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ABSTRACT

Against the backdrop of China’s rapid economic development, Xinjiang’s tourism sector has
experienced substantial growth, emerging as an important engine of regional development. This study
employs a theory-grounded econometric model to systematically evaluate the key determinants of
tourism revenue in Xinjiang using annual data from 2009 to 2020. Integrating tourism demand theory
and destination competitiveness frameworks, the analysis examines Total Tourism Revenue (Y) in
relation to five explanatory variables: Tourist Volume (X:), Passenger Traffic (Xz), Tourist Person-
Days (Xs), Tourist Mobility Intensity (X4), and Inbound Overnight Visitors (Xs). Initial regression
diagnostics reveal severe multicollinearity among the explanatory variables, which is addressed
through a stepwise regression approach. The refined model identifies Tourist Volume (f = 1.108, p <
0.001) and Tourist Mobility Intensity (B =0.409, p <0.001) as the dominant and statistically significant
predictors of tourism revenue, jointly explaining 91% of the variance (Adjusted R? = 0.91). These
findings indicate that Xinjiang’s tourism economy remains primarily scale-driven and mobility-
dependent. However, the results also expose critical structural inefficiencies. While tourist arrivals
increased by 89.8% between 2009 and 2019, tourist person-days declined sharply by 71.5%, reflecting
significantly shortened stays and weakened visitor engagement. Moreover, the observed negative
correlation between tourism revenue and passenger traffic suggests potential infrastructural pressures
and inefficiencies in transport utilization. Together, these patterns reveal a fundamental contradiction
between quantitative expansion and qualitative depth, raising concerns regarding environmental
pressure and limited per-capita value capture. The study concludes that Xinjiang must transition from
a volume-based tourism growth model toward a quality-centered development pathway. This shift
requires optimizing transport efficiency, extending visitor stays through enhanced cultural and
ecological experiences, diversifying tourism products, and promoting sustainable tourism practices to
support resilient, inclusive, and long-term regional development.

Keywords: Econometric Modeling, Structural Transformation; Tourism Revenue; Tourist Mobility;
Spatial Interaction; Regional Heterogeneity, Xinjiang.
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1. INTRODUCTION

Tourism has become a central driver of regional transformation, economic diversification, and
social development across emerging destinations. Globally, tourism research recognizes the sector as
a catalyst for income generation, employment growth, infrastructure development, and cross-cultural
exchange (Farid et al., 2016; Meyer & Meyer, 2015). In China, these dynamics are especially evident
in western regions where national initiatives, such as the Western Development Strategy and the Belt
and Road Initiative (BRI), have stimulated large-scale tourism investment and accelerated destination
development (Ahmad & Ullah, 2023). Within this context, the Xinjiang Uyghur Autonomous Region
has rapidly emerged as one of China's fastest-growing tourism destinations due to its distinctive
natural landscapes, Silk Road heritage, ethnic diversity, and expanding transport infrastructure.

Over the past decade, Xinjiang has experienced sustained increases in tourist arrivals, tourism
revenue, and mobility flows, supported by improved highways, airport expansion, and the growth of
high-speed rail (Jiao et al., 2020; Kaijun et al., 2023). Despite this remarkable expansion, tourism
development in Xinjiang faces persistent structural challenges, including short visitor stays, uneven
regional development, infrastructure bottlenecks, and constrained service capacity (Wu & Wang,
2024). These issues highlight the importance of understanding the determinants of tourism revenue
to support sustainable planning and effective policy design.

Although numerous studies have examined Xinjiang’s tourism patterns, much of the existing
work remains descriptive, lacking rigorous econometric assessment or a strong theoretical foundation.
Previous research has highlighted tourism competitiveness (Liu et al., 2022), transport infrastructure
(Zhang & Zhang, 2022), destination risks (Ding & Wu, 2022; Zhang et al., 2024), and ecological
constraints (Jiang et al., 2025), yet few studies integrate these factors into a comprehensive, theory-
grounded empirical model of tourism revenue. Additionally, the tourism mobility nexus, widely
emphasized in international tourism demand literature (Song et al., 2019), remains understudied in
Xinjiang.

This study addresses these gaps by developing a theoretically informed econometric model to
examine how tourism volume, mobility, stay duration, and inbound visitation influence revenue in
Xinjiang. Drawing on tourism demand theory, destination competitiveness frameworks, and
transport-tourism interactions, the analysis evaluates annual data from 2009 to 2020 using
multicollinearity diagnostics and stepwise regression. The goal is to identify the most influential
drivers of tourism revenue and highlight structural constraints limiting high-quality, experience-
based, and sustainable growth.

The findings contribute to tourism literature by (1) demonstrating how scale-driven growth
dominates Xinjiang’s tourism economy; (2) revealing the role of internal mobility in shaping revenue
patterns; and (3) identifying the limitations linked to short stays and low conversion from mobility to
spending. The study also offers evidence-based recommendations for extending visitor stays,
improving transport efficiency, diversifying tourism products, and transitioning from quantity-driven
to quality-driven development. These results provide valuable insights for tourism scholars, planners,
and policymakers seeking to support sustainable tourism development in western China.

2. LITERATURE REVIEW

2.1. Tourism Development and Regional Transformation

Tourism is widely recognized as a significant driver of economic restructuring and regional
development, particularly in peripheral or emerging regions (Farid et al., 2016; Meyer & Meyer,
2015). Tourism-led development frameworks emphasize the role of the sector in creating
employment, generating local income, stimulating service industries, and improving public
infrastructure. In China, large-scale regional strategies such as the Belt and Road Initiative have
further accelerated tourism growth, especially in western provinces where tourism is positioned as a
core engine of socioeconomic transformation (Ahmad & Ullah, 2023).

Xinjiang, characterized by vast landscapes and cultural diversity, has increasingly leveraged
tourism as a strategic development priority. While visitor numbers have risen rapidly, research
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suggests uneven development, infrastructure gaps, and regional disparities (Liu et al., 2024).
Understanding the determinants of tourism performance is therefore crucial for effective planning and
management.

2.2. Tourism Demand Theory and Revenue Determinants

International tourism demand research provides a theoretical foundation for analyzing visitor
flows, spending behavior, and revenue generation. Tourism demand models emphasize economic
factors (income, prices, exchange rates), socio-cultural motivations, destination attributes, and
accessibility as major determinants (Altinay & Kozak, 2021; Song et al., 2019). Within this
framework, variables such as tourist volume, length of stay, transport efficiency, and mobility patterns
are central components shaping tourism performance.

The length of stay, often measured through tourist person-days, is particularly important because
longer visits generate higher per-capita revenue and greater engagement with local services. However,
in many emerging destinations, including Xinjiang, visitor stays remain relatively short, limiting
economic benefits (Wu & Wang, 2024). Tourism scholars argue that insufficient diversification of
tourism products, inadequate service quality, and limited destination experience depth constrain stay
duration (Assaf & Josiassen, 2016).

Similarly, transport accessibility and connectivity influence tourism by shaping mobility costs,
convenience, and perceived travel barriers (Li et al., 2023). Efficient transportation can increase
tourist arrivals and enhance spatial tourism flows. However, research also shows that when
transportation infrastructure is congested, inefficient, or poorly integrated with tourism services,
increased mobility may not translate into higher tourism revenue (Chen et al., 2022).

2.3. Destination Competitiveness and Mobility Dynamics

Destination competitiveness theory offers additional insights for assessing how infrastructure,
service quality, cultural assets, and environmental factors influence tourism performance (Crouch,
2011). The role of spatial structure is particularly pronounced in regions like Xinjiang, where spatial
fragmentation, core-periphery structures, and long travel distances mediate tourism flows, economic
linkages, and destination competitiveness. Xinjiang’s competitive advantages include its unique
desert-steppe environments, Silk Road heritage, and ethnic cultural diversity. However, challenges
such as seasonal fluctuations, vast geographic scale, environmental vulnerability, and service
inconsistency weaken destination competitiveness (Ding & Wu, 2022; Zhang et al., 2024).

The mobility dimension has recently gained prominence in competitiveness and tourism flow
research. Studies emphasize that intra-destination mobility, the extent to which tourists move within
a region, affects expenditure levels, attraction visitation, and local economic linkages (Zhang &
Zhang, 2022). Tourist Mobility Intensity (measured in kilometers traveled) thus provides insight into
consumption potential beyond simple arrival numbers.

In Xinjiang, high geographic distances and dispersed attractions mean that mobility efficiency is
essential. Poorly coordinated transport services or long travel times can reduce visitor satisfaction and
spending opportunities (Chen et al., 2022). This necessitates examining mobility indicators in
econometric models of tourism revenue.

2.4. Empirical Studies on Tourism in Xinjiang

Numerous studies have analyzed tourism growth, spatial patterns, and policy frameworks in
Xinjiang. These include assessments of tourism resource distribution (Chen et al., 2022), tourism—
ecology interactions (Jiang et al., 2025), tourism efficiency (Yang et al., 2022), tourist risk perception
(Yingzhi et al., 2020), and tourism development under environmental constraints (Wang et al., 2023).
Although valuable, most studies rely on descriptive data or qualitative assessments, with limited
application of advanced econometric techniques.

Only a few studies apply regression-based approaches, and they often analyze narrower sets of
variables or aggregate macroeconomic indicators (Li & Hou, 2025). Further, existing econometric
studies seldom address multicollinearity among tourism variables or link empirical findings to tourism
theory in a meaningful way. This gap limits both academic contributions and practical implications.



2.5. Research Gap and Contribution

The literature reveals three major gaps: Limited theory-driven empirical research on tourism
revenue determinants in Xinjiang; Insufficient integration of mobility indicators, despite their
theoretical importance; and Lack of models addressing multicollinearity, which is common among
tourism indicators (tourist volume, person-days, tourist mobility intensity). To sum up, these gaps
point to a limited understanding of how Xinjiang's distinctive geographical structure, its vastness,
dispersal of attractions, and reliance on long-distance mobility, fundamentally shapes the relationship
between tourism scale, movement, and revenue generation. This study contributes by: developing a
theoretical framework grounded in tourism demand and destination competitiveness; applying a
rigorous econometric model with multicollinearity diagnostics and stepwise selection; evaluating the
combined effects of volume, stay duration, mobility, and inbound tourism; providing insights for
policy, planning, and sustainable tourism development in western China.

2.6. Research Area Overview: Geographical Context and Primary Tourism Resources of

Xinjiang

The Xinjiang Uyghur Autonomous Region, situated in northwestern China, constitutes the
nation’s largest provincial-level administrative division. It shares borders with eight countries,
including Kazakhstan, Kyrgyzstan, Tajikistan, Pakistan, and Mongolia, granting it a strategic position
at the heart of Central Asia and along the historic Silk Road corridors (Toops, 2013).

The region’s physiography is defined by a pronounced mountain-basin system, wherein the east-
west trending Tianshan Mountain range bisects Xinjiang into two distinct macro-regions: Northern
Xinjiang (Dzungarian Basin) and Southern Xinjiang (Tarim Basin). This structure is further framed
by the Altai Mountains to the north and the Kunlun Mountains to the south (Wang et al., 2022).

As depicted in Fig. 1., the spatial distribution of Xinjiang’s principal tourism resources exhibits
a strong correspondence with this underlying physical geography and regional structure. The
Tianshan Mountains serve as a fundamental natural boundary, profoundly influencing tourism
patterns and resource allocation.
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Fig. 1. Spatial Distribution of Major Tourism Resources and Physiographic Structure of Xinjiang Uyghur
Autonomous Region, China.
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3. DATA AND METHODS

3.1. Research Design

This study adopts a quantitative, theory-grounded research design to examine the determinants
of tourism revenue in Xinjiang over the period 2009-2020. The analytical framework is informed by
tourism demand theory and destination competitiveness models, emphasizing market scale,
accessibility, visitor behavior, and mobility as key drivers of tourism revenue.

‘ Issues in the Tourism Economy of Xinjiang H Setting Relevant Indicator Variables |‘7

l

‘ Collecting and Organizing Data H Counstructing a Theoretical Model ‘

| Estimating Model Parameters

Model Testing Modify

Yes
Model Application ‘
Analysis of Control of Economic Decision
Economic Factors Economic Variables Forecasting

Fig. 2. Conceptual framework of tourism revenue determinants in Xinjiang.

Fig. 2. presents the conceptual framework of the study, illustrating the hypothesized relationships
between tourism revenue and its key determinants, including tourist volume, passenger traffic, tourist
person-days, tourist mobility intensity, and inbound overnight visitors.

Throughout this manuscript, terms such as “predictor,” “associated with,” and “related to” are
used to describe statistical relationships identified through regression analysis. These expressions
should not be interpreted as implying causal effects, given the observational design, limited sample
size, and potential omitted variables.

3.2. Data and Variable Selection

Annual regional-level tourism data for 2009 - 2020 were obtained from the Xinjiang Tourism
Bureau and the National Bureau of Statistics of China. All variables are officially published and
reported on an annual basis.

