con-
dition that amplifies the effectiveness of digital environmental transparency. Therefore, organizations seeking
to promote environmental citizenship behavior should complement transparent environmental communication
with genuine environmental responsibility initiatives. Together, these practices create a stronger foundation
for stakeholder participation and contribute to long-term regional sustainable development.

6. Conclusion

Promoting environmental citizenship has become an essential component of regional sustainable devel-
opment as organizations increasingly integrate sustainability into their production systems and corporate strat-
egies. This study developed and tested a structural framework examining the effects of sustainable production
practices (SPP) and digital environmental transparency (DET) on environmental citizenship behavior (ECB),
while investigating the moderating role of corporate environmental responsibility (CER). Using structural
equation modeling, the study provides empirical evidence on the mechanisms through which organizational
sustainability practices contribute to environmentally responsible behavior.

The findings demonstrate that both sustainable production practices and digital environmental transpar-
ency significantly enhance environmental citizenship behavior. Organizations adopting environmentally re-
sponsible production systems and transparent environmental communication are more likely to encourage em-
ployees and stakeholders to engage in voluntary environmental actions. Furthermore, the results reveal that
corporate environmental responsibility strengthens the positive relationship between digital environmental
transparency and environmental citizenship behavior, highlighting the importance of combining transparent
environmental disclosure with genuine environmental commitment.

The findings offer several practical implications for policymakers, business managers, and regional de-
velopment stakeholders. Policymakers should encourage sustainable production through supportive environ-
mental policies and incentives while promoting greater transparency in corporate environmental reporting.
Organizations should integrate sustainable production practices with effective digital communication strate-
gies and strengthen their environmental responsibility to increase stakeholder trust and participation. By fos-
tering environmental citizenship behavior, these efforts can contribute to stronger environmental governance,
sustainable business practices, and long-term regional sustainable development.
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®OPMHPOBAHHUE SKOJOIMYECKOM I'PAKTAHCTBEHHOCTH
KAK ®AKTOPA YCTOMYHUBOI'O PASBUTHA PETHOHOB

Hamazosa H.B.'*, Jlanamos T.T.2, Taxuposa X.M.?
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Pe3zrome. B ycnoBusx yCUIMBaIOIIEHCS B3aUMOCBSI3H MEXly SKOJIOTHUECKON yCTOHYNBOCTBIO U PETHOHAIBHBIM PA3BUTHEM H3Y-
YeHHEe OpraHU3alMOHHBIX (PaKTOPOB, CIIOCOOCTBYIONIUX YKOJIOTMYECKH OTBETCTBEHHOMY HOBECHHIO, CTAHOBUTCS BAYKHBIM HaIlpaBlie-
HHUEM Hay4HBIX HCccleqoBaHuH. L{enb nceaenoBanus 3aKiIi0uaeTcs B OLEHKE BIMSHUS IPAKTUK YCTOHYHMBOTO MPOU3BOJCTBA U I po-
BOIf 9KOJIOTUUECKOM ITPO3PAYHOCTH Ha IKOJIOTMIECKOE IPAXKTAHCKOE TIOBEJICHHE C OTHOBPEMEHHBIM U3Y4E€HHEM MOJIEPHPYIOIIEN POIIH
KOPHOPAaTUBHOM 3KOJOTrMUECKON OTBETCTBEHHOCTH. /111 MPOBEPKHU MPEAIoIaraéMbIX B3aUMOCBSI3el TPUMEHEH METO]] MOJIEIMPOBAHUS
CTpYKTYypHBIMH ypaBHeHusAMHE (Structural Equation Modeling — SEM) Ha ocHOBe IaHHBIX ompoca 425 pecroHICHTOB, YUaCTBYIOIINX
B MIPOU3BOJICTBE U MOTPEOIEHUH SKOJIOTHYECKN YCTOWYNBOM MPOAyKIMK B A3epOaifkane. Pe3ymbTaTsl MOKa3bIBAIOT, UTO KaK MPaK-
THKH yCTOWYMBOTO IIPOU3BOJICTBA, TAK H IIM(PpOBast IKOIOTHUIECKast IPO3PATHOCTh OKA3BIBAIOT CTATHCTUYECKH 3HAUMMOE TOJIOKHUTEIb-
HOE BIIMSIHUE HA 3KOJIOTHYECKOe IpaskAaHCKoe MmoBeneHue. [lomydeHHbIe pe3yabTaThl TakKe CBUACTENBCTBYIOT O TOM, YTO KOPIIOpa-
THBHAasI 3KOJIOTMYECKasi OTBETCTBEHHOCTh OKa3bIBaeT MOJIOKHTEILHOE MOACPUPYIOLIee BO3/ACHCTBIE Ha B3aUMOCBSI3b MEXAY LHUPPO-
BOM HKOJIOTNYECKON MPO3PAauHOCTHIO U AKOJIOTHYECKUM I'PaXJAHCKUM MOBEJCHHUEM. DTO YKa3bIBaeT Ha TO, YTO MpO3payHas SKOJIOTU-
yeckasi KOMMYHHKALUS CTAaHOBUTCS Oosiee 3¢ GEKTUBHOMN, KOTa TIOKPEIUIACTCS MTOITMHHON SKOJOTHUECKOI OTBETCTBEHHOCTRIO. Hc-
cJIeI0BaHME BHOCHUT BKJIAJ B HAY4YHYIO JIMTEPATypy MO BOIPOCAM YCTOWYMBOIO Pa3BUTHS, AEMOHCTPUPYs, UTO SKOJIOTMUECKH OTBET-
CTBEHHOE IIPOM3BOJICTBO, IIPO3PAvHOE PACKPHITHE SKOJIOTHUECKOW NMH(OPMAIMU M KOPIOPATHBHAS SKOJIOTHIECKas OTBETCTBEHHOCTh
COBMECTHO CIIOCOOCTBYIOT (hOPMHPOBAHUIO 3KOJIOTHIECKOTO TPAXKIAHCKOTO TIOBEAEHHS H ITOJICPKUBAIOT YCTOHUNBOE PETHOHAIBHOE
passutHe. [lomydeHHBIE pe3yIbTaThl HMEIOT IPAKTHUECKOe 3HAYCHHUE IS Pa3paboTINKOB TOCYJaPCTBEHHOM MOIUTHKU M PYKOBOIH-
Tesel MPeANPUATHH, CTPEMSIIUXCS YKPEIUIATh SKOJIOTHIECKOe YIPaBIeHHe, CTUMYJIHPOBATh YIaCTHE 3aMHTEPECOBAHHBIX CTOPOH U
obecneyrnBaTh A0JITOCPOUHYIO PETHOHAIBHYIO YCTOWYHUBOCTh OCPEACTBOM Oostee 3((PEKTHBHBIX KOPHOPATHBHBIX CTPATETHI yCTOM-
YUBOT'O PasBUTHA U COBMECTHBIX MCKOTPACJIIEBBIX SKOJIOT'MYCCKUX WHAUIIUATHB.

Knroueswie cnosa: npaxmuku ycmoiiuugo2o npouseo0cmea, yupposas npospaiHoChis IKOI02ULECKOU UHDOpMAyu, KOPRoOpamus-
HAsL 9KON02UHECKAsl OMBENCMBEHHOCb, IKOI0UUECKOe 2padicOaHCKoe NogedeHue, YCmouugoe pecuoHaIbHoe pa3eumue
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REGIONLARIN DAYANIQLI iNKiSAFININ AMILi KiMi EKOLOJi VOTONDASLIGIN FORMALASDIRILMASI

Namazova N.V.'*, Dadasov T.T.?, Tahirova H.M.?
'Mingagevir Doviat Universiteti, Azorbaycan
AZ4500, Mingagevir, D. Oliyeva kii¢. 21
24zorbaycan Respublikasi Elm va Tahsil Nazirliyi, Cografiya Institutu, Azarbaycan
AZ1073, Baki, H. Cavid pr. 117
*Moasul miiollif: natavan.namazova@mdu.edu.az

Xiilasa. Ekoloji dayaniqliliq va regional inkisaf arasinda qarsiliqli olagalorin getdikca giiclondiyi soraitdo ekoloji mosuliyyatli
davranisi togviq edon togkilati amillorin yronilmasi miithiim todgigat istigametina ¢evrilmigdir. Todgigatin magsadi korporativ ekoloji
mosuliyyatin moderator rolunu aragdirmaqla dayanigli istehsal tocriibalorinin vo rogomsal ekoloji soffafligin ekoloji votondashq
davranigina tasirlorini gqiymatlondirmokdir. Azorbaycanda ekoloji cahotdon dayaniqli mohsullarin istehsali vo istehlakinda istirak edan
425 respondentdon toplanmig sorgu molumatlar1 osasinda irali siiriilon olagelorin yoxlanilmasi {igiin struktur tonliklorin modellog-
dirilmasi (Structural Equation Modeling — SEM) metodundan istifads edilmisdir. Noticalor gostorir ki, hom dayaniqli istehsal tacriibo-
lari, hom da ragamsal ekoloji soffafliq ekoloji vatondasliq davranigina statistik baximdan shomiyyatli miisbat tasir gostarir. ©lds edilon
naticalar, homg¢inin korporativ ekoloji masuliyyatin rogemsal ekoloji soffafligla ekoloji vatondagliq davranisi arasindaki slagsys miisbot
moderator tosir gostordiyini askar edir. Bu iso soffaf ekoloji kommunikasiyanin haqiqgi ekoloji mosuliyystlo dostoklondiyi hallarda daha
somarali oldugunu gostoarir. Todgigat ekoloji masuliyyatli istehsalin, ekoloji malumatlarin soffaf gokilds agiqlanmasinin vo korporativ
ekoloji mosuliyyatin birlikdo ekoloji votondagliq davranigini togviq etdiyini vo dayanigh regional inkisafi dostoklodiyini niimayis
etdirmoklo dayanigli inkisaf sahasindo elmi adabiyyata tohfs verir. ©ldo edilon naticalor ekoloji idaroetmoni giiclondirmoys, maraqli
toroflorin istirakini togviq etmoys vo daha somoarali korporativ dayaniqliliq strategiyalari vo sektorlararasi birgo ekoloji togabbiislor
vasitosilo uzunmiiddotli regional dayaniqliligi tamin etmays ¢alisan siyasatgilar va biznes rahbarlori tigiin praktiki shamiyyst dasiyir.

Agar sozlor: dayamgl istehsal tocriibalari, ekoloji malumatlarin raQamsal saffafligi, korporativ ekoloji masuliyyat, ekoloji
Vatandashq davranisi, regionlarin dayamqly inkisafi.
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Summary. This study examines the contribution of tourism to sustainable regional development
in Azerbaijan by integrating survey-monitoring results with official statistical indicators. Tourism
demand, recreational preferences, overnight stays, accommodation activity, and regional tourism dy-
namics were analyzed using comparative statistical methods, SPSS, Chi-Square testing, correlation,
and regression analysis. The analysis covers the principal tourism-oriented economic regions of
Azerbaijan and evaluates differences in demand for nature-based recreation, wellness, ecotourism,

Keywords: regional tourism, outdoor activities, and cultural heritage tourism. The results indicate particularly strong demand for
tourism demand, ecotourism, nature-based recreation and demonstrate substantial regional differences in tourism activity. Guba-
cultural tourism, outdoor Khachmaz recorded the highest growth in overnight stays, while Shaki-Zagatala and Ganja-Dash-
tourism, SPSS and kasan also showed significant positive dynamics. Regression models produced high goodness-of-fit
Chi-Square analysis, values across the analyzed regions (R? = 0.964-0.990; p < 0.05), supporting a positive relationship
regression analysis between tourism activity and regional economic development. The findings also show that nature-

based recreation, ecotourism, wellness, and outdoor tourism have considerable potential to generate
additional regional value. Sustainable tourism policies should therefore combine destination devel-
opment, local-resource use, infrastructure improvement, community participation, and diversified
tourism products to strengthen regional economic resilience.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

1. Introduction

Tourism is an important driver of regional economic and social development through employment crea-
tion, local income generation, entrepreneurship, and the formation of added value. Its effects are particularly
significant in rural and peripheral regions, where tourism can diversify economic activity and support the use
of local natural and cultural resources. Regional tourism development can also stimulate investment in accom-
modation, transport, services, and other related sectors (Economic Forum, 2021; Walas et al., 2025).

In Azerbaijan, tourism has increasingly been considered within sustainable and regional development
strategies. The development of tourism destinations can strengthen local economies, improve community wel-
fare, create new professional opportunities, and increase the economic value of regional resources. Investment
and effective resource use are therefore important for maintaining the sector’s long-term contribution to re-
gional development (Imrani et al., 2025).

However, evaluating this contribution requires more than general tourism statistics. Combining official
indicators with survey-monitoring data makes it possible to compare actual tourism flows with visitor prefer-
ences and identify regional differences in demand. Accordingly, this study aims to assess the role of tourism
in the sustainable development of Azerbaijan’s regions by integrating official statistical data with survey re-
sults and SPSS-based statistical analysis.
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2. Research materials and methods

This study combines official tourism statistics with survey-monitoring data to assess regional differences
in tourism demand and their relationship with sustainable regional development in Azerbaijan. The analysis
covers the Shaki-Zagatala, Mountainous Shirvan, Guba-Khachmaz, Lankaran-Astara, Ganja-Dashkasan,
Karabakh, and Eastern Zangezur economic regions. Official indicators include tourist flows, overnight stays,
accommodation activity, and regional tourism dynamics, while survey data are used to examine preferences
for different forms of recreation and tourism.

2.1. Literature review

Previous studies demonstrate that regional tourism can contribute to economic growth, employment, in-
frastructure development, destination competitiveness, and community income, although its effects vary spa-
tially and depend on governance, human capital, accessibility, and resource use (Motsa et al., 2021; Astanaku-
lov & Goyipnazarov, 2023; Li et al., 2024). Research on Azerbaijan similarly emphasizes the importance of
tourism-recreation zoning, natural tourism resources, ecotourism, and destination development for regional
economies (Imrani & Veliyeva, 2021; Dargahov et al., 2023, 2024; Imrani et al., 2024).

Sustainable tourism research increasingly links regional development with circular resource use, commu-
nity participation, infrastructure, digitalization, and environmental responsibility (Baggio & Cooper, 2011,
Einarsson & Sorin, 2020; UNWTO, 2021). These approaches indicate that tourism should be assessed not only
through visitor numbers but also through its relationship with regional demand, local resources, economic
activity, and sustainability.

2.2. Methodology

The methodological framework combines survey monitoring, comparative analysis, Chi-Square testing,
correlation analysis, and regression modelling to assess the relationship between tourism demand and regional
development. Survey data were processed in SPSS to compare observed and expected frequencies of tourism
preferences, while official statistical indicators were used to evaluate regional differences and temporal
changes in tourism activity.

Regression analysis was applied to examine changes in overnight stays across the selected economic re-
gions. The B coefficient, constant (A), coefficient of determination (R?), and p-value were used to assess the
direction, explanatory power, and statistical significance of the models. Survey results were then compared
with official regional statistics to identify relationships between tourism preferences, tourism activity, and
regional development. The use of integrated survey and statistical approaches is consistent with established
methods in sustainable tourism research (Einarsson & Sorin, 2020; UNWTO, 2021; Kaurav et al., 2021).

3. Research results

Tourism is one of the most dynamic sectors of the global economy. According to the World Travel and
Tourism Council (WTTC), the tourism industry had fully recovered by the end of 2024, accounting for 10.4%
of global GDP. Azerbaijan also experienced rapid post-pandemic recovery, reaching 83% of its pre-pandemic
tourism level by 2024 (Travel Market Report, 2024). Before the pandemic, tourism accounted for approxi-
mately 3.5-4.5% of Azerbaijan’s GDP, while its current contribution is about 3.0%, with particularly visible
effects on regional economic activity and household income (ARSTA ASSC, 2025).

The value generated by tourism services in Azerbaijan increased from USD 845 million in 2022 to USD
1.2 billion in 2024, although this remained below the level recorded in neighboring Georgia (USD 4.6 billion).
Despite increased investment and national tourism-development initiatives, the sector’s full economic poten-
tial has not yet been reflected in GDP, while WTTC projections indicate further growth over the next five
years. Sustainable tourism development therefore requires integrated strategies, investment, transparency,
community participation, and the transformation of local resources into tourism products capable of generating
regional added value (UNWTO, 2017). At the same time, technological and socio-economic innovations in
tourism products, services, organizational structures, business models, and circular-economy solutions can
strengthen competitiveness and regional economic benefits (Innovation in Tourism, 2017).

To evaluate tourism’s contribution to regional development in Azerbaijan, official statistical indicators
were integrated with survey-monitoring results and analyzed using SPSS. The analysis covers Shaki-
Zagatala, Mountainous Shirvan, Guba-Khachmaz, Lankaran-Astara, Ganja-Dashkasan, Karabakh, and East-
ern Zangezur and considers tourist flows, accommodation capacity, overnight stays, recreational prefer-
ences, and regional tourism dynamics. These indicators were used to compare tourism demand and assess
differences in tourism activity and its potential contribution to regional added value. A total of 1,058 re-
spondents participated in the survey-monitoring, and SPSS analysis was used to determine tourism demand
based on variable and fixed frequencies. Among the participants, 650 were male and 450 were female. The
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guestionnaire focused primarily on demand for different recreational activities and their potential contribu-
tion to additional value creation in the regions.

In the SPSS analysis of leisure categories, the respondents were grouped by preferences for passive and
active recreation. The Chi-Square analysis in SPSS was used to assess frequency distributions according to the
variables. The calculated expected frequencies were 264.5 for passive recreation and 163.5 for active recrea-

tion. Thus, if the expected frequency were equal for each category: %58 = 264.5.

This formula illustrates the expected frequency distribution for the passive recreation category. The
comparison between observed and expected frequencies across the main recreational categories is pre-
sented in Fig. 1.

450 440 Real .
100 370 Prognostic
350
300 260 260 260 260
250
150
100
50
50
0
Passive Wellness Ecotourism Cultural heritage

Fig. 1. Comparison of the real and prognostic amounts

The SPSS analysis of tourist demand for different types of tourism activities across regions allows for a
comparative assessment between actual and expected figures. The results indicate that the predominance of
passive recreation in natural areas has made traditional tourism destinations the primary choice among travel-
ers. In particular, the notable difference between actual and expected figures in health tourism reflects the
official statistical data on the number of users of health tourism services in the country.

Specifically, the number of both domestic and international tourists utilizing health tourism services in
Azerbaijan stands at approximately 200,000 people, with a significant portion — around 73,500 individuals —
receiving services at Naftalan’s therapeutic and wellness facilities (ARSTA. ASSC, 2025). Additionally, visi-
tors frequent other wellness resorts under the TABIA Group, such as Galaalty, Lankaran Springs, Yengija
Thermal Spa, and Duzdagh Sanatorium. Health tourism services are also offered through traditional social
referral systems in sanatoriums operated under the Trade Union Confederation, primarily in Baku and the
Absheron Peninsula. The SPSS analysis reveals that the presence of real health tourism offers in the country
has the potential to increase both domestic and international tourist numbers and generate added economic
value for the regions.

The SPSS analysis of ecological and outdoor tourism activities shows a relatively small difference be-
tween actual and expected figures. In the post-pandemic period, the growing demand for outdoor leisure and
nature-based recreation has led to the expansion of ecological and outdoor tourism activities and the establish-
ment of new tourism routes across the regions.

The increasing number of visitors to national parks, along with the provision of services along hiking
trails, has positioned ecological tourism as an emerging trend. Currently, the number of users of national parks
exceeds 350,000 people and continues to grow steadily. In parallel, the offering of tourism routes covering
natural areas, route marking, the growing number of companies offering mountain sports, hiking, and other
outdoor tourism activities, and the services provided at major resorts such as Shahdagh and Tufandagh reflect
the dynamic development of this sector. The growth of ecological and outdoor tourism in Azerbaijan, alongside
the diversification of agro-tourism and open-air tourism products, has notably contributed to the creation of
additional value within the regions (Dargahov, 2023).

In determining the demand for cultural and historical heritage tourism, the difference between actual and
expected visitor numbers remains minimal. While cultural heritage is not the primary motivation for most
regional tourists, in recent years, the formation of eco-cultural and ethno-cultural destinations and the increas-
ing number of visitors to the nine cultural heritage reserves under the State Tourism Agency (STA) have con-
tributed to steady growth in this sector.
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Notable examples include the villages of Basgal, Lahij, and Khinalig as eco-cultural destinations, and the
historic center of Shaki as a cultural heritage destination. According to official data, the number of participants
in cultural tourism activities has reached approximately 800,000 people, with 667,000 of them visiting the nine
cultural heritage reserves managed by the STA (ARSTA. ASSC, 2025). The analysis of survey-monitoring
results confirms that the share of cultural heritage within tourism demand continues to rise, directly linked to
the emergence of newly established eco-cultural and ethno-cultural destinations and centers. Moreover, in the
inbound tourism market, cultural and historical heritage remains a key attraction, with visitors showing a pref-
erence for Baku’s historical architecture, Shaki’s historic center, Gobustan National Historical and Cultural
Reserve, and the ethnocultural villages of Basgal, Lahij, and Khinalig.

The increase in regional tourism demand has directly influenced the growth in the number of overnight
stays. Statistical analysis shows that the number of overnight stays has increased most significantly in the
Guba-Khachmaz and Shaki-Zagatala economic regions. The annual dynamics of overnight stays across the
selected economic regions during 2021-2024 are presented in Table 1.

Table 1
The Results of SPSS regression analysis for economic regions (ARSTA. ASSC, 2025)

Regions 2021 2022 2023 2024
Mountainous Shirvan 34,9 56,6 63,7 82,4
Shaki-Zagatala 188,2 220,5 223,4 2847
Ganja-Dashkesan 64,1 115,2 194,6 203,5
Karabakh 13,7 33,5 46,1 57,2
Guba-Khachmaz 398,7 491,1 609,8 752,3
Lankaran-Astara 112,0 130,0 162,5 182,1

The correlation analysis between the dynamics of overnight stays and the results of survey-monitoring
data confirms that regression coefficients indicate growth patterns in both fixed and variable parameters, com-
plementing the monitoring results of tourism demand in these regions. The regression coefficients, constants,
coefficients of determination (R?), and statistical significance levels for the selected economic regions are
summarized in Table 2.

Table 2
SPSS Regression Analysis Results for Economic Regions

Regions B (coefficient) A (constant) R? P
Mountainous Shirvan 15,96 -32027,5 0,987 0,006
Shaki-Zagatala 21,83 -43833,5 0,964 0,017
Ganja-Dashkesan 46,55 -93555,5 0,979 0,010
Karabakh 14,53 -29099,8 0,989 0,005
Guba-Khachmaz 118,0 -236676,5 0,990 0,005
Lankaran-Astara 23,4 -46689,8 0,989 0,005

The regression analysis results indicate that the B coefficient shows a positive relationship between the
annual increase in overnight stays and the generation of added value within the regions. For example, in the
Guba-Khachmaz economic region, an increase of 118,000 overnight stays corresponds to a positive correlation
coefficient when compared with expected figures based on survey-monitoring results. Additionally, the model
fit indicators (R?) for the economic regions were found to be very high, ranging from 0.98 to 0.99. Statistical
analyses confirmed, with p-values < 0.05, that the variables contribute to additional economic value and sup-
port prospects for sustainable development.

Based on the linear trend graph of overnight stays, the Guba-Khachmaz economic region displays a clear
advantage over other regions. Although the Karabakh and Mountainous Shirvan economic regions currently
have lower starting figures, they demonstrate consistent upward trends, indicating potential for added value in
the future. Furthermore, the sharp increase observed in the Ganja-Dashkasan economic region is directly linked
to the growing tourism demand in this area.
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In assessing tourist preferences, variable factors correspond to the type of recreation selected, while con-
stant factors reflect the dynamics of respondent opinions. The analysis reveals that natural areas constitute
most overall tourist flows, evidenced by statistical data showing increased numbers of visitors to nearby and
medium-distance tourism destinations. Accordingly, the dynamic rise in overnight stays in Guba, Gusar,
Gabala, Shamakhi, and Ismayilli districts is associated with the predominance of nature-based recreation, eco-
tourism, and outdoor tourism activities. The linear trends in tourism activity across the selected economic
regions for the period 2018-2025 are illustrated in Fig. 2. The distribution of respondents' tourism preferences,
including nature-based recreation, coastal areas, cultural heritage, wellness tourism, and other activities, is
presented in Table 3.
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0
2018 2019 2020 2021 2022 2023 2024 2025

Mountainous Shirvan 159.00 161.00 163.03 165.08 167.15 169.25 171.38 173.54

Shaki-Zagatala 218.00 230,00 242,66 256,02 270,11 28498 300.67 31722
Ganja-Dashkesan 465.00 470.00 475.05 480,16 48532 49054 49582 501,15
Karabakh 14500 150.00 155.17 160.52 166,06 171,78 177.71 183,84
= Guba-Khachmaz 1480.00 1520.00 1561.,08 1603.27 1646.60 1691.11 1736.81 1783.75
Lankaran-Astara 510,00 515.00 520,05 525,15 530,30 535,50 540.74 546,05

Fig. 2. Linear trend graph for regions (2018-2025)

Table 3
SPSS Coefficients Based on Tourist Interests
Tourist intersts Amount Percentage (%) Coefficient

Nature areas 470 42,6 0,426
Coastal areas and lakes 135 12,2 0,122
Historical and cultural heritage 136 12,3 0,123
Wellness 242 21,9 0,219
Others 121 11,0 0,110

Total 1104 100 1,0

4. Conclusion

The evaluation of the tourism sector’s impact on regional development in Azerbaijan, based on the corre-
lation between official statistical data and survey-monitoring assessments, reveals that the demand for nature-
based recreation, health tourism, ecological, and outdoor tourism activities has notably increased. This growth
has, in turn, contributed to the rise in visitor numbers to traditional tourism destinations and facilitated the
creation of additional economic value within the regions.

According to the results of SPSS analyses and regression modeling, the analysis of both fixed and variable
factors by location or region showed statistical significance at the p < 0.05 level, indicating that these factors
contribute to additional economic value. Moreover, the R? values obtained from the SPSS regression models
demonstrated a high level of model fit across economic regions and existing tourism destinations, ranging
between 0.98 and 0.99.

Furthermore, the direct proportionality between the survey-monitoring results and the dynamics of
tourism activity confirms that expanding nature-based recreation, ecological, and outdoor tourism activi-
ties in destination management strategies will stimulate the development of complementary programs and
projects. This finding highlights the importance of integrating these tourism types into regional tourism
policies and investment priorities to ensure sustainable economic growth and increased added value in
Azerbaijan’s regions.
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YCTOMYUBBIE OCHOBBI PA3BUTHS PETHOHAJBHOI'O TYPU3MA B ASEPBAVIVKAHE

Hapraxos B.C."*, Ackapju I'.®.%, Umpauu 111.B.%, Kepumiau I'.®.?
'baxunckuil 2ocyoapcmeennwvill ynugepcumem, Azepbatioxcan
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Pe3rome. B uccnenoBaHny paccMaTpuBaeTcs BKJIaJ TypU3Ma B yCTOHUNMBOE perHOHANBHOE pa3BuTHE A3epOaiiakaHa mocpen-
CTBOM OOBEJUHECHHUS PE3yJbTaTOB ONPOCOB U MOHHTOPHMHrA ¢ O(QUIMAIBHBIMU CTaTHCTUYECKUMHM IOKa3aTeIIMH. TypHUCTCKHUM
CIIPOC, PEKPEALHOHHBIC IPEATIOYTEHHUS, KOIMYECTBO HOYEBOK, JIEATEIBHOCTh CPEJCTB PA3MELICHHS M PErHOHAIbHAS JUHAMUKA TY-
pH3Ma aHAIU3UPOBAIKCH C UCIIOIB30BAHIEM CPABHUTEIIBHBIX CTATHCTHYCCKUX METOJIOB, IporpaMmMel SPSS, KpuTepust X1 -KBaipar,
KOPPEJSIIAOHHOTO U PErPECCHOHHOTO aHajin3a. AHAJM3 OXBAaTHIBAET OCHOBHBIE YKOHOMHUYECKHE paifloHbI A3epbOalimkaHa, OpHeH-
THPOBAaHHBIC Ha pa3BUTHE TYPHU3Ma, M OIICHUBAET PA3IMYHs B CIIPOCE HA OTABIX Ha IIPUPOJIE, 0310POBUTEIBHBIA TypPH3M, SKOTYPH3M,
aKTUBHBIA OTIBIX Ha OTKPBITOM BO3AyXe M KyJTYPHO-IIO3HABATEIbHBIN TYpu3M. Pe3ylibTaThl CBHIETENBECTBYIOT 00 0COOCHHO BBI-
COKOM CIIPOCE Ha OTIBIX Ha NPUPOJE U JIEMOHCTPUPYIOT CYIIECTBEHHbIC PETHOHAIBHbBIC PA3JIMYMs B TYPUCTCKOI ACSATEIBHOCTH.
Haubonpmmii pocT kKoimdyecTBa HOYEBOK 3apuKCHpoBaH B ['yba-XaumMa3ckoM 3KOHOMHYECKOM paiioHe, Toraa kak B llleku-3ara-
TaJIbCKOM M ['siH/Ka-/lalkecaHCKOM 9KOHOMHYECKHX paifoHaX Takke HaOJII01anach 3HAYNTENIbHAs [TOJI0KUTEIbHAS IUHAMHUKA. Pe-
IPECCHOHHBIE MOJEIH MPOJEMOHCTPUPOBAIIH BHICOKHE MOKAa3aTeIM Ka4ecTBa alllPOKCHMAIIMH 110 aHaIM3UpyeMbIM perrnoHam (R?
=0,964-0,990; p < 0,05), moATBEPKIAFOIINE MOJIOKUTEILHYIO B3aUMOCBSI3b MEXIY TYPUCTCKOMN JICATENHHOCTBIO U PETHOHATBHBIM
9KOHOMHUYECKUM pa3BuTHEM. [loydeHHbIe pe3yIbTaThl TaK)Ke MOKA3bIBAIOT, YTO OTIBIX HA MPHPOAE, SKOTYPH3M, 03T0POBHTEIIb-
HBII TYpU3M M TypH3M, CBSI3aHHBIH C aKTUBHBIM OTIBIXOM HAa OTKPHITOM BO3JyXe, 00J1agaloT 3HAYNTEIbHBIM IIOTEHIIH aJIOM CO3/1a-
HUSI IOTIOJTHUTENEHOH pernoHaNbHON cTonMocTH. ClieoBaTeNIbHO, ITOJINTHKA yCTOWYHBOTO Pa3BUTHS TypU3Ma 10JDKHA 00 BEIUHATh
pa3BUTHE TYPUCTCKHX JIECTHHALUI, HCIIOIE30BaHNE MECTHBIX PECYPCOB, COBEPIICHCTBOBAHNE HHPPACTPYKTYPHI, yIaCTHE MECTHBIX
cOO00IIECTB U TUBEPCU(UKALUIO TYPUCTCKUX NPOAYKTOB IJIs yKPEIUICHUSI pErMOHAIbHON SKOHOMHYECKOH yCTOHYMBOCTH.