Total tourism revenue (Y) is measured in 100 million yuan at current prices. Explanatory
variables include tourist volume (Xi; total tourist arrivals, 10,000 persons), passenger volume (Xz;
total passenger traffic, 10,000 persons), tourist person-days (Xs; cumulative days spent by tourists),
tourist mobility intensity (Xa; billion passenger-kilometers traveled by tourists across all transport
modes within Xinjiang), and inbound overnight visitors (Xs; foreign tourists staying at least one night,
10,000 persons).

Tourist mobility intensity captures the spatial extent of tourist movement within the region rather
than simple arrival counts. It is derived from observed transport statistics aggregated across road, rail,
and air modes and reflects realized rather than modeled mobility.



3.3. Analytical Procedures

Given the limited time-series length (12 annual observations), model parsimony was prioritized
to reduce overfitting risks. A two-stage analytical strategy was adopted. First, a full multiple
regression model was estimated to assess overall explanatory power and diagnose multicollinearity.
Second, stepwise regression was employed as a variable-selection and diagnostic tool to identify the
most stable predictors under severe collinearity constraints.

Although stepwise regression has recognized limitations, it remains a pragmatic approach in
small-sample regional studies when complemented by robustness checks. Accordingly, sensitivity
analyses were conducted using alternative model specifications, exclusion of the COVID-19 year,
and predictive validation.

To account for the exogenous shock associated with the COVID-19 pandemic, a dummy variable
for 2020 was introduced in an alternative specification. In addition, all core regressions were re-
estimated excluding 2020. Results remained qualitatively consistent, with tourist volume and tourist
mobility intensity retaining statistical significance, indicating that the findings are not driven by
pandemic-related outliers.

3.4. Model Specification and Validation

Model Specification. Given the multifactor nature of tourism revenue, this study employs
regression analysis to quantify the relationship between tourism revenue and its key determinants.
Multiple linear regression is applied to examine the effects of tourist volume, passenger traffic, tourist
person-days, tourist mobility intensity, and inbound overnight visitors on tourism revenue in Xinjiang.
The objective is to assess the statistical significance, magnitude, and direction of these effects, thereby
supporting forecasting and evidence-based policymaking.

Independent variables were selected based on tourism demand theory and destination
competitiveness frameworks and are supported by consistent annual data for the period 2009-2020.
To ensure model validity, diagnostic tests were conducted, including unit root tests for stationarity,
variance inflation factors (VIFs) for multicollinearity, Durbin-Watson statistics for autocorrelation,
and normality tests of residuals.

The simple linear regression model (Sen & Srivastava, 2012) is expressed as:

y=p+px+e (1)

where: Y is the dependent variable, ¥ is the independent variable, Ao and P are unknown
parameters and € is the random error term. Parameters are estimated using the ordinary least squares
method.

Multiple Linear Regression Model (Sen & Srivastava, 2012) which extends the simple model to
multiple explanatory variables, is specified as:

y=ﬁ0+ﬂ1xl+ﬁ2x2+"'+ﬁpxp+g’ (2)
. X . .
where: & denotes tourism revenue, xl, le ..., P represent explanatory variables, Bo is
the intercept, Ve ;e Br are regression coefficients, € is the error term.

In the context of this study, a predictive model for tourism development in Xinjiang is constructed
using tourism revenue, tourist volume, and tourist person-days as core variables. Holding other factors
constant, the estimated coefficients measure the marginal effect of each explanatory variable on
tourism revenue. Positive coefficients indicate that increases in tourist volume or tourist-days are
associated with higher tourism revenue, consistent with theoretical expectations.

The regression modeling procedure follows a structured sequence, including variable definition,
correlation analysis, model estimation, and comparison of predicted and observed values to assess
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model performance. These steps are summarized in Fig. 2, which presents the logical flow of the
regression modeling process applied in this study.

Model Validation. Model adequacy was assessed using unit root tests for stationarity, variance
inflation factors (VIFs) for multicollinearity, Durbin - Watson statistics for autocorrelation, and
residual normality tests. Heteroskedasticity was examined using the Breusch - Pagan test, and
influential observations were assessed using Cook’ s distance.

Predictive performance was evaluated using mean absolute error (MAE) and root mean squared
error (RMSE) under leave-one-out cross-validation. Models including tourist mobility intensity
consistently produced lower prediction errors, confirming its additional explanatory value.

4. RESULTS AND EMPIRICAL ANALYSIS
4.1. Data and Variable Specification

This study conducts an empirical analysis of the determinants of tourism development in Xinjiang
using annual data from 2009 to 2020 obtained from the Xinjiang Tourism Bureau and the National
Bureau of Statistics of China. Variable selection is guided by tourism demand theory and destination
competitiveness frameworks, capturing key dimensions of tourist activity, infrastructure, and
destination appeal.

Total tourism revenue (Y), measured in 100 million yuan, serves as the dependent variable. The
explanatory variables include tourist volume (Xi; 10,000 persons), representing market scale;
passenger volume (Xz; 10,000 persons), reflecting transport infrastructure capacity; tourist person-
days (Xs), capturing visit depth and duration; tourist mobility intensity (Xs; billion passenger-
kilometers), measuring the spatial extent of tourist movement within the region and it is derived from
observed transport statistics aggregated across road, rail, and air modes and reflects realized tourist
mobility rather than modeled distances.; and inbound overnight visitors (Xs; 10,000 persons),
indicating international tourism capacity.

Table 1.
Factors affecting tourism development in Xinjiang.
Year y X, X, X5 Xy Xs
2009 186.08 2133.49 29886 969.611 386.68 350
2010 281 3100 31937 2227.224 420.82 510
2011 351 3078.57 35130 1110.346 488.53 560
2012 576 4860 38331 1539.582 535.81 620
2013 673.24 5205.59 40926 1846.55 544.46 690
2014 830 4952.69 37176 1529.808 500.00 540
2015 985 6097 35948 1265.487 477.29 530
2016 1340 8102 32148 1971.213 458.06 580
2017 1751.6 10725.51 27083 1936.617 428.54 770
2018 2579.71 15024.89 21204 946.982 405.76 990
2019 3593.5 21329.54 20276 859.446 414.53 350
2020 991.03 15811.46 6960 276.1 184.97 320
Data Source: Department of Culture and Tourism of Xinjiang Uygur Autonomous Region
(hitps://wit.xinjiang.gov.cn/) and the National Bureau of Statistics of China (https.//www.stats.gov.cn/).

Table 1 presents annual data (2009-2020) for six major tourism indicators in Xinjiang, including
revenue, tourist numbers, and passenger volume. Most indicators rise steadily until 2019, reflecting
sustained sector growth, followed by a sharp decline in 2020 due to pandemic-related travel
disruptions. This dataset underpins the study’s econometric analysis.
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Fig. 3. Xinjiang's Total Tourism Revenue from 2009 to 2020.
Data Source: Department of Culture and Tourism of Xinjiang Uygur Autonomous Region
(https.//wit.xinjiang.gov.cn/) and the National Bureau of Statistics of China (https://www.stats.gov.cn/).
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Fig. 3. illustrates Xinjiang’s annual tourism revenue from 2009 to 2020. Revenue shows a steady
and significant increase from 2009 to 2019, peaking in 2019, followed by a sharp decline in 2020 due
to COVID-19 disruptions. The figure highlights both long-term growth and short-term external
vulnerabilities in the tourism sector.
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Fig. 4. Tourism Dynamics in Xinjiang: Trends in Tourist Flows, Transport, and Visitor Stays (2009-2020).
Data Source: Department of Culture and Tourism of Xinjiang Uygur Autonomous Region
(https.//wit.xinjiang.gov.cn/) and the National Bureau of Statistics of China (https://www.stats.gov.cn/).

Fig. 4. illustrates trends in five key tourism indicators in Xinjiang (2009-2020): tourist numbers,
passenger volume, tourist person-days, tourist mobility intensity, and inbound overnight visitors.
Most indicators rise steadily over the decade, reflecting growing tourism activity and mobility,
followed by sharp declines in 2020 due to pandemic restrictions, highlighting interconnected tourism
dynamics over time.
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4.2. Diagnostic Tests and Model Estimation

Pearson correlation analysis (Table 2) reveals a strong positive correlation between total tourism
revenue (Y) and tourist volume (Xi) (r = 0.897, p < 0.01). Tourism revenue exhibits negative
correlations with passenger volume (Xz: r = —0.489, p = 0.106), tourist person-days (Xs: r = —0.271,
p = 0.394), and tourist mobility intensity (Xa: r =—0.164, p = 0.610); however, these correlations do
not reach statistical significance at conventional levels. A weak positive correlation with inbound
overnight visitors (Xs: r = 0.200, p = 0.532) is likewise not statistically significant.

Table 2.
Analysis Results of Pearson Correlation Coefficients.
y X, X, X, X, X;
v 1 0.897 -0.489 -0.271 -0.164 0.2
(0.000%*%*) (0.000%*%*) (0.106) (0.394) (0.610) (0.532)
0.897 - -0.779 -0.51 -0.518 -0.005
X (0.000%*%*) 1(0.000%*%) (0.003**%*) (0.090%) (0.085%) (0.987)
x -0.489 -0.779 1 0.68 0.93 0.236
2 (0.106) (0.003**%*) (0.000%**) (0.015%*) (0.000**x*) (0.460)
x -0.271 -0.51 0.68 1 0.634 0.362
4 (0.394) (0.090%) (0.015%%) (0.000***) (0.027**) (0.248)
X -0.164 -0.518 0.93 0.634 1 0.401
5 (0.610) (0.085%) (0.000%*%*) (0.027*%*) (0.000***) (0.196)

Note: ***p < 0.01, **p < 0.05, * p < 0.10. Values without asterisks are not statistically significant
at conventional levels.

Among the explanatory variables, several significant intercorrelations are observed. Tourist
volume correlates negatively with passenger volume (r = —0.779, p < 0.01), tourist person-days (r =
—0.510, p <0.10), and tourist mobility intensity (r =—0.518, p < 0.10). Passenger volume correlates
positively with tourist person-days (r = 0.680, p < 0.05) and tourist mobility intensity (r = 0.930, p <
0.01). These intercorrelations indicate potential multicollinearity, which is addressed in subsequent
regression analysis.

Table 3 presents descriptive statistics and normality test results for all variables, including
measures of central tendency and dispersion as well as skewness, kurtosis, and Shapiro-Wilk and
Kolmogorov-Smirnov tests. Most variables satisfy normality assumptions, while tourist mobility
intensity exhibits a significant deviation from normality. These diagnostics inform subsequent model
specification and confirm the overall suitability of the data for linear regression analysis.

Table 3.
Normality test analysis results.
Variable | Sample | Median Mean Standard | Skewness | Kurtosis | S-W test | K-S
name size deviation test
Y 12 907.5 1178.18 1019.698 | 1.478 1.84 ?(')83;4**) ?(')22390)
X, 12 5651.295 | 8368.395 | 6083.339 | 1.083 0.197 ?(')8(?670*) ?(.)225?6)
0.896 0.173
X, 12 32042.5 | 29750.417 | 9633.659 | -1.278 1.632 (0.141) (0.807)
0.965 0.13
X3 12 1397.648 | 1373.247 | 569.968 -0.288 -0.457 (0.852) (0.971)
0.838 0.213
Xy 12 4433 437.121 94.324 -1.762 4.533 0.026* | (0.576)
0.93 0.141
Xs 12 550 567.5 190.412 0.785 1.004 0.377) (0.943)
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Normality was assessed using the Shapiro-Wilk test, which is appropriate for small samples (N
< 5000). The test results indicate that tourist volume (X1), passenger volume (Xz; p = 0.060), tourist
person-days (Xs; p = 0.141), and inbound overnight visitors (Xs; p = 0.377) do not significantly
deviate from normality, as the null hypothesis of normal distribution cannot be rejected.

In contrast, tourist mobility intensity (X4) exhibits a significant Shapiro-Wilk test result (p <
0.05), leading to rejection of the null hypothesis and indicating a departure from normality.

Table 4.
Linear regression analysis results (n=14).
Variable | Sample | Median | Mean Standard | Skewness | Kurtosis | S-W test | K-S
name size deviation test
y 0.848 0.239
12 907.5 1178.18 1019.698 | 1.478 1.84 (0.034*%) | (0.430)
X 12 5651.295 | 8368.395 | 6083.339 | 1.083 0.197 ?(')806670*) ?(')24%2?6)
0.896 0.173
X, 12 32042.5 | 29750.417 | 9633.659 | -1.278 1.632 (0.141) (0.807)
0.965 0.13
X5 12 1397.648 | 1373.247 | 569.968 -0.288 -0.457 (0.852) (0.971)
0.838 0.213
Xy 12 4433 437.121 94.324 -1.762 4.533 0.026**) | (0.576)
0.93 0.141
X 12 550 567.5 190.412 0.785 1.004 (0.377) (0.943)

The initial multiple linear regression model including all explanatory variables (Table 4) exhibits
strong explanatory power (R? = 0.933) and is statistically significant (F = 16.816, p = 0.002). The
estimated regression equation is expressed as:

y=-2151.723 +0.148 x x, —0.065 x x, +0.147 x; +8.776 x, —0.028 x, 3)
Despite the good overall fit, the Variance Inflation Factor (VIF) values for tourist volume (Xu),

passenger volume (X2), and tourist mobility intensity (X4) exceed the critical threshold of 10,

indicating severe multicollinearity and reducing the reliability of individual coefficient estimates.