Knroueswie cnosa: pecuonanbHblil mypusm, mypucmuieckuii Cnpoc, 3KOmypusm, KyJbmypHoiil mypusm, AKMUGHbIU Mypusm, AHaIu3
¢ ucnonvzogaruem SPSS u kpumepus xu-keaopam, pezpecCuoHHblll AHAIU3

AZORBAYCANDA REGIONAL TURIZMIiN iNKiSAFININ DAYANIQLI OSASLARI
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Xiilasa. Todqigatda sorgu-monitoring naticalori resmi statistik gostaricilorlo birlegdirilmokls turizmin Azorbaycanda dayanigl
regional inkigafa tohfasi aragdirilir. Turizm tolobati, rekreasiya uistiinliiklori, gecolomalorin sayi, yerlogdirma miiassisalorinin foaliyyati
Vo regional turizm dinamikast milqayisali statistik metodlar, SPSS proqramu, xi-Kvadrat testi, korrelyasiya vo reqressiya tohlili vasitosilo
aragdirilmigdir. Tohlil Azorbaycanin turizm yoniimlii asas iqtisadi rayonlarini ohats edir va tobiot asasli istirahsts, saglamliq turizmins,
ekoturizma, agiq hava faaliyyatlorina vo madani irs turizmins olan talobatdaki farglori giymatlondirir. Naticalor tobist osasli istirahato
xiisusila yiiksok tolobatin oldugunu gostorir vo turizm foaliyyatinds shamiyyatli regional forglori ortaya qoyur. Gecslomaslorin sayinda
on yiiksok artim Quba-Xag¢maz iqtisadi rayonunda qeyds alinmig, Soki-Zagatala vo Goncs-Dagkason iqtisadi rayonlarinda da
shamiyyotli miisbot dinamika miisahido edilmisdir. Reqressiya modellari tohlil edilon regionlar tizro yiiksok uygunluq gostoricilori
niimayis etdirmisdir (R? = 0,964-0,990; p < 0,05). Bu naticalar turizm foaliyysati ilo regional iqtisadi inkisaf arasinda miisbat olaganin
moveudlugunu dastokloyir. ©lds edilon naticalor, hamginin tobiot osasli istirahatin, ekoturizmin, saglamliq turizminin vo agiq hava
turizminin slavo regional doyar yaratmaq baximindan shamiyyastli potensiala malik oldugunu gostorir. Buna gors do dayaniql turizm
siyasoti regional iqtisadi dayanigligin giiclondirilmasi magsadilo turizm destinasiyalarinin inkisafini, yerli resurslardan istifadani,
infrastrukturun tokmillogdirilmosini, yerli icmalarin istirakini vo turizm mohsullarinin saxslondirilmasini birlogdirmslidir.

Agar sozlar: regional turizm, turizm talabi, ekoturizm, madoani turizm, a¢iq havada turizm, SPSS va xi-kvadrat tahlili, reqressiya
tahlili
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Summary. Tourism competitiveness and destination attractiveness are central to how countries po-
sition themselves in the global travel market, yet research on both has grown quickly and unevenly.
This article reviews 109 Scopus-indexed documents published between 2003 and 2026, combining a
quantitative profile of the literature with a thematic synthesis. The corpus expands sharply after 2015
and is markedly unbalanced: measurement and frameworks (33.0 per cent) and determinants (32.1 per
cent) dominate, analytical methods account for 24.8 per cent, and demand-side perception research for
Keywords: tourism competi- only 10.1 per cent. The Travel and Tourism Competitiveness Index remains the default benchmark, but
tiveness, destination attrac- its equal weighting, data demands and uneven predictive validity have pushed the field toward alterna-
tiveness, systematic literature | tive and hybrid measures. No technique dominates: data envelopment analysis, TOPSIS, PLS path mod-
review, composite indicators, elling and game-theoretic weighting compensate for one another's weaknesses. Infrastructure, infor-
tourism performance mation and communication technology readiness and environmental quality are the most stable deter-
minants, with effects conditioned by income level. An illustration matching the 2024 Travel & Tourism
Development Index with UN Tourism data for twenty-one leading destinations finds moderate correla-
tion with arrivals (r = 0.59) but stronger correlation with receipts (r = 0.72): measured competitiveness
tracks the value of tourism more closely than its volume.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

Introduction

Few sectors reveal a country's development choices as plainly as tourism: whether visitors arrive and
return depends on roads and airports, hotels and health services, digital networks, and the natural and cultural
assets that draw people. These ingredients are unevenly distributed and slow to change, so the useful question
is rarely how a destination performs in one year, but how it performs against its peers over time.

Two constructs organise this research. Competitiveness describes a destination's capacity to deliver value
that outperforms rivals without eroding the resource base supporting it (Dwyer & Kim, 2003; Enright & New-
ton, 2004); attractiveness describes the pull it exerts on prospective visitors, shaped by perceived resources,
image and the match between what a place offers and what segments want (Formica & Uysal, 2006). The space
between them, where destinations are attractive yet uncompetitive or competitive yet under-visited, has driven
much of the empirical work (Cracolici & Nijkamp, 2009), and panel designs expose what rankings conceal:
the drivers of competitiveness do not carry equal weight everywhere (Hanafiah & Ali, 2024; Magrini &
Grassini, 2019). Reviewing 109 Scopus-indexed documents published between 2003 and 2026, this article
asks how the field has grown, how the constructs are measured, which methods and determinants recur, and
whether measured competitiveness tracks realised performance.

2. Theoretical background

The conceptual scaffolding of the field was built in the early 2000s. The models of Ritchie and Crouch,
of Dwyer and Kim, and of Heath share a layered logic in which resources sit beneath supporting factors and
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management, which interact with demand conditions and the wider environment (Azzopardi & Nash, 2017).
Dwyer and Kim (2003) paired determinants with indicators that later work could operationalise, and Enright
and Newton (2004) pushed toward quantification through managers' ratings.

Attractiveness enters from the demand side. Formica and Uysal (2006) framed it as the relationship be-
tween what a destination supplies and what visitors seek, so a well-endowed place can still fail to attract if its
offer misaligns with market preferences. Cracolici and Nijkamp (2009) showed for southern Italy that the two
constructs, though correlated, respond to different levers, evident potential coexisting with weak rankings. The
distinction matters for measurement: indices built only on supply-side data capture one construct better than
the other, which is why several authors argue for frameworks keeping both in view (Mior Shariffuddin et al.,
2023).

3. Materials and methods

The article follows a systematic quantitative review design, quantifying the structure of a fast-growing
literature and synthesising work too heterogeneous for meta-analytic pooling (Mior Shariffuddin et al., 2023).
The literature was identified through Scopus, combining "tourism competitiveness" and "destination attrac-
tiveness" with "cross-country™, "panel”, "composite indicator” and "index", complemented by backward cita-
tion tracking. Documents were eligible if published in English between 2003 and 2026 and addressing the
measurement of the two constructs, comparative or panel methodology, or determinants in multi-country set-
tings; firm-level studies were excluded. The corpus comprises 109 documents, the earliest Dwyer and Kim
(2003), each coded to one primary theme by principal contribution: measurement and frameworks, analytical
methods, determinants, or demand-side perceptions.

A deliberately simple empirical illustration complements the synthesis. Competitiveness is proxied by the
overall score of the Travel & Tourism Development Index (TTDI) 2024, successor to the TTCI (World Eco-
nomic Forum, 2024), and performance by international arrivals and receipts in 2023 (UN Tourism, 2024). Of
the thirty top-ranked economies, comparable arrivals were unavailable for nine, leaving twenty-one that re-
ceived some 679 million arrivals, about half the world total. The methods are correlations and bivariate regres-
sions of log performance on the score; no causal claim is made.

4. Results

4.1. The Research landscape

The corpus documents a field that barely existed at the turn of the century and grew in two waves (Figure
1): a climb after 2015, with the diffusion of composite-indicator critique and of DEA- and PLS-based tech-
niques, and a surge from 2023, in post-pandemic recovery and the move from the TTCI to its successor. Almost
three quarters of it (73.4 per cent) appeared in 2016 or later. Publication is dispersed across 82 outlets, while
thematic attention is similarly uneven, with measurement, frameworks, and determinants dominating the cor-
pus and demand-side perception research declining to just one of the 44 publications produced during 2021—
2026 (Table 1).

14 -
12 4

10 A

Documents

2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025
Publication year

Fig. 1. Annual distribution of the reviewed documents, 2003-2026 (n = 109).
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Table 1
Thematic distribution of the reviewed documents (h = 109)
Primary theme Documents Share of corpus (%)
Measurement and frameworks 36 33.0
Determinants 35 32.1
Analytical methods 27 24.8
Demand-side perceptions 11 10.1
Total 109 100.0

Source: Authors' elaboration based on the reviewed corpus

4.2. Measuring competitiveness: The TTCI and its limitations

Measurement begins with the Travel and Tourism Competitiveness Index, which groups roughly ninety
variables into fourteen pillars spanning infrastructure, cultural and natural resources, information and commu-
nication technology (ICT) readiness, environmental sustainability, health, human resources and price (Mar-
tinez et al., 2019). Three criticisms recur. Aggregation: combining variables measured in different units, some
duplicating information, can distort the composite (Martinez et al., 2019). Weighting: pillars are treated as
equally important, yet rankings shift sharply under alternative schemes, most in the tiers where policy attention
concentrates (Gomez-Vega & Picazo-Tadeo, 2019). Predictive validity, the most damaging, is contested:
Hiyab et al. (2023) found the index's power over African arrivals weak and in places negative, and Hanafiah
and Zulkifly (2019) found the competitiveness-performance link more conditional than its design implies,
while Hanafiah and Ali (2024) showed that it tracks performance more reliably in low-income countries, where
basic conditions still bind, than in high-income ones, whose rankings are stable but loosely tied to outcomes.
None of this retires the index, but it explains why researchers treat it as a point of departure rather than a
verdict.

4.3. Alternative measurement and comparative methods

Alternatives have moved along two lines: reducing the data burden and improving weighting. Principal
component analysis builds composites from fewer variables while retaining most of the underlying variation,
which matters for the many countries where full index data are unavailable (Pérez Ledn et al., 2022); data
envelopment analysis (DEA) derives weights endogenously, scoring destinations against an efficiency frontier
rather than imposing weights from outside (Omrani et al., 2020); and multi-criteria and participatory schemes
make the weighting step explicit and more sensitive to context.

Each comparative instrument has a characteristic blind spot. DEA suits multiple inputs and outputs with
no agreed price for combining them, but with many indicators it loses discrimination and can leave relevant
dimensions unweighted (Gomez-Vega & Picazo-Tadeo, 2019), while TOPSIS, ranking destinations by dis-
tance from ideal and anti-ideal profiles, is intuitive but wholly dependent on externally supplied weights - a
complementarity explaining the appeal of hybrid DEA-TOPSIS designs (Lin et al., 2023). Partial least squares
path modelling is the workhorse for questions of structure and evolution, accommodating formative constructs,
small samples and multicollinearity (Magrini & Grassini, 2019), while game-theoretic weighting curbs the
zero-weight objection and systemic models locate leverage points for policy. No method dominates; the choice
should follow the research question and the data.

4.4. Determinants of competitiveness and attractiveness

A consistent set of determinants surfaces, though their relative weight shifts with income level. Infrastruc-
ture is the most reliable predictor: transport, accommodation and health services drive arrivals and repeat vis-
itation, and longitudinal analyses spanning a decade or more confirm that these effects persist rather than fade
(Magrini & Grassini, 2019), while core natural and cultural resources furnish the enduring appeal that infra-
structure then makes accessible. Digital readiness has moved from a peripheral concern to a central one,
strengthening competitiveness through information flow, reservation and payment systems and communica-
tion with visitors, but its gains are distributional: ICT amplifies the tourism-growth relationship only where
the enabling infrastructure and skills are present (Jayaraman & Makun, 2020).

Environmental factors simultaneously attract visitors and support long-term viability, with their effects on
tourism demand and competitiveness shaped by sustainability indicators, environmental regulation, green pol-
icies, governance quality, institutional and human-resource conditions, stakeholder cooperation (Enright &
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Newton, 2004), and transport-related environmental externalities associated with growing economic and trade
activity (Gachayev et al., 2026).

4.5. Demand-side dynamics

Travellers' perceptions convert competitive conditions into visits, satisfaction and return, yet this is the
part of the field that panel studies integrate least well. Andrades-Caldito et al. (2014) showed for Andalusia
that visitors' assessments of infrastructure and service quality shape satisfaction, length of stay and spending,
outcomes supply-side indices predict only indirectly, while motivations condition how visitors read competi-
tiveness, so the same attributes register differently across segments (Ban et al., 2025). A destination competes
not on its attributes as measured, but on how they are perceived. More recently, digital information environ-
ments have added another layer to this demand-side mechanism, as the credibility of online reviews and tour-
ists’ cognitive processing of social-media information can shape sustainable tourism choices (Eminov et al.,
2026).

4.6. Empirical illustration: Competitiveness scores and tourism performance

Table 2 presents the dataset. The twenty-one economies span the top of the 2024 ranking, from the United
States (5.24) to Cyprus (4.37), mean 4.75 (SD 0.28), while performance varies far more widely: arrivals from
3.9 to 100.0 million (mean 32.3 million) and receipts from US$3.2 to US$189.1 billion (mean US$42.7 bil-
lion). Nineteen are high-income economies, mirroring the index's upper tier.

Competitiveness scores and tourism performance of the sampled economies (n = 21) Teble
Economy TTDI 2024 score Arrivals 2023 (million) | Receipts 2023 (US$ billion)

United States 5.24 66.48 189.1
Spain 5.18 85.17 92.2
Japan 5.09 25.07 38.6
France 5.07 100.00 71.2
Australia 5.00 7.19 46.1
Germany 5.00 34.80 374
United Kingdom 4.96 37.22 73.4
Italy 4.90 57.25 55.9
Canada 4.81 18.34 38.5
Portugal 4.78 26.54 27.4
Korea, Rep. 4,74 11.03 15.3
Austria 4.65 30.91 24.7
Netherlands 4.64 20.30 20.7
United Arab Emirates 4.62 28.15 51.9
Sweden 4,57 7.53 9.9

Greece 452 32.74 22.3
Ireland 4.44 6.30 7.5

Brazil 4.41 5.91 6.9

Poland 4.40 18.99 15.0
Tirkiye 4.39 55.16 49.5
Cyprus 4.37 3.85 3.2

Sources: World Economic Forum (2024); UN Tourism (2024)

The association is positive and significant on every metric, but its strength depends on which side of
performance is examined (Table 3). The score correlates moderately with arrivals and markedly more strongly
with receipts, and the bivariate regressions tell the same story: a one-point higher score implies 1.91 log-points
more arrivals but explains only a third of their variation, whereas for receipts the coefficient is 2.74 and the
explained share rises to 0.62. A 0.1-point advantage thus implies roughly 21 per cent more arrivals but about
32 per cent higher receipts (Figure 2).
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Table 3

Association between the TTDI 2024 score and tourism performance (n = 21)

Statistic

log arrivals 2023

log receipts 2023

Pearson r

0.59 (p = 0.005)

0.72 (p < 0.001)

Spearman rho

0.56 (p = 0.009)

0.75 (p < 0.001)

OLS slope on TTDI score 1.91 2.74
t-statistic 3.08 (p = 0.006) 5.60 (p < 0.001)
R? 0.33 0.62
Implied effect of +0.1 score +21% +32%

Note: bivariate OLS of the natural logarithm of each performance measure on the overall TTDI score.

100 A

50 4

20 A

10 4

International tourist arrivals, 2023 (million, log scale)

4.4 4.6 4.8 5.0 5.2
TTDI 2024 overall score

Fig. 2. TTDI 2024 score and international tourist arrivals, 2023 (n = 21; fitted line from the regression of log arrivals on the score).

Tiirkiye’s low score despite high arrivals and Australia’s higher score despite fewer visitors but substantial
receipts suggest that the index better captures tourism value creation than visitor volume, helping reconcile
mixed evidence on its predictive validity (Hiyab et al., 2023).

5. Discussion

The measurement debate is inherently theoretical because weighting choices reflect competing definitions
of competitiveness, making transparent and stress-tested index construction essential (Gémez-Vega & Picazo-
Tadeo, 2019). Competitiveness is also development-dependent: infrastructure and connectivity remain critical
in lower-income destinations, while advanced economies increasingly rely on experience quality, sustainabil-
ity, and digital capabilities (Hanafiah & Ali, 2024; Jayaraman & Makun, 2020), although existing frameworks
still underrepresent demand-side mechanisms linking competitiveness to visits and loyalty (Andrades-Caldito
et al., 2014; Ban et al., 2025).

Future research should integrate supply- and demand-side measures (Mior Shariffuddin et al., 2023), de-
velop dynamic and predictive indices, examine environmental—digital interactions, and employ transparent
hybrid approaches (Lin et al., 2023). These conclusions remain limited by English-language Scopus coverage,
single-author coding, the absence of statistical pooling, and a cross-sectional illustration that indicates associ-
ation rather than causation.

6. Conclusions

Infrastructure, ICT readiness and environmental quality are the most stable drivers of destination competi-
tiveness, though their force depends on a country's level of development. The TTCI remains the common refer-
ence, but its aggregation, equal weighting and uneven predictive power have pushed researchers toward alterna-
tive measures and toward methods that compensate for one another's limits. The demand side still waits to be
written into competitiveness models, even though perceptions and motivations are what turn competitive poten-
tial into performance. The agenda therefore calls for frameworks holding supply and demand together, indices
that are dynamic rather than fixed, and a practice plural in its tools and transparent about its assumptions.
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KOHKYPEHTOCHOCOBHOCTD U IIPUBJIEKATE/IbHOCTb TYPUCTHYECKUX PETMOHOB:
CUCTEMATHUYECKHUHU OB30P MEXAYHAPOJHBIX HCCJIEJOBAHUN

Maxmynos I:x.1.'*, Axmenosa C.D.2, Kazumosa C.T.3, [I:ka6pamsioBa ®.A3
"Munesiuesupcruii cocyoapcemeennvlii ynugepcumem, Azepbaiiodican
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SUncmumym 2eocpaguu Munucmepcmesa nayxku u o6pazosanust Aszepbatiocanckoi Pecnybnuku, Azepbaiioscan
AZ1073, baky, np. I". /]casuoa, 117
*Aemop, omeeuarowuii 3a nepenucky: ceyhun.mahmudov@mdu.edu.az

Pe3tome. KOHKYpEHTOCTIOCOOHOCTD TypH3Ma U IIPUBJIEKATEIEHOCTD TYPHCTCKUX AECTHHAMHN SBIIOTCS KIIFOYEBEIMH (DaKTOpaMH IO3H-
LIMOHUPOBAHUS CTPaH Ha MUPOBOM TyPUCTCKOM PBIHKe. BMecTe ¢ TeM HayuHBbIe HCCIIEA0BAHMS 110 000MM HAIPaBICHUSIM Pa3BHBAIUCh OBICT-
PBIMU M HEpaBHOMEPHBIMHU TeMIlaMH. B cratbe paccmarpuBatorcst 109 10KyMEHTOB, HHACKCHPYEMBIX B 0a3e JaHHBIX SCOpUS U OITyOIUKO-
BaHHBIX B iepron ¢ 2003 o 2026 roa, ¢ 00beIMHEHNEM KOJIMYECTBEHHON XapaKTepUCTUKU HAyYHO! JIUTepaTyphl M TEMAaTHUECKOTO CHHTE3a.
HccnenoBarensckuii kopiyc pesko pacmmpuiics nocie 2015 rona u xapakrepusyercs BBIpaKeHHON CTPYKTYpHOI HeCOanaHCHPOBAaHHOCTBIO:
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HCCIIeIOBAaHMS, TTOCBSIIEHHBIE H3MEPEHHIO U KOHIENTYaIbHEIM ocHOBaM (33,0%), a Taroke onpenersiroriM ¢axropam (32,1%), 3aHIMaroT
JIOMHIHHpYIOIIEe TOJOKeHIE; Ha aHAJIMTHYECKHe MeToIb! puxoautcs 24,8%, Toraa Kak Ha HCCIEIOBAHUS BOCHPHUSTHS CO CTOPOHBI
crpoca — stk 10,1%. MHIeKe KOHKYpPEHTOCTIOCOOHOCTH Iy TEIECTBUIM U TypU3Ma OCTa&TCs OCHOBHBIM CPaBHUTEIbHBIM OPHEHTHU-
pom. OIHaKO HCTIOIb30BAHUE PABHBIX BECOB MOKa3aTellel, BRICOKUE TPEOOBAHNUS K JaHHBIM U HEOAHOPOJHAs IPOTHOCTUUECKAs Ba-
JHJHOCTH JAHHOTO MHJEKca CIIOCOOCTBOBAIIH MEPEXOAY K aJbTepHATUBHBIM U THOPUAHBIM MeToAaM oueHku. Hu oauH mMeTon He 3a-
HUMaeT JOMHHHUPYIOLIETO MOJIOXKEHUs: aHaiIu3 cpensl pynkunonuposanus (DEA), TOPSIS, moaenupoBanue myTeil METOIOM YacTHY-
HBIX HauMeHbIINX kBaapaToB (PLS) u B3BemmBaHMe Ha OCHOBE TEOPUH MI'P B3aNMHO KOMIICHCHPYIOT HEIOCTATKH JpyT Apyra. 1H-
(dpacTpykTypa, ypOBEeHb TOTOBHOCTH K HCIIOIB30BaHHUIO HH(POPMAIOHHO-KOMMYHHKAIIMOHHBIX TEXHOJIOTUH M KadecTBO OKPYIKalo-
et cpesbl BRICTYIIAIOT HanOoJIee yCTONYMBEIMY ONPEACISIONIMME (haKTopaMu, BIMSHAE KOTOPBIX 3aBUCUT OT YPOBHS 10X00B. M-
JIIOCTPATUBHBIM aHaIIN3, OCHOBAHHBIN Ha conocTraBieHuU MHaekca pa3BuTus myTeniecTBUi U Typusma 3a 2024 rox ¢ nanaeimu OOH
Typusm o 21 Bexymiei TypuCTCKON IECTUHALINH, BEIIBIII YMEPEHHYIO KOPPEILHUIO ¢ KOJIWIECTBOM TYPHCTCKHX MpuobITHii (r = 0,59)
1 0oJjiee CHIIBHYIO KOPPEJLIHUIO ¢ JOX0AaMH OT TypusMa (r = 0,72). DTO CBUAETENBCTBYET O TOM, UYTO H3MepsieMas KOHKYpPEHTOCHO-
CcOOHOCTD B OOJIBILICH CTENICHH CBSI3aHa C SKOHOMHYECKOH [IEHHOCTBIO TYPH3Ma, YeM C €r0 00BEMOM.

Kniouesvie cnosa: KonKypenmocnocobHoCms mypusma, npueieKameibHoCms mypucmuieckux 0eCmuHayuil, cucmemamuieckul
0030p Tumepamypbl, KOMNIEKCHblE HOKA3AMeNlY, pe3yibmMamueHOCHb Mypusmd

TURIZM REGIONLARININ ROQABOTQABILiYYOTLILiYi VO COLBEDICILIiYI:
BEYNOLXALQ TODQIQATLARIN SISTEMATIK iCMALI

Mahmudov C.I."*, Dhmoadova S.E.2, Kazimova S.T.3, Cobrayilova F.A3
'Mingagevir Doviat Universiteti, Azorbaycan
AZ4500, Mingagevir, D. Oliyeva kiig. 21
2Naxgivan Déviat Universiteti, Azarbaycan
AZ7012, Naxgivan, Universitet saharciyi
34zarbaycan Respublikasi Elm va Tahsil Nazirliyi, Cografiva Institutu, Azarbaycan
AZ1073, Baki, H. Cavid pr. 117
*Masul miiollif: ceyhun.mahmudov@mdu.edu.az

Xiilasa. Turizmin ragabstqgabiliyyatliliyi vo turizm destinasiyalarinin calbediciliyi 6lkolorin gqlobal turizm bazarinda mévgelorini
miloyyonlogdirmasindo asas amillordir. Bununla bels, har iki istigamot tizro elmi tadqiqatlar siiratlo vo geyri-borabor sokilds inkisaf
etmisdir. Magalodo 2003-2026-c1 illar arzinds dorc edilmis va Scopus bazasinda indekslogdirilmis 109 sanad nozordan kegirilmis, elmi
odobiyyatin komiyyot xarakteristikasi tematik sintezlo birlogdirilmisdir. Todqigat korpusu 2015-ci ildan sonra kaskin sokildo genis-
lonmis va nazaragarpacaq daracads geyri-barabar struktur niimayis etdirmisdir: 6lgma vo konseptual gargivalor (33,0%) vo miisyyan-
edici amillor (32,1%) ustiinliik togkil etmis, analitik metodlarin pay1 24,8%, talob torofinin qavrayigma dair todgigatlarin pay1 iso comi
10,1% olmusdur. Sayahat vo Turizmin Ragabatqabiliyystliliyi indeksi osas miiqayiso meyari olaraq qalir. Lakin bu indeksdo géstori-
cilors barabar ¢oki verilmasi, molumatlara yiiksok tolobat vo prognozlasdirma etibarliliginin qeyri-borabor olmasi todgigat sahosini
alternativ vo hibrid giymotlondirms iisullarina yonoltmisdir. He¢ bir metod iistiin mévqe tutmur: verilonlorin ohats tohlili (DEA),
TOPSIS, gisman on kigik kvadratlar osasinda yol modellogdirilmoasi (PLS) vo oyun nazariyyasine osaslanan ¢okilondirms metodlari
bir-birinin zaif toraflorini kompensasiya edir. Infrastruktur, informasiya vo kommunikasiya texnologiyalarina hazirliq saviyyasi vo otraf
miihitin keyfiyyati on sabit miioyyanedici amillordir vo onlarin tasiri galir saviyyssindan asili olaraq doyisir. 2024-cii il Sayahot vo
Turizmin Inkisafi Indeksinin 21 aparic1 turizm destinasiyasi iizro BMT Turizminin molumatlari ilo uygunlasdirilmasi osasinda aparilan
niimunavi tohlil turist galislorinin say1 ilo orta soviyysli korrelyasiya (r = 0,59), turizm golirlori ilo iso daha giiclii korrelyasiya (r =
0,72) askar etmisdir. Bu, dl¢iilon rogabostgabiliyyatliliyin turizmin hacmindon daha ¢ox onun yaratdig1 iqtisadi dayarls slagsli oldugunu
gostarir.

Agar sozlar: turizmin ragabat gabiliyyati, turizm destinasiyalarmmin calbediciliyi, adabiyyatin sistematik icmali, kompleks
gostaricilar, turizm faaliyyatinin naticalari
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THE RELATIONSHIP BETWEEN TOURISM DEMAND AND HOTEL BUSINESS
REVENUES: A CASE STUDY OF MINGACHEVIR

Hasanov R.I.**, Maharramova Kh.]? Rzayeva S.I.3
IMingachevir State University, Azerbaijan
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?Azerbaijan State University of Economics (UNEC), Azerbaijan
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SInstitute of Geography, Ministry of Science and Education of the Republic of Azerbaijan
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Summary. As a multifaceted economic activity, tourism plays a crucial role in regional develop-
ment by increasing income levels, stimulating investment, and generating employment through
strong multiplier effects across related sectors. In this context, the hotel industry constitutes a central
element of local tourism economies, as hotel revenues are directly influenced by tourism demand.
This study examines the relationship between tourism demand and hotel revenues in Mingachevir,
Azerbaijan, with a particular focus on the comparative effects of domestic and foreign overnight
stays. Annual data from official statistical sources are analyzed using the Autoregressive Distributed
Keywords: tourism demand, Lag (ARDL) approach and Fully Modified Ordinary Least Squares (FMOLS) estimation techniques.
hotel revenues, domestic The ARDL bounds test indicates a statistically significant long-run cointegration relationship among
tourism, foreign tourism, hotel revenues, domestic overnight stays, and foreign overnight stays. The error correction term is
ARDL, FMOLS, Mingachevir | negative and significant, confirming convergence toward long-run equilibrium. FMOLS results show
that both domestic and foreign tourism positively affect hotel revenues; however, domestic tourism
has a substantially stronger impact. Specifically, a 1% increase in domestic overnight stays leads to
an approximate 2.98% rise in hotel revenues, compared to 0.50% for foreign overnight stays. These
findings underscore the dominant role of domestic tourism in shaping hotel performance and provide
policy-relevant implications for regional tourism development and revenue optimization strategies.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

1. Introduction

Tourism supports regional development through employment, business activity, and multiplier effects
across construction, agriculture, trade, and services (Motsa et al., 2021; Bassil et al., 2023), while growing
visitor flows can stimulate investment in transport, utilities, digital infrastructure, accommodation, and recre-
ation, consistent with Butler’s Tourism Area Life Cycle (Corbos et al., 2024; Butler, 2024). Hotels are central
to these linkages because visitor expenditure extends beyond accommodation to complementary services and
local suppliers (Garcia-Delgado et al., 2020; Solmaz, 2024), although revenues remain sensitive to seasonality
and visitor composition (Cosmin and Nistoreanu, 2021).

Tourism demand directly influences hotel occupancy and RevPAR (Ismail et al., 2002; Lee et al., 2019),
while stronger demand can support higher ADR (Hikmawati and Ramdhani, 2024), with financial effects var-
ying across visitor segments (Le et al., 2026). Demand itself responds to income, prices, and exchange rates
(Martins, Gan, & Ferreira-Lopes, 2017), and long-run relationships are well established through cointegration
approaches (Song, Romilly, & Liu, 2000). Nevertheless, hotel-specific demand research remains relatively
limited (Wu, Song, & Shen, 2017), despite advances in econometric specification (Dogru, Bulut, & Sirakaya-
Turk, 2021; Song, Qiu, & Park, 2023) and evidence linking hotel performance to consumer confidence, tourism
flows, occupancy, ADR, inflation, wages, and energy costs (Chen et al., 2019; Chu, 2025), alongside broader
links between tourism-led growth and demand elasticity (Stauvermann & Kumar, 2017).
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Recent research has expanded toward data-driven forecasting (Kaya et al., 2022), technology and sustain-
ability (Sampaio, Sebastido, & Farinha, 2024), and digital tools that can stimulate tourism demand and reve-
nues (Hao, Ouyang, & Yao, 2026). COVID-19 further highlighted the importance of pricing, revenue man-
agement, resilience, and regional recovery (Agbola, Dogru, & Gunter, 2020; Denizci Guillet & Chu, 2021;
Boto-Garcia & Mayor, 2022; Singh & Corsun, 2023), while accommodation infrastructure remains important
for regional tourism development (Matyakubov, Allonazarov, & Farudz, 2026). Yet medium-sized destina-
tions remain understudied, making Mingachevir—uwith its natural and cultural tourism resources (ATB, 2026)
and nine hotel-type establishments—a relevant setting for examining how visitor flows translate into hotel
revenues.

2. Data and methodology

This study examines the relationship between tourism demand and hotel revenues in Mingachevir using
annual data from the World Bank (WB, 2026) and the State Statistical Committee of the Republic of Azerbai-
jan (SSCRA, 2026). Figure 1 indicates that hospitality growth has been driven mainly by steadily increasing
domestic overnight stays, while foreign demand is more volatile, underscoring the importance of domestic
tourism for hotel revenue stability.

24,000
20,000
16,000
12,000

8,000

4,000

2006 2008 2010 2012 2014 2016 2018 2020 2022 2024

[ Revenues of hotels and hotel-type facilities (thousand manats)
Domestic overnight stays

Foreign overnight stays
Fig. 1. Time-Series Evolution of Tourism Demand and Hotel Revenues in Mingachevir

Hotel revenue (LREV) and domestic (LDOM) and foreign (LFORE) overnight stays were log-trans-
formed, allowing coefficient interpretation as elasticities. Table 1 indicates approximate normality and greater
stability of domestic tourism, reinforcing its dominant role in Mingachevir’s hotel demand.

Table 1
Descriptive Statistics of the Variables

Statistic LREV LFORE LDOM
Mean 6.360 7.681 9.484
Median 6.71 7.526 9.409
Maximum 7.618 9.553 10.054
Minimum 4.166 5.552 8.954
Std. Dev. 1.038 1.03 0.276
Skewness -0.87 -0.25 0.431
Kurtosis 2.433 2.596 2.777
Jarque-Bera 2.680 0.34 0.628
Probability 0.261 0.842 0.730

The Augmented Dickey—Fuller (ADF) test was applied to determine the variables’ integration orders and
confirm the absence of 1(2) series. Given the potential mixture of 1(0) and I(1) variables, the ARDL bounds-
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testing approach of Pesaran, Shin, and Smith (2001) was then used to assess long-run cointegration. The un-
restricted error correction representation of the ARDL model is specified as follows:

ALREV:, = ag+ ).,. + 2. + +
t 0 Z{z:1}§p}BALREV{t_i} Z{]:O}E.ql}yALDOM{t_]-} Z{k:o}fz}eALmRE{t_k}

¢1LREV;,_1y + $,LDOM;_1y + ¢p3LFORE 13+ & 1)

To obtain robust long-run estimates while addressing issues of endogeneity and serial correlation in coin-
tegrated systems, the Fully Modified Ordinary Least Squares (FMOLYS) estimator developed by Phillips and
Hansen (1990) was applied. The FMOLS estimator can be expressed as:

3 THXe- 0)? \ L (T B) (Yer — 021055 4X,
BrmoLs = (Z%ti(l}t ) ) Z{tzl}t (¥e 21053 AXy) @

where Y, denotes the bias-corrected dependent variable, while Q21 and Q2 represent the long-run covariance
components used to correct for endogeneity and serial correlation. Following the ADF stationarity and ARDL
bounds cointegration tests, FMOLS was employed to estimate robust long-run elasticities of domestic and
foreign tourism demand with respect to hotel revenues in Mingachevir.

3. Results

The Augmented Dickey—Fuller (ADF) results in Table 2 show that LREV, LFORE, and LDOM are non-
stationary at levels but become stationary after first differencing, confirming that all variables are integrated
of order one, I(1). The absence of 1(2) variables satisfies the integration-order requirement for the ARDL
bounds-testing approach, while the 1(1) properties of the series also support the subsequent application of
FMOLS for estimating their cointegrating long-run relationship.

Table 2
Augmented Dickey—Fuller (ADF) Unit Root Test Results
Variable Level (t-stat) Prob. First Difference (t-stat) Prob. Order of Integration
LREV -2.290 0.185 -5.466 *** 0.000 I(1)
LFORE -1.853 0.344 -3.941 *** 0.009 I(1)
LDOM -1.388 0.562 -4.240 *** 0.006 I(1)

*** denotes statistical significance at the 1% level, and “Prob.” indicates MacKinnon (1996) one-sided p-values.

Figure 2 reveals a positive relationship between both domestic and foreign overnight stays and hotel rev-
enues in Mingachevir, although the stronger and more consistent association observed for domestic stays sug-
gests that domestic tourism is the more stable contributor to revenue growth.

The ARDL bounds test results in Table 3 yield an **F-statistic of 5.4425**, exceeding the **1% upper
critical bound (1(1) = 5.00)** and therefore providing strong evidence against the null hypothesis of no long-
run relationship. Accordingly, **LREV, LDOM, and LFORE are cointegrated**, indicating that hotel reve-
nues and domestic and foreign overnight stays share a stable long-run equilibrium relationship and move to-
gether systematically over time.

The error-correction term (ECT = —0.1622, p < 0.01) reported in Table 4 is negative and statistically
significant, confirming convergence toward a stable long-run equilibrium. Its magnitude indicates that approx-
imately 16.2% of short-run disequilibrium is corrected annually, while changes in foreign overnight stays (AL-
FORE) exert a positive but only weakly significant short-run effect on hotel revenues at the 10% level.

The Variance Inflation Factor (VIF) results presented in Table 5 indicate that multicollinearity is not a
significant issue in the estimated model. All centered VIF values for the explanatory variables, including
LDOM, LFORE, and their lagged terms, are well below both the conservative threshold of 5 and the conven-
tional upper limit of 10. This confirms the absence of strong linear interdependencies among the regressors,
ensuring that the estimated coefficients remain stable and are not affected by redundancy in the explanatory
variables. Consequently, the individual impacts of domestic and foreign overnight stays on hotel revenues in
Mingachevir can be reliably interpreted. Overall, the model satisfies the multicollinearity diagnostic require-
ment, thereby reinforcing the robustness and validity of the ARDL estimation results.
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Fig. 2. Scatter plot of domestic and foreign tourism vs hotel revenues

Table 3
ARDL (1,1,0) Bounds Test Results for Cointegration
Test Statistic Value Significance Level 1(0) Lower Bound I(1) Upper Bound Decision
F-statistic 5.4425 10% 2.63 3.35 Reject Ho
5% 3.10 3.87 Reject Ho
2.5% 3.55 4.38 Reject Ho
1% 4.13 5.00 Reject Ho
Note: Ho: No long-run (cointegration) relationship exists.
Table 4
Error Correction Model (ECM) Results
Variable Coefficient Std. Error t-Statistic Probability Interpretation
D(LFORE) 0.1376 0.0706 1.9487 0.0732 Positive, weakly significant (10%)
Cointeq(-1) -0.1622 0.0313 -5.1763 0.0002 Negative, highly significant (1%)
Note: CointEq(-1) represents the error correction term (ECT), capturing the speed of adjustment toward long-run equilibrium.
Table 5
Multicollinearity Diagnostic Results (VIF)
Variable Coefficient Variance Uncentered VIF Centered VIF
LREV(-1) 0.009253 89.78245 2.206698
LFORE 0.007365 107.9794 1.546178
LFORE(-1) 0.014050 206.7822 2.671581
LDOM 0.091942 1988.612 1.312321
C (Constant) 8.773253 2095.243 NA
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The diagnostic results in Table 6 confirm the adequacy of the estimated ARDL model, as the Breusch—
Godfrey test (p = 0.4588) indicates no evidence of serial correlation, while the Breusch—Pagan—Godfrey test
(p = 0.8918) suggests homoskedastic residuals. These findings indicate that the model is free from these key
residual specification problems, supporting the reliability of statistical inference regarding the effects of do-
mestic and foreign overnight stays on hotel revenues in Mingachevir.

Table 6
Model Diagnostic Results
Test Type Statistic Value p-value Result
Breusch-Godfrey LM Obs*R-squared 0.548896 0.4588 No Serial Correlation
Breusch-Pagan-Godfrey Obs*R-squared 1.115703 0.8918 Homoskedasticity

The CUSUM and CUSUM of Squares results presented in Figure 3 support the structural stability of the
estimated model, as the recursive statistics remain within the 5% critical boundaries throughout the sample
period. This suggests no evidence of parameter instability and supports the reliability of the ARDL short- and
long-run estimates for interpreting the relationship between overnight stays and hotel revenues in Mingachevir.

CUSUM TEST FOR PARAMETER STABILITY

) A N N D N OO O I e s =57
) I O e e
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b I B e deames S m i e S R SO
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e CUSUM  ====- 5% Significance

= CUSUM OF SQUARES TEST FOR PARAMETER STABILITY
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Fig. 3. Model Stability Diagnostics Using CUSUM and CUSUM of Squares Tests

The FMOLS (Fully Modified Least Squares) results reported in Table 7 indicate that both foreign and
domestic overnight stays have a positive and statistically significant influence on hotel revenues in Minga-
chevir, at the 5% and 1% significance levels, respectively. The estimated coefficients further suggest that do-
mestic tourism has a substantially stronger effect, as a 1% increase in LDOM leads to an approximate 2.98%
increase in revenues, whereas the corresponding effect of LFORE is comparatively smaller, at around 0.50%.

Table 7
FMOLS Long-Run Cointegration Results
Variable Coefficient Std. Error t-Statistic Prob.
LFORE 0.496448 0.209046 2.374825 0.0313**
LDOM 2.983698 0.801741 3.721522 0.0020***
C (Constant) -25.73276 7.991632 -3.219963 0.0057***

Note: Statistical significance levels are indicated as follows: **p < 0.05, and ***p < 0.01.

These findings reinforce the robustness of the long-run relationship identified in the model and highlight
the dominant role of domestic demand in shaping revenue dynamics. While international tourism contributes
positively, the domestic segment emerges as the principal driver of financial performance in the local hospi-
tality sector.
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4. Discussion

The empirical findings confirm that tourism demand significantly influences hotel revenues in Minga-
chevir, supporting the established relationship between visitor demand and hotel performance (Song & Li,
2008). Although both domestic and foreign overnight stays contribute positively to revenues, domestic tourism
emerges as the stronger and more statistically significant driver, consistent with the heterogeneous economic
effects of different visitor segments identified by Dwyer and Forsyth (2006). Mingachevir’s accessibility and
its Kura River—based recreational opportunities support short-stay and seasonal domestic tourism, reflecting
the importance of water-based resources for tourism demand (Hall & Page, 2014), while tourism activity in
Azerbaijan remains sensitive to economic conditions and external shocks such as COVID-19 (Mayis et al.,
2021).

The weaker contribution of foreign overnight stays suggests that Mingachevir may function more as a
supplementary or transit destination for international visitors, with limited entertainment and experience-based
services potentially restricting visitor stays and expenditure (Middleton & Clarke, 2001). Overall, strengthen-
ing year-round tourism products, extending visitor stays, and developing higher-value experiences could en-
hance the long-term financial performance of Mingachevir’s hotel sector.

5. Conclusion

Tourism and hospitality demand is shaped by economic conditions, prices, destination characteristics,
seasonality, and external shocks. The literature consistently shows that income positively influences tourism
demand, while higher prices generally reduce it, supporting conventional demand theory. Cointegration-based
approaches, including ARDL, Johansen, and error-correction models, further demonstrate that tourism demand
and its macroeconomic determinants tend to share stable long-run relationships, although temporary short-run
deviations may occur. Significant error-correction mechanisms indicate that such disequilibria gradually return
to their long-run paths. Meanwhile, forecasting methods have increasingly evolved from traditional economet-
ric techniques toward hybrid and data-driven approaches that can improve predictive performance under
changing market conditions. From a policy perspective, stronger tourism data systems, resilient domestic tour-
ism, sustainable infrastructure investment, and balanced destination development are essential. At the industry
level, advanced econometric and machine-learning forecasting can support more effective pricing, capacity
planning, and revenue management, thereby strengthening the tourism sector’s long-term competitiveness,
resilience, and financial sustainability.
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B3AUMOCBA3b TYPUCTUYECKOI'O CITPOCA U JOXO40B 'OCTUHUYHOI'O BU3HECA:
HUCCJIEJOBAHUE HA IPUMEPE MUHI'TYEBUPA
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Pestome. TypusM Kak MHOTOACTICKTHBIH BUJI 9KOHOMHYECKOH AEATEIBHOCTH MIPACT BXKHYIO POJb B PETMOHAIBHOM Pa3BHTHH,
CIOCOOCTBYS TOBBIICHHIO YPOBHS J0XO0J0B, CTUMYJIMPOBAHHIO MHBECTHLMH M CO3/IaHHIO pabouux MecT Oiarofaps BbIPaKCHHBIM
MYJIBTUILTUKATUBHBIM 3G )eKTaM B CMEKHBIX OTPACIisiX. B TaHHOM KOHTEKCTe TOCTHHHYHAS HHAYCTPHUS MPEICTABIsET COO0M KIFoYe-
BOM 3JIEMEHT MECTHOH TYPUCTCKOI1 SKOHOMHKH, TOCKOIBKY JOXObI TOCTHHUII HETTOCPEACTBEHHO 3aBUCAT OT TYPUCTCKOTO crpoca. B
HCCIIEI0BaHUN PACCMaTPHUBAETCS B3aHMOCBS3b MEXIy TyPUCTCKUAM CIIPOCOM H JOXOJaMH TOCTHHHII B ropoJie Munrs4yeBup (AsepoOaii-
JDKaH) ¢ 0COOBIM aKIICHTOM Ha CPaBHHUTEILHOM BIHSHHH HOYEBOK BHYTPEHHHUX W MHOCTPAHHBIX TYPUCTOB. ['0JI0BBIC AaHHbIC, TOJY-
YEHHbIC U3 OQHIHUAIBHBIX CTATUCTHYCCKUX MCTOYHUKOB, AHATM3UPOBAIINCH C MCIIOIb30BAaHUEM MOJICIN aBTOPETPECCHH C pacipe/e-
néaapiMu Jlaramu (Autoregressive Distributed Lag — ARDL) u meTona mogHOCTBIO MOAM(UIIMPOBAHHBIX HAUMEHBIINX KBAaJpPaTOB
(Fully Modified Ordinary Least Squares — FMOLS). I'paunusiii tect ARDL yka3siBaeT Ha HATMYUE CTATUCTHYECKH 3HAYUMOM JI0JT-
TOCPOYHOH KOMHTETPAIIMOHHON CBSI3M MEXAY JAO0XOJaMH TOCTHHUI, KOJMYECTBOM HOYEBOK BHYTPEHHHX TYPHUCTOB M KOJHYECTBOM
HOYEBOK MHOCTPAHHBIX TypUcTOB. OTpHUIaTeIbHOE U CTaTHCTHYECKH 3HAYNMOE 3Ha4eHHe KO PHINIeHTa KOPPEKIIUH OMINOOK 1101
TBEPXKIAET CXOIMMOCTD K JIOITOCPOYHOMY paBHOBecHIO. Pe3ynbraTel nmpumenenus Merona FMOLS mokaspiBaroT, 4To Kak BHYTPEH-
HHH, TaK 1 MEXIYHApOIHbIA TypU3M OKa3bIBAIOT MMOJIOKUTEIBHOE BIUSHHIE Ha JOXO/IbI TOCTHHHII, OHAKO BO3/ICHCTBIE BHYTPECHHETO
TypH3Ma 3HAUUTENILHO CHJIbHEe. B 4acTHOCTH, yBennueHne KOJMYecTBa HOYEBOK BHYTPEHHHUX TYPUCTOB Ha 1% MPUBOAUT K pOCTY
JIOXOJIOB TOCTHHHII IPHOJIM3UTENBHO Ha 2,98%, TOTa KaKk COOTBETCTBYIOIINH MTOKA3aTellb Ul HOYEBOK HHOCTPAHHBIX TYPHCTOB CO-
crasisieT 0,50%. ITosy4eHHbIe pe3ysbTaThl TOJYEPKUBAIOT JOMHUHHUPYIOLILYIO POJIb BHYTPEHHETO TypHu3Ma B JOPMHUPOBAHHH MOKa3a-
Tenei eATeNbHOCTH TOCTHHHUIL U UMCIOT BXKHOE MPAKTHYECKOE 3HAYCHHE JUIs pa3pabOTKH MOJIUTUKHA PETHOHAIBHOTO PAa3BHTHS TY-
pH3Ma M CTpaTeruii ONTUMHU3ALMN TOXO/I0B.

Knrouesvie cnosa: mypucmuueckuil cnpoc, 00x00bl 20CUHUY, BHYMPEHHUU mypusm, unocmpanuvii mypusm, ARDL, FMOLS,
Munesueeup
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MINGOCEViIR NUMUNOSINDO TODQIQAT
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Xiilasa. Coxsaxali igtisadi foaliyyst novii olan turizm olagsli saholords giiclii multiplikativ tasirlor yaratmagla gslir seviyyasinin
yiiksoldilmasi, investisiyalarin stimullagdirilmast ve moggullugun tomin edilmasi vasitosilo regional inkisafda miithiim rol oynayir. Bu
kontekstde mehmanxana senayesi yerli turizm iqtisadiyyatinin asas terkib hissasini teskil edir, ¢iinki mehmanxana galirlari birbasa
turizm tolobatindan asilidir. Todgigatda Azorbaycanin Mingagevir sohorindo turizm tolobati ilo mehmanxana golirlori arasindaki slago
aragdirilir vo daxili vo xarici turistlorin gecolomolarinin miiqayissli tosirlorine xiisusi diqgot yetirilir. Rasmi statistik monbalardon oldo
edilmis illik molumatlar avtoreqressiv paylanmis gecikmo (Autoregressive Distributed Lag — ARDL) modeli vo tam modifikasiya
olunmus on ki¢ik kvadratlar (Fully Modified Ordinary Least Squares — FMOLS) giymotlondirms metodlart vasitasils tohlil edilmisdir.
ARDL sorhad testi mehmanxana golirlari, daxili turistlarin gecolomolari va xarici turistlorin gecalomslori arasinda statistik baximdan
shomiyyotli uzunmiiddotli kointegrasiya slagesinin mévcudlugunu gostorir. Xatalarin korreksiyasi amsalinin monfi vo statistik
baximdan shamiyyotli olmasi uzunmiiddotli tarazliga dogru yaxinlasmani tosdigloyir. FMOLS metodunun naticslori hom daxili, hom
do xarici turizmin mehmanxana gslirlorino miisbot tasir gostardiyini, lakin daxili turizmin tasirinin shamiyyatli doracodo daha giiclii
oldugunu gostarir. Belo ki, daxili turistlarin gecalomalerinin sayinda 1% arttim mehmanxana galirlsrinin taxminen 2,98% yiiksalmasina
sobob oldugu halda, xarici turistlorin gecolomolori iizra miivafiq gostorici 0,50% toskil edir. ©ldo edilon naticolor mehmanxanalarin
foaliyyat gostoricilorinin formalagmasinda daxili turizmin Gstiin rolunu vurgulayir vo regional turizmin inkisafi, eloco doa gslirlorin
optimallasdirilmast strategiyalari baximindan turizm siyasstinin formalagdirilmasi ti¢iin shamiyyatli naticalar togqdim edir.

Agar sézlar: turizm talabi, mehmanxana goalirlari, daxili turizm, xarici turizm, ARDL, FMOLS, Mingagevir
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Summary. Territories rebuilt from war are almost absent from smart tourism research, which has
developed around mature cities that add digital tools to infrastructure accumulated over decades.
This matters because reconstruction offers a rare chance to design a destination and its digital layer
together from the ground up, yet no instrument exists to assess how ready such a place is. This study
fills that gap with the Smart Tourism Readiness Index (SITRI), a five-dimension composite weighted
through the Analytic Hierarchy Process (AHP) at a confirmed consistency ratio of CR = 0.018. Using
a mixed secondary-data design and four-category source triangulation, the index is applied to Azer-
baijan's Karabakh and East Zangezur regions across the 2020-2026 reconstruction period, scoring
five destinations against documented evidence. The regional mean readiness is 3.63 on a 1-5 scale;
Zangilan (4.17) and Fuzuli (4.03) reach the High band through purpose-built airports and greenfield
settlement design, while heritage-anchored Shusha (3.95) leads on demand. The central finding is a
sequencing signature: the mobility backbone is built first and fastest, while the traveller-facing ser-
vices that turn a reachable place into a usable one are deferred behind physical construction. The
study repositions readiness as a reconstruction-phase variable and offers a diagnostic transferable to
other post-conflict contexts.

Keywords: smart tourism
readiness, post-war recon-
struction, spatial assessment,
Analytic Hierarchy Process,
Karabakh, destination
competitiveness

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

1. Introduction

In the tourism literature, the reconstruction of a destroyed region is seldom treated as more than an after-
math — a repair of what was lost, whose interest fades once the crisis passes. The settlements now emerging
across formerly contested territories invite a different reading. They are not being rebuilt to their earlier form,
but planned from the outset around digital administration, renewable energy, and networked infrastructure, so
that the language of the smart city is applied to what is, in effect, an empty map. Where there is no legacy
system to work around, the analytical question shifts: the issue is no longer how quickly a place recovers, but
what kind of place it is deliberately being designed to become.

Azerbaijan's Karabakh and East Zangezur regions offer an unusually legible instance of this dynamic.
Following the events of 2020, the government launched one of the most capital-intensive reconstruction pro-
grammes of the past decade, directing roughly USD 10.3 billion into the two regions through the 2025 budget
cycle. Three international airports were built at Fuzuli, Zangilan, and Lachin; more than 1,400 kilometres of
road entered construction; and the new settlements — Aghali in Zangilan being the earliest completed example
— were conceived as “smart villages” integrating renewable generation, digital public services, and networked
utilities. Shusha opened to visitors in December 2023 and a wider group of destinations from July 2025, with
over 500,000 predominantly domestic arrivals reported in July 2025 alone. The reconstruction thus constitutes
a large, well-documented natural experiment in building a tourism geography without a legacy.
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The analytical apparatus needed to evaluate these places has not kept pace. Established destination-com-
petitiveness and smart-tourism frameworks were calibrated for cities with continuous histories of use, assum-
ing an installed base of transport, accommodation, and services onto which digital tools are grafted, and they
say little about a destination where the accommaodation, the road, the airport, and the digital permit system all
arrive within the same five-year span. The reconstructed territory therefore falls into a conceptual blind spot,
being neither a mature destination benchmarked in the usual way nor a greenfield project unconnected to prior
settlement.

This study addresses that blind spot. Its guiding proposition is that smart tourism readiness, normally
reserved for mature destinations, is most consequential in reconstruction, because the design choices locked in
now will define the destination for a generation. Three research questions follow: how can readiness be con-
ceptualised and measured where physical and digital infrastructure are built concurrently (RQ1); how does it
vary spatially across reconstructed destinations within a single region (RQ2); and does the pattern reveal a
systematic sequencing of reconstruction that enables or constrains tourism development (RQ3)? The contribu-
tion is at once conceptual, methodological, and empirical, and the analysis finds that the region is being rebuilt
“backbone-first”: physical access advances rapidly, but the digital and demand layers that make a destination
usable for an actual visitor lag behind, leaving the design advantage of reconstruction only partly captured.

2. Conceptual background

Smart tourism transposes smart-city thinking into the visitor economy, describing destinations that weave
together digital infrastructure, real-time data, and connected services to shape the visitor experience. Its most
durable insight is that the “smartness” of a destination lies not in the presence of technology but in its integra-
tion into a coherent experience layer that reduces friction for the traveller — a distinction between mere de-
ployment and genuine integration that carries directly into the reconstruction setting, where the temptation to
equate new hardware with readiness is especially strong.

Destination-competitiveness research has long treated transport and infrastructure as core determinants,
yet tends to conceptualise them as physical, supply-side stock — airport capacity, road density, bed count —
capturing what a destination has installed rather than how a visitor engages it. A more recent strand on digital
readiness corrects this by foregrounding the traveller-facing layer of contactless payment, real-time infor-
mation, and integrated permits. Both traditions, however, presuppose an existing destination, and neither was
designed for a place where physical stock and digital layer are created within the same construction cycle, so
that readiness becomes a matter of design sequencing rather than accumulated endowment — precisely the
condition a reconstruction setting imposes.

Research on post-conflict recovery, meanwhile, has concentrated on security, resettlement, livelihoods,
and physical rehabilitation, and where tourism enters it is usually as dark or memorial tourism rather than as a
planned sector with its own infrastructure logic. The purpose-built-city literature adds a caution that bears
directly here: technological sophistication without organic economic density produces impressive but un-
derused environments, so that readiness measured only through installed hardware risks reproducing the error
of infrastructure without users. Three gaps therefore define the space this study occupies: no measurable in-
strument exists for readiness in a reconstruction setting; existing indices privilege physical stock and never ask
the design-sequencing question; and post-conflict territories remain outside the smart-tourism evidence base.
The SITRI is built to close all three.

3. Materials and methods

3.1. Design and data

The study adopts a mixed secondary-data design combining quantitative index construction with qualita-
tive source triangulation, a choice dictated by the object of study: primary field survey across an active, partly
demined reconstruction zone would be neither safe nor representative at this stage. The reconstruction is, how-
ever, unusually well documented, and evidence was drawn from four categories that corroborate one another:
official state documents (reconstruction budgets, the Great Return State Programme, tourism concepts, smart-
village design); international and independent reporting used to verify official figures; operator records (airport
operations, permit portals, hotel openings); and peer-reviewed literature indexed in Scopus and Web of Sci-
ence. All figures were taken in their most recent form as of early 2026, with the more conservative figure
retained where sources diverged, over a 2020-2026 frame that captures the full reconstruction arc.
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3.2. The smart tourism readiness index

The SITRI scores a destination across five dimensions on a 1-5 ordinal scale anchored to documented
conditions rather than perception. D1, physical—-digital mobility infrastructure, captures air, road, and rail con-
nectivity with its digital enablement — the backbone that makes a destination reachable at all. D2, destination-
facing digital services, measures electronic permits, booking and information systems, and multilingual usa-
bility, the layer that converts reachability into usability. D3, green and sustainable integration, assesses whether
renewable energy and smart utilities are embedded from the outset rather than retrofitted. D4, institutional and
governance readiness, records the presence of a coordinated planning body, an approved tourism concept, and
an investment mechanism. D5, heritage and demand anchoring, gauges the cultural or resettlement base that
generates actual demand — the corrective against readiness without users.

3.3. AHP weighting and computation

Rather than assuming equal contribution, the dimensions were weighted through the Analytic Hierarchy
Process, which derives priorities from structured pairwise comparisons on the Saaty scale. Judgements prioritised
the dimensions that determine whether a reconstructed place can function as a destination at all: mobility infra-
structure (D1) was judged most decisive, since in a recently inaccessible territory reachability governs everything
else, followed by destination-facing services (D2). The priority vector was obtained by the eigenvalue method
(Table 1), and the consistency ratio, at CR = 0.018, lies well below the 0.10 threshold, confirming coherent
judgements. The composite is computed as SITRI = Z (d; x w;), yielding a value on the 1.0-5.0 scale, with bands
set at High > 4.0, Moderate-High 3.0-3.9, Moderate 2.0-2.9, and Emerging < 2.0; an equal-weighted variant was
computed as a robustness check. The five destinations — Shusha, Fuzuli, Zangilan, Lachin, and Aghdam — were
selected purposively as the settlements combining the most advanced physical progress with the clearest tourism
intent, spanning both economic regions, both reconstruction logics (heritage restoration and greenfield construc-
tion), and the full range of access maturity from the longest-open site to the earliest.

Table 1
AHP priority weights for the five SITRI dimensions (CR = 0.018)
Dim. Definition AHP weight Rank
D1 Physical—digital mobility infrastructure 0.366 1
D2 Destination-facing digital services 0.253 2
D4 Institutional and governance readiness 0.153 3
D3 Green and sustainable integration 0.141 4
D5 Heritage and demand anchoring 0.087 5

Note. Jmax = 5.078; CI = 0.020;, RI = 1.12; CR = 0.018 < 0.10. Source: author’s computation.