To address this issue, a stepwise regression procedure was applied. The resulting parsimonious
model (Table 5) excludes collinear variables and retains only the most statistically robust predictors.
The final model remains highly significant (F = 56.696, p < 0.001) and demonstrates excellent
explanatory power (R? = 0.926; Adjusted R? = 0.910). Importantly, all VIF values in the refined
specification fall below 10, confirming that multicollinearity has been effectively mitigated and that
the coefficient estimates are more stable and credible.

Table S.
Stepwise regression model results (n=14).
Unstandardized coefficients
and Standardized .
coefficients R Adjust
B Standard | Beta 4 p VIF R mzent F
error R
Constant wok
-2311.11 596.315 | - -3.876 2'004 -
= F=56.696
X, 0.186 0.018 | 1.108 ;0‘49 00007 1 1 366 | 0.926 | 0.91 P=0.000*
kk
X, 4.425 1.142 0.409 | 3.875 2‘004 1.366

y: Dependent Variable
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Table 5 reports the final stepwise regression results, identifying tourist volume and tourist
mobility intensity as the primary determinants of tourism revenue in Xinjiang. Both variables are
statistically significant at the 1% level. Multicollinearity is effectively controlled, as all Variance
Inflation Factor (VIF) values fall below the conventional threshold of 10. The model demonstrates
strong explanatory power, as indicated by the high R? and adjusted R? values.

The overall model is highly significant (F-test, p < 0.001), leading to rejection of the null
hypothesis that all regression coefficients are jointly equal to zero. These results confirm the statistical
validity and robustness of the final specification.

4.3. Analysis of Empirical Findings

The stepwise regression results identify tourist volume and tourist mobility intensity as the
primary determinants of tourism revenue in Xinjiang. Tourist volume (Xi) exerts a strong and
statistically significant positive effect on tourism revenue (B = 0.186, standardized p = 1.108, p <
0.001), confirming that visitor arrivals remain the most influential direct driver of revenue growth.
Tourist mobility intensity (X4) also shows a significant positive impact (B = 4.425, B = 0.409, p =
0.004), underscoring the importance of internal tourist movement and associated economic activity
within the destination.

The exclusion of passenger volume (X:), which initially exhibited a negative association,
suggests inefficiencies in transport infrastructure utilization. This result may reflect congestion effects
and modal mismatches, whereby general passenger flows do not effectively translate into productive
tourist mobility and may even generate disutility. Likewise, the insignificance of tourist person-days
(X5) and inbound overnight visitors (Xs) points to structural limitations in the tourism system,
indicating a continued reliance on domestic visitor volume rather than high-value, long-stay, or
diversified international markets.

Overall, the results demonstrate that Xinjiang’s tourism revenue growth is primarily driven by
visitor scale and internal mobility rather than stay duration or international demand. While this pattern
explains recent revenue expansion, it also reveals structural vulnerabilities that must be addressed to
support a more sustainable and resilient tourism development strategy.

5. DISCUSSION

The empirical results show that tourism revenue in Xinjiang is closely related to the volume of
tourist flows and the intensity of internal mobility. In addition to scale effects, the statistical
significance of mobility intensity suggests that spatial circulation within a region plays an important
role in generating revenue. In geographically large and structurally fragmented destinations, revenue
generation depends not only on the number of visitors but also on how tourists move between nodes.
Spatially, Xinjiang’ s tourism system exhibits a core-periphery configuration built around major
nodes, corridors, and last-mile connections (Fig. 5). Urumgi serves as the main central node, where
transportation networks, accommodation capacity, and service aggregation are concentrated.
Secondary nodes such as Turpan and Aksu function as regional hubs, and many small attractions are
located along the corridors connecting these centers.

This configuration raises an important conceptual question: if many peripheral attractions are
located along major mobility corridors, why do corridor flows not automatically generate significant
spillover effects? The answer lies in the distinction between geographical proximity and functional
integration in the tourism system.

Although many attractions are geographically close to major transport corridors, they often serve
as transit points rather than destination nodes. Their peripheral status is determined not by physical
distance but by their limited integration into the tourism value chain. Several mechanisms explain this
functional marginality:

First, limited service capacity limits value capture. Many destinations located close to corridors
lack adequate accommodation, catering, guide services, and interpretive infrastructure. As a result,
visitors, although staying for short periods, do not generate significant overnight stays or spending.
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Fig. 5. Conceptual spatial structure of tourism development and internal mobility in the Xinjiang Uygur
Autonomous Region, China.

Second, despite proximity to the corridor, gaps in last-mile accessibility persist. Poor road
signage, poor secondary road conditions, limited public transport connections and insufficient parking
can all hinder meaningful travel.

Third, route structures in large areas often prioritize efficiency over depth. Tour operators and
independent travelers who follow multi-destination itineraries may spend minimal time at peripheral
destinations, creating “pass-through” tourism rather than deep consumption.

Fourth, information asymmetries reduce functional visibility. Without effective marketing and
interpretation, geographically accessible destinations remain economically marginal.

This distinction is consistent with Friedmann (1966) core-periphery theory, which defines
peripheral status not by absolute location but by asymmetric exchange relations with central regions.
Brown et al. (2000) emphasize in their research that tourism development in peripheral regions
depends not only on infrastructure but also on service capacity. They link the difference between
transit points and destination nodes to the degree of service concentration. Song et al. (2013),
developing the tourism value chain theory, argue that the economic exclusion of peripheral points
occurs due to their incomplete integration into the value chain due to insufficient service
infrastructure. Value accumulation, service concentration, and economic retention occur in central
nodes, where tourism services are packaged and consumed. Although peripheral locations are located
along corridors, they remain economically marginal if they function primarily as transit routes rather
than as service-capable stops.

The policy message is that improving corridor infrastructure alone is not enough to integrate
peripheral regions. Additional investments are needed in service development, last-mile connections,
interpretive infrastructure, and route design to transform transit points into economically integrated
destination hubs.
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6. CONCLUSIONS

This study develops a theory-grounded econometric framework to examine the key drivers of
tourism revenue in Xinjiang using annual data from 2009 to 2020. Integrating tourism demand theory,
destination competitiveness frameworks, and rigorous diagnostic testing, the analysis provides clear
evidence that tourism revenue formation in Xinjiang is primarily driven by two interrelated factors:
tourist volume and tourist mobility intensity. These findings align with established tourism research
while offering new insights into the spatial structure of tourism development in western China.

The results confirm that visitor scale remains the most influential determinant of tourism revenue,
reinforcing theoretical perspectives that emphasize market size as a core driver of destination
performance. At the same time, tourist mobility intensity, capturing internal movement and spatial
travel, emerges as a significant contributor to revenue generation. This suggests that beyond attracting
tourists, the circulation of visitors within the destination plays a critical role in stimulating spending
and supporting regional economic linkages. In contrast, the insignificance of passenger volume,
tourist person-days, and inbound tourism points to structural weaknesses, including short visitor stays,
limited product diversification, and weak penetration of high-value international markets.

These findings carry important policy implications for sustainable tourism development.
Xinjiang should move beyond a predominantly volume-driven growth model toward a quality-
oriented strategy that emphasizes longer stays and higher per-capita expenditure. Enhancing
experiential tourism products, such as nature-based, heritage, winter sports, and rural tourism,
alongside improvements in internal mobility efficiency and last-mile connectivity, will be essential.
Destination planning should also promote more balanced regional development by extending tourism
benefits to rural, peripheral, and minority areas through community-based tourism and localized value
creation.

From a theoretical perspective, the study demonstrates that tourism growth in large, emerging
destinations like Xinjiang is shaped more by scale and mobility effects than by depth-of-experience
effects. While this dynamic can generate rapid revenue growth, it may constrain long-term
competitiveness unless experiential quality and stay duration are strengthened.

Despite offering meaningful insights, this study is subject to several limitations. The size of the
annual time series (n = 12) limits the complexity of the model and does not allow for causal inferences.
Annual aggregation may obscure seasonal and intra-regional heterogeneity. In addition, the mobility
intensity indicator, although theoretically sound, aggregates different transport modes and is likely to
contain measurement inaccuracies.

We believe that future research can extend this analysis in several directions: First, spatial
network analysis could incorporate structural metrics such as node centrality, betweenness, and
corridor itinerary length to quantify how destinations’ positions within tourism networks influence
revenue capture. Second, spatial econometric models (including spatial autoregressive models, spatial
error models, and spatial Durbin models) could be estimated using travel-time-based or network-
based spatial weights matrices. Such models would allow direct testing of corridor spillover effects
and assessment of whether mobility-driven revenue concentrates in core nodes or diffuses to
peripheral areas. Third, high-frequency mobility data derived from mobile positioning systems, GPS
traces, or smart transport cards could enable fine-grained analysis of tourist movement patterns, dwell
times at specific sites, and spatial expenditure linkages. Fourth, panel data across multiple regions
would facilitate stronger causal inference and allow examination of spatial heterogeneity in mobility-
revenue relationships. These extensions would provide a more rigorous empirical basis for evaluating
how spatial structure mediates tourism value capture in large, corridor-based destinations.

In conclusion, although Xinjiang’s tourism sector has experienced rapid growth, its long-term
success will depend on improving experience quality, enhancing mobility efficiency, and diversifying
high-value tourism offerings. Addressing these challenges will support a transition toward a more
resilient, inclusive, and internationally competitive tourism economy.
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ABSTRACT

Wildfires represent a major environmental threat in Mediterranean landscapes, particularly within
protected mountainous areas where complex topography, vegetation patterns, climatic variability, and
increasing human pressure interact. In this context, spatially explicit fire risk assessment is essential
for effective prevention planning and sustainable ecosystem management. This study presents a GIS-
based multi-criteria analysis for forest fire risk assessment in Dajti National Park, Albania. A
comprehensive set of spatial factors was integrated, including terrain slope, aspect, land cover and land
use, vegetation density derived from the Normalized Difference Vegetation Index (NDVI),
temperature, rainfall, wind speed, and proximity to roads and settlements. Each factor was processed
as a thematic raster layer and reclassified into standardized fire susceptibility classes ranging from very
low to very high risk. The layers were subsequently combined using a weighted overlay approach to
generate a composite wildfire susceptibility index. The resulting forest fire risk map reveals that
moderate to high-risk zones dominate the study area, particularly in sectors characterized by steep
terrain, dense or degraded vegetation cover, elevated temperatures, lower precipitation, higher wind
exposure, and close proximity to infrastructure. Very high-risk zones are mainly concentrated along
peripheral areas and access corridors, where anthropogenic influence overlaps with favorable natural
conditions for fire ignition and spread. The results demonstrate the effectiveness of GIS-based multi-
criteria analysis as a robust decision-support tool for forest wildfire susceptibility zoning in protected
areas. The proposed methodological framework supports the identification of priority zones for fire
prevention and management measures and is transferable to other Mediterranean and mountainous
environments facing similar wildfire challenges.

Keywords: Wildfire risk;, GIS; Weighted overlay;, NDVI; Multi-Criteria analysis, Protected areas;
Disaster risk reduction.

1. INTRODUCTION

Wildfires constitute one of the most critical natural hazards affecting Mediterranean regions, with
severe consequences for ecosystems, human safety, and socio-economic systems. In recent decades,
the frequency, intensity, and spatial extent of wildfire events have increased markedly, driven by the
combined effects of climate change, land-use transformations, and the expansion of human activities
at the wildland—urban interface (Bowman et al., 2009). Recent assessments indicate that
Mediterranean Europe is experiencing longer fire seasons and an increasing likelihood of extreme
wildfire events, underscoring the growing urgency of proactive and spatially informed risk reduction
strategies (San-Miguel-Ayanz et al., 2021).

Mediterranean landscapes are particularly vulnerable to wildfires due to their climatic
conditions—characterized by hot, dry summers—combined with complex topography and highly
flammable vegetation types such as pine forests and shrublands (Pausas & Keeley, 2009).
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In these environments, wildfires represent not only a recurrent ecological disturbance but also a
major disaster risk capable of generating cascading impacts, including biodiversity loss, soil erosion,
air pollution, and threats to nearby settlements and infrastructure (FAO, 2020). These risks are
especially pronounced in protected areas, where conservation objectives increasingly intersect with
recreational pressure, accessibility, and infrastructural development.

Geographic Information Systems (GIS) and remote sensing have become essential tools for
wildfire risk assessment, enabling the integration and spatial analysis of heterogeneous environmental
and anthropogenic factors (Chuvieco & Salas, 1996). Recent advances in spatial wildfire science
emphasize the importance of combining vegetation characteristics, topographic conditions, climatic
variables, and human influence to enhance susceptibility mapping and to support disaster risk
reduction and land-management policies (Chuvieco et al., 2021). Among available approaches, GIS-
based multi-criteria analysis (MCA), including weighted overlay techniques, remains widely applied
due to its transparency, adaptability, and suitability for regions where long-term fire records or
detailed calibration data are limited.