4. Reconstruction context, 2020-2026

The SITRI values are meaningful only against the material conditions from which they derive. Between
2020 and the 2025 allocation, cumulative reconstruction spending reached approximately USD 10.3 billion, com-
pressing into a few years a scale of destination-building that would ordinarily unfold across decades. The
transport programme delivered the region's defining assets — Fuzuli International Airport (operational since
October 2021, the principal gateway), Zangilan International Airport (October 2022), and a third airport at Lachin
— alongside more than 1,400 kilometres of road, including the Fuzuli—Shusha “Victory Road”. Resettlement
advanced under the Great Return programme toward a planned 140,000 returnees by end-2026, and the tourism
apparatus developed in parallel: concepts were prepared for Kalbajar and Lachin, hotel capacity concentrated in
Shusha, and access was formalised through the yolumuzgarabaga.az and myGov permit portals, extended to for-
eign passport holders from July 2025. Table 2 summarises the indicators against which readiness is scored.

Table 2
Principal reconstruction and tourism indicators, Karabakh and East Zangezur, 2020-2026.
Indicator Value (2020-2026)
Cumulative reconstruction spending ~USD 10.3 bn (+ 2.35 bn for 2025)
International airports built 3 (Fuzuli 2021, Zangilan 2022, Lachin)
Roads under construction > 1,400 km across ~15 projects
Planned resettlement by end-2026 ~ 140,000 persons (both regions)
Reported visitors, July 2025 > 500,000 (predominantly domestic)
Foreign access opened Shusha Dec 2023; wider set July 2025

Note. Compiled by the author from official budget disclosures, State Tourism Agency concepts, and corroborating reporting.
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5. Results

The scores answer a simple question: how far has each place actually travelled toward being a functioning
smart tourism destination? Fuzuli and Zangilan score at the ceiling on mobility (D1 = 5), each hosting a pur-
pose-built airport on a new corridor, and Zangilan additionally leads on green integration (D3 = 5) through the
Aghali smart-village design, where renewable generation and networked utilities were embedded from the first
foundation rather than retrofitted. Shusha derives its strength from the demand side: as the region's cultural
centre, the longest-open destination, and the site of the most developed hotel stock, it tops heritage anchoring
(D5 = 5) and destination-facing services (D2 = 4). Aghdam, the largest reconstruction site by area, remains at
an earlier tourism stage and trails on the digital-service and demand dimensions. Table 3 reports the full scoring
and AHP-weighted composite.

Table 3
SITRI dimension scores (1-5) and AHP-weighted composite index by destination

Destination D1 D2 D3 D4 D5 SITRI Level

Zangilan 5 3 5 4 3 4.17 High

Fuzuli 5 3 4 4 3 4.03 High
Shusha 4 4 3 4 5 3.95 Mod-High
Aghdam 4 2 3 3 2 3.03 Mod-High
Lachin 3 3 3 3 3 3.00 Mod-High

Note. Equal-weighted robustness variant preserves the ranking (Zangilan 4.00; Shusha 4.00; Fuzuli 3.80; Lachin 3.00;
Aghdam 2.80). Regional mean SITRI = 3.63.

The regional mean of 3.63 — Moderate-High — conceals a clear internal gradient (RQ2): the two green-
field airport destinations occupy the High band, the heritage centre sits at the top of Moderate-High, and the
two later-stage sites anchor the lower end. Readiness tracks two things at once, purpose-built mobility infra-
structure and the maturity of the tourism-specific overlay. Where both coincide (Zangilan, Fuzuli) readiness
peaks; where mobility is strong but the overlay thin (Aghdam) the composite falls despite heavy investment,
showing that hardware alone does not translate into readiness; and Shusha inverts the logic, offsetting a modest
mobility score with an unmatched demand anchor and the region's most developed service layer. Reading
down the columns exposes a sequencing signature (RQ3): every destination scores at least as high on mobility
as on any other dimension, and lowest on digital services or demand anchoring. The backbone is installed first
and fastest while the traveller-facing layer and demand lag behind — the same reform asymmetry seen in
mature emerging destinations, here compressed into a single construction cycle.

6. Discussion

Three implications follow. The first concerns the meaning of readiness. The Karabakh case makes visible
a distinction the mature-destination literature can afford to blur: that between a destination which is reachable
and one which is usable. Fuzuli and Zangilan are highly reachable, since an airport and a corridor settle phys-
ical access, but whether they are yet usable — offering a non-resident an integrated digital pathway from
permit to arrival to on-site information — is a separate and less advanced question that the SITRI captures by
keeping D1 and D2 apart.

The second concerns the design window. Since the recurring lesson of purpose-built smart cities is that
infrastructure without users becomes a costly monument, the reconstruction setting appears to offer an escape:
physical and digital layers can be designed together from the outset — smart by design rather than smart by
retrofit. The evidence suggests this promise is real but only partly realised, for the green and utility layer is
integrated by design, most clearly at Aghali, whereas the traveller-facing digital layer is deferred behind phys-
ical construction in the familiar backbone-first sequence. The window is open but not used to its full width,
from which the central policy inference follows: the digital-service and demand-anchoring dimensions should
advance concurrently with the mobility backbone, not after it.

The third concerns transferability, since the value of a single-region index lies less in its specific scores
than in whether the instrument travels. The five SITRI dimensions are not specific to Azerbaijan but describe
conditions common to any territory rebuilding a tourism geography after conflict — reachability, visitor-facing
services, sustainable integration, institutional coordination, and a demand anchor — so that, applied with lo-
cally calibrated scoring, the frame could furnish a common language for the cross-case comparison the litera-
ture currently lacks.

189


https://doi.org/10.33677/GGIANASCONF20230300009

A.S.Jafarova et al. /| ANAS Transactions, Earth Sciences, Special Issue /2026, 186-191; DOI: 10.33677/GIAN ASCONF20260300026

7. Conclusion

This study asked whether smart tourism readiness can be measured in a setting the concept was never
designed for — a territory rebuilt from destruction, where the destination and its digital layer arrive together
— and the answer is affirmative. The AHP-weighted Smart Tourism Readiness Index yields a coherent spatial
reading of the Karabakh and East Zangezur reconstruction across 2020-2026: two greenfield, airport-anchored
cases in the High band, a heritage centre leading on demand, and two later-stage sites consolidating, for a
regional mean of 3.63 that is advancing distinctly backbone-first.

The study's central proposition — that post-war territories hold a narrow window in which smart tourism
can be engineered by design rather than retrofitted — is thus supported but qualified. In practical terms, permit,
information, and booking systems should be treated as first-phase infrastructure alongside the airport and the
road, and each destination's demand anchor developed deliberately rather than assumed to follow from physical
completion. Two limitations bound these conclusions: the scoring rests on documentary rather than primary
visitor data, carrying a risk of assessment subjectivity, and the single-region scope leaves external validity to
be demonstrated. Future research should therefore validate the SITRI against survey-based visitor data as the
destinations mature, calibrate the AHP weights through an expert panel, and apply the framework compara-
tively across post-conflict geographies, converting a single-region diagnostic into a comparative research pro-
gramme on the tourism geography of reconstruction.
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Pestome. Tepputopun, BOCCTAHABINBAEMBIE ITOCIIE BOGHHBIX KOH(IMKTOB, IPAKTHIECKU HE PE/ICTABIICHBI B MCCIIEOBAHNSIX YMHOTO
TypH3Ma, KOTOpbIe IPENMYIIIECTBEHHO COCPEJOTOYEHEI Ha PAa3BUTHIX TOPOJAX, BHEAPSIONIMX MI(POBBIE TEXHOJIOTHH B HHPPACTPYKTYpY,
(hopMHPOBaBIIYIOCS HA MPOTSDKEHUH AecaTHiIeTui. [laHHas npobiieMa UMeeT CyIECTBEHHOE 3HaYCHHUE, ITOCKOJIBKY IPOIIECC BOCCTAHOB-
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¢ Hyms. BMecte ¢ TeM MHCTpYMEHT JUISl OIICHKH CTEIIeHN TOTOBHOCTH TAaKWX TEPPUTOPHH 0 HACTOSIIErO BPEMEHH OTCYTCTBYeT. [l
yCTpaHEeHHsI JaHHOTO Ipo0eria B NCCIIeJOBAaHUY NpeyiaraeTest MIHIeke roToBHOCTH K yMHOMY Typu3My (Smart Tourism Readiness Index
— SITRI), npencrasmsromuii coboii cocTaBHOI MOKa3aTeNb U3 MATH U3MEPEHHUI, Beca KOTOPBIX OIPEIENICHBI C ITIOMOLIBI0 METO/Ia aHAIN3a
nepapxwuii (Analytic Hierarchy Process — AHP) npu noareepsxaénHom koabdurmente cornacoantoct CR = 0,018. Ha ocHoBe cme-
MIAHHOTO MCCIIEA0BATENbCKOTO AN3aiiHa C UCHONIB30BaHUEM BTOPUYHBIX JAHHBIX U TPHAHTYJISILIUNA UCTOYHUKOB MO YETHIPEM KaTETOPHAM
uHaekc npuMensiercs k Kapabaxckomy u Boctouno-3aHre3ypckomy perrnonam AsepOaiimkana 3a mepuon Boccranosienus 2020—2026
rozoB. OneHKa IISITH TYPUCTCKUX JIECTHHAINH HpOBeieHa Ha OCHOBE JJOKYMEHTAIBHO NMOATBEP KIEHHBIX TaHHBIX. CpeHUI pernoHab-
HBII [MOKa3aTeNb TOTOBHOCTH cocTaBmi 3,63 mo mikaie ot 1 1o 5. 3anrmwian (4,17) u ®usynu (4,03) ZOCTHIITH BEICOKOTO YPOBHS TOTOB-
HOCTH OJlarosiapst CIeIMaJbHO HOCTPOSHHBIM adpONOpTaM M IMPOSKTHPOBAHMIO HOBBIX HACENEHHBIX ITyHKTOB ¢ HyJIsL, Toraa kak llyma
(3,95), pa3ButHe KOTOPO# onmpaercst Ha KyJIbTypHOE HacIeaue, TUANUPYET I10 IoKa3aTemo crpoca. OCHOBHBIM pe3yJIbTaTOM HCCIIeI0Ba-
HHMS SIBJIACTCS BBIABJICHHE XapaKTEPHOH MOCIEI0BATEILHOCTH STAIlOB Pa3BUTHS: 0a30Bas TPaHCHOPTHAs HHPPACTPYKTypa co3aéres B
TMIEPBYIO Ouepesib U Haubonee OBICTPHIMU TEMIIAMU, TOTIa KaK Pa3BUTHE YCIIyT AN TYPUCTOB, IPEBPAIAIOIINX TPAHCIIOPTHO JOCTYITHYIO
TEPPUTOPUIO B OIHOLEHHYIO AT MOCEIEH s AECTHHALIO, OTKJIABIBACTCS Ha MEPHUOJ MOCTIE 3aBEPIICHHUS (PHU3UIECKOTO CTPOUTENBCTBA.
HccnenoBaHue nepeocMbICINBAaET TOTOBHOCTh KaK IEPEMEHHYI0, 3aBUCSIITYIO OT Tara BOCCTAHOBJICHUS], U IIPeUTaraeT AMarHOCTUUECKHH
HWHCTPYMEHT, IPUMEHUMBIH TakKe B IPYTHX HOCTKOH(INKTHBIX YCIOBHSX.

Knrouesvie cnoga: 2omogHocmo K YMHOMY MypU3My, NOCIEB0EHHOE 80CCIMAHOGNIEHUE, NPOCMPAHCMEEHHAS OYeHKd, MEMoo aHa-
ausa uepapxuil, Kapabax, KOHKypeHmMocnocooHocmy mypucmu4eckou 0ecmunayuy

MUHARIBODON SONRAKI ORAZILORIN AGILLI TURIZMO HAZIRLIGININ MOKAN QiYMOTLONDIRILMOSi
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Xiilasa. Mitharibodon sonra yenidan qurulan orazilor agilli turizm sahasinds aparilan todgigatlarda demok olar ki, nozoro alinmur.
Bu sahadoki todqiqgatlar asason onilliklor orzinds formalagmis infrastruktura ragomsal texnologiyalarin slavs edildiyi inkisaf etmis
soharloar tizorinds comlagmisdir. Bu masalo mithiim shomiyyat kasb edir, ¢iinki yenidonqurma prosesi turizm destinasiyasini vo onun
rogomsal infrastrukturunu sifirdan, vahid yanagma asasinda layihalondirmak iigiin nadir imkan yaradir. Bununla bels, bels srazilorin
hazirliq saviyyssini giymotlondirmok ti¢iin miivafiq alot mévcud deyil. Todqiqatda bu boslugu aradan qaldirmaq mogsadilo Analitik
Iyerarxiya Prosesi (Analytic Hierarchy Process — AHP) vasitosilo cokilondirilmis bes lgiidon ibarot kompozit Agilli Turizmo Hazirliq
Iindeksi (Smart Tourism Readiness Index — SITRI) toklif olunur. Indeks iizra uygunluq nisboti CR = 0,018 soviyyasindo tesdiglonmisdir.
Ikinci doracali molumatlarin istifadesine esaslanan garisiq tedgiqat dizayni vo dord kateqoriyal: monbo trianqulyasiyast totbiq edilmoklo
indeks Azarbaycanin Qarabag va Sarqi Zongozur regionlarinda 2020—-2026-c1 illari shate edan yenidonqurma dovrii tizra hesablanmus,
bes turizm destinasiyasi sonodlogdirilmis siibutlar asasinda qiymatlondirilmisdir. Regional orta hazirliq géstaricisi 1-5 balliq skala {izra
3,63 toskil etmigdir. Xiisusi olaraq insa edilmis hava limanlar1 vo sifirdan layihoalondirilmis yasayis montogolori sayoasinds Zongilan
(4,17) vo Fiizuli (4,03) yiiksok hazirliq kateqoriyasina daxil olmus, madani irss asaslanan Susa (3,95) iso tolobat gostoricisine gora
liderlik etmigdir. Todqiqatin osas naticasi inkisaf marholslorinin xarakterik ardicilligmm miioyyon edilmosidir: nagliyyat infra-
strukturunun asasinti tagkil edon sistemlor ilk ndvbads Vo daha siiratlo qurulur, lakin slgatan orazini turistlor tigiin faktiki istifads oluna
bilon destinasiyaya ¢eviron xXidmatlorin inkisafi fiziki tikinti iglorinden sonraki marhslayas toxira salinir. Todqiqat hazirliq saviyyasini
yenidangqurma marhoalasindon asili doyison kimi yenidon nozordon kegirir vo digar postmiinaqise soraitlorinds do totbiq oluna bilan
diagnostik giymotlondirms aloti toqdim edir.

Acar sozlar: agill turizma hazirlq, mitharibadan sonraki barpa, makan giymatlondirilmasi, Analitik Iyerarxiya Prosesi, Qarabag,
turizm mokaninin ragabat gabiliyyati
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GEOTOURISM AND AZERBAIJAN’S MILITARY-HISTORICAL HERITAGE:
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Summary. Growing demand for historically meaningful and place-based experiences has in-
creased interest in transforming underutilized military heritage landscapes into sustainable tourism
resources. This study evaluates the development potential of the Caucasian Islamic Army Heritage
Route in Azerbaijan as an integrated military heritage, memorial tourism, and geotourism product.
A mixed-methods approach combines field observations across historically significant territories,
archival and documentary analysis, secondary tourism statistics, and evidence triangulation. The as-
sessment is complemented by analogical comparison with established military heritage destinations

Keywords: geotourism, in Gallipoli, Normandy, and Sakarya. Butler’s Tourism Area Life Cycle (TALC) model is applied to
military heritage tourism, determine the route’s current development stage and construct future development scenarios. The
Tourism Area Life Cycle findings position the proposed route within the exploration and early involvement stages, character-
(TALC); heritage routes, ized by limited tourism infrastructure, fragmented heritage interpretation, weak destination integra-

memorial tourism, Azerbaijan | tion, and low international visibility. Scenario modeling projects approximately 30,000 visitors in
the short term, 120,000 in the medium term, and 300,000 in the long term. The results indicate that
coordinated infrastructure development, coherent historical interpretation, destination branding, and
stakeholder cooperation could transform dispersed military heritage sites into an integrated tourism
corridor, supporting heritage preservation, tourism diversification, regional economic activity, and
more geographically balanced tourism development across Azerbaijan.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

1. Introduction

Heritage tourism has become an increasingly important component of destination development, particu-
larly where historical and cultural resources can be transformed into sustainable tourism experiences that pre-
serve collective memory while supporting local and regional development (Gordon, 2018). Within this context,
military heritage—including battlefields, memorials, cemeteries, historic settlements, and other places associ-
ated with conflict and national memory—offers distinctive opportunities for developing integrated tourism
routes that connect historical narratives with the landscapes in which these events occurred (Bonczak, 2013;
Miles, 2017). In Azerbaijan, the legacy of the Caucasian Islamic Army provides a strong basis for such an
approach, as historically significant sites associated with its 1918 military operations are distributed across
several regions and could be integrated into a coherent heritage route that strengthens historical interpretation,
increases the visibility of underutilized destinations, and promotes more geographically balanced tourism de-
velopment.

Figure 1 illustrates the proposed Caucasian Islamic Army Heritage Route across Azerbaijan, connecting
key historical sites, military memorials, and Turkish martyrs’ cemeteries associated with the Army’s 1918
campaign within an integrated heritage tourism corridor.
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Fig. 1. Caucasian Islamic Army Heritage Tourism Route
Source: Authors’s finding

The Tourism Area Life Cycle (TALC) model provides a useful framework for assessing the development
of emerging heritage routes through the stages of exploration, involvement, development, consolidation, stag-
nation, and potential decline or rejuvenation (Butler, 1980). Recent extensions emphasize that movement bet-
ween these stages depends not only on visitor growth but also on institutional capacity, government interven-
tion, infrastructure, conservation, and destination management (Kubickova & Martin, 2020). Empirical evi-
dence further demonstrates that destination trajectories are not necessarily linear, as stagnation may be fol-
lowed by decline or strategic rejuvenation depending on governance and investment (Kholis & Nugroho,
2023). Similarly, mature destinations may experience slower growth and structural adjustment while adopting
diversification strategies to maintain competitiveness (Ramén-Cardona & Sanchez-Fernandez, 2024). Accord-
ingly, TALC offers both a conceptual basis for identifying the current position of an emerging military heritage
route and a framework for developing alternative future scenarios.

2. Material and methods

The study adopts a mixed-methods tourism research design combining qualitative field observations, in-
terviews with local residents, and secondary data analysis. It examines the historical and cultural heritage of
the Caucasian Islamic Army in Azerbaijan and assesses its potential integration into a memorial-historical
tourism route and transformation into an active tourism resource.

Official tourism statistics were obtained from the State Statistical Committee of the Republic of Azerbai-
jan (SSCRA, 2025). Using purposive sampling, field observations were conducted across nine historically
significant territories along the proposed route: Baku, Ganja, Yevlakh, Agdash, Goychay, Agsu, Shamakhi,
Hajigabul, and Kurdamir. Observations documented the condition of historical sites, local oral narratives, in-
terpretative resources, and relevant photographic evidence.

The analysis was complemented by archival documents, periodicals, scholarly publications, encyclopedic
sources, and institutional reports selected according to thematic relevance and academic reliability. To
strengthen the credibility of the findings, evidence from field observations, archival materials, and academic
literature was systematically cross-validated through triangulation (Bans-Akutey, 2021).

To evaluate the tourism potential of the Caucasian Islamic Army (CIA) memorial-historical route, an
analogical comparison was conducted with the Gallipoli Memorial Tourism Route, the Normandy Landing
Tourism Route, and the Sakarya Battle Tourism Route. The comparison was based on the following criteria:
geographical location and route structure, historical significance and symbolic value, tourism infrastructure
and interpretation opportunities, as well as visitor flows and market orientation. This comparative analysis
enabled the identification of the strengths of internationally successful memorial tourism routes and the as-
sessment of their applicability to the proposed CIA route (Bird et al., 2016.

To assess the development prospects of the Caucasian Islamic Army memorial tourism route, scenario
modelling was conducted based on Butler’s Tourism Area Life Cycle (TALC) model (Butler, 2008).
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Within the framework of the study, the following formulas were used to forecast tourist flows associated
with the CIA memorial tourism route. Forecasted Number of Tourists:

T = Tnax Xk (1)

where T represents the forecasted number of tourists, Twax denotes the maximum number of tourists that the
region can accommodate, and k is the suitability coefficient. Forecasted Tourism Revenue:

R=T XCayy )

where R denotes total tourism revenue, T represents the number of tourists, and C..q is the average expenditure
per tourist.

The suitability coefficient was determined using different percentage values corresponding to short-, me-
dium-, and long-term development scenarios. Statistical data used for forecasting purposes were analyzed
based on official sources, including the State Statistical Committee and the OECD (OECD, 2021; Song et al.,
2013).

The integrated use of the selected methods was necessitated by the complexity of developing a memorial
tourism route as a multifaceted tourism product. Each method employed in the study fulfilled a distinct ana-
Iytical function:

« Field observations provided an assessment of the current conditions along the route traversed by the
Caucasian Islamic Army;

« Archival and literature analyses established the historical foundations of the memorial tourism route;

« Analogical comparison enabled benchmarking against international best practices in memorial tourism
route development;

e The TALC model facilitated the forecasting of the route’s future development trajectory.

The integration of these methodological components contributed to a more comprehensive, reliable, and
multidimensional interpretation of the research findings.

3. Results and discussion

The findings indicate that the Caucasian Islamic Army Heritage Route has substantial historical, symbolic,
and tourism potential, connecting dispersed military, memorial, and cultural sites into a distinctive heritage
corridor across Azerbaijan. Field and archival evidence confirms the preservation of important tangible and
intangible heritage, while comparison with Gallipoli, Normandy, and Sakarya highlights limitations in infra-
structure, route integration, destination management, and international visibility. Nevertheless, the route’s
combination of urban and rural settlements, battlefields, mountainous landscapes, memorials, and cemeteries
provides a strong foundation for integrated military, memorial, and heritage tourism development.

From the perspective of symbolic value and historical meaning, all four routes share common character-
istics. Gallipoli, Normandy, Sakarya, and the Caucasian Islamic Army routes function as important sites of
remembrance that embody narratives of sacrifice, resistance, and national identity. While the Normandy route
possesses a distinctly global profile, the Gallipoli, Sakarya, and Caucasian Islamic Army routes primarily hold
national and regional significance. The Caucasian Islamic Army route, in particular, represents a shared his-
torical memory linking Azerbaijan and Tiirkiye and serves as a symbol of enduring historical solidarity be-
tween the two nations (Yeneroglu Kutbay & Aykag, 2016).

Compared with established international military heritage routes, the Caucasian Islamic Army Heritage
Route remains at an early development stage, characterized by limited visitor infrastructure, fragmented inter-
pretation, weak destination integration, and low international visibility, particularly in regions with relatively
modest tourism flows (Kdylii, 2023). Nevertheless, its shared historical significance for Azerbaijan and Tii-
rkiye provides considerable potential to attract domestic, Turkish, and wider Turkic-world visitors.

The TALC assessment places the route within the **exploration and early involvement stages**, but in-
dicates substantial growth potential under effective planning, investment, management, and marketing. Sce-
nario projections suggest approximately **30,000 visitors in the short term, 120,000 in the medium term, and
300,000 in the long term™**, highlighting the route’s potential to develop into a significant military heritage
tourism destination in Azerbaijan and the wider Turkic world.

Figure 2 illustrates the TALC-based development trajectory of selected military heritage tourism routes,
positioning the Caucasian Islamic Army Route at an early stage, compared with the developing Sakarya, ma-
turing Gallipoli, and near-stagnation Normandy routes.
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Fig. 2. Comparative Analysis of Tourism Routes According to the TALC Model
Source: Created by the authors in accordance with Butler’s TALC model

Based on the TALC model, scenario-based forecasting was conducted to assess the potential future devel-
opment of the proposed heritage tourism route. As illustrated in the figure, the Normandy Landing Route can
be classified as being in the maturity stage, the Gallipoli Heritage Route has reached a consolidated stage of
development, while the Sakarya Battlefields Route remains in the development stage of the tourism life cycle.

The forecasting results indicate substantial potential for increasing tourist arrivals and tourism revenues
across all districts along the proposed route, including areas where tourism activity is currently limited. Sys-
tematic development of the Caucasian Islamic Army Heritage Route could therefore diversify regional tourism,
stimulate infrastructure investment, create employment, support local businesses, and strengthen heritage
preservation. In this context, the route could serve as a catalyst for sustainable regional development by ex-
tending tourism-related economic and socio-cultural benefits to historically significant but underutilized des-
tinations.

Figure 3 illustrates the TALC-based development trajectory of the proposed heritage route under low,
medium, and high tourism scenarios, demonstrating how different development conditions may shape the
growth of tourist flows over time.

TALC Curve and Tourism Scenarios

1.0 { —— TALC Curve

Low Scenario
—=—= Medium Scenario
0.8 1 ——- High Scenario

0.6 1

0.4

Tourist Flow (Relative)

0.2 1

0.0

Time / Development Stage

Fig. 3. Scenario-based modeling of the TALC trajectory
Source: Compiled by the author

To estimate the potential tourism demand for the proposed Caucasian Islamic Army Heritage Route, a
comparative benchmarking approach was employed using established military heritage tourism destinations.
Available tourism statistics indicate that the Gallipoli Heritage Route attracts approximately 2—4 million visi-
tors annually, the Normandy Landing Route receives between 2 and 6 million visitors, and the Sakarya Bat-
tlefields Route attracts approximately 0.6—2 million visitors per year (Aliagaoglu, 2008). Based on average
annual visitation figures reported in the literature, the Normandy route receives approximately 4 million visi-
tors annually, the Gallipoli route around 2 million, and the Sakarya route approximately 600,000 visitors.
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To establish a benchmark value for forecasting purposes, the average annual visitor number was calculated

using the following formula:
(Ty+ To+ ...+ Ty)
Thax =

1)
n

where Tmax represents the benchmark average annual visitor level and T4, T, T, represent the annual visitor
numbers of comparable military heritage routes. Based on this calculation and considering the characteristics
of the selected benchmark destinations, an average reference value of approximately 2 million annual visitors
was adopted for subsequent scenario modeling.

Drawing upon Butler’s Tourism Area Life Cycle (TALC) model, development coefficients were assigned
according to the anticipated stages of tourism evolution. Given that the Caucasian Islamic Army Heritage
Route represents a newly proposed tourism product characterized by limited infrastructure, low market recog-
nition, and an early stage of destination development, conservative growth assumptions were applied. Accord-
ingly, suitability coefficients of 1.5% for the short term, 6% for the medium term, and 15% for the long term
were adopted (Butler, 2008).

The projected visitor numbers were calculated as follows:

e Short-term scenario:

2,000,000 x 1.5% = 30,000 visitors

e Medium-term scenario:

2,000,000 x 6% = 120,000 visitors

o Long-term scenario:

2,000,000 x 15% = 300,000 visitors

The forecasting results suggest that, under appropriate planning, infrastructure development, destination
management, and marketing strategies, the Caucasian Islamic Army Heritage Route could attract approxi-
mately 30,000 visitors in the short term, 120,000 visitors in the medium term, and up to 300,000 visitors in the
long term. These projections indicate a substantial growth potential and support the feasibility of developing
the route as a significant military heritage tourism destination within Azerbaijan and the broader Turkic world.

Table 1 presents the 2024 tourism indicators of the regions along the proposed route and estimates their
short-medium and long-term potential for growth in tourist arrivals and tourism revenues under the scenario-
based development framework.

Table 1

Regional Tourism Indicators and Scenario-Based Projections of Tourist Arrivals and Revenues along
the Caucasian Islamic Army Heritage Route

_ 2024 Tourist 2024 Tourism | Per Capita Short-Term Medium-Term _

Region Avrrivals Revenue Expenditure Benefit Benefit Long-Term Benefit

(persons) | (thousand AZN)| (AZN)

Ganja 28,247 3,654.8 129.3 ~58,000 /7,482 |~148,000/16,550 | ~328,000 /42,410
Yevlakh - - ~30.00 ~30,000 /900 ~120,000/ 3,600 | ~300,000 /9,000
Aghdash 666 20.0 30.03 ~31,000 /930 ~121,000/3,634 | ~301,000/9,039
Goychay 1,261 83.9 66.53 ~31,000/ 2,062 | ~122,000/8,117 | ~302,000 /20,092

Aghsu 553 31.6 57.14 ~31,000/1,767 | ~121,000/6,897 | ~301,000/17,157

Shamakhy | 49,064 7,119.6 145.10 ~79,000/ 11,463 | ~170,000 / 24,667 | ~349,000 /50,640
Hajigabul - - ~49.00 ~31,000/1,519 | ~120,000/5,880 | ~300,000 /14,700
Kurdamir 3,186 156.4 49.08 ~33,000/1,619 | ~123,000/6,036 | ~303,000/ 14,871

Source: Authors’ finding

As demonstrated in the forecast table, a minimum twofold increase in both tourist arrivals and tourism
revenues is projected across all regions located along the route, including the Hajigabul and Yevlakh districts,
which currently exhibit the lowest tourism indicators for 2024. These results suggest that even peripheral and
less-developed destinations possess significant untapped tourism potential when integrated into a structured
heritage route framework.
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The relevance of military heritage in Azerbaijan should also be understood within the broader geopolitical
context of the South Caucasus, where military and security dynamics have historically interacted with eco-
nomic development, sovereignty, and national identity (Hasanov et al., 2025). From this perspective, the Cau-
casian Islamic Army Heritage Route represents not merely a collection of historical military sites but a spatial
expression of collective memory that can be interpreted and communicated through heritage tourism.

The findings show that the Caucasian Islamic Army Heritage Route has considerable potential as a mili-
tary heritage tourism product, but its transition from the early TALC stage toward sustained development
requires stronger infrastructure, spatial integration, destination branding, coherent historical storytelling, and
coordinated management, consistent with evidence from Gallipoli, Normandy, Extremadura, and Kermanshah
(Hosseini et al., 2024; Guerra et al., 2026). Nevertheless, limitations related to available statistical data, sce-
nario-based forecasting, geographically restricted field observations, and the scarcity of route-specific litera-
ture indicate that future research should incorporate visitor surveys and broader primary data to refine demand
estimates, understand tourist behaviour, and support the route’s competitive and sustainable development.

4. Conclusion

The study confirms that the historical landscapes associated with the Caucasian Islamic Army possess
strong prospects for becoming a distinctive heritage tourism network in Azerbaijan. Although many relevant
sites remain insufficiently connected and promoted, their historical authenticity, symbolic importance, and
geographical distribution provide a valuable foundation for route formation. The TALC assessment suggests
that the initiative is still at an initial phase, meaning that its future progress will largely depend on coordi-
nated management, improved accessibility, interpretative facilities, and targeted promotion. Comparative
experience from established military destinations also indicates that successful development requires more
than the preservation of individual monuments; historical locations should be linked through a clear narra-
tive and common destination identity. Importantly, bringing lesser-visited districts into the route may dis-
tribute tourism benefits beyond established destinations and encourage local economic activity. Therefore,
long-term success requires cooperation among public authorities, communities, tourism stakeholders, and
heritage institutions while ensuring that commercial development remains consistent with historical authen-
ticity and commemorative values.
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TEOTYPU3M U BOEHHO-UCTOPUUYECKOE HACJIEJIUE ASEPBAMIKAHA:
OIEHKA TYPUCTHYECKOT'O IOTEHI[UAJIA MAPIIIPYTA KABKA3CKOM HCJIAMCKOM APMHAN

3amanoB C.B.'*, Maxmynosa U.M.2, Ao6acoBa T./Ix.%, I'yceiinzange A.H.2
'Munesiuegupcrutl 20cyoapcmeerniblil yHuseepcumem, Azepoatioxcan
AZ4500, Munesauesup, ya. /. Anuesoii, 21
2Azepbauioxncanckuti cocyoapcmeentvitl skonomuueckuti ynugepcumem (UNEC), Azepbaiioscan
AZ1001, baxky, yn. Mcmuenanusm, 6
SUncmumym eeoepaguu Munucmepcmea Hayku u obpasosanus Azepbatioscanckoli Pecnybauxu, Azepbatiosxcan
AZ1073, baky, np. I. J]»casuoa, 117
*Aemop, omeemcmeennblil 3a nepenucky. samir.zamanov.mbaui25@mdu.edu.az

Pe3rome. Pactymmii cripoc Ha TYpUCTCKHI OIIBIT, CBSI3aHHBIN C HCTOPHYECKH 3HAYUMBIMU COOBITHSIMU M KOHKPETHBIMHU TEPPUTO-
PHSAMHU, yCHITHII HHTEPEC K TPeoOpa30BaHNI0 HEAOCTATOTHO HCIIOIb3YEMBIX JIAHANIA(TOB BOCHHO -ICTOPHUIECKOTO HACIIEIHS B PECYPCHI
ycTOoW4YMBOrO Typu3Ma. B uccinenoBanuu oneHuBaeTcs NOTeHIMaN pa3BuTus MapiipyTta Hacnenust KaBkasckol ucnamMckoir apMuM B
AszepbaiikaHe KaKk HHTETPHPOBAHHOTO TypPHCTCKOTO MPOIYKTa, 00BEIUHSIIONIEr0 BOCHHO-ICTOPUIECKOE HACIeAne, MEMOPHAIBHBIN
TypH3M U reoTypusM. CMeIaHHbII MEeTOIOIOTHYECKUH MOAX0 ] COYETaeT MOJIeBbIe HAOMIOACHUS HA HCTOPUYECKH 3HAYMMBIX TepPpH-
TOPUSIX, AHAJIU3 APXUBHBIX U JOKYMEHTAJIbHBIX MaTepHAIOB, BTOPHUYHBIC CTATUCTUYECKUE JAaHHBIE O TypU3ME U TPUAHTYJISALUIO JOKa-
3aTeJIbCTB U3 PA3IMYHBIX UCTOUHHKOB. OlLleHKa JOMOIHAETCS CPAaBHECHHUEM 10 aHAJIOTHH C U3BECTHBIMH JECTHHALMSMHI BOCHHO-HCTO-
puueckoro typusma B [ajuinnonu, Hopmanauu un Cakapee. [ onpeneneHus TeKyIled cTaauu pa3BUTUS MapHIpyTa U MOCTPOCHUS
CIIEHapHeB ero NajJbHEeHIIero pa3BUTHs MPUMEHETCS MOJENb XKU3HEHHOTO IIMKIIA TYpUCTCKOi Tepputopun batnepa (Tourism Area
Life Cycle — TALC). Pe3ysbTarhl O3BOJSIFOT OTHECTH MPEIATaeMBbIil MAPIIPYT K CTAIMSIM HCCIICOBAHUS  HAYAIFHOTO BOBICUCHHUS,
XapaKTePH3YIONIMMCS OTPaHIMIEHHOCTHIO TYPHCTCKON HH(PACTPYyKTypHI, parMeHTapHOCTHIO HHTEPIIPETAIHN HCTOPHIECKOTO HACIIe-
IS, cmabol MHTeTpalieil TypUCTCKUX JECTUHANMN W HU3KOM MEXIyHapOIHOH y3HaBaeMOCThIO. ClieHapHOE MOJIEIHPOBAHHE TIPO-
rHo3upyeT npubmmsutensao 30 000 mocerureneit B kparkocpouyHoii nepcrekruse, 120 000 — B cpexpnecpounoit u 300 000 — B mo-
rOCPOYHOM mepcrekTe. [lomydyeHHble pe3ysIbTaThl TOKA3bIBAIOT, YTO COTJIACOBAaHHOE PAa3BUTHE MHPPACTPYKTYPBHI, TOCIEI0BATEIb-
Has ¥ CHCTEMHas HHTepIpeTalysl HCTOPHIECKOTO HaCIeaNs, OPSHIMHT TYPUCTCKOH AECTUHAIMU M COTPYIHNYECTBO 3aMHTEPECOBAH-
HBIX CTOPOH CHOCOOHBI IPeoOpa3oBaTh TEPPUTOPHAIBLHO Pa3pO3HEHHBIE OOBEKTHl BOCHHO-UCTOPUYECKOTO HACNIEIUs B SIUHBIN Ty-
PUCTCKHUIT KOPUAOP. DTO MOKET CHOCOOCTBOBATH COXPAaHEHHIO HCTOPHKO-KYJIbTYPHOTO HACIEANs, TUBEPCU(HKALUY TYPUCTCKUX TIPO-
IYKTOB, aKTUBHM3AIlMU PErHOHATIBHONW SKOHOMHYECKON NesATeIbHOCTH U Oonee cOaJaHCHPOBAHHOMY B reorpayM4ecKoM OTHOIICHUH
Ppa3BUTHIO Typu3Ma B A3zepOaliKaHe.

Knioueevie cnoga: ceomypusm; mypusm 60eHHO20 HACAEOUS, dcusHeHHblll yuxan mypucmuyeckot meppumopuu (TALC); mapw-
pymul Hacneous,; MemMopuanibHbill mypusm, Azepbatioxcan

GEOTURIZM VO AZORBAYCANIN HORBI-TARIXi iRSi: QAFQAZ iSLAM ORDUSUNUN HOROKOT
MARSRUTUNUN TURIZM POTENSIALININ QiYMOTLONDIRILMOSi

Zamanov S.B."*, Mahmudova i.M.2, Abbasova T.J.2, Hiiseynzads A.I.?
Mingacevir Déviat Universiteti, Azarbaycan
AZ4500, Mingagevir, D. Oliyeva kii¢. 21
24zarbaycan Doviat Iqtisad Universiteti (UNEC), Azarbaycan
AZ1001, Bak, istiqlaliyyat kii¢. 6
Azorbaycan Respublikast Elm va Tahsil Nazirliyi, Cografiya Institutu, Azarbaycan
AZ1073, Baki, H. Cavid pr. 117
*Mosul miiallif: samir.zamanov.mbaui25@mdu.edu.az

Xiilasa. Tarixi shamiyyat dasiyan vo konkret mokanlarla slagoli turizm tocriibalorine artan telobat kifayot godor istifade olunmayan
horbi irs landsaftlarinin dayanigl turizm resurslarina gevrilmesino marag: giiclondirmisdir. Todgigatda Azerbaycanda Qafqaz Islam
Ordusunun Irs Marsrutunun herbi irs, memorial turizm va geoturizmi birlosdiren inteqrasiya olunmus turizm mohsulu kimi inkisaf
potensiali qiymatlondirilir. Qarisiq metodoloji yanagma tarixi ohomiyyoatli orazilordo aparilmisg saho miisahidslorini, arxiv vo sonadli
materiallarin tohlilini, ikinci doracoli turizm statistikasi molumatlarini vo miixtolif monbolordon oslds edilmis siibutlarin
trianqulyasiyasmi birlogdirir. Qiymotlondirma Gelibolu, Normandiya vo Sakaryada formalagmis horbi irs turizmi destinasiyalari ilo
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analoji miiqayiso asasinda tamamlanir. Marsrutun méveud inkisaf morholasini miioyyanlogdirmok va golacak inkisaf ssenarilarini
formalasdirmagq iiglin Batlerin Turizm Orazisinin Hoyat Dovrii (Tourism Area Life Cycle — TALC) modeli totbiq edilmisdir. Naticalor
toklif olunan marsrutun turizm infrastrukturunun mohdudlugu, irsin interpretasiyasinin par¢alanmis xarakteri, turizm destinasiyalarimin
zoif inteqrasiyasi vo beynolxalq saviyyads taninma darocasinin agagi olmasi ilo saciyyslonon kosfiyyat va ilkin igtirak marhololorinds
oldugunu gostorir. Ssenari modellogdirilmosi qisamiiddoatli perspektivdo toxminan 30 000, ortamiiddatli perspektivds 120 000 vo
uzunmiiddatli perspektivds 300 000 ziyarst¢i prognozlagdirir. Naticalor gostorir ki, infrastrukturun slagslondirilmis inkisafi, tarixi irsin
ardicil va sistemli interpretasiyasi, turizm destinasiyasinin brendlasdirilmasi Vo maraqli toroflor arasinda smokdasliq miixtslif srazilorda
yerlason horbi irs obyektlorini vahid turizm dshlizina gevira bilor. Bu isa tarixi-modoni irsin qorunmasina, turizm mohsullarmin
saxalondirilmasing, regional igtisadi foalligin artirllmasina vo Azorbaycanda turizmin cografi baximdan daha balansli inkisafina téhfa
vera bilar.

Acar sozlar: geoturizm; horbi irs turizmi; Turizm Orazisinin Hayat Dovrii (TALC), irs marsrutlari; memorial turizm,; Azarbaycan
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Summary. Balakan District, located in northwestern Azerbaijan, is characterized by diverse nat-
ural and geographical conditions that provide considerable potential for the development of ski tour-
ism. Its mountainous terrain, favorable climatic conditions, and location along the border with Geor-
gia create opportunities for developing winter tourism and associated recreational activities. This
study aims to assess the suitability of the natural and geographical conditions of Balakan District for

Keywords: natural and ski tourism, evaluate the potential for developing relevant tourism infrastructure, and identify exist-
geographical conditions, ing constraints and risks. Particular attention is given to identifying suitable mountainous areas for
sports tourism, ski tourism, the establishment of a ski resort. The study analyzes statistical indicators of tourism development in
tourism infrastructure, Balakan and applies ArcGIS-based spatial analysis to identify areas potentially suitable for ski tour-
sustainable tourism ism development. The identified areas may provide a practical basis for tourism planning, infrastruc-

ture development, and strategic decision-making. The findings demonstrate that Balakan possesses
considerable potential for developing a competitive ski tourism destination and diversifying the tour-
ism sector of northwestern Azerbaijan.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

Introduction

Tourism is one of the most significant sectors of economic activity worldwide, characterized by its broad
scope and rapid growth. Although tourist arrivals constitute an important indicator of the sector’s development,
the significance of tourism extends beyond quantitative measures. Tourism generates impacts at local, regional,
national, and global levels and, at the same time, reflects contemporary lifestyles, cultural preferences, and
broader characteristics of (post)modern society (Pender & Sharpley, 2005, pp. 6-13).

Sports tourism is one of the major forms of tourism and has attracted increasing academic attention over
the past fifteen years. As an independent and socially oriented field, sports tourism represents a lifestyle shared
by a considerable segment of society and provides opportunities for both the physical and personal develop-
ment of tourists (Gozalova et al., 2014). It integrates a range of economic, social, environmental, and health-
related dimensions. In recent years, its development has become particularly evident in outdoor and adventure
tourism, skiing, and other winter sports.

Among the various forms of tourism, winter tourism is particularly important because it not only pro-
motes recreational activities during the winter season but also contributes to the modernization of tourism
infrastructure in mountainous and remote regions. Ski tourism, as a major component of winter tourism, can
increase tourist flows, stimulate regional economic activity, and create employment opportunities. Moreo-
ver, ski resorts can support tourism and recreational activities during warmer months, thereby facilitating
the transition toward year-round tourism. Consequently, ski tourism has increasingly become an important
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catalyst for economic and social development (Sharpley, 2002). Realizing this potential requires an attrac-
tive regional investment environment and a scientifically grounded assessment of tourism and recreational
attractiveness (Imrani et al., 2025).

During the 2023-2024 winter season, more than 366 million skier visits were recorded worldwide. The
United States, France, Switzerland, Canada, Italy, and Austria are among the countries with the most highly
developed ski tourism industries (International Report on Snow & Mountain Tourism, 2025). In Azerbaijan,
the principal ski tourism destinations include Shahdag in Gusar, Tufandag in Gabala, and Aghbulag in
Shahbuz.

The infrastructure and service sectors developed around ski resorts contribute directly to the economies
of mountainous regions and can significantly improve the socio-economic well-being of local communities
(Nepal & Chipeniuk, 2005). In this context, the development of ski tourism in Balakan would not only create
new sources of economic revenue but also contribute to the diversification of Azerbaijan’s tourism product
and strengthen its competitiveness in the international tourism market.

Located on the southern slopes of the Greater Caucasus Mountains, Balakan District is distinguished by
its unigue natural conditions, ethnocultural diversity, and considerable tourism potential (Imrani et al., 2024).
Despite its mountainous landscapes, extensive forest resources, and villages characterized by distinctive local
traditions, the district’s winter tourism potential remains largely underutilized. Therefore, this study focuses
on assessing the ski tourism potential of Balakan, examining the existing infrastructure, and identifying priority
directions for tourism development and its potential economic impacts. The development of ski tourism in
Balakan could attract both domestic and international visitors while stimulating local economic development
through job creation, expansion of the service sector, and improvement of tourism-related infrastructure.

Literature review

Alternative forms of tourism reflect the diversification of global tourist interests and provide travelers with
more authentic and sustainable experiences. In particular, alternative forms of sports tourism have gained in-
creasing popularity in recent years, as they combine engagement with the natural environment, physical activ-
ity, and opportunities to support the development of local communities. lbraimi et al. (2025) define sports
tourism as a travel experience based on sporting activities in which tourists participate either actively or as
spectators. The authors further report that sports tourism accounts for approximately 10% of tourism expendi-
ture and emphasize the complementary relationship between sport and tourism, identifying sports tourism as
one of the rapidly developing segments of the tourism industry.

Mountain tourism has also experienced substantial growth in recent years and is generally associated with
tourism activities that utilize the natural characteristics and recreational opportunities of mountainous environ-
ments. It is particularly important in terms of stimulating regional economic development and generating em-
ployment. Wang et al. (2022), examining ski tourism in Chongli, China, demonstrated its positive contribution
to regional economic development and poverty reduction. Their findings emphasize that appropriate policy
frameworks, efficient use of local resources, and sustainable planning are essential for the successful develop-
ment of mountain sports tourism. From a geographical perspective, Higham (2003) highlights the importance
of altitudinal zonation, landscape attractiveness, and seasonal accessibility in determining the tourism appeal
of mountain regions.

However, the long-term sustainability of ski tourism depends not only on the stability of natural snow
cover but also on the capacity of destinations to adapt to climate change. Scott et al. (2006) demonstrate that
increasing temperature variability and declining snow availability can substantially shorten ski seasons in
many destinations, creating a need for adaptation measures such as snowmaking technologies and the diversi-
fication of ski resorts toward year-round tourism activities.

Among Azerbaijani researchers, Bayramli (2024) and Imrani et al. (2024) emphasize the considerable
tourism potential of the northwestern districts of Azerbaijan, including Balakan, Zagatala, Gakh, Shaki, Oghuz,
and Gabala, and highlight the importance of utilizing these resources to enhance the socio-economic well-
being of the region. Mammadova (2022) similarly identifies substantial opportunities for the development of
various forms of mountain tourism in the Shaki-Zagatala tourism region, one of Azerbaijan’s border regions,
and argues that ski tourism could generate significant economic benefits for the regional economy.

Overall, the existing literature and theoretical approaches indicate that ski tourism can contribute to local
economic development when supported by integrated planning, environmental sensitivity, and stakeholder
participation. However, the limited empirical research specifically addressing the ski tourism potential of Ba-
lakan District reveals an important research gap. The present study seeks to address this gap by providing an
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empirical assessment of Balakan’s potential for ski tourism development, thereby contributing to both the
academic literature and evidence-based regional tourism planning.

Methodology

The study employed statistical analysis to assess the potential for ski tourism development in Balakan
District. The analysis was based on tourism statistics covering a 19-year period, including data on the number
of visitors accommodated in hotels and hotel-type establishments in Balakan District and Azerbaijan as a
whole. The statistical data were organized into comparative tables and used to construct a scatter plot for the
Shaki-Zagatala Economic Region, enabling the temporal dynamics of tourism activity in Balakan to be exam-
ined within the broader regional context.

Natural and geographical conditions of Balakan district

Balakan District is located in northwestern Azerbaijan, on the southern slopes of the Greater Caucasus
Mountains and within the Ganikh-Ayrichay Valley. It borders the Russian Federation (Republic of Dagestan)
to the north, Georgia to the west and southwest, and Zagatala District to the east. The district covers an area of
923 km?. Of its total land area, 709 ha are classified as state reserve lands, 8.4 thousand ha as municipal lands,
and 25 thousand ha as privately owned lands (State Statistical Committee of the Republic of Azerbaijan, 2024).
The topography varies considerably, from predominantly mountainous terrain in the north and northwest to
lowland areas in the south, with elevations ranging from approximately 200 to 3,500 m above sea level. This
pronounced altitudinal variation has a substantial influence on local climatic conditions, vegetation patterns,
and tourism potential (Budagov, 2003).

The mountainous areas of Balakan are predominantly forested, while the highest peaks may retain snow
cover until August, creating favorable natural conditions for mountain tourism and, in particular, ski tourism
development. Mount Guton, the highest peak in the district, reaches an elevation of 3,648 m and is character-
ized by prolonged snow cover during the winter season. Areas located at elevations of approximately 1,200—
2,000 m, with moderate slopes of 15-30°, are considered potentially suitable for the development of ski slopes
(Budagov, 2003). Climatic conditions also vary considerably with altitude: the lowland and foothill zones are
characterized by a moderately warm and semi-humid to humid subtropical climate, whereas the high-mountain
areas experience colder and more humid conditions (Mammadov et al., 2012).

Mountain tourism potential of Balakan district

Mountain areas rank second only to coastal destinations among the geographical environments used for
tourism worldwide, accounting for approximately 15-20% of global tourism areas (Richins & Hull, 2016).
Within this context, winter mountain tourism, particularly ski tourism, has become one of the most widespread
and economically significant forms of sports tourism.

Azerbaijan’s diverse natural landscapes provide considerable opportunities for the development of this
tourism segment, and Balakan District represents one of the country’s promising mountain tourism destina-
tions. An analysis of tourism statistics for the 2006—-2024 period (Table 1) indicates that Balakan has experi-
enced notable dynamics in tourism activity within the Shaki-Zagatala Economic Region. This potential is sup-
ported by the district’s rich cultural and historical heritage, diverse natural landscapes, and favorable mountain
environment.

As shown in Table 1, tourism activity in both Azerbaijan as a whole and Balakan District has generally
followed an upward but uneven trend since 2006. In Balakan, the number of visitors accommodated in hotels
increased markedly after 2011, although substantial year-to-year fluctuations were observed. The decline rec-
orded in 2020-2021 coincided with the COVID-19 pandemic, after which tourist numbers began to recover.
Based on these statistical data, the tourism dynamics of Balakan District and the Shaki-Zagatala Economic
Region are illustrated in Figure 1.

As illustrated in Figure 1, the Shaki-Zagatala Economic Region experienced a substantial increase in the
number of persons accommodated in hotels after 2014. This growth coincided with the development of the
Tufandag Winter-Summer Tourism Complex in Gabala, which contributed to strengthening the region’s tour-
ism infrastructure and attractiveness. Similarly, the establishment of a mountain sports complex in Balakan
could contribute to increasing tourist flows and strengthening tourism activity at the district, regional, and
national levels.

Balakan District possesses considerable potential for mountain tourism, particularly for the development
of ski tourism during the winter season, which could contribute to increasing tourism revenues. The northern
and northeastern parts of the district, particularly the foothill areas of the Guton and Tinov-Rosso peaks along
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the watershed of the Greater Caucasus Range, offer favorable opportunities for ski tourism development.
Moreover, integrating these mountainous areas with the natural landscapes of the Balakan, Mazim, Katekh,
and Ganikh rivers could support tourism diversification by combining winter ski tourism with hydrotourism
and other nature-based recreational activities during the summer season.

Table 1

Number of Persons Accommodated in Hotels and Similar Establishments, persons

il Azerbaijan Balakan District
2006 291,617 160
2007 305,483 366
2008 431,574 573
2009 424,237 352
2010 438,479 582
2011 510,162 2,829
2012 624,924 5,083
2013 666,348 5,398
2014 672,345 3,805
2015 838,145 2,363
2016 1,122,068 1,264
2017 1,414,708 1,517
2018 1,749,475 1,672
2019 1,919,765 2,598
2020 668,813 755
2021 1,172,123 781
2022 1,697,358 3,498
2023 1,945,059 3,296
2024 2,380,247 3,495

Source: https://www.stat.gov.az/source/tourism/
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Fig. 1. Number of persons accommodated in hotels in the Shaki-Zagatala Economic Region and Balakan District, 2006-2024
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Conclusion

The findings indicate that Balakan District has considerable potential for the development of ski tourism.
The statistical analysis demonstrates an overall increase in tourism activity, suggesting favorable conditions
for further diversification of the district’s tourism sector through mountain and winter tourism. In this context,
the development of ski tourism could enhance the attractiveness of Balakan as a tourism destination and con-
tribute to increasing tourism-related revenues. However, several constraints may hinder this development, in-
cluding insufficient tourism infrastructure, narrow and difficult-to-access roads, seasonal accessibility prob-
lems in mountain villages, and limited investment opportunities.

Overall, the findings demonstrate that Balakan possesses favorable natural and socio-economic condi-
tions for ski tourism development. Nevertheless, the effective utilization of this potential requires sustaina-
ble and strategic planning, investment attraction, infrastructure improvement, and active participation of
local communities.

Recommendations

To realize the ski tourism potential of Balakan District, strategic planning of ski routes and associated
tourism infrastructure should be undertaken in accordance with internationally recognized sustainable tourism
practices. Particular attention should be given to maximizing the economic and social benefits of tourism de-
velopment for local communities.

Priority areas should include the development of tourism infrastructure, improvement of the investment
environment for winter tourism, and efficient utilization of human resources. These measures would contribute
to establishing a competitive and sustainable ski tourism destination in the district.

In areas identified as having potential for ski tourism development, priority should be given to road re-
construction and improvement, snow removal and safety measures, the establishment of small-scale eco-
friendly accommodation facilities, and ski equipment rental services. These measures are essential for improv-
ing accessibility, visitor safety, and the overall quality of tourism services in Balakan District.
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OLIEHKA IEPCIEKTHUB PA3BUTHS T'OPHOJIBIXKHOI'O TYPU3MA B BAJJAKEHCKOM PAMOHE.

3eiinagosa K.3.'*, Opymxos ILIIL23, T'upastaun I'.A.Y, Faguman H.A¢
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’Kapabaxckuii yHueepcumem, Azepbatiodxcan
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3Vuusepcumem Xasap, Azepbatioscan
AZ1096, baky, yn. Mexcemu, 41
‘Munesiuegupcruii 2ocyoapcmeennviil yHueepcumem, Azepoaiioxcan
AZ4500, Munesiuesup, ya. /1. Anuesot, 21
*Aemop, omeeuarowuti 3a nepenucky: kamala.zeynalova@geo.edu.az

Pe3tome. banakeHCKUl paiioH, pacmoiOKEHHBIH Ha ceBepo-3amane AsepOalikaHa, XapaKTepU3yeTcs pasHOOOpa3HBIMH IPHU-
poaHO-TeorpadMIECKIMHU YCIOBHAMHE, CO3AAIONIIMI 3HAUYNTEIBHBIN TOTEHINAN A Pa3BUTUS TOPHONBDKHOTO TypHu3Ma. I opHBIit pe-
e paiioHa, GIaronpUsTHBIE KINMAaTHIECKHE yCIOBHS U IPUTPaHMYHOE Mo0xeHne ¢ ['py3ueit GopMupyoT BO3MOXKHOCTH JUIS pa3-
BUTHS 3MMHETO TypH3Ma U CBSI3aHHBIX C HIM PEKPEallMOHHBIX BUJIOB JeATeIbHOCTH. Lleb nccneqoBaHus 3aKIF0UaeTcs B OLEHKE MPH-
TOJHOCTH TIPUPOIHO-Teorpaduiecknux ycioBuii banakeHckoro paifoHa Uil pa3BUTHs TOPHOIBDKHOTO TypH3Ma, ONIPEICIICHUH OTCH-
[yaja CO3JaHMsl COOTBETCTBYIOIIEH TYPUCTCKON MH(PACTPYKTYpHI, a TAKKE BBISBICHHU CYIIECTBYIOIIMX OTPAaHWYEHHI M PHUCKOB.
Oco0oe BHUMaHHE YIENISIeTCs ONPeeIeHUIO TOPHBIX TePPUTOPHH, MOIXOISIINX AL CO3aHus TOPHOJIBDKHOTO KypopTa. B ncenemo-
BaHUM aHAJU3UPYIOTCS CTaTHCTUUECKHE [TOKA3aTeNI pa3BUTHS Typu3Ma B baakeHCKOM paifoHe U IpUMEHseTCs IPOCTPAHCTBEHHbIH
aHanu3 Ha ocHoBe ArcGIS ais BeIABICHUS TEpPUTOPUI, HOTCHIUAIBHO MPUTOAHBIX AJSI Pa3BUTHS TOPHOJIBDKHOTO TypusMa. BhisaB-
JICHHbBIE TEPPUTOPUH MOTYT CIY>KHTh IPAKTHIECKOI OCHOBOH ISl INTAHUPOBAHMUS TyPHCTCKON IESITENBHOCTH, Pa3BUTHS HHPPACTPYK-
TYpHI U IPUHATHS CTpaTernyeckux pemenuii. [lomydeHHbIe pe3ynbTaThl CBUIETEIBCTBYIOT O TOM, 4TO banakeHckuii paifon obiagaer
3HAYUTENLHBIM OTEHIUATIOM Ul (JOPMHUPOBAHUS KOHKYPEHTOCIOCOOHOH TOPHONBDKHON TYPUCTCKOH JECTHHAINH U AUBEPCU(HKA-
IIIX TyPHCTCKOTO CEKTOpa CEeBEPO-3aaHOTO peTHoHa AzepOaiipkana.

Knroueswie cnosa: npupoono-zeocpaduueckiie ycaiosus, CHOPMUGHbIL MYPU3M, 2OPHONBINCHBIL MYPUIM, MYPUCMUYECKAS UHPDa-
CMpPYKmypa, yCmouyugslil mypusm

BALAKON RAYONUNDA DAG-XiZOK TURIZMIiNiN INKiSAF IMKANLARININ QiYMOTLONDIRILMOSI

Zeynalova K.Z.'*, Orucov P.S.%.3, Hidayatli G.9.', Qadimli N.A.*
Azarbaycan Respublikasi Elm va Tahsil Nazirliyi, Cografiva Institutu, Azorbaycan
AZ1073, Baki, H. Cavid pr. 117
2Qarabag Universiteti, Azarbaycan
AZ2600, Xankandi
3Xazor Universiteti, Azarbaycan
AZ1096, Baki, Maohsoati kii¢. 41
“‘Mingacevir Déviat Universiteti, Azarbaycan
AZ4500, Mingagevir, D. Bliyeva kiig. 21
*Masul miiallif: kamala.zeynalova@geo.edu.az

Xiilasa. Azorbaycanin simal-gorbinds yerlogson Balakon rayonu Xizok turizminin inkisafi ti¢iin ohamiyyotli potensial yaradan
miixtolif tobii-cografi soraitlo saciyyslonir. Rayonun dagliq relyefi, olverigli iglim soraiti vo Giirciistanla sorhoddo yerlogsmasi qis
turizminin vo onunla olagoli rekreasiya foaliyyatlorinin inkisafi Gigiin imkanlar yaradir. Todqigatin moagsadi Balakon rayonunun tobii-
cografi soraitinin Xizok turizmi tgiin olverisliliyini qiymotlondirmok, miivafiq turizm infrastrukturunun inkisaf potensialini
miiayyonlogdirmok, eloca do méveud mohdudiyyatlari vo risklori askar etmokdir. Xizok kurortunun yaradilmast iigiin olverisli daghq
arazilorin miiayyonlogdirilmasins xiisusi digqst yetirilir. Todgigatda Balakon rayonunda turizmin inkisafina dair statistik gostaricilor
tohlil edilir vo xizok turizminin inkisafi ti¢iin potensial olverisli orazilorin miioyyanlosdirilmasi mogsadilo ArcGIS programi asasinda
mokan tohlili aparilir. Miioyyon edilmis orazilor turizmin planlagdirilmasi, infrastrukturun inkisafi vo strateji qorarlarin gobul edilmasi
ticiin praktiki osas rolunu oynaya bilor. ©ldo edilon noticalor Balaken rayonunun rogabotgabiliyystli Xizok turizmi destinasiyasinin
formalagdirilmast vo Azorbaycanin simal-gorb bdlgesindo turizm sektorunun saxolondirilmosi {igiin ohomiyyatli potensiala malik
oldugunu gostarir.