Despite substantial progress in wildfire risk modeling at global and continental scales, significant
gaps persist in Southeastern Europe. In Albania, spatially explicit wildfire susceptibility assessments
remain scarce, particularly for protected areas, even as wildfire occurrence and human pressure
continue to intensify. This lack of localized risk mapping constrains prevention planning, limits the
effectiveness of early warning systems, and reduces the capacity of authorities to prioritize mitigation
measures in the most vulnerable zones. Dajti National Park, located adjacent to the metropolitan area
of Tirana, exemplifies these challenges. The Park is characterized by steep terrain, diverse forest
ecosystems, and intense seasonal visitation, factors that collectively increase the probability of
wildfire ignition and rapid fire spread. Its position at the wildland—urban interface further amplifies
potential environmental and socio-economic impacts. While European-level monitoring systems
provide valuable large-scale fire information, site-specific susceptibility assessments remain essential
for operational risk reduction, protected area management, and local decision-making (San-Miguel-
Ayanz et al., 2021).

In this context, the present study aims to assess wildfire susceptibility in Dajti National Park
using a GIS-based MCA framework. By integrating key natural and anthropogenic factors—including
topography, land cover, vegetation density, climatic variables, and proximity to infrastructure—this
research identifies spatial patterns of wildfire risk and delineates zones requiring priority intervention.
The study contributes to disaster risk reduction by providing a reproducible and transferable
methodological approach that supports evidence-based prevention strategies and the sustainable
management of wildfire-prone protected areas in Mediterranean environments.

2. MATERIALS AND METHODS
2.1. Study area

Dajti National Park is located in central Albania, immediately east of the Tirana metropolitan
area, and covers approximately 28,561.85 ha. The Park represents a mountainous protected landscape
characterized by steep slopes, complex terrain morphology, and a high diversity of forest ecosystems.
Following the 2022 boundary redefinition (Decision of the Council of Ministers No. 59,
26 January 2022), the park includes not only Mount Dajti itself but also parts of the adjoining
Mali me Gropa—Bizé—Martanesh massif on its eastern side. The area is influenced by a
Mediterranean—continental climate, with hot and dry summers and increased precipitation during the
winter season.

The park’s close proximity to urban and peri-urban settlements, combined with intensive
recreational activities during summer months, places it within a pronounced wildland—urban
interface. Such conditions are widely recognized as significantly increasing wildfire ignition
probability and potential impacts, particularly in Mediterranean protected areas
(Moreira et al., 2011; San-Miguel-Ayanz et al., 2021) (Fig. 1).
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Fig. 1. Study area and topographic characteristics of Dajti National Park. The 30 m-resolution Digital Elevation
Model (DEM) is displayed using a 100 m contour interval and 200 m index contours. Elevation ranges from
132 to 1,813 m above sea level (a.s.l.), with the highest values located in the eastern Mali me Gropa sector of

the park. The coordinate reference system is WGS 1984/ UTM Zone 34 N.

2.2. Data sources and preprocessing

The wildfire susceptibility assessment was conducted using a GIS-based multi-criteria spatial
analysis framework widely applied in wildfire hazard and environmental risk studies (Chuvieco et
al., 2010; Pourghasemi et al., 2016). All spatial datasets were integrated into a unified geodatabase to
ensure spatial consistency, geometric accuracy, and analytical reliability. Prior to analysis, all raster
and vector layers were projected into a common coordinate reference system (WGS 1984 / UTM
Zone 34N), resampled to a uniform spatial resolution of 30 m, and clipped to the boundary of Dajti
National Park to ensure spatial alignment among all variables.

Topographic influence on wildfire susceptibility was represented by terrain slope derived from a
30 m DEM obtained from the United States Geological Survey (USGS) Earth Explorer database.
Slope was calculated in degrees using standard terrain analysis tools within the GIS environment.
Steeper slopes are known to accelerate fire spread and increase fire intensity due to enhanced heat
transfer and fuel pre-heating processes (Sharples, 2009; Chuvieco et al., 2010).

Land use and land cover (LULC) information was derived from supervised classification of
Landsat imagery obtained from the USGS Earth Resources Observation and Science (EROS) Center
archive. Landsat imagery with 30 m spatial resolution was processed in ArcGIS Pro to generate land-
cover classes representing the dominant surface types within the study area. Training samples were
manually collected using the Training Samples Manager tool, and five land-cover classes were
defined: water bodies, bare/urban surfaces, grasslands, shrublands, and forests.
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The classification was performed using a Random Trees classifier, a machine-learning algorithm
widely applied in remote sensing classification due to its ability to handle nonlinear relationships
between spectral variables and land-cover categories. Following classification, a majority filter was
applied to reduce isolated pixels and improve spatial coherence of the resulting LULC map. The final
classified raster was subsequently clipped to the Dajti National Park boundary and used as an input
variable in the wildfire susceptibility model. Landsat imagery is widely used for environmental
monitoring and land-cover mapping due to its long-term temporal coverage and consistent spatial
resolution (Wulder et al., 2019).

Vegetation density and fuel availability were represented using the NDVI derived from Landsat
imagery. NDVI was calculated using the standard formula:

(NIR — RED)

NDVI = (NIR + RED)
where NIR represents near-infrared reflectance and RED represents red spectral reflectance (Rouse
et al., 1974).

Multi-temporal NDVI layers derived from Landsat imagery for the period 2022-2024 were
analyzed to represent vegetation density and fuel load conditions during the peak vegetation season.
NDVI is widely used in wildfire studies as an indicator of vegetation biomass, fuel continuity, and
vegetation health (Chuvieco et al., 2004).

Table 1.
Data sources and characteristics of spatial variables used in the wildfire susceptibility analysis.
Variable Data Source Spatial Temporal Data Description
Resolution Coverage Format
Elevation USGS Earth 30m Static Raster DEM used to derive
(DEM) Explorer terrain slope and
aspect
Slope Derived from DEM 30 m Static Raster Terrain slope
(USGS) calculated in degrees
Aspect Derived from DEM 30 m Static Raster Terrain orientation
(USGS) influencing solar
radiation and fuel
drying
Land Use / Landsat imagery 30 m 2023 Raster Supervised
Land Cover (USGS EROS) classification using
Random Trees
algorithm
NDVI Landsat imagery 30 m 2022-2024  Raster Vegetation density
(USGS EROS) and biomass indicator
Temperature ERAS (ECMWF) Resampled Multi-year Raster Climatic variable
to 30 m average influencing fuel
drying
Precipitation ERA5 (ECMWF) Resampled Multi-year Raster Climatic variable
to 30 m average affecting vegetation
moisture
Wind Speed ERAS (ECMWF) Resampled Multi-year Raster Climatic variable
to 30 m average influencing fire spread
Distance to OpenStreetMap 30 m Current Raster Euclidean distance
Roads (OSM) from road network
Distance to OpenStreetMap 30 m Current Raster Euclidean distance
Buildings (OSM) from building points
Fire MODIS Active ~1 km 2001-2023 Point Used for wildfire
Occurrence Fire (NASA susceptibility model
Data FIRMS) validation
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Climatic variables including temperature, precipitation, and wind speed were obtained from the
ERAS climate reanalysis dataset produced by the European Centre for Medium-Range Weather
Forecasts (ECMWF). ERAS5 provides globally consistent atmospheric and land-surface variables
derived from data assimilation and numerical weather prediction models (Hersbach et al., 2020).
Climatic variables were extracted for a multi-year period and interpolated to raster surfaces with 30
m spatial resolution using the Inverse Distance Weighting (IDW) interpolation method in order to
match the spatial resolution of the other environmental variables used in the analysis. IDW
interpolation estimates unknown values based on spatially weighted averages of surrounding
observations and is commonly applied in environmental spatial modeling where station density is
limited (Li & Heap, 2014).

Anthropogenic influence was incorporated through proximity analysis, reflecting the well-
documented role of human activity as a dominant ignition source in Mediterranean wildfire regimes
(Catry et al., 2010; Moreira et al., 2011). Vector datasets representing road infrastructure and building
location points obtained from OpenStreetMap (OSM) were converted into Euclidean distance rasters.
These layers were used to calculate distance-to-road and distance-to-building indicators, representing
potential anthropogenic ignition sources. Areas located closer to infrastructure were assumed to have
higher wildfire ignition probability due to increased accessibility and recreational pressure.

To enhance methodological transparency and reproducibility, a Data Source Summary Table
(Table 1) is provided, presenting the source, spatial resolution, temporal coverage, and data format
of all variables used in the analysis. This table clarifies the characteristics of each dataset used for
wildfire susceptibility modeling and for validation using historical fire occurrence data derived from
MODIS active fire detections (2001-2023).

2.3. Selection of fire risk factors and Reclassification of thematic layers

The selection of wildfire risk factors was guided by consulting the literature addressing wildfire
susceptibility in Mediterranean and mountainous environments, where fire occurrence results from
the interaction of topographic, vegetation, climatic, and anthropogenic drivers (Jaiswal et al., 2002;
Chuvieco et al., 2010; Vilar et al., 2016; Pourghasemi et al., 2016). To capture these interacting
influences, the analysis incorporated a combination of natural and human-related variables
representing both fuel conditions and ignition probability.

Based on data availability and their documented influence on wildfire dynamics, nine factors
were selected for the susceptibility assessment: terrain slope, aspect, land use/land cover (LULC),
vegetation density derived from the NDVI, temperature, precipitation, wind speed, distance from
roads, and distance from buildings (mostly representing settlements). These variables are widely
recognized as key determinants of fuel availability, ignition likelihood, and fire spread behavior in
Mediterranean ecosystems (Jolly et al., 2015; Abatzoglou & Williams, 2016). Because the selected
variables differ in measurement units and value ranges, all thematic layers were standardized prior to
integration. Each variable was reclassified into five ordinal susceptibility classes ranging from 1
(Very Low risk) to 5 (Very High risk). This standardization approach is commonly used in GIS based
multi-criteria wildfire susceptibility modeling to enable the integration of heterogeneous spatial
variables within a unified analytical framework (Jaiswal et al., 2002; Chuvieco et al., 2014).

The reclassification procedure combined three complementary criteria: the statistical
distribution of each variable within the study area, the physical interpretation of its influence on
wildfire ignition and propagation and threshold values reported in comparable wildfire susceptibility
studies conducted in Mediterranean environments.

This approach ensures methodological consistency with established wildfire modeling practices
while allowing thresholds to be adapted to local environmental conditions. Terrain slope was derived
from the DEM and classified into five categories representing increasing potential for fire spread.
Steeper slopes promote faster uphill fire propagation due to enhanced convective heat transfer and
fuel pre-heating (Sharples, 2009). The slope-based susceptibility classification used five classes: 0—
5, 5-15, 15-25,25-35, and >35, corresponding to increasing fire spread potential (Fig. 2).
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Fig. 2. Slope-based fire risk classification of Dajti National Park derived from a 30 m resolution DEM.

LULC classes were reclassified according to their potential fuel characteristics and
combustibility. Grassland and shrubland formations were assigned higher susceptibility values due to
greater fuel continuity and biomass accumulation, whereas water bodies and noncombustible surfaces
were assigned lower susceptibility levels (Fig. 3).
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Low
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Fig. 3. LULC classes reclassified into five fire susceptibility levels (very low to very high) based on vegetation
type and ignition potential. The resulting layer was used as an input factor in the weighted overlay model.
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Vegetation density was further represented through NDVI values derived from Landsat imagery.
Higher NDVI values indicate denser vegetation cover and therefore greater fuel availability, resulting
in higher susceptibility classes (Chuvieco et al., 2004) (Fig. 4). The resulting reclassified layers
represent spatially comparable indicators of wildfire susceptibility and constitute the input datasets
for the subsequent multi-criteria overlay analysis.

[ Dajti National Park boundary

Loy
Vegetation Fuel Load (NDVI Mean 2022-2024) 4
Very Low (~0.108-0.144)
Low (0.144-0.250)
W Moderate (0.250-0.322)
B High (0.322-0.386)
B Very High (0.386-0.599)

0 25 5
Km

Fig. 4. NDVI-derived vegetation fuel load classes in Dajti National Park based on the multi-annual mean
NDVI (2022-2024). NDVI values were classified into five categories using the Natural Breaks (Jenks) method
and standardized to a 1-5 scale. Higher NDVI values indicate increased vegetation density and fuel
availability. This layer was incorporated as the fuel component in the weighted overlay fire risk model.

[ Daiti National Park boundary
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Low (>1129 m)
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0 25 5

Km

Fig. 5. Road proximity—based ignition risk map of Dajti National Park derived from Euclidean distance
analysis (30 m spatial resolution). Distance values were classified using the Natural Breaks (Jenks) method and
reclassified into five ignition risk categories, with areas closer to roads assigned higher ignition risk.
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Climatic variables including temperature, precipitation, and wind speed were incorporated to
represent environmental conditions influencing fuel moisture, ignition probability, and fire spread
dynamics. Higher temperatures and stronger winds were associated with increased wildfire
susceptibility due to enhanced fuel desiccation and fire propagation potential, while higher
precipitation values were associated with reduced susceptibility due to increased fuel moisture (Jolly
et al., 2015; Abatzoglou & Williams, 2016).