Acar sézlar: tobii-cografi sorait, idman turizmi, dag-Xizok turizmi, turizm infrastrukturu, dayaniql turizm
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ETHNOTOPONYMY AND HISTORICAL GEOGRAPHY OF ZANGEZUR:
A COMPARATIVE ANALYSIS OF THE ZANGI/ZANGILAR COMPONENT
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Summary. This study examines the origin of the toponym ‘“Zangezur” within the Turkic ono-
mastic tradition and the historical-geographical context of the South Caucasus, with particular em-
phasis on the Zangi/Zangilar ethnonym. Comparative-historical linguistic, structural-semantic, and
historical-geographical methods are applied to evaluate the relationship between the ethnonym and
the formation of the geographical name. Historical sources and regional toponymic evidence indicate
that Zangi/Zangilar was recorded as an ethnonym and subsequently preserved in various geograph-
ical names, reflecting its continuity as a nominative element within the regional toponymic system.
The findings support the interpretation of the Zangi/Zangilar component as the principal ethnonymic
element underlying the formation of “Zangezur” and correspond to the widespread Turkic naming
model in which ethnonyms develop into geographical names. Although the etymology of the second
component, “-zur,” remains unresolved, this uncertainty does not invalidate the ethnonym-based in-
terpretation. The study therefore considers the ethnotoponymic explanation of “Zangezur” to be one
of the scientifically substantiated approaches to the origin of the toponym.

Keywords: Zangezur, Turkic
ethnonym, Zangi/Zangilar,
ethnotoponymy, toponym,
South Caucasus

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

Problem definition

Zangezur is a historically and geographically significant region of the South Caucasus with a multilayered
toponymic system reflecting long-term ethnic, linguistic, and cultural processes. Consequently, the origin of
the toponym “Zangezur” is important not only from an etymological perspective but also for understanding
the historical-geographical and ethnotoponymic development of the region. Among the existing hypotheses,
one of the principal approaches associates the name with the Zangi/Zangilar ethnonym, while other interpre-
tations propose hydronymic or alternative linguistic origins.

Within the Turkic onomastic tradition, the transformation of ethnonyms into geographical names is a
widespread naming pattern. The preservation of ethnic and tribal names in settlements, hydronyms, and other
geographical features may therefore reflect historical settlement and territorial continuity rather than accidental
phonetic similarity (Aghasioglu, 2014). Accordingly, this study aims to evaluate the role of the Zangi/Zangilar
ethnonym in the formation of “Zangezur” through comparative-historical linguistic, structural-semantic, and
historical-geographical analysis, while also considering existing interpretations of the “-zur” formant.

Comparative-historical linguistic and phonetic analysis

The Zangi component of the toponym “Zangezur” can be examined within the comparative-historical
framework of Turkic onomastics. Historical sources record Zangi/Zangilar as an ethnonym, while its occur-
rence in different geographical areas indicates its continuity within the regional naming system.

The historical development of Turkic languages has involved phonetic changes, dialectal variation, and
regional differences in pronunciation, while lexical roots have often remained recognizable in different forms
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(Johanson, 2009; Clauson, 1972; Radlov, 1893-1911). Accordingly, variants of the Zangi component occur-
ring in geographical names may reflect a common historical-linguistic origin rather than accidental phonetic
similarity. Its historical distribution and preservation in regional toponymy therefore provide an important
basis for evaluating its ethnonymic origin.

Research methods. The analysis of the semantic and morphological characteristics of the Zangi compo-
nent in the toponym "Zangezur" is of considerable importance for identifying its ethnonymic origin. Geograph-
ical names derived from ethnonyms not only serve to distinguish specific geographical features but also pre-
serve the linguistic and historical memory of the ethnic communities that once inhabited or left their mark on
a particular territory.

The occurrence of the Zangi component in the names of various settlements, hydronyms, and other geo-
graphical features demonstrates that it functions as a stable nominative element within the regional toponymic
system. This distribution cannot be explained as a result of accidental naming; rather, it reflects a long-standing
historical naming tradition.

In Turkic toponymy, the combination of ethnonyms with various lexical and morphological elements to
create new geographical names represents one of the most productive naming patterns. Within this model, an
ethnonym initially denotes a tribe or ethnic community and subsequently becomes associated with the territory
inhabited by that community, eventually stabilizing as an oikonym, hydronym, or oronym. As a result of this
transformation, the ethnonym does not lose its original ethnic meaning; instead, it preserves the historical and
ethnic memory within the semantic structure of the geographical name.

From this perspective, the toponym "Zangezur" may be regarded as a multilayered nominative formation
reflecting the transformation of an ethnonym into a geographical name. In this process, the Zangi component
has retained its original function as an indicator of ethnic identity while gradually becoming established as the
name of a specific geographical area.

Thus, the structural-semantic analysis provides a scientific basis for interpreting the Zangi component as
a nominative unit that originated from a Turkic ethnonym and subsequently underwent the process of top-
onymization.

The main material

The historical-geographical approach constitutes one of the principal methodological frameworks for in-
vestigating the origin of the toponym "Zangezur." The formation of geographical names is determined not only
by linguistic processes but also by the historical, ethnic, and social developments that have taken place within
a particular territory. In this context, the analysis of the geographical distribution of the Zangi/Zangilar ethno-
nym and the geographical names derived from this component provides an important scientific basis for clar-
ifying the etymology of the toponym.

Medieval sources, as well as later scholarly studies, record Zangi/Zangilar as an ethnonym in various
historical and geographical contexts. In particular, the works of Yaqit al-Hamavi, V. Minorsky, and V. V.
Bartold contain valuable information on the ethnic and geographical characteristics of the region and constitute
important sources for reconstructing the historical distribution of this ethnonym (Yaqat al-Hamavi; Minorsky,
1953; Bartold, 1966).

The historical geography of the Caucasus demonstrates that the names of ethnic communities that inhab-
ited the region in different periods were preserved in the system of geographical names during subsequent
historical stages. This phenomenon is especially characteristic of ethnonyms of Turkic origin. The preservation
of ethnic names in settlements, hydronyms, and other geographical features is regarded as an important indi-
cator of the historical settlement patterns of these communities.

The presence of the Zangi component in various historical-geographical areas of the South Caucasus fur-
ther demonstrates that it is not an incidental element within the regional toponymic system. Geographical
names formed on the basis of this component reflect the continuity of both historical settlement processes and
traditional naming practices (Geybullayev & Budagov, 1998).

Thus, the historical-geographical analysis indicates that the Zangi/Zangilar ethnonym represents one of
the principal nominative components underlying the formation of the toponym "Zangezur."

The transformation of ethnonyms into geographical names within the historical settlement areas of the
Turkic peoples represents one of the characteristic features of the Turkic toponymic tradition. This phenome-
non constitutes one of the most widespread naming patterns in the Turkic onomastic system and is observed
across different historical and geographical regions (Babayev, Imrani, & Zakirova, 2023).
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The preservation of the Zangi/Zangilar ethnonym within the system of geographical names should like-
wise be interpreted within the framework of this broader historical process. The recurrence of the same com-
ponent in different geographical names demonstrates that it functions as a stable nominative element associated
with a particular historical and ethnic memory.

In Turkic toponymy, geographical names derived from ethnonyms do not represent isolated or accidental
examples but rather reflect a typologically recurrent naming pattern. The structural characteristics observed in
ethnonym-based toponyms such as Bayat, Kangarli, Gargar, Avshar, and Kipchak indicate that the toponym
"Zangezur" was formed according to the same nominative principle. The defining feature of this model is the
association of an ethnic name with a particular historical territory, where it becomes established and preserved
as a geographical name over an extended period.

Such typological parallels make it possible to interpret the ethnonym-based explanation of the toponym
""Zangezur" not as an isolated case but within the broader framework of the general principles governing Turkic
toponymic formation.

As in the ethnonym-derived toponyms Gargar, Bayat, Kangarli, and others, the Zangi component likewise
demonstrates the preservation of an ethnic name within the geographical memory of the region (Babayev,
2022). From this perspective, the ethnographic comparison supports the historical and ethnocultural founda-
tions of the proposed model that explains the origin of the toponym "Zangezur" on the basis of a Turkic eth-
nonym.

One of the key issues in the etymological analysis of the toponym "Zangezur" is the identification of the
origin and historical function of its Zangi/Zangilar component. Historical sources record this name as an eth-
nonym, which was subsequently preserved in the structure of various geographical names and became one of
the stable elements of the regional toponymic system.

A comparative analysis of historical sources, regional toponymic evidence, and the Turkic onomastic tra-
dition demonstrates that the Zangi/Zangilar component is not the result of an accidental lexical resemblance
but rather a nominative unit of historical and ethnic origin. Its preservation in numerous toponyms indicates
the continuity of the process through which ethnonyms are transformed into geographical names, a character-
istic feature of the Turkic naming tradition.

From both a historical and an onomastic perspective, the Zangi/Zangilar component represents a persistent
ethnonymic element that has retained its function within the regional toponymic system over an extended
historical period. The continuity of its distribution across different geographical names provides additional
evidence for its historical authenticity and nominative stability.

Thus, the Zangi/Zangilar component may be regarded as the principal nominative element supporting the
ethnotoponymic interpretation of the toponym "Zangezur."

Toponymic evidence demonstrates that the Zangi component has been preserved in the structure of various
geographical names throughout Zangezur and the adjacent historical-geographical region. This component
occurs in oikonyms, hydronyms, microtoponyms, and other categories of geographical names, indicating its
long-term continuity within the regional toponymic system (Geybullayev & Budagov, 1998).

The principal regional examples associated with this component include:

o Zangilan — an oikonym formed on the basis of the Zangi component and interpreted within the frame-
work of the ethnotoponymic model.

e Zangibasar — an oikonym created through the combination of the Zangi component with a second
lexical element denoting locality or territory.

o Zangarli — a toponym reflecting a phonetic variant of the Zangi component.

e Zangishali, Zangi Valley (Zangi Darasi), Zangi Spring (Zangi Bulagi), and other microtoponyms,
which demonstrate the continued preservation of the component within the local toponymic system (Baba-
yev, 2022).

The occurrence of these examples within the same historical-geographical area and across different cate-
gories of geographical names indicates that the Zangi component represents one of the stable and persistent
elements of the regional ethnotoponymic system.

A comparative analysis of these regional examples demonstrates that the Zangi component is not merely
a linguistic element preserved in individual place names, but rather an integral part of a nominative system
reflecting the historical relationship between ethnic settlement and geographical naming. These relationships
are summarized in the conceptual model presented below.
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Fig. 1. Ethnotoponymic Formation Model of the Toponym “Zangezur”
Note: This conceptual model was developed based on comparative-historical, structural-semantic,
historical-geographical, and ethnotoponymic analyses.

The conceptual model presented in Figure 1 demonstrates that the formation of the toponym "Zange-
zur" cannot be interpreted as an isolated linguistic phenomenon. Rather, it represents the outcome of a histor-
ical process in which an ancient ethnonym became firmly established within the geographical naming system
through successive stages of ethnic settlement, regional nomination, and toponymic formation.

Accordingly, the Zangi/Zangilar ethnonym functions as the primary nominative element underlying the
formation of the toponym, while its preservation in a series of geographically related place names reflects the
continuity of historical settlement patterns and the persistence of the Turkic naming tradition. The recurrence
of this component across different categories of geographical names further supports its role as a stable element
within the regional ethnotoponymic system.

The conceptual model therefore provides a visual synthesis of the principal findings obtained through the
comparative-historical, structural-semantic, and historical-geographical analyses presented in this study (Ba-
bayev, Hadjiyeva, & Yusifova, 2024). It illustrates the historical relationship between ethnic identity, territorial
continuity, and geographical naming, thereby reinforcing the interpretation of “Zangezur" as a toponym de-
rived from the Zangi/Zangilar ethnonym.

The origin of the "-zur" formant, which constitutes the second component of the toponym "Zangezur," has
been interpreted in different ways within the scholarly literature. However, the currently available historical
and linguistic evidence does not permit a single, generally accepted conclusion regarding either its etymology
or its semantic function.

On the basis of certain phonetic and semantic parallels observed in the Turkic languages, the "-zur" com-
ponent may be compared with archaic elements such as sur, shor/chor, and sar. In the etymological analysis of
toponymes, it is not always possible to explain every component with the same degree of certainty. In interna-
tional toponymic research, once the principal nominative component of a complex geographical name has been
reliably identified, the etymology of the remaining elements may legitimately remain unresolved. In such
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cases, the etymological interpretation is primarily based on the historical, linguistic, and areal characteristics
of the principal component (Babayev, 2026).

From this perspective, the identification of the Zangi/Zangilar component as an ethnonymic element un-
derlying the toponym "Zangezur" remains scientifically well founded, even though the etymology of the "-
zur" formant has not yet been conclusively established. Consequently, the unresolved origin of the second
component does not diminish the validity of the ethnotoponymic model proposed in this study.

Conclusions

The comparative-historical linguistic, structural-semantic, and historical-geographical analyses conducted
in this study demonstrate that the Zangi/Zangilar ethnonym constitutes the principal nominative component
underlying the ethnotoponymic interpretation of the toponym "Zangezur."

The preservation of the Zangi component in numerous oikonyms, hydronyms, and microtoponyms indi-
cates that it represents a persistent element within the historical toponymic system of the South Caucasus. This
pattern is consistent with one of the productive naming models of the Turkic toponymic tradition, in which
ethnonyms are transformed into geographical names while preserving their historical and ethnocultural asso-
ciations.

The findings further demonstrate that historical sources, comparative linguistic evidence, and regional
toponymic data collectively support the interpretation of "Zangezur" as a toponym derived from the
Zangi/Zangilar ethnonym. Accordingly, the proposed ethnotoponymic explanation may be regarded as one of
the scientifically well-substantiated approaches to the origin of this place name.

The results of the study show that historical sources, comparative linguistic materials, and regional topo-
nymic facts allow us to evaluate the ethnotoponymic explanation of the toponym "Zangezur" associated with
the ethnonym "Zangi/Zangiler" as one of the scientifically substantiated approaches.
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HNCTOPHUYECKAS TEOI'PA®USA U STHOTOIIOHUMMUSA 3AHI'E3YPA:
MPOVCXOXJIEHUE U PACIPOCTPAHEHHUE HA3BAHUM «3AHT'W/3AHT LJIAP»
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Pezrome. B uccnenoBaHnn paccMaTpHBACTCs IPOUCXOXKCHUE TOIOHUMA «3aHre3yp» B KOHTEKCTE TIOPKCKOW OHOMACTHYECKOit
TPaAMIMU U UCTOpUKO-Teorpaduueckux ocobenHocrei FOxuoro KaBkasa ¢ 0coObIM akIleHTOM Ha dTHOHUMe 3aHru/3anrunap. J{ms
OILIEHKH B3aMMOCBS3HM MEXIy STHOHUMOM M ()OPMHUPOBAHHEM TeorpaMueckoro Ha3BaHUS MPUMEHSIOTCS CPaBHUTEIBLHO-UCTOPHYE-
CKUH JIMHTBUCTHYECKHH, CTPYKTypHO-CEMAaHTHUECKUH U MCTOPUKO-Teorpadmueckiii MeTopl. VicTopudyeckre MCTOYHUKH U PeTHo-
HaJIbHBIE TOIIOHMMHUYECKUE TaHHBIE CBU/ICTELCTBYIOT O TOM, YTO Ha3BaHWe 3aHrH/3aHrmiap ObUIo 3a()MKCHPOBAHO B KaUeCTBE ATHO-
HYMa M BIIOCJIEACTBHU COXPAHWIOCH B PA3INYHBIX TeorpadMuecKiX HA3BaHUSIX, OTPaKas €ro MPEeeMCTBEHHOCTh KAk HOMHHATHBHOTO
JJIeMEHTa PErHOHAIBHON TOMOHMMHYECKOW CHUCTeMBI. Pe3ynbTaTel MCCIeJOBaHUS MOATBEPKAAIOT HHTEPIPETAHI0 KOMIIOHEHTa
3anru/3aHrHiaap Kak OCHOBHOTO 3THOHUMHYECKOTO 3JIEMEHTA, JIEXKAIIETO B OCHOBE ()OPMHUPOBAHUS TOTIOHUMA «3aHT€3YpP», H COOTBET-
CTBYIOT IIUPOKO PACTIPOCTPAHEHHOM TIOPKCKOI MOJIEI HAMMEHOBAHUS, IIPH KOTOPOH 3THOHUMEI ITPpeoOpas3yroTcs B reorpaguyeckue
Ha3BaHUA. HecMOTps Ha TO 4TO 3THMOJOTHS BTOPOTO KOMIIOHEHTA «-3yp» OCTaéTCs HEBBLICHEHHOM, JaHHAs HEONPEIeIEHHOCTh He
OIpoBepraeT MHTEPIPETaluio, OCHOBAHHYIO Ha STHOHMME. TakuM 00pa3oM, B HCCIEIOBAaHUM STHOTOIOHHMHYECKOE OOBSCHEHHE
Ha3BaHMS «3aHTe3yp» paccMaTpuBaeTcsl Kak OJWH U3 HayYHO 0OOCHOBAHHBIX MOAXO/IOB K YCTAHOBJICHHIO IIPOMCXOXKICHUS TAaHHOTO
TOIOHNMA.

Knrouesvie crosa: 3anzesyp, mopkcekuil smuonum, 3aneu/3aneunap, smuomononumus, monowum, FOxcnoii Kaskaz

ZONGOZURUN ETNOTOPONIMIiYASI VO TARIXi COGRAFiYASI:
ZONGI/ZONGILOR KOMPONENTININ MUQAYiSOLi TOHLILi
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Xiilasa. Todqiqatda “Zongozur” toponiminin monsayi tiirk onomastik ononasi vo Conubi Qafqazin tarixi-cografi konteksti
¢argivasindo, xiisusilo Zangi/Zangilor etnonimina digqoet yetirilmoklo aragdirilir. Etnonimlo cografi adin formalagsmasi arasindaki
alageni qiymatlondirmok mogsadilo miiqayisali-tarixi linqvistik, struktur-semantik vs tarixi-cografi metodlar totbiq edilmisdir. Tarixi
manboalor vo regional toponimik faktlar gdstorir ki, Zongi/Zongilor ad1 etnonim kimi qeydo alinmig vo sonradan miixtslif cografi adlarda
gorunub saxlanilmigdir. Bu iso homin adin regional toponimik sistemds adlandirma elementi kimi davamliligini oks etdirir. Todqiqatin
naticalori Zongi/Zongilor komponentinin “Zongazur” toponiminin formalagsmasinin ssasinda duran osas etnonimik element kimi sorhini
dostokloyir vo etnonimloerin cografi adlara cevrildiyi genis yayilmis tiirk adlandirma modelino uygun golir. fkinci komponent olan -
zur”un etimologiyasi halo do tam aydinlagdirilmasa da, bu geyri-miioyyonlik etnonimos asaslanan izahin etibarliligini aradan qaldirmur.
Beloliklo, todqiqatda “Zongozur” toponiminin etnotoponimik izaht onun mangoyina dair elmi cohotdon osaslandirilmis yanagmalardan
biri kimi qiymatlondirilir.

Acar sozlor: Zongozur, tiirk etnonimi, Zangi/Zangilor, etnotoponimiya, toponim, Canubi Qafgaz
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INTEGRATING GIS TECHNOLOGIES INTO GEOGRAPHY EDUCATION:
MODERN TEACHING APPROACHES
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Summary. The increasing use of geospatial technologies has created new opportunities for im-
proving the teaching and learning of geography. This study examines the integration of Geographic
Information Systems (GIS) into geography education, with particular attention to teaching ap-
proaches that promote spatial thinking, inquiry, and active student participation. The study analyzes
the educational potential of GIS in relation to inquiry-based learning, problem-based learning, pro-

Keywords: Geographic ject-based learning, fieldwork, and digital mapping activities. Particular attention is given to the tran-
Information Systems (GIS), sition from the traditional presentation of geographical information to learning environments in
geography education, spatial which students collect, visualize, interpret, and compare spatial data and use the results to investigate
thinking, inquiry-based geographical problems. The analysis indicates that effective GIS integration depends not only on
learning, project-based access to geospatial technologies but also on appropriate teaching methods, teacher competence,
learning, geospatial technolo- | curriculum design, and the selection of learning activities suitable for students’ abilities. Based on
gies, digital learning these considerations, the study proposes a practical framework that connects geographical problems,

spatial data, GIS-based analysis, interpretation, and student decision-making within a unified learn-
ing process. The proposed approach can support the development of geographical knowledge, spatial
reasoning, digital skills, and independent problem-solving in contemporary geography education.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

1. Introduction

Geography education is closely connected with the ability to understand spatial relationships, interpret
patterns, and explain interactions between natural and human processes. The increasing availability of digital
geospatial data has expanded the ways in which these skills can be developed in the classroom. Geographic
Information Systems (GIS), in particular, allow students to work with location-based information through
mapping, visualization, comparison, and spatial analysis rather than relying only on static maps and descriptive
materials. Consequently, GIS has become an increasingly important component of contemporary geography
education (Bondarenko, 2025).

The educational value of GIS extends beyond the acquisition of technical mapping skills. When incorpo-
rated into appropriate learning activities, GIS can support spatial thinking, geographical inquiry, problem-
solving, and the interpretation of relationships between different geographical phenomena. Web-based GIS
platforms and increasingly accessible geospatial datasets have also created opportunities for students to inves-
tigate real geographical problems using interactive maps and spatial information (Fargher, 2018). Such an
approach changes the role of the learner from a passive recipient of geographical information to an active
participant in its collection, analysis, and interpretation.

The effectiveness of GIS-supported learning, however, depends strongly on how the technology is inte-
grated into the teaching process. Simply providing GIS software or digital maps does not necessarily improve
learning outcomes. Research has identified teacher preparedness, technical resources, curriculum require-
ments, and the design of appropriate learning activities among the major factors influencing successful GIS
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implementation in education (Kerski et al., 2022). Recent empirical evidence also indicates that combining
GIS with inquiry-based learning can improve students’ academic achievement, attitudes toward geography,
and some dimensions of geographical literacy (Hursen & Beyoglu, 2025).

Despite the growing use of geospatial technologies, a gap remains between the technical possibilities of-
fered by GIS and their systematic pedagogical integration into geography lessons. GIS is still frequently ap-
proached primarily as a technological tool rather than as part of a broader learning process connecting geo-
graphical questions, spatial data, analysis, interpretation, and decision-making. Therefore, greater attention is
needed to teaching approaches that integrate GIS with inquiry-based, problem-based, project-based, and field-
oriented learning.

The aim of this study is to examine the educational role of GIS in modern geography teaching and to
identify effective approaches for its integration into the learning process. The study also proposes a practical
framework linking geographical problems, spatial data, GIS-based analysis, interpretation, and student deci-
sion-making.

2. Materials and methods

This study employs a qualitative analytical approach to examine the integration of Geographic Information
Systems (GIS) into contemporary geography education. Relevant academic literature on GIS-supported teach-
ing, spatial thinking, geographical inquiry, problem-based learning, project-based learning, and digital map-
ping was reviewed and comparatively analyzed. Particular attention was given to studies addressing the edu-
cational use of desktop GIS, Web GIS, interactive mapping, and other geospatial learning environments.

The analysis focused on four interconnected dimensions: (1) the educational functions of GIS, (2) teaching
approaches used with GIS, (3) learning outcomes associated with geospatial activities, and (4) barriers affect-
ing effective classroom implementation. Previous systematic research demonstrates that GI1S-related educa-
tional studies commonly address curriculum integration, teacher preparation, student learning, pedagogical
strategies, implementation barriers, and technological development (Bondarenko, 2025).

Based on the comparative analysis of these dimensions, the study develops a conceptual teaching frame-
work in which GIS is treated not simply as a mapping technology but as part of a structured learning sequence.
As illustrated in Figure 1, the proposed framework organizes GIS-supported geography learning as a sequential
process beginning with the identification of a geographical problem and progressing through spatial data anal-
ysis and interpretation to discussion and evidence-based decision-making.

1. Geographical 2. Spatial Data 3. GIS Visualization 4. Interpretation 5. Discussion 6. Decision-Making
Problem = and Analysis
— R —— °
= R 1 | l
ifyi S i : » + Comparing results . s
* Identifying a real-world + Collecting spatial data « Creating thematic maps « Analyzing spatial results i Disc\f:ing it * Proposing evidence-based
geographicalissue g sa(elhtg inoees DEM, « Performing spatial analysis o Identifying patterns, explanatifn‘sm solutions
« Formulating research land use, climate data) (eg. overlay, buffering, el and elanoashi SR e . Developi.ng management
questions * Using field observations network analysis) « Linking findings with e or planning suggestions
« Defining the study area and exl.stmg datasets‘ i « Visualizing spatial patterns geographical concepts « Considering social, * Presenting resull;»tf»\r(;ugh
and objectives * Preparing and organizing and relationships and processes economic and environmental ans. r;al?ons Cagla
data for analysis e storytelling
L = ) J

1 and impr

Fig. 1. Conceptual framework for integrating GIS into the geography teaching and learning process
Source: Developed by the authors

This framework is used to evaluate how inquiry-based, problem-based, project-based, and field-oriented
teaching approaches can be combined with GIS to develop students’ geographical knowledge, spatial thinking,
digital competence, and problem-solving skills.

3. Results and discussion

The analysis shows that the educational value of GIS is determined not simply by the availability of digital
maps or software, but by the way geospatial technologies are incorporated into the learning process. In geog-
raphy lessons, GIS can connect theoretical concepts with real spatial problems by allowing students to work
directly with geographical data. Instead of only observing a completed map, students can select data, create
thematic layers, compare locations, identify spatial patterns, and interpret the causes and consequences of ge-
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ographical processes. This makes GIS particularly suitable for teaching topics such as land-use change, popu-
lation distribution, climate variability, natural hazards, water resources, urban development, and environmental
management.

A major advantage of GIS-supported teaching is its contribution to spatial thinking. Students are required
to consider location, distance, distribution, scale, spatial association, and change while interpreting geograph-
ical information. These operations are central to geographical reasoning and allow learners to move beyond
the memorization of place names and definitions. Previous research has similarly emphasized that GIS-sup-
ported learning can contribute to the development of spatial thinking when geospatial tools are integrated with
clearly defined educational objectives.

3.1. Inquiry-based learning with GIS

Inquiry-based learning is particularly compatible with GIS because both approaches begin with questions
rather than predetermined descriptions. A lesson may start with a geographical problem such as: Why are
flood-risk areas concentrated in particular parts of a river basin? Students can then examine elevation, slope,
drainage, precipitation, land-use, and settlement layers to identify possible relationships.

In this process, GIS becomes an analytical environment rather than simply a map-production tool. Stu-
dents formulate questions, select relevant spatial data, compare layers, identify patterns, and use geographical
evidence to develop explanations. Recent research has shown that GIS-supported inquiry-based instruction
can positively influence students’ academic achievement and attitudes toward geography, although the effec-
tiveness of the approach depends on the design of the learning activities and the level of guidance provided by
the teacher.

3.2. Problem - and project-based learning

GIS can also be effectively integrated into problem-based and project-based learning. These approaches
are especially useful when students investigate issues connected with their own region or community. For
example, students may examine changes in urban land use, identify areas exposed to environmental risk, eval-
uate accessibility to public services, analyze local water resources, or investigate changes in vegetation cover.

A GIS-based project can follow a sequence from defining the problem and collecting spatial information
to creating maps, interpreting results, and proposing solutions. In this way, students are not limited to learning
how GIS functions technically; they learn how geospatial information can be used to support geographical
arguments and decisions. The final product may include a thematic map, a short analytical report, a digital
presentation, or an interactive story map.

3.3. Integrating GIS with fieldwork

The combination of GIS and field-based geography education provides another important teaching oppor-
tunity. Field observations can be georeferenced and subsequently incorporated into a GIS environment together
with satellite images, topographic information, land-use data, or other spatial datasets. Students can therefore
compare what they observe directly in the field with broader spatial patterns visible through digital data.

This approach establishes a connection between observation, location, mapping, analysis, and interpreta-
tion. For instance, students investigating a river can record sampling or observation points, photograph envi-
ronmental conditions, identify potential pollution sources, and map the collected information. Such activities
help students understand that geographical data are not abstract values but representations of real places and
processes.

3.4. Web GIS and digital storytelling

The development of Web GIS has made geospatial technologies more accessible for geography education.
Unlike traditional desktop GIS, web-based platforms can often be used directly through a browser and allow
students to explore spatial data without extensive technical preparation. Interactive maps can be used to com-
pare regions, examine environmental change, visualize demographic patterns, and investigate relationships
between natural and socioeconomic processes.

Digital storytelling further extends these possibilities by combining maps with text, photographs, graphs,
and other multimedia materials. In geography education, this approach is useful because students can present
not only where a phenomenon occurs but also why it occurs and how it affects people and places. Student-
created story maps can therefore serve both as a learning activity and as a form of assessment. They require
students to select relevant information, organize spatial evidence, and communicate geographical findings in
a clear and logically structured form.