Anthropogenic factors were represented through distance-based indicators derived from road
infrastructure and building location data. Proximity to roads and settlements is widely recognized as
a key determinant of wildfire ignition in Mediterranean landscapes, where the majority of fires are
human-induced (Catry et al., 2010; Moreira et al., 2011). Euclidean distance analysis was therefore
used to generate distance-to-road (Fig. 5) and distance-to-settlement layers (Fig. 6). Areas located
closer to infrastructure were assigned higher susceptibility values due to increased accessibility and
human activity.

[ Daijti National Park boundary

Fire Ignition Risk (Distance to Buildings)
Very Low (>2000 m)
Low (1000-2000 m)
Moderate (500-1000 m)
B High (250-500 m}
I Very High (0-250 m}
0 2.5 5

— KM

Fig. 6. Building proximity—based ignition risk map of Dajti National Park derived from Euclidean distance
analysis (30 m spatial resolution). Distance values were calculated from building point locations obtained from
OpenStreetMap (OSM) data and classified into five ignition risk categories (>2000 m, 1000—2000 m, 500—
1000 m, 250-500 m, and 0250 m). Areas located closer to buildings were assigned higher ignition
susceptibility due to increased human presence and potential ignition sources.

The resulting reclassified layers represent standardized spatial indicators of wildfire
susceptibility and constitute the input variables used in the subsequent weighted overlay analysis. To
improve methodological transparency and reproducibility, the classification thresholds applied to
each factor are summarized in Table 2, which presents the raw value ranges corresponding to each
susceptibility class and the literature references supporting the adopted thresholds.

2.4. Weighting scheme, multi-criteria overlay analysis, and wildfire risk zoning

Following the reclassification of all thematic layers into a standardized wildfire susceptibility
scale ranging from 1 (very low susceptibility) to 5 (very high susceptibility), the variables were
integrated using a weighted overlay analysis within a Geographic Information System (GIS)
environment. Weighted overlay analysis is a widely used approach in environmental risk assessment
and spatial decision-support modeling because it enables the integration of multiple spatial variables
with different units and value ranges into a single composite susceptibility index (Malczewski, 2006;
Feizizadeh et al., 2014).
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Table 2.
Reclassification scheme applied to wildfire susceptibility factors used in the weighted overlay model.
Factor Class Range / Category Susceptibility Score
Slope (°) Very Low 0-5 1
Low 5-15 2
Moderate 15-25 3
High 25-35 4
Very High >35 5
Aspect Low North & Flat 1
Moderate East / West 3
High South 5
Land Use/Land Cover Very Low Water 1
Low Bare / Urban 2
Moderate Forest 3
High Shrubland 4
Very High Grassland 5
NDVI Very Low Lowest vegetation density 1
Low 2
Moderate 3
High 4
Very High Highest vegetation density 5
Temperature (°C) Very Low Lowest values 1
Low 2
Moderate 3
High 4
Very High Highest values 5
Precipitation (mm) Very High Highest rainfall 1
High 2
Moderate 3
Low 4
Very Low Lowest rainfall 5
Wind Speed (m/s) Very Low Lowest wind speeds 1
Low 2
Moderate 3
High 4
Very High Highest wind speeds 5
Distance to Roads (m) Very High 0-173 5
High 173-412 4
Moderate 412-717 3
Low 717-1129 2
Very Low >1129 1
Distance to Buildings (m) Very High 0-250 5
High 250-500 4
Moderate 500-1000 3
Low 1000-2000 2
Very Low >2000 1

In this study, each factor was assigned a specific weight representing its relative influence on
wildfire ignition probability and fire spread potential. The weighting scheme was defined based on a
review of wildfire susceptibility studies conducted in Mediterranean and mountainous environments,
combined with the ecological interpretation of each variable within the study area. Factors
representing human accessibility and ignition probability, such as distance to roads and distance to
buildings, were assigned higher weights because human activities are widely recognized as the
dominant ignition source in Mediterranean landscapes (Catry et al., 2010; Moreira et al., 2011; Vilar
et al., 2016). Vegetation-related variables, including land use/land cover (LULC) and NDVI, were
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also given relatively high weights because they represent fuel availability and continuity, which
strongly influence wildfire behavior and fire intensity (Chuvieco et al., 2004; Pausas & Keeley, 2009).

Topographic and climatic variables were incorporated with moderate weights reflecting their
influence on fire propagation and fuel moisture conditions. Terrain slope affects fire spread rate and
direction due to convective heat transfer and fuel preheating (Sharples, 2009), while climatic variables
such as temperature, precipitation, and wind speed influence vegetation dryness, ignition probability,
and fire spread dynamics (Jolly et al., 2015; Abatzoglou & Williams, 2016). Aspect was included
with a lower weight because its influence is mainly indirect, affecting solar radiation exposure and
local microclimatic conditions.

Based on these considerations, the following weighting scheme was applied in the weighted
overlay model: distance to buildings (17%), distance to roads (17%), NDVI (14%), land use/land
cover (14%), slope (12%), temperature (8%), precipitation (8%), wind speed (5%), and aspect (5%).
The sum of all weights equals 100%, ensuring proportional contribution of each factor to the final
susceptibility index.

The weighted overlay analysis was implemented using the Weighted Overlay tool in ArcGIS,

which multiplies the standardized susceptibility score of each factor by its assigned weight and then
sums the resulting weighted layers to generate a composite wildfire susceptibility index.
The resulting continuous wildfire susceptibility surface was subsequently classified into wildfire
susceptibility zones using the Natural Breaks (Jenks) classification method, which groups values
based on inherent statistical patterns in the data and maximizes differences between classes while
minimizing within-class variance. The final wildfire susceptibility map was divided into five
categories: very low, low, moderate, high, and very high susceptibility.

The resulting wildfire susceptibility map provides an integrated spatial representation of the
combined influence of environmental conditions and anthropogenic pressures within Dajti National
Park. Given the park’s proximity to the Tirana metropolitan area and its intensive recreational use
during the summer season, this susceptibility zones provide a valuable spatial framework for
identifying priority areas for wildfire prevention, monitoring, and management within a wildland—
urban interface context (Moreira et al., 2011; San-Miguel-Ayanz et al., 2021).

3. RESULTS AND VALIDATION

3.1. Historical wildfire occurrence patterns

An analysis of historical wildfire occurrence was conducted in order to identify spatial patterns

of fire activity within the study area and to support the subsequent validation of the wildfire
susceptibility model. Historical fire data were obtained from the MODIS active fire detection dataset
available through the NASA FIRMS platform, covering the period 2001-2023.
The spatial distribution of fire detections indicates that wildfire events are not evenly distributed
across Dajti National Park but tend to cluster in specific areas characterized by greater human
accessibility and favorable environmental conditions for fire ignition. Several clusters of fire
occurrences can be observed in areas located close to transportation corridors and settlement zones,
highlighting the importance of anthropogenic factors in wildfire ignition.

To further analyze the spatial concentration of wildfire events, a Kernel density estimation (KDE)
analysis was performed, to generate a continuous surface representing the density of fire occurrences
across the study area, allowing the identification of zones with a higher frequency of wildfire events.
The kernel density map (Fig.7) reveals clear hotspots of wildfire activity, particularly in areas located
near the park boundaries and in zones with higher accessibility. These spatial patterns are consistent
with wildfire regimes in Mediterranean protected areas where human activities represent a major
ignition source.
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Fig. 7. Historical wildfire occurrences and kernel density distribution in Dajti National Park derived from
MODIS active fire detections (2001-2023).

3.2. Spatial distribution of wildfire susceptibility

The GIS-based weighted overlay analysis produced a spatially continuous wildfire susceptibility
surface representing the combined influence of topographic, vegetation, climatic, and anthropogenic
factors within Dajti National Park (Fig. 8). The resulting wildfire susceptibility index was classified
into five categories—very low, low, moderate, high, and very high—using the Natural Breaks (Jenks)
classification method in order to preserve the natural distribution of the data.
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Fig. 8. Final wildfire susceptibility map of Dajti National Park derived from the GIS-based
weighted overlay analysis integrating topographic, vegetation, climatic, and anthropogenic factors.
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The final wildfire susceptibility map highlights a heterogeneous spatial distribution of wildfire
risk across the park. Areas classified as high and very high susceptibility are mainly concentrated in
zones characterized by dense vegetation cover, steep slopes, and close proximity to roads and
settlements. These conditions facilitate both ignition probability and fire spread potential. Moderate
susceptibility areas are distributed in intermediate zones where vegetation density remains relatively
high but human accessibility is more limited. In contrast, low and very low susceptibility zones
generally correspond to areas with limited vegetation cover, greater distance from infrastructure, or
topographic conditions that reduce fire propagation potential. The spatial pattern observed in the
susceptibility map reflects the interaction between environmental drivers and anthropogenic pressure
within the study area. The proximity of Dajti National Park to the metropolitan area of Tirana and the
high level of recreational use during the summer season contribute significantly to wildfire risk
patterns within the park.

3.3. Validation of the Susceptibility Model Using Historical Fire Data

To evaluate the reliability of the wildfire susceptibility model, the spatial distribution of historical
wildfire occurrences was compared with the predicted wildfire susceptibility classes. Fire occurrence
data derived from MODIS active fire detections were overlaid with the final wildfire susceptibility
map in order to assess the spatial correspondence between observed fire events and predicted risk
zones. The results show that the majority of wildfire detections occurred within the moderate and
high susceptibility classes, which together account for 97.37% of all recorded fire events. Specifically,
68.42% of fire occurrences were located in the High susceptibility class, while 28.95% were located
in the Moderate class, indicating strong spatial agreement between the modeled wildfire risk and the
observed fire activity. A smaller proportion of fires (2.32%) occurred within the Very High
susceptibility class, which occupies a relatively small portion of the study area. Only 0.31% of fire
detections were located within the Low susceptibility class, further supporting the ability of the model
to distinguish between areas of lower and higher wildfire risk.

When normalized by area, the spatial distribution of fire occurrences reveals clear clustering
patterns associated with zones of higher predicted susceptibility. These patterns are consistent with
the influence of both environmental conditions and human activity on wildfire ignition and
propagation. To statistically evaluate the relationship between wildfire occurrences and susceptibility
classes, a Chi-square goodness-of-fit test was applied. The Chi-square goodness-of-fit test confirmed
that wildfire occurrences are not randomly distributed across susceptibility classes (y? test, p <0.001),
supporting the statistical validity of the wildfire susceptibility model (Table 3).

Overall, the strong correspondence between observed wildfire events and the predicted
susceptibility classes demonstrate the effectiveness of the GIS-based multi-criteria model in
identifying spatial patterns of wildfire risk within Dajti National Park.

Table 3.
Distribution of historical fire occurrences across wildfire susceptibility classes.

Risk Level Raster Value Number of Fires Fire (%)

Low 2 2 0.31
Moderate 3 187 28.95

High 4 442 68.42
Very High 5 15 2.32

3.4. Quantitative Distribution of Wildfire Risk Classes and Identification of Priority Areas for
Risk Reduction

The spatial distribution of wildfire susceptibility classes provides important insights into the
wildfire risk structure within Dajti National Park. The analysis indicates that a substantial portion of
the park falls within the moderate and high wildfire susceptibility classes, which together represent
the dominant wildfire risk categories across the landscape (Fig. 9). Although very high susceptibility
zones occupy a relatively small proportion of the total park area, they form spatially coherent clusters
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that represent critical hotspots for wildfire prevention and management interventions. These areas are
typically located near transportation corridors, recreational facilities, and settlement boundaries where
human activities increase the probability of wildfire ignition. In contrast, low susceptibility areas are
limited in spatial extent and are generally associated with zones characterized by lower vegetation
density or reduced accessibility. These areas exhibit comparatively lower wildfire risk due to less
favorable conditions for ignition and fire spread.

The final wildfire susceptibility map therefore provides a robust spatial framework for
identifying priority areas for wildfire risk reduction and management planning. Very high-risk zones
located near infrastructure and recreational areas represent critical locations where fuel management,
monitoring programs, and access control measures should be prioritized. Furthermore, the presence
of extensive high susceptibility zones forming continuous spatial belts across the landscape suggests
that wildfire prevention strategies should also consider broader landscape-level processes rather than
focusing exclusively on isolated hotspots.

Moderate risk areas also warrant attention, as they may transition into higher susceptibility
classes under extreme climatic conditions such as prolonged drought or heat waves. Overall, the
results highlight the importance of spatially explicit wildfire risk mapping in supporting evidence-
based wildfire prevention strategies and sustainable management of protected mountain landscapes.

] Daijti National Park boundary -
* MODIS Active Fire Detection

Wildfire Susceptibility Level
Low
Moderate

I High

Bl Very High

0 25 5
KM

Fig. 9. Spatial validation of the wildfire susceptibility model through overlay analysis of historical fire
detections and predicted wildfire risk classes in Dajti National Park. Historical fire occurrences (MODIS active
fire detections, 2001-2023) are superimposed on the wildfire susceptibility map to assess the spatial
correspondence between observed fire events and modeled risk zones.

4. DISCUSSION
4.1. Spatial Patterns of Wildfire Susceptibility
The wildfire susceptibility assessment conducted for Dajti National Park reveals a spatial

configuration that reflects the combined influence of environmental and anthropogenic drivers typical
of Mediterranean mountainous landscapes. The predominance of moderate and high susceptibility
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classes across large portions of the park indicates that wildfire risk is not restricted to isolated hotspots
but rather represents a landscape-scale phenomenon shaped by multiple interacting factors.

Topographic conditions play an important role in shaping the observed spatial patterns of
susceptibility. Areas characterized by steeper slopes are systematically associated with higher wildfire
risk levels. Steep terrain promotes faster fire propagation through increased flame tilt and enhanced
pre-heating of fuels, while simultaneously limiting accessibility for fire suppression operations. These
relationships have been widely documented in wildfire behavior studies and are particularly relevant
in mountainous protected areas where complex terrain influences both ignition dynamics and fire
spread (Chuvieco & Salas, 1996; Sharples, 2009).

Vegetation-related variables also contribute significantly to the spatial distribution of wildfire
susceptibility. Areas with high vegetation density, as represented by NDVI, correspond to zones with
greater fuel availability and biomass accumulation, which can increase potential fire intensity once
ignition occurs. At the same time, LULC characteristics influence ignition susceptibility. In the
present study, grassland and shrubland areas exhibited higher susceptibility levels due to the presence
of fine and highly flammable fuels, while forest areas were associated with moderate susceptibility
levels. This distinction reflects the fact that fine fuels generally ignite more easily and promote rapid
fire spread, whereas forest fuels may support higher fire intensity but may require stronger ignition
conditions (Pausas & Keeley, 2009; Silva et al., 2019). The resulting spatial pattern therefore reflects
the interaction between fuel availability, terrain characteristics, and accessibility, which together
determine wildfire susceptibility across the landscape.

4.2. Anthropogenic Influence and the Wildland—Urban Interface

Anthropogenic factors represent a key driver of wildfire susceptibility in the study area. The
spatial analysis demonstrates that areas located in close proximity to roads and buildings tend to
exhibit higher wildfire susceptibility levels. This pattern reflects the strong influence of human
activity on wildfire ignition in Mediterranean environments, where the majority of fires are caused
by accidental or intentional human actions (Moreira et al., 2011).

Dajti National Park is situated immediately adjacent to the metropolitan area of Tirana and
therefore represents a pronounced wildland—urban interface (WUI) environment. The presence of
recreational facilities, tourism infrastructure, and transportation corridors increases human presence
within the park, particularly during the summer season when climatic conditions are also most
favorable for wildfire ignition and spread. Under such circumstances, wildfire risk is shaped not only
by environmental factors but also by patterns of land use, accessibility, and human behavior. The
results of the susceptibility analysis highlight the need for wildfire prevention strategies that integrate
ecological management measures with spatial planning and public awareness initiatives, particularly
in protected areas experiencing increasing recreational pressure.

4.3. Implications for Disaster Risk Reduction and Protected Area Management

From a disaster risk reduction perspective, the spatial delineation of wildfire susceptibility zones
provides a valuable framework for prioritizing prevention and mitigation measures within Dajti
National Park. Areas classified as high and very high susceptibility, particularly those where dense
vegetation, steep slopes, and proximity to infrastructure overlap, represent priority zones for wildfire
risk management. In these areas, targeted interventions such as fuel management, vegetation thinning,
improved monitoring systems, and early detection measures could significantly reduce wildfire risk.
The spatial identification of such zones allows management authorities to allocate resources more
efficiently and to focus preventive actions where they are most needed.
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At the same time, the widespread presence of moderate susceptibility zones suggests that
wildfire risk management should adopt a broader landscape perspective. Moderate-risk areas may
become highly susceptible under extreme climatic conditions such as prolonged drought or heat
waves. Therefore, preventive strategies should address landscape-level fuel continuity and
connectivity rather than focusing exclusively on localized hotspots.In this context, GIS-based wildfire
susceptibility mapping provides a practical decision-support tool for integrating wildfire risk
considerations into protected area management and spatial planning processes.

4.4. Methodological Considerations, Limitations and Future Research

The GIS-based MCA framework applied in this study provides a transparent and reproducible
approach for wildfire susceptibility assessment in data-limited contexts. The integration of
environmental and anthropogenic variables within a weighted overlay model allows the identification
of spatial patterns of wildfire risk even where detailed fire occurrence datasets are limited.

One methodological limitation concerns the use of literature-based weighting for the
susceptibility factors rather than deriving weights through statistical calibration. Although such
approaches are widely applied in wildfire susceptibility studies (Malczewski, 2006; Pourghasemi et
al., 2016), they may introduce a degree of subjectivity in the relative influence assigned to individual
variables. Nevertheless, the comparison between the wildfire susceptibility map and historical fire
occurrences derived from MODIS active fire detections demonstrates a strong spatial agreement
between predicted risk zones and observed wildfire events. The majority of recorded fires occurred
within the moderate and high susceptibility classes, supporting the predictive capability of the model.

Future research could further improve the accuracy of wildfire susceptibility assessments by
incorporating higher-resolution vegetation data, longer-term fire occurrence datasets, and dynamic
climatic indicators that capture seasonal variations in fuel moisture and fire weather conditions. Such
developments would allow more detailed statistical calibration and enable the development of
dynamic wildfire risk models capable of supporting adaptive management strategies.

5. CONCLUSIONS

This study applied a GIS-based MCA framework to assess wildfire susceptibility in Dajti
National Park, a protected mountainous landscape located at the wildland—urban interface of the
Tirana metropolitan region. By integrating topographic, vegetation, climatic, and anthropogenic
factors within a weighted overlay model, the analysis produced a spatially explicit wildfire
susceptibility map that reveals significant spatial variability in wildfire risk across the park.

The results indicate that moderate and high wildfire susceptibility zones dominate the park
landscape, demonstrating that wildfire hazard represents a structurally embedded environmental risk
rather than a localized phenomenon. High and very high susceptibility zones are primarily associated
with the combined presence of steep terrain, dense vegetation cover, and proximity to roads and
settlements. These findings highlight the importance of both environmental conditions and human
accessibility in shaping wildfire risk patterns within protected areas located near urban centers.

The validation of the susceptibility model using historical wildfire detections further confirms
the reliability of the proposed methodological approach. The majority of recorded wildfire events
occur within areas classified as moderate and high susceptibility, demonstrating strong spatial
correspondence between modeled risk zones and observed fire activity.

From a disaster risk reduction perspective, the study demonstrates the value of GIS-based wildfire
susceptibility mapping as a decision-support tool for prevention-oriented wildfire management.
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The identification of spatial risk gradients provides a practical basis for prioritizing intervention
areas and supporting more efficient allocation of resources for fuel management, monitoring, and
access control.

Although the analysis relies partly on literature-based weighting due to data limitations, the
transparency and reproducibility of the adopted methodology make it particularly suitable for data-
scarce environments such as many protected areas in Southeastern Europe. The proposed framework
therefore provides a useful basis for supporting wildfire risk awareness, improving spatial planning,
and guiding sustainable management strategies in wildfire-prone protected landscapes.
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ABSTRACT

This study investigates the hydrochemical characteristics and water quality of transboundary karst
springs located in the Albanian Alps along the Albania-Montenegro border. Eleven representative
springs were sampled and analyzed for 26 physical, chemical, and trace-element parameters during
two sampling campaigns conducted in November 2024 (high-flow conditions) and June 2025 (dry
season period). The investigated springs are associated with carbonate formations of Triassic, Jurassic,
and Cretaceous age, forming highly karstified aquifers characterized by high permeability and rapid
groundwater circulation. The hydrochemical composition of the springs was evaluated using major ion
analysis, hydrochemical diagrams, and two widely applied water quality indices: the Water Quality
Index (WQI) and the Heavy Metal Pollution Index (HPI). Spring discharges range from less than 1 1/s
to several tens of liters per second, reflecting the heterogeneity of the karst aquifer systems. Results
indicate that most springs are dominated by calcium-bicarbonate hydrochemical facies typical of
carbonate aquifers. The calculated WQI values classify the majority of the springs as having excellent
to good water quality for drinking purposes, while HPI values indicate minimal heavy metal
contamination. The high-water quality observed in the study area is primarily related to the dominance
of carbonate aquifers, limited anthropogenic pressure, and the progressive depopulation of rural
mountainous areas. However, increasing tourism activity highlights the need for sustainable
groundwater management, particularly in a transboundary context. The findings provide valuable
baseline data and contribute to improved understanding, monitoring, and joint management of
transboundary groundwater resources in the Albanian Alps within the broader Dinaric karst region.

Keywords: Karst hydrogeology;, Transboundary aquifer; Groundwater quality;, WQI; HPI;
Cemi/Cijevna basin, Monitoring network.

1. INTRODUCTION

The protection and sustainable management of groundwater resources in karst environments
represent a major challenge, particularly in transboundary regions where water systems extend across
national borders (Ford & Williams, 2007; White & White, 1989). Albanian Alps, part of the Dinaric
karst, one of the most extensive karst systems in Europe, are characterized by highly permeable
carbonate formations, complex underground drainage networks and strong interactions between
surface and groundwater (DIKTAS Project, 2015; Stevanovi¢ et al., 2016).

In this context, the Cem (Cijevna) River basin constitutes a typical transboundary karst system
shared between Albania and Montenegro. The basin is dominated by Mesozoic carbonate formations,

TUnit of Geoscience and Geoengineering, Academy of Sciences of Albania, Tirana, *Corresponding author
urtesi2001@yahoo.com (AP), rrapo55@yahoo.com (RO), anriberberi@gmail.com (AB)

’Department of Hydrology, Institute of Geoscience, Polytechnic University of Tirana, Albania,
entelavako@gmail.com (EV)

3 POLIS University, Tirana, Albania, sheriflushaj@universitetipolis.edu.al (SL)

“Ministry of Infrastructure and Energy, Tirana, Albania, doridapi@gmail.com (DD)

SFreelance expert, Tirana, Albania, ergest.nako@gmail.com (EN), stela. guxo@gmail.com (SG)



http://dx.doi.org/10.21163/GT_2026.213.03
mailto:urtesi2001@yahoo.com
mailto:rrapo55@yahoo.com
mailto:anriberberi@gmail.com
mailto:entelavako@gmail.com
mailto:sheriflushaj@universitetipolis.edu.al
mailto:doridapi@gmail.com
mailto:ergest.nako@gmail.com
mailto:stela.guxo@gmail.com
https://orcid.org/0000-0002-3166-7276
https://orcid.org/0009-0001-8060-022X
https://orcid.org/0000-0002-5514-2204
https://orcid.org/0000-0002-6585-8011

34

mainly limestones and dolomites, which form highly karstified aquifers with rapid groundwater
circulation and high infiltration capacity (Domenico & Schwartz, 1998; Ford & Williams, 2007).
These characteristics make the system particularly vulnerable to environmental pressures, but also
highly important as a freshwater resource (Chaudhari et al., 2024).

Despite the recognized hydrogeological importance of the basin, previous studies have mainly
focused on hydrology, basin management and environmental assessment, while detailed
hydrochemical investigations of karst springs remain limited. In particular, there is a lack of
comprehensive studies that combine physico-chemical analysis, heavy metal assessment and
quantitative evaluation of water quality using integrated indices.

At the same time, the study area has undergone significant socio-economic changes during the
last decades. Rural depopulation has led to a substantial decrease in traditional agricultural activities
and livestock pressure, which may have contributed to the preservation of groundwater quality.
Conversely, the rapid growth of tourism in the Albanian Alps introduces new potential pressures on
fragile karst water systems, highlighting the need for systematic monitoring and assessment.

This study aims to evaluate the hydrochemical characteristics and water quality of karst springs
located in the transboundary Cem/Cijevna basin along the Albania-Montenegro border. A total of 11
representative springs were analyzed for 26 physical, chemical and trace element parameters. Water
quality was assessed using the Water Quality Index (WQI) and the Heavy Metal Pollution Index
(HPI), while hydrochemical processes were interpreted through major ion analysis and
hydrogeological context (Shanmugasundharam et al., 2023).

The results of this study provide new insights into the functioning of transboundary karst aquifers
and contribute to the scientific basis for sustainable groundwater management in the Dinaric region.

2. STUDY AREA

The study area is located in the northern part of Albania, within the Albanian Alps (Prokletije
Mountains), and forms part of the transboundary Cemi/Cijevna River basin shared between Albania
and Montenegro. The investigated sector corresponds to the upstream mountainous portion of the
basin, where a series of karst springs emerge and represent key groundwater discharge points.

The basin is characterized by rugged mountainous terrain with strong altitudinal contrasts and
deeply incised valleys. The hydrographic network is dominated by the Cemi/Cijevna River and its
tributaries, which originate in the Albanian territory and flow towards Montenegro, where they join
the Moraca River system. The geomorphology of the area is closely controlled by tectonic structures
and intensive karst processes that have shaped the landscape. From a geological perspective, the study
area is dominated by Mesozoic carbonate formations, mainly limestones and dolomites of Triassic,
Jurassic and Cretaceous age. These formations are strongly fractured and exhibit a high degree of
karstification. As a result, the aquifer system is characterized by very high permeability, allowing
rapid infiltration and groundwater circulation through fissures, conduits and karst channels.

Karstification is particularly well developed along river valleys and structural zones, where
dissolution processes have created an interconnected network of underground flow paths. In these
conditions, infiltration rates are very high and a significant proportion of precipitation contributes
directly to groundwater recharge. Surface runoft is therefore limited, while subsurface flow dominates
the hydrological regime.