3.5. Challenges of GIS Integration

Despite its educational potential, the effective integration of GIS into geography teaching remains associ-
ated with several practical and pedagogical challenges. Limited access to appropriate hardware and software,
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differences in students’ digital skills, insufficient teacher preparation, restricted classroom time, and difficul-
ties in selecting suitable spatial datasets may reduce the effectiveness of GIS-supported activities. These chal-
lenges are particularly important when GIS tasks require considerable technical preparation but have only a
weak connection with the intended geographical learning outcomes.
For this reason, GIS should not be introduced merely to increase the use of technology in the classroom.
The selected GIS activity should correspond to the topic, students’ level of preparation, available resources,
and clearly defined learning objectives. Simple mapping and visualization may be sufficient at introductory
levels, whereas more advanced students can perform overlay analysis, examine spatial relationships, and
evaluate alternative solutions to geographical problems. A gradual progression from map interpretation to
independent spatial analysis can therefore provide a more practical model for GIS integration in geography
education.
Table 1
GIS-supported teaching approaches and their educational applications

| Teaching approach | GIS-based activity I Expected learning outcome |
Inquiry-based Exploring spatial questions and comparing . L L
learning thematic layers Spatial thinking and geographical inquiry
Problem-based learn- Analyzing real geographical or Problem-solving and evidence-based reasoning
ing environmental problems
Prc:éz(;tn—ik;agsed Creating thematic maps and regional projects || Independent research and digital competence
Field-oriented Mapping field observations and Connection between field evidence and
learning georeferenced data spatial patterns
Web GIS Exploring and comparing interactive Data interpretation and digital map literacy

spatial datasets
Combining maps, text, images,
and analytical findings

Source: Developed by the authors

Digital storytelling Geographical communication and synthesis

3.6. Pedagogical implications of GIS integration

The findings suggest that effective GIS integration requires a shift from technology-centered instruction
to learning-centered application. Teaching students how to operate GIS software is useful, but technical com-
petence alone does not constitute geographical learning. The educational value of GIS becomes more evident
when students use spatial data to investigate questions, recognize geographical relationships, interpret patterns,
and justify conclusions.

As summarized in Table 1, different teaching approaches emphasize different stages of this process. In-
quiry-based activities are particularly suitable for developing geographical questioning and spatial reasoning,
whereas problem-based and project-based activities encourage students to apply geographical knowledge to
real situations. Field-oriented learning connects spatial datasets with direct observation, while Web GIS and
digital storytelling provide accessible environments for visualization, interpretation, and communication.

The framework proposed in Figure 1 therefore places the geographical problem, rather than the GIS soft-
ware, at the beginning of the learning process. GIS functions as a means of moving from spatial information
to interpretation and, ultimately, evidence-based decision-making. This distinction is important because the
same technology may produce very different educational outcomes depending on the task assigned to students
and the degree of analytical thinking required.

For practical implementation, GIS activities should be introduced progressively. Students may initially
work with existing digital maps and basic visualization before moving to data comparison, thematic mapping,
field-data integration, and independent spatial analysis. Such progression can reduce technical difficulties
while allowing GIS skills to develop alongside geographical knowledge and spatial reasoning.

4. Conclusion

The integration of GIS technologies into geography education provides opportunities to move beyond the
traditional presentation of geographical information toward a more analytical and student-centered learning
process. GIS enables students to visualize spatial relationships, work with geographical data, investigate real-
world problems, and develop evidence-based explanations. Its educational value, however, depends less on
the technology itself than on the teaching approach through which it is applied.
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The analysis demonstrates that GIS can be effectively combined with inquiry-based, problem-based, pro-
ject-based, and field-oriented learning, as well as Web GIS and digital storytelling. The conceptual framework
proposed in this study emphasizes a progression from identifying a geographical problem to working with
spatial data, conducting GIS-based analysis, interpreting results, and making evidence-based decisions. This
approach places geographical reasoning at the center of GIS-supported learning rather than treating GIS pri-
marily as a technical mapping tool.

Effective implementation also requires appropriate teacher preparation, access to suitable geospatial re-
sources, and GIS activities adapted to students’ knowledge and digital skills. A gradual transition from basic
map interpretation and visualization to independent spatial analysis may facilitate the integration of GIS into
geography curricula. Future empirical studies should test the proposed framework in different educational
settings and examine its effects on students’ spatial thinking, geographical knowledge, digital competence, and
problem-solving skills.
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WHTEIPALIMSI TEOMH®OPMAIIMOHHBIX TEXHOJIOI M B IPENNOJABAHUE I'EOT'PA®UU:
COBPEMEHHBIE METOJAUYECKHUE IIOAXO/AbI
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Pestome. Pacimpsitonieecs HCIOIb30BaHHE T€OIPOCTPAHCTBEHHBIX TEXHOJIOT Ui CO31a8T HOBBIE BO3MOXKHOCTH /ISl COBEPIICHCTBO-
BaHU MpPENoJaBaHus U M3ydeHHs reorpaguu. B ncciieoBaHnH paccMaTpUBaeTCs HHTErpalys reorpaguueckux HHPOPMAIHOHHBIX
cucreMm (I'MC) B reorpadgudeckoe oOpa3oBaHHe ¢ 0COOBIM BHIMAaHUEM K IEarOTMIECKUM MOIX0/aM, CIIOCOOCTBYIONINM Pa3BUTHIO
MPOCTPAHCTBEHHOT'O MBIIIICHUS, UCCIIEI0BATENbCKOM IESTEIbHOCTH M aKTUBHOTO y4acTHs y4aiuxcs. B pabote anamusupyercs 00-
pasoBatelsbHbIA noreHuuan I'IC B KOHTEKCTE HCCIIE0BATENBCKOT0 00yUeHHs, NPOOIEMHO-OPUEHTUPOBAHHOTO O0Y4CHUS, IPOESKT-
HOTro 00y4eHUs, MOJIEBbIX UCCIECAOBAaHUN U JEATEILHOCTH 1O 1u(poBoMy KapTorpaduposanuio. Ocoboe BHUMaHHUE YIETSeTCs epe-
X0y OT TPaJULUOHHOTO MpECTaBIeHNs reorpadudeckoil HHGopMaLuK K 00pa30oBaTesIbHOM cpefie, B KOTOPOH ydaruuecst CoOMparoT,
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BU3YJIN3HPYIOT, HHTEPIPETUPYIOT M CONOCTABIISIOT MPOCTPAHCTBEHHBIC TaHHBIC, & TAKKE UCHIOJIB3YIOT MOJyYEHHBIC PE3yIbTAThI IS
uccnenoBaHus reorpaguyeckux npodieM. AHanu3 mokaspiBaet, 4to dddexruBHas uarerpanus [MC 3aBUCHT HE TONBKO OT JOCTYII-
HOCTH I'€0IPOCTPAHCTBEHHBIX TEXHOJIOTHIf, HO U OT COOTBETCTBYIOIIMX METOIOB PENOAABAHHU, NPOHECCHOHATBHOI KOMIETEHTHOCTH
yuuTesnen, pa3paboTKH Y4eOHbBIX IPOrpaMM H BIOOpa y4eOHBIX BHIOB JEATEIbHOCTH, COOTBETCTBYIOIINX CIIOCOOHOCTSIM YYaIIUXCS.
Ha ocHOBe yKa3aHHBIX IOJOXEHMII B UCCIEIOBAHUM MPEIIaracTcs NPakTHYeCKas MOJeNb, o0beuHAIoImas reorpaguueckie npo-
6J1eMbl, IPOCTPAHCTBCHHBIC AaHHbBIE, aHAIU3 Ha ocHOBe I IC, MHTepnpeTaluio pe3yIbTaToB U IPUHATHE PELICHUH yYalluMHUCS B paM-
Kax eIMHOro 00pasoBaTenpHOro npoiecca. [IpeamaraeMplii MOAX0] MOKET CIIOCOOCTBOBATH Pa3BUTHIO reorpad)MuecKux 3HaHHH, IIPO-
CTPaHCTBEHHOTO MBIIIICHHUS, HU()POBBIX HABBIKOB U CIIOCOOHOCTH K CAMOCTOSITEIIHOMY PELICHHUIO MPOGJIEM B COBPEMEHHOM reorpa-
(ryeckoM 00pa3oBaHUU.

Knrouesvie crosa: ceocpapuueckue unpopmayuonuvie cucmemvt (I'UC), eeocpaghuueckoe obpazosanue, npocmpancmeeHHoe
MbluLieHUe, UCC1e008amenbcKkoe odyueHue, NpoeKmHoe ooyyeHie, 2e0npoCmpanCmeeHHble MeXHONo2UY, Yupposoe obyyeHue

CiS TEXNOLOGIYALARININ COGRAFIiYA TOHSILINO INTEQRASIYASI: MUASIR TODRIS YANASMALARI

Nagiyeva I.1.'*, Qaribov S.i.2, Allahverdi U.E.?
!Azarbaycan Déviat Pedaqoji Universiteti, Azarbaycan
AZ1000, Bak, Uzeyir Hacibayli kiig. 68
24zarbaycan Respublikasi Elm va Tahsil Nazirliyi, Cografiya Institutu, Azarbaycan
AZ1073, Baki, H. Cavid pr. 117
SMingagevir Doviat Universiteti, Azorbaycan
AZ4500, Mingagevir, D. Oliyeva kii¢. 21
*Moasul miidllif: ii.nagiyeva@adpu.edu.az

Xiilasa. Geomokan texnologiyalarindan istifadonin getdikca genislonmasi cografiyanin tadrisi vo 6yranilmasinin tokmillosdirilmasi
iiciin yeni imkanlar yaratmmsdir. Todqiqatda Cografi Informasiya Sistemlorinin (CIS) cografiya tohsiline inteqrasiyasi arasdirilir vo
mokan tofokkiiriinii, tadgigata osaslanan 6yranmani vo sagirdlorin foal istirakini togviq edan todris yanagmalarina xiisusi diqqat yetirilir.
Todqgigatda CIS-in tohsil potensiali todgigata esaslanan dyranma, problem osasli yronma, layiho asasl Syranmo, ¢l tadgiqatlar1 vo
rogomsal xaritalogdirmo faaliyyatlori kontekstindo tohlil edilir. Cografi informasiyanin onsnavi togdimatindan sagirdlorin mokan
molumatlarini topladigi, vizuallagdirdigi, sorh etdiyi vo miigayiso etdiyi, homginin olds olunan naticolordon cografi problemlarin
arasdirilmasinda istifado etdiyi tolim miihitina kegido xiisusi diqqot yetirilir. Tohlil gostorir ki, CIS-in somorali inteqrasiyas1 yalniz
geomakan texnologiyalarina ¢ixis imkanlarindan deyil, ham do miivafiq todris metodlarindan, miisllimlorin pesokar saristaliliyindan,
todris programlarinin hazirlanmasindan vo sagirdlorin qgabiliyyatlorine uygun talim foaliyystlorinin secilmosindon asilidir. Bu
miilahizolor osasinda todqiqatda cografi problemlari, mokan molumatlarmni, CIS osasli tohlili, naticalorin serhini vo sagirdlorin gorar
gabuletma prosesini vahid talim prosesi ¢argivasinds slagalondiran praktik model toklif olunur. Toklif edilon yanagsma miiasir cografiya
tohsilinds cografi biliklorin, mokan tofokkiiriiniin, ragomsal bacariglarin vo problemlori miistaqil hall etmok gabiliyyatinin inkisafini
dastokloys bilar.

Acar sozlar: cografi informasiya sistemlori (CIS), cografiva tahsili, mokan tafakkiirii, todgicata ssaslanan talim, layihs asasi: talim,
geomakan texnologiyalari, ragamsal talim

217


https://doi.org/10.33677/GGIANASCONF20230300009
mailto:ii.nagiyeva@adpu.edu.az

S.Sahin et al. | ANAS Transactions, Earth Sciences, Special Issue /2026, 218-228; DOI: 10.33677/GIANASCONF20260300031

ANAS Transactions Earth Sciences Special Issue / 2026

http://www journalesgia.com

VIRTUAL FIELD PRACTICAL TRAINING ON CLIMATE CHANGE:
ARTIFICIAL INTELLIGENCE-BASED PEDAGOGICAL MODELS

Sahin S.'*, Jafarov S.Sh*, Huseynov H.].3, Babashova S.0.%, Mirzabayov A.Z.5

1Gazi University, Ankara, Tiirkiye,

6/1 Bandirma Street, Emniyet District, Yenimahalle, Ankara 06560
2Institute of Geography, Ministry of Science and Education of the Republic of Azerbaijan

117, H. Javid Ave., Baku, AZ1073

3Central Scientific Library, Azerbaijan National Academy of Sciences, Azerbaijan

129, H. Javid Ave., Baku, AZ1143

*Guba Branch of Azerbaijan State Pedagogical University, Azerbaijan

4, Lutfi Zadeh Street, Guba, AZ4000
SMingachevir State University, Azerbaijan
21, D. Aliyeva street, Mingachevir, AZ4500

*Corresponding authors: ssahin@gazi.edu.tr, sarxan.cafarov@geo.edu.az

Keywords: climate change
education, Al-supported virtual
fieldwork, geographic inquiry,
spatial thinking, pedagogical
design framework

Summary. Climate change has become a global educational priority that requires learners to inter-
pret scientific evidence, understand spatial relationships, and develop sustainable solutions. In this con-
text, geography education plays a key role in fostering climate literacy, spatial thinking, and geographic
inquiry. However, traditional fieldwork is constrained by limitations related to time, cost, accessibility,
and safety. Although advances in virtual fieldwork and generative artificial intelligence (Al) provide
new opportunities to address these challenges, systematic pedagogical approaches for integrating Al
into virtual fieldwork remain limited. This study aims to develop a pedagogically grounded framework
for Al-supported virtual fieldwork in climate change education and to demonstrate its application
through representative learning activities. The study adopts a conceptual design based on a synthesis of
contemporary literature on climate change education, geography education, virtual fieldwork, artificial
intelligence, spatial thinking, and educational technologies. The proposed framework is structured
around seven pedagogical design principles: beginning with authentic climate change problems, pro-
moting spatial evidence-based learning, positioning Al as a cognitive learning partner, placing geo-
graphic inquiry at the centre of learning, fostering solution-oriented learning, employing process-ori-
ented assessment, and ensuring the ethical and responsible use of Al. To illustrate the framework, three
representative virtual fieldwork activities focusing on glacier retreat, drought, and urban heat islands
were developed. The proposed framework provides a pedagogical foundation for strengthening climate
literacy, spatial thinking, geographic inquiry, critical thinking, and Al literacy in geography education.

© 2026 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

Introduction

Climate change is one of the defining challenges of the twenty-first century, reaching far beyond environ-
mental systems to touch economic development, social wellbeing, and education policy alike. As climate-
related hazards grow more frequent and more severe, it becomes increasingly important for people to under-
stand climate processes, weigh scientific evidence critically, and imagine workable, sustainable solutions.
Contemporary climate change education reflects this shift: rather than simply transmitting facts, it aims to
build climate literacy, critical thinking, evidence-based decision-making, and genuine engagement with sus-
tainability (IPCC, 2023; UNESCO, 2021). Systematic reviews of the field point in the same direction, showing
that effective climate change education needs to be student-centred, inquiry-driven, and oriented toward action
rather than passive learning (Monroe et al., 2019).
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Geography education has a particularly important role to play here, precisely because climate change is
not a uniform, placeless phenomenon — its causes, impacts, and possible solutions look different from one
place, region, and scale to another. Making sense of processes such as retreating glaciers, rising sea levels,
drought, wildfires, or urban heat islands requires students to ask where these things are happening, why, and
how they connect to both natural and human systems. This is why geography education leans so heavily on
maps, satellite imagery, Geographic Information Systems (GIS), remote sensing data, and direct field obser-
vation: these tools are what turn spatial thinking and evidence-based reasoning from abstract skills into some-
thing students can actually practice (National Research Council, 2006; Bednarz et al., 2013).

Fieldwork has long been considered one of geography education's most powerful pedagogical tools. By
giving students the chance to observe environmental processes firsthand and connect theoretical knowledge to
the real world, fieldwork strengthens observation, inquiry, problem-solving, and experiential learning in ways
that classroom instruction alone rarely can (Kent et al., 1997; Fuller et al., 2006). Yet traditional fieldwork
comes with real constraints — cost, time, accessibility, safety, and weather, among others — and these con-
straints are often felt most acutely in climate change education specifically, where the very phenomena being
studied (glaciers, droughts, extreme heat) can make field visits impractical or even hazardous. This is precisely
the gap that virtual fieldwork has come to fill. Using satellite imagery, digital maps, GIS, and 3D visualization,
virtual fieldwork allows students to compare different geographic environments and examine environmental
change across a range of spatial and temporal scales that would be difficult, if not impossible, to access in
person (Stainfield et al., 2000; Cliffe, 2017). Hybrid approaches, in particular, have been shown to widen
access while preserving much of fieldwork's pedagogical value (France & Haigh, 2018).

More recently, advances in digital technology — and generative artificial intelligence in particular — have
begun to change what virtual fieldwork can actually be. Rather than functioning as static repositories of digital
content, Al-enhanced virtual fieldwork environments can become interactive, adaptive learning spaces. Arti-
ficial intelligence can help generate inquiry questions, support the interpretation of spatial data, and offer adap-
tive feedback tailored to individual learners. When grounded in sound pedagogical principles, Al need not
replace the teacher's role at all; instead, it can act as a cognitive learning partner that supports inquiry and
critical thinking rather than substituting for it (Holmes et al., 2019; UNESCO, 2023). Even so, the literature
currently offers little in the way of a coherent framework for how Al-supported virtual fieldwork should actu-
ally be designed and pedagogically structured within climate change education specifically. The present study
responds to this gap: it proposes a set of pedagogical design principles for Al-supported virtual fieldwork in
climate change education, illustrates how these principles can be translated into practice through sample ac-
tivities, and considers what this approach might offer geography education more broadly.

Purpose of the study

This study aims to develop a pedagogically grounded framework for integrating artificial intelligence into
virtual fieldwork for climate change education. The framework positions Al as a cognitive learning partner
that supports, rather than replaces, geographic inquiry, spatial evidence interpretation, critical thinking, and
human judgement. It brings together climate change education, geography education, virtual fieldwork, and
generative Al within a coherent instructional approach.

Based on a synthesis of relevant literature, the study proposes seven interrelated pedagogical design prin-
ciples and demonstrates their application through three illustrative virtual fieldwork activities focusing on
glacier retreat, drought, and urban heat islands. The study is conceptual and design-oriented; therefore, the
proposed framework and activities are presented as a foundation for subsequent expert validation, classroom
implementation, and empirical research.

Research questions

Climate change education, virtual fieldwork, and artificial intelligence have each generated a substantial
body of research in recent years. What's still missing, though, is work that brings these three areas together
within geography education through a coherent, pedagogically grounded approach. Virtual fieldwork is widely
recognized as an effective way to support geographic learning, and generative Al is understood to have real
potential for inquiry-based, interactive, and adaptive learning — yet there is still no systematic design approach
for how these two things might be combined in service of climate change education specifically. To the best
of the authors' knowledge, no existing study has integrated generative Al, virtual fieldwork, and climate change
education within geography education through a unified set of pedagogical design principles. This gap is what
motivates the present study.

Within this framework, the study sets out to identify the pedagogical principles that should guide the
design of Al-supported virtual fieldwork, and to show how those principles can be reflected in learning activ-
ities for climate change education. To that end, the study addresses the following research questions:
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RQ1. How can artificial intelligence be integrated into virtual fieldwork for climate change education in
a pedagogically meaningful and effective way?

RQ2. What pedagogical design principles should guide the design and implementation of Al-supported
virtual fieldwork?

RQ3. How can the proposed pedagogical design principles be translated into sample learning activities
for Al-supported virtual fieldwork?

RQ4. What learning outcomes can theoretically be supported through Al-supported virtual fieldwork in
climate change education?

Literature review

The proposed framework draws on four interconnected areas of scholarship: climate change education,
geography education, virtual fieldwork, and artificial intelligence in education. Climate change education em-
phasizes climate literacy, sustainability awareness, inquiry, and action-oriented learning (Monroe et al., 2019;
UNESCO, 2021), while virtual fieldwork supports accessibility, experiential learning, and the development of
spatial understanding (Cliffe, 2017; France & Haigh, 2018). Research on generative Al highlights its potential
for personalized learning, adaptive support, inquiry, and learning analytics, while also emphasizing the im-
portance of pedagogically responsible integration (Kasneci et al., 2023; UNESCO, 2023). Bringing these
strands together provides the theoretical basis for developing a pedagogically grounded approach to Al-sup-
ported virtual fieldwork in climate change education.

Climate change education

Climate change education extends beyond the transmission of scientific knowledge by developing learn-
ers’ climate literacy, critical evaluation of evidence, informed decision-making, and capacity to engage with
adaptation and mitigation challenges (UNESCO, 2021; IPCC, 2023). Effective approaches are increasingly
student-centred, inquiry-based, and action-oriented, encouraging learners to connect scientific understanding
with meaningful responses to environmental problems (Monroe et al., 2019).

Geography education provides a particularly relevant context for these goals because climate change is
inherently spatial and varies across places and scales. Maps, GIS, remote sensing, and satellite imagery enable
students to investigate environmental change through spatial evidence and strengthen geographic reasoning
and spatial thinking (National Research Council, 2006; Bednarz et al., 2013). These characteristics make cli-
mate change education well suited to virtual fieldwork environments in which learners can examine spatial
and temporal patterns that may be difficult to observe directly.

Virtual fieldwork in Geography education

Virtual fieldwork enables students to explore geographic environments through digital maps, satellite im-
agery, GIS, remote sensing data, and 3D visualization, reducing constraints associated with location, time,
accessibility, and cost. Rather than functioning merely as virtual tours, well-designed virtual field experiences
can support spatial thinking, geographic inquiry, and the analysis of environmental processes (Stainfield et al.,
2000; Cliffe, 2017).

Virtual fieldwork is particularly valuable for examining environmental change across spatial and temporal
scales that are difficult to observe directly, including glacier retreat, drought, and urban transformation. How-
ever, it should generally complement rather than replace direct field experience, since virtual environments
cannot fully reproduce observation and interaction in real-world settings (Kent et al., 1997; France & Haigh,
2018). This complementary role provides a useful foundation for integrating Al as an additional form of in-
quiry and learning support.

Artificial Intelligence in Geography Education

Generative Al offers new opportunities for personalized learning, inquiry support, formative feedback,
and higher-order thinking, but its educational value depends on alignment with clear pedagogical objectives
rather than technological capability alone (Kasneci et al., 2023; UNESCO, 2023; OECD, 2024). In geography
education, Al can support students in formulating questions, comparing explanations, and interpreting maps,
GIS, remote sensing, and other spatial evidence, while responsibility for evaluation and decision-making re-
mains with the learner and teacher.

Integrating Al with virtual fieldwork therefore has potential to strengthen geographic inquiry and evi-
dence-based reasoning when it is grounded in appropriate pedagogical design. This approach is consistent with
technology-integration frameworks such as TPACK and SAMR, which emphasize meaningful relationships
among disciplinary knowledge, pedagogy, and technology (Mishra & Koehler, 2006; Puentedura, 2006). At
the same time, responsible implementation requires attention to academic integrity, privacy, bias, and the crit-
ical verification of Al-generated information (UNESCO, 2023).
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Methodology

This study employs a conceptual and design-oriented research approach to develop a pedagogical frame-
work for Al-supported virtual fieldwork in climate change education. The methodological process was in-
formed by the early analytical and design phases of educational design research, in which a practical educa-
tional problem is identified, relevant theoretical and empirical literature is synthesized, and theoretically
grounded design principles are formulated for subsequent evaluation and refinement (Design-Based Research
Collective, 2003; McKenney & Reeves, 2012). No classroom intervention or experimental evaluation was
conducted at this stage; accordingly, the proposed framework should be understood as an initial design iteration
rather than an empirically validated instructional model.

The theoretical foundation of the framework was developed through a narrative and purposive synthesis
of literature on climate change education, geography education, virtual fieldwork, spatial thinking, and gener-
ative Al in education. Sources were selected for their conceptual relevance to the research questions and in-
cluded both foundational scholarship and recent literature on Al-supported learning. This approach was chosen
to support theoretical integration and framework development rather than exhaustive literature retrieval
(Baumeister & Leary, 1997; Grant & Booth, 2009). Accordingly, the literature synthesis should not be inter-
preted as a systematic review.

The design principles were developed through a thematic synthesis of the selected literature. Recurring
pedagogical concepts were identified across the reviewed sources, including inquiry-based learning, spatial
evidence use, experiential learning, learner—Al interaction, solution-oriented learning, assessment, and respon-
sible Al use. These concepts were grouped into broader themes and iteratively refined by examining their
relevance to the four research questions. The resulting themes were also considered in relation to established
technology-integration perspectives, particularly TPACK and SAMR (Mishra & Koehler, 2006; Puentedura,
2006). This process resulted in the seven interrelated pedagogical design principles presented in Section 4.

Design principles for Al-Supported virtual fieldwork in climate change education

Based on the synthesis described above, seven interrelated design principles are proposed for Al-sup-
ported virtual fieldwork in climate change education: (1) starting with authentic climate change problems, (2)
supporting spatial evidence-based learning, (3) positioning Al as a cognitive learning partner, (4) centring
geographic inquiry, (5) encouraging solution- and action-oriented learning, (6) using process-oriented assess-
ment, and (7) ensuring the ethical and responsible use of Al. Together, these principles provide a pedagogically
grounded but flexible guide for designing learning activities in which technology supports, rather than deter-
mines, geographic inquiry and climate change learning.

Principle 1. Start with real climate change problems

Al-supported virtual fieldwork should be organized around authentic climate change problems that con-
nect learning with real-world environmental challenges. Problem-based learning provides a meaningful con-
text for investigating environmental issues, evaluating scientific evidence, and developing possible solutions
(Bransford et al., 2000; Monroe et al., 2019). Issues such as glacier retreat, drought, wildfires, sea-level rise,
and urban heat islands can provide relevant contexts for inquiry, while Al can support the process through
adaptive questions, alternative scenarios, and prompts for evidence-based discussion.

Principle 2. Support spatial evidence-based learning

Learning activities should require students to construct explanations from reliable spatial evidence rather
than rely on Al-generated responses alone. Satellite imagery, GIS, remote sensing products, digital elevation
models, and thematic maps provide important evidence for examining environmental change (National Re-
search Council, 2006). Al can assist students in identifying patterns, comparing interpretations, and question-
ing relationships within spatial data, but conclusions should remain grounded in geographic evidence.

Principle 3. Position Al as a Cognitive Learning Partner

Al should support students’ reasoning rather than replace it. Its role can include prompting questions,
supporting hypothesis formation, suggesting alternative explanations, and providing formative feedback dur-
ing inquiry (Luckin, 2018; UNESCO, 2023). Students should remain responsible for evaluating Al-generated
information, interpreting evidence, and making decisions, thereby maintaining human judgement at the centre
of the learning process.

Principle 4. Put Geographic inquiry at the centre of learning

Geographic inquiry should provide the organizing structure for Al-supported virtual fieldwork. Students
can investigate environmental phenomena through guestions such as: Where is it occurring? Why there? How
is it changing? What might happen next? What responses are possible? (Lambert & Morgan, 2010; Maude,
2016). Al can support this inquiry by generating prompts, suggesting additional data sources, and facilitating
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comparisons across places and scales, while students remain responsible for evidence-based interpretation and
conclusions.

Principle 5. Encourage solution- and action-oriented learning

Climate change education should enable students not only to understand environmental problems but also
to consider possible adaptation and mitigation responses (UNESCO, 2021; Monroe et al., 2019). Within virtual
fieldwork, students can compare alternative strategies, examine their potential consequences, and develop ev-
idence-based recommendations. Al can support this process by helping generate scenarios and alternative
courses of action that students subsequently evaluate against scientific and geographic evidence.

Principle 6. Use process-oriented assessment

Assessment should address the inquiry process as well as the final product, including how students for-
mulate questions, interpret spatial evidence, evaluate Al-generated information, justify conclusions, and reflect
on their learning (Bransford et al., 2000; Kolb, 2015). Al may provide formative prompts and opportunities
for self-assessment, but responsibility for evaluating student learning should remain with the teacher.

Principle 7. Ensure the ethical and responsible use of Al

Al-supported virtual fieldwork should be grounded in transparency, academic integrity, fairness, privacy,
and critical use of technology. Students should verify Al-generated information against reliable scientific
sources and geographic evidence rather than accept it uncritically (UNESCO, 2023; OECD, 2024). Attention
should also be given to potential errors, bias, appropriate attribution, and data privacy, making responsible Al
use an integral component of the learning process.

The Proposed Al-supported virtual fieldwork framework

The proposed framework integrates climate change education, geography education, virtual fieldwork,
and artificial intelligence within a pedagogically coherent structure based on the seven design principles. Au-
thentic climate change problems, spatial evidence, and geographic inquiry form the core of the framework,
while Al functions as a supporting tool for inquiry, reflection, and evidence-based reasoning.

The framework is intentionally flexible rather than prescriptive. It is not tied to a specific Al platform,
curriculum, educational level, or geographic topic and can therefore be adapted to different learning objectives,
technological conditions, and climate-related phenomena.

Learning scenario and illustrative applications

The framework is operationalized through six interconnected stages: (1) identifying an authentic climate
change problem, (2) collecting relevant spatial evidence, (3) formulating geographic inquiry questions, (4)
conducting Al-supported analysis, (5) constructing evidence-based explanations and possible solutions, and
(6) reflecting on both the learning process and the use of Al. The stages provide a common structure for virtual
fieldwork while allowing adaptation to different educational contexts.