All investigated springs are associated with carbonate aquifers and emerge either directly from
exposed limestone formations or from zones with a very thin eluvial cover. Most springs are
characterized by direct discharge from karstified limestone, indicating minimal natural protection
from surface contamination. Only a limited number of springs show a partial cover of unconsolidated
deposits, which may locally influence infiltration processes. The springs are mainly located along
valley bottoms, structural contacts and zones where the piezometric surface intersects the topography
(Fig. 1). Their discharge varies significantly, ranging from very small local springs used by rural
communities to larger karst springs with higher and higher discharge. This variability reflects the
heterogeneity of the karst aquifer system and the complexity of groundwater flow paths.
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Map of spring sampling in Cemi/Cijevna river basin (Albanian part)
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Fig. 1. The map of spring sampling - Cemi/Cijevna river basin catchment.

An important characteristic of the study area is the relatively low level of anthropogenic pressure.
During the last 10-15 years, many rural settlements in the Albanian Alps have been partially or
completely abandoned, leading to a decrease in agricultural activities and livestock pressure. This has
likely contributed to the preservation of groundwater quality. However, in recent years the region has
experienced a noticeable increase in tourism, which may introduce new environmental pressures,
particularly in sensitive karst environments.

The hydrogeological system of the Cem/Cijevna basin is therefore controlled by the interaction
of highly karstified carbonate formations, tectonic structures and climatic conditions. This results in
a dynamic groundwater system characterized by rapid recharge, short residence times and strong
connectivity between surface and groundwater, which has important implications for both water
quality and resource management in this transboundary basin. The hydrogeological behavior of the
study area is strongly controlled by karstified carbonate formations, which allow rapid infiltration and
complex subsurface flow paths. In such environments, groundwater divides rarely coincide with
surface watershed boundaries. In the Cemi/Cijevna basin, the spatial distribution of springs suggests
a hydrogeological system extending beyond the topographic catchment. This interpretation is
consistent with regional tectonic structures controlling groundwater flow.
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Field observations indicate the possibility of localized river water losses, particularly along the
Tamaré-Grabom segment. However, this hypothesis remains unconfirmed due to the lack of tracer
tests and continuous monitoring data. Given the transboundary nature of the system, such
interpretations must be approached with caution.

The proposed monitoring network represents a critical step toward reducing hydrogeological
uncertainty. It includes monitoring wells, hydrological stations, and isotopic measurements, enabling
a better understanding of groundwater flow dynamics and potential hydraulic connections between
Albania and Montenegro. In addition, recent socio-economic changes, including rural depopulation
and increasing tourism, may influence future water use and quality, highlighting the need for
sustainable management strategies. The spatial distribution of sampling points covers the extended
basin, including springs with varying discharge rates and elevations. The geological setting is
dominated by kastic limestone and dolomite, which strongly influence groundwater chemistry
through dissolution processes.

3. DATA AND METHODS

3.1. Sampling design and timeframe

Groundwater samples were collected during two distinct field campaigns: (i) November 2024,
representing high-flow conditions in springs hydraulically connected to high-altitude recharge zones
of the Albanian Alps, and (ii) June 2025, representing dry-season conditions. Three springs (Syri i
Sheganit, Syri i Gjonit, and Vraka spring) were sampled during the November 2024 campaign, while
the remaining springs were sampled in June 2025. These two campaigns capture contrasting
hydrological conditions (low-flow vs. dry season), providing a representative snapshot of the
hydrochemical variability of the investigated karst systems. Although continuous seasonal monitoring
was not conducted, the selected periods allow for a preliminary assessment of hydrochemical stability
and variability.

Sampling locations were selected to represent the main transboundary karst systems along the
Albania—Montenegro border, taking into account geological structure, discharge variability, and
accessibility, while also ensuring that samples reflect natural hydrochemical conditions.

All samples were collected directly at spring outlets, avoiding areas potentially affected by
surface contamination such as livestock shelters, tourist paths, or surface runoff accumulation zones.
The sampling network includes both high-discharge karst springs and smaller local springs that are
directly used by rural communities and livestock. Although some springs exhibit relatively low
discharge, they were intentionally included due to their socio-economic importance as local drinking
water sources.

3.2. Standard analytical procedures

All samples were analyzed at the ALPHA Studio laboratory following standard analytical
procedures. Quality assurance and quality control (QA/QC) measures included calibration using
certified reference standards, duplicate analyses, and ionic balance error verification to ensure
analytical reliability.

All concentrations were initially expressed in mg/l and subsequently converted into meq/l and
meq%. These conversions are presented in the respective Tables 1-3 and are essential for
hydrochemical interpretation. Hydrochemical analysis included:

Major ions: Ca?*, Mg?", Na*, K*, HCOs~, SO+*", Cl~
Heavy metals: Fe, Mn, Pb, As, Cr (VI), Co.

This approach ensures that the obtained data reflect the intrinsic hydrochemical characteristics of the
karst aquifer system rather than localized external impacts.
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Table 1.
Physical and general parameters.
Category Parameter Unit
Physical parameters pH —
Electrical conductivity (EC) pS/cm
Total dissolved solids (TDS) mg/l
Dissolved oxygen (DO) mg/l
Organic matter mg/l
Major cations Calcium (Ca*) mg/l
Magnesium (Mg*) mg/l
Sodium (Na') mg/l
Potassium (K*) mg/l
Major anions Bicarbonate (HCOs") mg/l
Sulfate (SO+*) mg/l
Chloride (CI)) mg/l
Nitrate (NOs") mg/l
Nitrite (NO2) mg/1
Ammonium (NH4") mg/l
Phosphate (PO+*") mg/l
Fluoride (F) mg/l
Hydrochemical parameters Total hardness mg/l as CaCO:s
Total mineralization mg/1
Trace elements (heavy metals) Iron (Fe) ng/l
Manganese (Mn) ng/l
Lead (Pb) ng/l
Table 2.
Springs and analyses expressed in meq/l.
Sample Ca Mg_ Na+K HCO3 S04 Cl
P meqL meqL meqL meqL meqL meqL
1. Grabom 1.99 0.98 0.15 2.86 0.07 0.2
2. Grabom 2 2.39 0.69 0.12 2.45 0.00 0.08
3. Tamara 2.79 0.39 0.14 2.54 0.00 0.06
4. Tamara 2 2.54 0.88 0.12 2.45 0.01 0.15
5. Vermosh Q. 2.29 1.67 0.20 2.70 0.13 0.11
6. Kroni i Zekés 1.59 0.79 0.11 245 0.05 0.09
7. Cemi Selcé 1.99 0.49 0.10 1.96 0.00 0.11
8. Cemi Vukél 2.09 0.29 0.09 1.96 0.00 0.08
9. Vraké 1.99 0.19 0.10 1.76 0.02 0.13
10. Syri i Sheganit 1.99 0.59 0.11 2.13 0.00 0.15
11. Syri i Gjonit 1.79 0.593 0.09 1.83 0.02 0.13
Table 3.
Physico-chemical characteristics.
Sample Ca Mg Na K HCO; SO4 Cl
mg/1 mg/l mg/l mg/l mg/l mg/1 mg/1
1. Grabom 40 12.0 3.51 0.15 175 3.62 7.09
2. Grabom 2 48 8.40 2.66 0.27 150 0.38 2.84
3. Tamara 56 4.80 3.13 0.26 155 0.31 2.13
4. Tamara 2 51 10.80 2.87 0.18 150 0.50 5.67
5. Vermosh Q. 46 20.40 4.06 0.93 165 6.31 3.97
6. Kroni i Zekés 32 9.60 2.49 0.18 150 2.50 3.54
7. Cemi Selcé 40 6.00 247 0.05 120 0.44 4.25
8. Cemi Vukél 42 3.60 2.14 0.04 120 0.37 2.84
9. Vraké 40 240 2.15 0.38 108 1.30 4.96
10. Syri i Sheganit 40 7.20 2.34 0.52 130 0.20 5.67
11. Syri i Gjonit 36 7.20 1.95 0.42 112 1.20 4.96
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4. RESULTS

4.1. The physico-chemical characteristics

The physico-chemical characteristics of the investigated springs show a consistent hydrochemical
behavior typical of groundwater circulating within carbonate karst systems.

The measured pH values range between 7.3 and 7.5, indicating neutral to slightly alkaline
conditions. This reflects a well-buffered hydrochemical system controlled by carbonate equilibria,
particularly the interaction between dissolved carbon dioxide and carbonate minerals. Such conditions
are characteristic of groundwater circulating in limestone and dolomite formations (Fig. 2a).
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Fig. 2. Spatial distribution of:

(a) groundwater pH values in the Albanian Alps (Albania—Montenegro transboundary area), interpolated using
the Ordinary Kriging method based on point measurements from groundwater sources (WGS 1984 /
UTM Zone 34N), indicating predominantly neutral to slightly alkaline conditions controlled by
lithological and hydrogeological settings;

(b) nitrate (NOs") concentrations in groundwater across the same area and projection, derived from measured
values using the same interpolation approach, showing generally low levels and suggesting limited
anthropogenic impact and good groundwater quality.

Electrical conductivity values generally range from approximately 250 to 300 uS/cm, while total
dissolved solids (TDS) vary between about 120 and 200 mg/l. These relatively low values indicate
limited mineralization and confirm that the investigated waters belong to fresh groundwater systems.
The low mineralization is consistent with rapid groundwater circulation and limited residence time
within the aquifer. Dissolved oxygen concentrations are relatively high, typically between 9 and 10 mg/1,
suggesting active recharge conditions and rapid infiltration processes. This is a typical feature of karst
systems, were water infiltrates quickly through fractures and conduits, maintaining high oxygen levels.
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Nutrient concentrations (NOs~, NOz~, NH4" and PO.°") are generally very low across all sampling
points (Tab. 1-3). This indicates the absence of significant anthropogenic contamination sources such
as agriculture or wastewater infiltration, and reflects the relatively preserved environmental
conditions of the study area. The concentration of NO®-N (Fig. 2b), commonly derived from
agricultural runoff and human activities, serves as a significant indicator of nutrient pollution, which
can result in eutrophication (Dewata et al., 2025).

4.2. The hydrochemical diagrams and interpretation

The hydrochemical characterization of groundwater was performed using three complementary
diagrams: the Piper diagram (Fig. 3) as the primary classification tool, the Schoeller diagram (Fig. 4)
for comparative analysis of major ions, and the Chadha diagram (Fig. 5) for validation of
hydrochemical facies.

Classical Piper diagram for 11 groundwater samples
Albania-Montenegro study area

central diamond

1. Grabom

2. Grabom 2

3. Tamara

4. Tamara 2

5. Vermosh Q.
6. Kroni i Zekés
7. Cemi Selcé
8. Cemi Vukel
9. Vraké

10. Syri i Sheganit
11. Syri i Gjonit

hydrochemical facies 2, 20

Mg?+ 0 4 260 80 Na* + K* cr= 0 4 e 80 SO
Ca?* HCO3 + CO%~

Fig. 3. Hydrochemical characterization based on the Piper diagram.

Schoeller Diagram of Groundwater Samples
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Fig. 4. Hydrochemical characterization based on the Schoeller Diagram.
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Fig. 5. Chadha diagram — validation.

These diagrams are complementary and together provide a robust interpretation of hydrochemical
processes. The hydrochemical signature observed in the Piper diagram is consistent with the
geological context of the Albania-Montenegro border region, which is largely dominated by
carbonate formations. Similar hydrochemical patterns have been reported in recent studies of karst
aquifers, where carbonate dissolution dominates groundwater chemistry (Gu et al., 2021), (Zhang et
al., 2023).

The prevalence of Ca?", Mg?*", and HCO;™ ions indicates intensive water—rock interaction,
dissolution of calcite (CaCOs) and dolomite (CaMg(COs)2) (Appelo & Postma, 2004; Drever, 1997).
This hydrochemical signature is typical for groundwater circulating in carbonate aquifers and reflects
equilibrium processes between CO-, water and carbonate minerals (Hem, 1985; Plummer et al., 1978).
This suggests that groundwater circulation occurs mainly through karstic and carbonate aquifers, with
relatively short to moderate residence times. The Piper diagram (Fig. 3) is widely used as a standard
tool for hydrochemical classification of groundwater (“A Graphic Procedure in the Geochemical
Interpretation of Water-analyses,” 1944) and confirms that all samples fall within the Ca—HCOs
facies.

To further interpret the hydrochemical characteristics of the groundwater system, Scholler and
Chadha diagrams were employed to classify the water types and identify dominant geochemical
processes. The hydrochemical characteristics of the investigated groundwater samples were evaluated
using a combined Schoeller semi-logarithmic diagram, which allows a comparative visualization of
major ion concentrations expressed in milliequivalents per liter (meq/l). The Schoeller diagram
provides a comparative representation of major ion concentrations and is particularly useful for
identifying similarities and differences between groundwater samples (Schoeller, 1965).

The dominance of bicarbonate ions over sulfate and chloride confirms that groundwater
chemistry is mainly controlled by carbonate dissolution processes rather than evaporation or
anthropogenic inputs (Appelo & Postma, 2004; Gibbs, 1970).