Throughout the process, students work with relevant geographic evidence, such as satellite imagery, GIS
data, thematic maps, remote sensing products, climate records, drought indices, and land-use data. Al may
provide guiding questions, alternative explanations, and formative feedback, while students remain responsible
for verifying information, interpreting evidence, and developing conclusions.

Three illustrative activities demonstrate how the framework can be applied at different geographic scales:
glacier retreat at the global scale, drought at the regional scale, and urban heat islands at the local scale. Alt-
hough the activities differ in topic and spatial scale, each follows the same inquiry-oriented structure and re-
quires students to analyse spatial evidence and critically evaluate Al-supported interpretations. The activities
are illustrative applications of the framework rather than empirically validated lesson plans.

Expected educational outcomes and practical implications

The framework has the potential to support spatial thinking, geographic inquiry, and evidence-based de-
cision-making through the use of satellite imagery, GIS, and remote sensing data (National Research Council,
2006; Bednarz et al., 2013). It may also contribute to climate literacy and Al literacy by encouraging students
to examine climate-related problems across geographic scales while critically evaluating the reliability and
limitations of Al-generated information.

Because the framework is not tied to a specific curriculum, grade level, geographic topic, or Al platform,
it may provide a flexible reference for teachers, curriculum developers, and researchers. However, these out-
comes are theoretically expected rather than empirically demonstrated. Future research should evaluate the
framework through expert review, classroom implementation, and empirical studies examining student learn-
ing, teacher experience, feasibility, and the ethical dimensions of Al-supported virtual fieldwork.
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Al-supported virtual fieldwork for climate change education: three sample activities

The activities below are built directly on the seven pedagogical design principles outlined earlier. The
three illustrative activities summarized here — glacier retreat, drought, and urban heat islands — have been
turned into short, focused lesson plans intended as adaptable starting points for high-school-level instruction,
pending classroom piloting and teacher feedback.

Each one includes a learning objective, materials, the role Al plays, a step-by-step learning sequence,
sample prompts, inquiry questions, and brief reflection prompts for process-oriented assessment. All three are
designed to fit within a single 40-minute class period and can be adjusted depending on what a given school
has available.

Activity 1: Glacier Retreat

| Level || High school |
| Duration || 40 minutes |
| Geographic scale || Global |
| Group structure || Groups of 34 |
| Technology needed || Computer/tablet, internet access; an Al chat tool (teacher-supervised) |

1. Climate Change Context
Students examine glacier retreat in a selected mountain region (e.g., the Alps, Kilimanjaro, Mount Ararat)
using real satellite imagery, and explore how it connects to rising global temperatures, glacial mass loss, and
the regional and global consequences that follow.
2. Learning Objective and Outcomes
The goal is for students to compare multi-temporal satellite images and, with Al support, build evidence-
based explanations of glacier retreat as an indicator of climate change.
By the end of the activity, students should be able to:
« explain glacier retreat using scientific evidence,
o critically evaluate Al-generated information and verify it against independent sources,
e propose an evidence-based adaptation or mitigation strategy for glacier loss.
3. Digital Resources and Materials
e Google Earth (Timelapse) or Sentinel Hub EO Browser — satellite imagery from different years
o NASA Worldview / Global Ice Viewer — glacier time-series visuals
e Publicly available temperature data (e.g., NASA GISS) and a comparison worksheet
4. The Role of Al
Here, Al is a learning partner that accompanies inquiry rather than handing out answers: it suggests ob-
servation criteria, offers alternative explanations, and gives feedback. Interpretation and drawing conclusions
stay with the student, and every claim needs to be checked against spatial evidence.
Sample Al Prompts (for students to use)
"Connect the three main reasons the [region name] glacier is shrinking to clues | could look for in a satellite
image."
"Suggest two alternative scenarios for how glacier loss could affect water resources — what evidence
should I check for each one?"
5. Step-by-Step Learning Process
Stage 1: Identifying the Problem and Gathering Evidence (15 min)
 The teacher opens with a current image or news story and the question "Why is this glacier shrinking?";
groups pick a glacier region to study.
o Groups compare satellite images from at least two different years and note changes in the glacier bound-
ary on their worksheet.
e "Suggest three observation criteria | can use to compare the glacier front's position in these two images."
Stage 2: Inquiry and Verification (15 min)
o Groups formulate "Why, How, What might happen next?" questions and ask Al for alternative explana-
tions.
» They check the explanation they receive against temperature data or a reliable source (IPCC/NASA),
then write a short evidence report.
Stage 3: Proposing a Solution, Presenting, and Reflecting (10 min)
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o Each group develops a brief adaptation or mitigation proposal for the region and shares it in 1-2 minutes.
o Students reflect briefly: how did I use Al, and what did | need to verify?

6. Geographic Inquiry Questions

Throughout the activity, students are expected to build evidence-based answers to:

o Where is glacier retreat happening, and to what extent?

» How has the glacier's area changed over time, and why?

» What adaptation or mitigation measures could be taken at the regional scale?

Activity 2: Assessing Drought
Rainfall Variability and Land-Use Analysis

| Level || High school |
| Duration || 40 minutes |
| Geographic scale || Regional I

|

| Group structure || Groups of 3-4
| Technology needed || Computer/tablet, internet access; an Al chat tool (teacher-supervised)

1. Climate Change Context
Students examine a water-stressed region (e.g., Tlrkiye's Konya Closed Basin), looking at rainfall varia-

bility, drought indices, and land-use patterns, and investigate how natural (climatic) and human (over-extrac-

tion

of water, land-use change) factors both contribute to drought.
2. Learning Objective and Outcomes
The goal is for students to analyse rainfall and drought data alongside land-use maps, and to build evi-

dence-based explanations of drought's causes through Al-supported inquiry.

By the end of the activity, students should be able to:

o interpret the relationship between rainfall variability and drought indices,

o distinguish between natural and human factors and build a multi-causal explanation,

e propose an evidence-based, region-specific water management or drought-response strategy.

3. Digital Resources and Materials

« Rainfall map / time-series chart (e.g., from Tirkiye's State Meteorological Service open data portal)

o Sample drought index map (SPI/PDSI) and an NDVI (vegetation cover) visual

e Land-use map and a comparison worksheet

4. The Role of Al

Al acts as a learning partner that helps students connect different data layers — rainfall, NDVI, land use

— offering alternative scenarios involving natural and human causes and providing feedback. Students always
check any proposed causal relationship against the actual data.

Sample Al Prompts (for students to use),
"List three things | should pay attention to when interpreting this graph showing a drop in SPI values."

"Give examples of human factors — besides reduced rainfall — that could make drought worse. What data
should I look at?"
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5. Step-by-Step Learning Process

Stage 1: Introducing the Problem and Gathering Evidence (15 min)

o The teacher opens with a drought-related news story or image and the question "Why is this region
drying out?"; groups select a sub-region or time period.

o Groups examine the rainfall chart and NDVI visual, and note the severity and distribution of drought on
their worksheet.

o "What order should I follow to interpret the rainfall chart together with the NDVI map?*

Stage 2: Investigating Multiple Causes and Verification (15 min)

e Groups formulate "Why, How, What might happen next?" questions and ask Al for both natural and
human explanations.

o They check the proposed causes against the land-use map and prepare a short cause-and-effect diagram.

Stage 3: Proposing a Solution, Presenting, and Reflecting (10 min)

o Each group develops 1-2 water management or drought-response proposals and shares them briefly.

o Individual reflection: why does it matter to distinguish between natural and human causes?

6. Geographic Inquiry Questions

Throughout the activity, students are expected to build evidence-based answers to:
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o Where in this region is drought occurring, and how severe is it?
o What role do natural versus human factors play in causing it?
o What measures could help protect water resources?

Activity 3: Urban Heat Islands
Thermal Satellite Imagery and Land Cover Analysis

| Level || High school |
| Duration || 40 minutes |
| Geographic scale || Local (city/district level) |
| Group structure || Groups of 3-4 |
| Technology needed || Computer/tablet, internet access; an Al chat tool (teacher-supervised) |

1. Climate Change Context
Students examine the urban heat island effect in their own city using Landsat thermal bands and land cover
maps, investigating why surface temperatures differ between densely built-up areas and green spaces or bodies
of water, and how this connects to sustainable urban planning.
2. Learning Objective and Outcomes
The goal is for students to analyse thermal satellite imagery and land cover data to explain, through Al-sup-
ported inquiry, the spatial pattern and causes of the urban heat island effect, and to develop sustainable solutions.
By the end of the activity, students should be able to:
e interpret the distribution of urban surface temperature from thermal imagery,
e connect temperature differences to land cover (built-up areas, green space, water bodies),
e propose a practical cooling or planning strategy for their own environment.
3. Digital Resources and Materials
o Landsat thermal band imagery / a ready-made Land Surface Temperature (LST) map
o Land cover map (satellite imagery or an OpenStreetMap layer)
o Google Earth/Maps satellite view and a comparison worksheet
4. The Role of Al
Al acts as a learning partner that helps students interpret thermal imagery and land cover data together,
offering alternative explanations for temperature differences (albedo, built-up density, human-generated heat).
Students verify these explanations against map or observational evidence.
Sample Al Prompts (for students to use)
"What clues should | look for to compare the hottest and coolest areas on this thermal map?" "Why does
surface temperature differ between a heavily paved area and a park? Explain using the concept of albedo."
5. Step-by-Step Learning Process
Stage 1: Introducing the Problem and Gathering Evidence (15 min)
o The teacher opens the lesson with data or a news story about the temperature difference between the
city centre and its surroundings; groups pick a neighbourhood.
o Groups note the neighbourhood's temperature level on the LST map and its built-up/green space status
on the land cover map.
o "What order should I follow when examining the thermal map together with the land cover map?"
Stage 2: Investigating Causes and Verification (15 min)
o Groups formulate "Why, How, What measures could be taken?" questions and ask Al for explanations
grounded in albedo and built density.
o They verify the explanation against their own map observations (e.g., is the paved area really the hottest
spot?) and write a short evidence report.
Stage 3: Proposing a Plan, Presenting, and Reflecting (10 min)
 Each group proposes 1-2 measures to reduce heat in the neighbourhood (tree planting, green roofs, light-
coloured surfaces, etc.) and shares them briefly.
o Individual reflection: where in my own surroundings might I notice this effect?
6. Geographic Inquiry Questions
Throughout the activity, students are expected to build evidence-based answers to:
o Where are the highest and lowest surface temperatures found in the city?
o Why do these temperature differences occur?
o What measures could help reduce the heat island effect?
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Discussion

This study brings climate change education, virtual fieldwork, and generative Al together within a peda-
gogically grounded framework centred on authentic environmental problems, spatial evidence, and geographic
inquiry. The proposed principles are consistent with previous research emphasizing inquiry-based, experien-
tial, and spatial approaches to geography education (Kent et al., 1997; Cliffe, 2017; France & Haigh, 2018),
while extending this work by explicitly considering the pedagogical role of generative Al. Rather than treating
Al as a source of ready-made answers, the framework positions it as a cognitive support for questioning, in-
terpretation, feedback, and reflection, with students and teachers retaining responsibility for evaluating evi-
dence and making decisions (UNESCO, 2023; Kasneci et al., 2023).

An important practical consideration is digital equity. Although virtual fieldwork can reduce some con-
straints associated with conventional fieldwork, meaningful implementation still depends on reliable connec-
tivity, appropriate hardware, access to digital resources, teacher competence, and institutional support (Ahmed,
2024; OECD, 2024). Unequal access to these conditions may result in substantially different learning experi-
ences across schools and regions, particularly when generative Al is introduced into already unequal educa-
tional environments (Holstein & Doroudi, 2021). The adaptability of the framework should therefore not be
interpreted as a guarantee of equal implementation across educational contexts.

The study also has important methodological limitations. The proposed framework is conceptual and has
not yet been empirically validated. Moreover, the three illustrative activities were developed as applications
of the seven design principles rather than through expert review, teacher-panel evaluation, or classroom pilot-
ing. Their feasibility, age-appropriateness, instructional timing, and learning effects therefore remain to be
established. Future research should subject the framework and activities to expert validation and classroom-
based evaluation, including structured teacher panels or Delphi studies, followed by experimental, mixed-
methods, or design-based research across different educational and technological contexts.

Conclusion

This study proposes a pedagogically grounded framework for Al-supported virtual fieldwork in climate
change education. Based on seven interrelated design principles, the framework connects authentic climate
change problems, spatial evidence, geographic inquiry, solution-oriented learning, process-based assessment,
and responsible Al use. Al is positioned as a cognitive support for inquiry rather than a substitute for geo-
graphic evidence, student reasoning, or teacher judgement.

The framework provides a flexible basis for designing virtual fieldwork across different climate-related
topics, geographic scales, educational levels, and technological contexts. The three illustrative activities
demonstrate how its principles can be translated into instructional designs addressing glacier retreat, drought,
and urban heat islands. However, these applications should be understood as conceptual examples rather than
evidence of educational effectiveness.

Further research should therefore focus on expert validation, classroom implementation, and empirical
evaluation of the framework. Particular attention should be given to its feasibility, effects on students’ climate
literacy, spatial reasoning and Al literacy, teachers’ experiences, ethical considerations, and implementation
across educational settings with different levels of technological access. Such evidence will be necessary to
determine the educational value and practical applicability of Al-supported virtual fieldwork in climate change
education.

REFERENCES

Ahmed, F. (2024). The digital divide and Al in education: Addressing equity and accessibility. Al EDIFY Journal, 1(2), 12-23.

Baumeister, R.F., & Leary, M.R. (1997). Writing narrative literature reviews. Review of General Psychology, 1(3), 311-320.

Bednarz, S. W., Heffron, S., & Huynh, N. T. (Eds.). (2013). A road map for 21st century geography education: Geography education
research. National Geographic Society.

Bransford, J.D., Brown, A.L., & Cocking, R.R. (Eds.). (2000). How people learn: Brain, mind, experience, and school. National Acad-
emies Press.

Braun, V., & Clarke, V. (2006). Using thematic analysis in psychology. Qualitative Research in Psychology, 3(2), 77-101.

Cliffe, A. D. (2017). A review of the benefits and drawbacks to virtual field guides in today's geoscience higher education environment.
International Journal of Educational Technology in Higher Education, 14(1), Article 28. https://doi.org/10.1186/s41239-017-
0066-x

Design-Based Research Collective. (2003). Design-based research: An emerging paradigm for educational inquiry. Educational Re-
searcher, 32(1), 5-8.

France, D., & Haigh, M. (2018). Fieldwork@40: Fieldwork in geography higher education. Journal of Geography in Higher Education,
42(4), 498-514. https://doi.org/10.1080/03098265.2018.1515187

226


https://doi.org/10.33677/GGIANASCONF20230300009
https://doi.org/10.1186/s41239-017-0066-x
https://doi.org/10.1186/s41239-017-0066-x
https://doi.org/10.1080/03098265.2018.1515187

S.Sahin et al. | ANAS Transactions, Earth Sciences, Special Issue /2026, 218-228; DOI: 10.33677/GIANASCONF20260300031

Fuller, 1.C., Edmondson, S., France, D., Higgitt, D., & Ratinen, 1. (2006). International perspectives on the effectiveness of geography
fieldwork for learning. Journal of Geography in Higher Education, 30(1), 89-101. https://doi.org/10.1080/03098260500499667

Grant, M. J., & Booth, A. (2009). A typology of reviews. Health Information & Libraries Journal, 26(2), 91-108.

Holmes, W., Bialik, M., & Fadel, C. (2019). Artificial intelligence in education: Promises and implications for teaching and learning.
Center for Curriculum Redesign.

Holstein, K., & Doroudi, S. (2021). Equity and artificial intelligence in education: Will “AIEd” amplify or alleviate inequities in
education? arXiv. https://arxiv.org/abs/2104.12920

Ibrahimova, S.1., Jabarov, S.H., Aliyeva, N.A., & Aliyev, Y.I. (2021). Study vibrational and structural properties of CusSeTe by Raman
spectroscopy and XRD. International Journal of Modern Physics B, 35(27), Article 2150271.
https://doi.org/10.1142/S0217979221502714

Intergovernmental Panel on Climate Change. (2023). Climate change 2023: Synthesis report.

Iskandarov, E., Ismayilov, G., Ismayilova, F., & Myltykbaeva, L. (2026). Active boundary layer approach to laminar flow under high-
pressure and entrance conditions. Advanced Physical Research, 8(1), 75-85. https://doi.org/10.62476/apr.8175

Jafarov, S. (2023). Synergetic and innovative approaches to education. Revista de Investigaciones Universidad del Quindio, 35(1),
415-430. https://doi.org/10.33975/riug.vol35n1.1191

Jafarov, S. (2024). Internationalisation and cultural aspects of online learning, training, and research. Pakistan Journal of Life and
Social Sciences, 22(2), 6437-6452. https://doi.org/10.57239/PJLSS-2024-22.2.00486

Jafarov, S. (2024). Education Policy of 3rd Generation Universities. Revista De Gestao Social E Ambiental, 18(6), €05690.
https://doi.org/10.24857/rgsa.v18n6-007

Kasneci, E., Sessler, K., Kiichemann, S., Bannert, M., Dementieva, D., Fischer, F., Gasser, U., Groh, G., Glinnemann, S., Hiillermeier,
E., Krusche, S., Kutyniok, G., Michaeli, T., Nerdel, C., Pfeiffer, F., Poquet, O., Sailer, M., Schmidt, A., Seidel, T., Kasneci, G.
(2023). ChatGPT for good? On opportunities and challenges of large language models for education. Learning and Individual
Differences, 103, Article 102274. https://doi.org/10.1016/j.1indif.2023.102274

Kent, M., Gilbertson, D. D., & Hunt, C. O. (1997). Fieldwork in geography teaching: A critical review of the literature and approaches.
Journal of Geography in Higher Education, 21(3), 313-332. https://doi.org/10.1080/03098269708725439

Kolb, D. A. (2015). Experiential learning: Experience as the source of learning and development (2nd ed.). Pearson Education.

Lambert, D., & Morgan, J. (2010). Teaching geography 11-18: A conceptual approach. Open University Press.

Luckin, R. (2018). Machine learning and human intelligence: The future of education for the 21st century. UCL IOE Press.

Maude, A. (2016). What might powerful geographical knowledge look like? Geography, 101(2), 70-76.
https://doi.org/10.1080/00167487.2016.12093987

McKenney, S., & Reeves, T. C. (2012). Conducting educational design research. Routledge.

Mirzayev, N.A., Filosofov, D., Mammadov, Kh., De Jésus, M., Karaivanov, D.V., Ponomarev, D., Rakhimov, A., Rozova, |., Rozov,
S., & Temerbulatova, N. (2020). Low radioactive NH4Cl flux. Journal of Instrumentation, 15, Article T05004.
https://doi.org/10.1088/1748-0221/15/05/T05004

Mishra, P., & Koehler, M. J. (2006). Technological pedagogical content knowledge: A framework for teacher knowledge. Teachers
College Record, 108(6), 1017-1054.

Monroe, M.C., Plate, R.R., Oxarart, A., Bowers, A., & Chaves, W.A. (2019). Identifying effective climate change education strategies:
A systematic review of the research. Environmental Education Research, 25(6), 791-812.
https://doi.org/10.1080/13504622.2017.1360842

National Research Council. (2006). Learning to think spatially. National Academies Press.

OECD. (2024). Artificial intelligence in education: Shaping the future of learning.

OECD. (2024). The potential impact of artificial intelligence on equity and inclusion in education.

Puentedura, R.R. (2006). Transformation, technology, and education: The SAMR model. http://hippasus.com

Stainfield, J., Fisher, P., Ford, B., & Solem, M. (2000). International virtual field trips: A new direction? Journal of Geography in
Higher Education, 24(2), 255-262. https://doi.org/10.1080/713677387

UNESCO. (2021). Learn for our planet: A global review of how environmental issues are integrated in education.

UNESCO. (2023). Guidance for generative Al in education and research.

U.S. Global Change Research Program. (2009). Climate literacy: The essential principles of climate science.

BUPTYAJIBHBIE ITIOJIEBBIE IPAKTUKYMbI 10 U3BMEHEHUIO KJIMMATA:
NEJAT'OT'MYECKHUE MOJIEJIX HA OCHOBE UCKYCCTBEHHOI'O UHTEJIJIEKTA

Maxun C.'*, Ixadapos C.II.>*, I'yceiinos I'.[I:x.>, Ba6amosa C.0.%, Mup3a6aeB A.3.5
'Vuueepcumem I'azu, Typyus
06560, Ankapa, Henumaxanne, xkeapman Imuuem, yi. Banovipma, 6/1
2Uncmumym 2eoepaghuu Munucmepemea nayku u oopaszoganus Azepoatioscanckoi Pecnybnuku, Azepbaiioscan
AZ1073, Baxky, np. I'. Hocasuoa, 117
[Jenmpanvhas nayunas 6ubruomexa Hayuonanvrou akademuu nayx Asepbaiioscana, Azepoaiioscan
AZ1143, Baxy, np. I'. Jocasuoa, 129
Iybuncruu gpunuan A3epbaiiodcancko2o 20cy0apcmeenio2o nedazo2uieckoeo yHusepcumema, Azepbaiioxcan
AZ4000, I'yoa, yn. Jlromgu 3ade, 4
*Munesiuegupckuii eocyoapcmeenvlil yHugepcumem, Azepoaiioscan
AZ4500, Munesiuesup, yn. /1. Anuesot, 21
*Aemopul, omgeuarouue 3a nepenucky: ssahin@gazi.edu.tr, sarxan.cafarov@geo.edu.az
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MIPOCTPAHCTBEHHOTO MBIIUICHUS U HABBHIKOB reorpaduiaeckoro uccienoBanus. OQHAKO TPaIUIMOHHEIE ITOJIEBBIE UCCIIEIOBAHNS
CTAJIKMBAIOTCS C OTPAaHWYCHUSIMY, CBA3aHHBIMU CO BPEMEHEM, 3aTpaTaMH, JJOCTYIIHOCThIO U Oe3omacHocThi0. HecmoTps Ha To
YTO pa3BUTHE BUPTYATbHBIX IONEBBIX HCCIEA0BAaHUH U F€HEPAaTHBHOTO MCKycCTBeHHOro mHTemiekra (M) oTkpbiBaeT HOBBIE
BO3MOKHOCTH JUIS MPEOJOJICHHUS 3THX TPYIHOCTEH, CHCTEeMaTHUeCKHe TeJarorndeckue noaxonasl k uHrerpauun MW B BupTy-
aJbHbIE MOJIEBbIE UCCIEJOBAHMS OCTAIOTCS HEAOCTATOUHO pa3paboTaHHBIMU. Llenp uccaeoBaHus 3aKII09aeTCs B pa3paboTKe Tie-
JIarOrUuecKy 000CHOBaHHON KOHIIENTYaTbHOH MOENTH BUPTYalbHbIX MOJIEBBIX HCCIIEIOBaHUH C MOJEP>KKON HCKYCCTBEHHOTO HHTEII-
JIeKTa B 00pa30BaHMY [0 BOIIPOCAM W3MEHEHUS KIIMMaTa M IEMOHCTPaluy €€ MPUMEHEHUsI IOCPEICTBOM THIIOBBIX YIEOHBIX 3aJaHHUMH.
B nccnenoBannyn ycnone3yeTcss KOHIENTYTBHBIH MOAX0A K MIPOSKTHPOBAHHUIO, OCHOBAHHBIN Ha CHHTE3€ COBPEMEHHOU HayIHOU JIU-
TepaTypsl 10 BOIIpocaM 00pa3oBaHus B 00JIaCTH H3MEHEHHUS KIIMMaTa, reorpamaeckoro 00pa3oBaHus, BUPTYaJIbHBIX ITOJIEBBIX HCCIIE-
JIOBaHUH, UCKYCCTBEHHOTO MHTEIUIEKTA, IIPOCTPAHCTBEHHOTO MBIIUICHHS W 00pa3oBaTeNbHEIX TexHoyoruid. [Ipemmaraemast Moaens
CTPYKTYPUpPOBaHA Ha OCHOBE CEMH NPUHILUIOB M€JAarOrHYeCKOro MPOEKTHPOBAHUS: HCIONB30BAHUE PEANbHBIX MPOOJIEM U3MEHEHUS
KJIMMaTa B KauecTBe OTIIPAaBHOM TOYKH, COAeiiCTBHE 00yUEHNIO Ha OCHOBE MPOCTPAHCTBEHHBIX JAAHHBIX, MO3UIIMOHUPOBAHUE UCKYC-
CTBEHHOT'0 MHTEJUIEKTA KaK KOTHUTHBHOIO MapTHEPa B 00YUYEHUHM, IIOCTAHOBKA Ie0rpaduueckoro MCCieoBaHus B LIGHTP 00pa3oBa-
TEJILHOTO TPOIIECCa, pa3BUTHE 00yUEHUsI, OPUEHTHPOBAHHOTO Ha MOUCK PEIEHUH, TPIMEHEHNE MTPOLIECCHO-OPUEHTUPOBAHHOTO OlLie-
HUBaHMS U 00ECIeYeHHe STHYHOTO W OTBETCTBEHHOT'O MCHOJB30BAaHMS CKYyCCTBEHHOTO MHTEIUIeKTa. [ MINTIOCTpaluy TIpeiarae-
MOH MoJIeTH pa3paboTaHbl TP THIOBBIX BUPTYAIBHBIX ITOJIEBBIX YUeOHBIX 3aaHHs, TOCBSIMEHHBIX OTCTYIIAHHIO JISITHUKOB, 3aCyXe U
ropoJcKuM octpoBaMm Tera. [Ipemnaraemast Moaens GopMHUPYeET MEAarorHYecKyl0 OCHOBY ULl Pa3BUTHS KIMMAaTHYECKOI rpaMOTHO-
CTH, IPOCTPAHCTBEHHOT'O MBIIUICHUS, HABBIKOB I'e0rpa)iIecKOro NCCIeI0BaHus, KPUTHIECKOTO MBIIIIEHHs] ¥ TPaMOTHOCTH B 00J1a-
CTH HCKYCCTBEHHOTO MHTEIUIEKTa B FeorpapuaeckoM 00pa3oBaHUM.

Kniouesvie cnosa: obyuenue onpocam usmeneHus KIUMAama, upmyaibHle noaesble UCCie008anUs ¢ HOOOEPIHCKOU UCKYCCMBEH-
HO20 unmeniekma, 2eozpaguueckoe ucciedosanue, NPOCMpPAHCMBEHHOE MbluLIeHUe, Nedda202UiecKds MoOelb NPOeKMUPOBAHUsL

IQLIiM DOYiSMOLORI UZRO VIRTUAL SAHO TOCRUBOLORI:
SUNI INTELLEKTO 9SASLANAN PEDAQOJi MODELLOR

Sahin S.'*, Coforov S.S.2*, Hiiseynov H.C.3, Babasova S.0., Mirzobayov A.Z.5
'Qazi Universiteti, Tiirkiya
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Xiilasa. Iqlim dayisikliyi tohsilalanlardan elmi siibutlar1 serh etmoayi, mokan slagolorini anlamagi va dayanigli hall yollar1 hazirla-
mag tolob edon global tohsil prioritetino ¢evrilmisdir. Bu kontekstdo cografiya tohsili iglim savadliligmin, mokan tofokkiiriintin vo
cografi tadqiqat bacariqlarmin formalasdiriimasinda mithiim rol oynayir. Bununla bels, anonovi ¢dl todqiqatlar: vaxt, xarc, slgatanliq
vo tohliikasizliklo bagh mohdudiyyatlorls iizlosir. Virtual ¢6l tadgiqatlar1 vo generativ siini intellekt (SI) sahasindoki iralilayislor bu
cotinliklorin aradan qaldirilmast iigiin yeni imkanlar yaratsa da, siini intellektin virtual ¢6l todqiqatlarina inteqrasiyasi tizra sistemli
pedaqoji yanasmalar halo do mohduddur. Todgigatin moqgsadi igqlim doayisikliyi tohsilinds siini intellektlo dostoklonon virtual ¢ol
todqiqatlart ticiin pedaqoji cohotdon asaslandirilmis ¢argive hazirlamaq vo onun totbigini niimunsvi telim foaliyystlori vasitssilo
niimayis etdirmokdir. Todgigatda iglim doyisikliyi tohsili, cografiya tohsili, virtual ¢61 todgigatlari, siini intellekt, mokan tofokkiirii vo
tohsil texnologiyalari {izra miiasir elmi adobiyyatin sintezino asaslanan konseptual layihslondirms yanasmasi totbiq edilmisdir. Toklif
olunan ¢orgive yeddi pedaqoji layihalondirmo prinsipi osasinda qurulmusdur: real iqlim doyisikliyi problemlarindon baglamaq, mokan
slibutlarina osaslanan dyronmani togviq etmok, siini intellekti kognitiv tolim torofdasi kimi mévgelondirmok, cografi todqiqati tolim
prosesinin morkazina yerlosdirmok, hsll y6niimlii 6yranmoni inkisaf etdirmok, prosesyoniimlii giymotlondirmo totbiq etmok va siini
intellektdon etik vo mosuliyyatli istifadoni tomin etmok. Toklif olunan ¢orgiveni niimayis etdirmok mogsadilo buzlaqlarin geri
¢okilmasi, quraqgliq vo sohar istilik adalari mévzularina yonolmis {i¢ nimunavi Vvirtual ¢6l tadqiqat: faaliyyoti hazirlanmigdir. Toklif
edilon ¢argiva cografiya tohsilinds iglim savadliliginin, mokan tofakkiiriiniin, cografi tadqiqat bacariglarinin, tangidi tofokkiiriin va siini
intellekt savadliliginin giiclondirilmasi i¢iin pedaqoji osas yaradir.

Acar siozlor: iglim doyisikliyi tohsili, siini intellekt dastokli virtual ¢ol tadgiqats, cografi arasdirma, mokan tofokkiiri, pedaqoji
layihalondirma ¢argivasi
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