In particular, the concentrations of Na" + K" exhibit the highest values among the cations,
followed by Ca®* and Mg**. This distribution indicates a significant contribution from both carbonate
rock dissolution and possible silicate weathering processes.
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Among the anions, bicarbonate (HCOs") clearly dominates over sulfate (SOs4*7) and chloride
(CI), confirming that the groundwater is primarily controlled by carbonate equilibrium reactions. The
relatively low concentrations of sulfate suggest a negligible influence of evaporitic formations such
as gypsum or anhydrite, while the moderate chloride levels indicate limited anthropogenic impact and
minimal influence from saline intrusion or wastewater sources.

The overall hydrochemical facies of the groundwater can therefore be classified predominantly
as Ca-Na-HCO:s type, with a tendency towards Na-HCOs facies in some samples. This variability
reflects differences in residence time, water-rock interaction intensity, and local geological
heterogeneity within the study area.

Furthermore, the relatively narrow spread of the Schoeller curves (Fig. 4) suggests a certain
degree of hydrochemical homogeneity among the samples, although subtle variations in magnesium
and chloride concentrations indicate localized geochemical processes. These differences may be
attributed to variations in lithology, permeability, and recharge conditions across the investigated
zones.

The absence of significant sulfate and chloride enrichment, combined with the dominance of
bicarbonate ions, indicates that the groundwater is largely of natural origin and has not been
substantially affected by anthropogenic contamination. This is consistent with the hydrogeological
setting of the area, which is characterized by carbonate formations and active recharge conditions.

Overall, the Schoeller diagram proves to be an effective tool for identifying the hydrochemical
signature of the groundwater system and supports the interpretation of a predominantly carbonate-
controlled aquifer with minor contributions from other geochemical processes.

The Chadha diagram (Fig. 5), derived from the differences between major cations and anions,
provides a simplified yet powerful classification of hydrochemical facies.

All samples plot in the upper-right quadrant, which corresponds to waters dominated by:

alkali metals (Na* + K*) over alkaline earths (Ca?* + Mg?*)
weak acids (HCOs") over strong acids (Cl- + SO4%")

This confirms that the groundwater belongs predominantly to the Na-HCOs type, reflecting
advanced stages of geochemical evolution.

4.3. Relationship between discharge and water chemistry

The analyzed springs exhibit a wide range of discharge values, reflecting the heterogeneity of the
karst aquifer system. Larger springs tend to show more stable physico-chemical characteristics, while
smaller springs display slightly higher variability. These characteristics confirm that the investigated
springs represent high-quality karst groundwater systems with minimal anthropogenic impact,
controlled primarily by natural geological processes.

A general trend can be observed in which springs with higher discharge tend to exhibit lower
mineralization, as indicated by lower TDS and EC values. This behavior is typical for karst systems,
where high-discharge springs are often associated with rapid groundwater circulation and shorter
residence times. In contrast, smaller springs may be influenced by localized hydrogeological
conditions, leading to slightly higher variability in chemical composition (Tab. 4).

The measured pH values range between 7.3 and 7.5, indicating neutral to slightly alkaline
conditions. This reflects a well-buffered hydrochemical system controlled by carbonate equilibria,
particularly the interaction between dissolved carbon dioxide and carbonate minerals. Such conditions
are characteristic of groundwater circulating in limestone and dolomite formations.

Electrical conductivity values generally range from approximately 250 to 300 puS/cm, while total
dissolved solids (TDS) vary between about 120 and 200 mg/l. These relatively low values indicate
limited mineralization and confirm that the investigated waters belong to fresh groundwater systems.
The low mineralization is consistent with rapid groundwater circulation and limited residence time
within the aquifer.
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Dissolved oxygen concentrations are relatively high, typically between 9 and 10 mg/1, suggesting
active recharge conditions and rapid infiltration processes. This is a typical feature of karst systems,
where water infiltrates quickly through fractures and conduits, maintaining high oxygen levels.

Nutrient concentrations (NOs~, NOz~, NH4" and PO4*") are generally very low across all sampling
points. This indicates the absence of significant anthropogenic contamination sources such as
agriculture or wastewater infiltration, and reflects the relatively preserved environmental conditions
of the study area.

Table 4.

Summary of physico-chemical parameters of the investigated springs and interpretation.

Parameter Min Max Average (approx.) | Interpretation

pH 7.3 7.5 ~7.4 Neutral-slightly alkaline

EC (uS/cm) 250 300 ~275 Low mineralization

TDS (mg/l) 120 200 ~160 Fresh groundwater

DO (mg/) 9.0 10.0 ~9.5 Well oxygenated

NOs~ (mg/l) very low | very low | — No agricultural impact

PO+ (mg/l) very low | very low | — Minimal contamination

Major ions and hydrochemical facies. The chemical composition of the analyzed springs is
dominated by calcium (Ca?") among cations and bicarbonate (HCOs") among anions. Magnesium
(Mg?") is present in secondary concentrations, while sodium (Na*) and potassium (K*) are found in
relatively low amounts.

Among anions, bicarbonate clearly dominates, whereas sulfate (SO42") and chloride (CI") occur
in significantly lower concentrations. This ionic composition reflects the dissolution of carbonate
rocks as the main geochemical process controlling groundwater chemistry (Tab. 5).

Table S.
Generalized major ion composition, their importance and geology influence.

Ion group Dominant ions | Relative importance | Hydrogeochemical significance
Cations Ca* High Carbonate dissolution

Mg?* Moderate Dolomite contribution

Na', K* Low Minor influence
Anions HCOs~ Very high Carbonate equilibrium

SO Low Limited sulfate sources

Cl- Low Minimal external inputs

Based on the relative distribution of major ions, all investigated springs can be classified within
the Ca—HCOs hydrochemical facies, which is typical of groundwater circulating in carbonate aquifers.
This hydrochemical signature indicates that the dominant geochemical processes are related to
carbonate weathering, particularly the dissolution of calcite and dolomite under the influence of
carbon dioxide-rich water

Heavy metals. The concentrations of trace elements (Fe, Mn, Pb, Cr VI, Co and As) are generally
very low in all analyzed samples. Most measured values are below or close to detection limits and
remain well within international drinking water standards (Tab. 6). Low concentrations of trace
elements are commonly associated with natural geogenic background levels in carbonate aquifers
(Adimalla et al., 2022).

Iron (Fe) and manganese (Mn) are present in low concentrations, consistent with natural geogenic
background levels in carbonate environments. Toxic elements such as lead (Pb), arsenic (As) and
chromium (Cr VI) show very low concentrations, indicating the absence of significant contamination
sources.

This distribution suggests that groundwater quality is not affected by industrial, agricultural or
urban pollution, and that the hydrochemical composition is primarily controlled by natural geological
processes.

Table 6.
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Summary of heavy metal concentrations.

Metal Observed level | Standard comparison Interpretation

Fe very low below limits Natural background
Mn very low below limits Geogenic origin

Pb very low below limits No contamination
As very low below limits No contamination
Cr (V] very low below limits No contamination
Co very low below limits Minimal presence

The analyzed springs exhibit a wide range of discharge values, reflecting the heterogeneity of the
karst aquifer system. Larger springs tend to show more stable physico-chemical characteristics, while
smaller springs display slightly higher variability.

A general trend can be observed in which springs with higher discharge tend to exhibit lower
mineralization, as indicated by lower TDS and EC values. This behavior is typical for karst systems,
where high-discharge springs are often associated with rapid groundwater circulation and shorter
residence times. In contrast, smaller springs may be influenced by localized hydrogeological
conditions, leading to slightly higher variability in chemical composition.

4.4. Water quality indices

The Water Quality Index (WQI) is widely applied as an integrated tool for assessing the
suitability of groundwater for drinking purposes, as it combines multiple physico-chemical
parameters into a single representative value(Shanmugasundharam et al., 2023; Vasanthavigar et al.,
2010). This approach facilitates a comprehensive evaluation of water quality and allows for easier
comparison across different sampling locations. The classification of water quality in this study
follows internationally recognized standards, particularly those established by the European
Commission (2020), ensuring consistency and reliability in the interpretation of results. (European
Commission, 2020).

4.4.1. Overall Water Quality (WQI)

The WQI approach applied in this study is widely used in recent hydrogeochemical research for
integrated groundwater quality assessment (Li et al., 2013; Shanmugasundharam et al., 2023).

The Water Quality Index (WQI) was applied to evaluate the overall suitability of the investigated
spring waters for drinking purposes (Tab. 7-8). The index integrates multiple physico-chemical
parameters into a single value, allowing a comprehensive assessment of water quality.

Based on the calculated WQI values, all investigated springs fall within the categories of
excellent to good water quality, indicating that the water is generally suitable for human consumption
without significant treatment. The low WQI values are mainly controlled by: low TDS concentrations,
stable pH conditions, very low nutrient content and absence of significant contamination

The WQI was calculated using the weighted arithmetic index method:

(WixQy)
wor = S

where:

Wi is the weight assigned to each parameter
Qi is the quality rating of each parameter

The quality rating Qi was calculated as:

_ (Ci—Cigear)
Q= (Si—Cideal) x 100 @

where:
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Ci  isthe measured concentration
Si  is the standard permissible value
Cideal 1s the ideal value (usually 0, except for pH and DO)

The classification of water quality based on WQI values is as follows:

Table 7.
The classification of water quality based on WQI values

WQOI Water quality

<50 Excellent

50-100 Good

100-200 Poor

200-300 Very poor

> 300 Unsuitable for drinking

Table 8.
WQI classification of the investigated springs.

Spring WQI (approx.) | Class Water quality
Grabom 25-35 <50 Excellent
Grabom 2 30-40 <50 Excellent
Tamara 3545 <50 Excellent
Tamara 2 40-50 50 (limit) | Excellent—-Good
Vermosh center | 3040 <50 Excellent
Kroni i Zekés 35-45 <50 Excellent
Cemi — Selcé 40-55 50-100 Good
Cemi — Vukél 35-50 <50 Excellent
Syri i Sheganit 25-35 <50 Excellent
Burimi i Vrakés | 3045 <50 Excellent
Syri i Gjonit 30-45 <50 Excellent

The low WQI values are mainly controlled by: low TDS concentrations, stable pH conditions,
very low nutrient content and absence of significant contamination. The predominance of excellent
WQI values reflects minimal anthropogenic pressure, efficient natural filtration processes, rapid
groundwater circulation typical of karst systems. The slightly higher values observed in some springs
may be related to local hydrogeological variability and minor influence of surface conditions.

4.4.2. Heavy Metal Pollution (HPI)

The Heavy Metal Pollution Index (HPI) was used to assess the overall impact of trace elements

on water quality. The HPI was calculated using the expression:

HP] = X(WixQy)
xw;
where:
Wi is the unit weight of each metal
Qi is the sub-index of each metal
0: = 559 % 100
i~
where:

M; is the measured concentration
Si is the standard permissible value
Ii is the ideal value (usually 0)

Interpreted HPI classification is shown at the Table 9.

HPI values for the investigated springs.

)

4)

Table 9.
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Spring HPI (approx.) | Category | Interpretation
Grabom 10-20 <50 Low contamination
Grabom 2 15-25 <50 Low contamination
Tamara 20-30 <50 Low contamination
Tamara 2 20-35 <50 Low contamination
Vermosh center | 10-25 <50 Low contamination
Kroni i Zekés 15-30 <50 Low contamination
Cemi — Selcé 25-40 <50 Low contamination
Cemi — Vukél 20-35 <50 Low contamination
Syri i Sheganit 10-20 <50 Low contamination
Burimi i Vrakés | 15-25 <50 Low contamination
Syri i Gjonit 15-25 <50 Low contamination
Table 10.
The HPI classification.
HPI Interpretation
<50 Low contamination

50-100 | Moderate contamination
>100 High contamination

The Heavy Metal Pollution Index (HPI) (Tab. 9-10) was calculated to evaluate the potential
impact of trace elements on water quality. The obtained HPI values are consistently low across all
sampling points, remaining well below the critical threshold of 100 (Fig. 6a and 6b).

The very low concentrations of heavy metals indicate the absence of significant anthropogenic
contamination and reflect natural geogenic background levels (Edmunds & Smedley, 2000;
Papazotos, 2021) also: absence of heavy metal pollution, dominance of natural geochemical
background levels and lack of industrial or urban contamination sources. This is particularly important
given the vulnerability of karst systems, which are typically highly sensitive to contamination due to
rapid infiltration and limited natural filtration. The hydrochemical composition of the investigated
springs is predominantly characterized by calcium-bicarbonate facies. Spring discharge values vary
significantly, reflecting the heterogeneity of the karst system and differences in recharge conditions.

The analyzed physico-chemical parameters indicate generally stable hydrochemical conditions
across the sampled springs, with no significant anomalies observed in major ion composition or trace
elements. The relatively low mineralization values (TDS generally below 200 mg/l) indicate short
groundwater residence times and rapid circulation within the karst system. This is consistent with the
highly fractured and karstified nature of the Mesozoic carbonate formations, which allow fast
infiltration and limited water-rock interaction time. The observed hydrochemical composition reflects
typical karst geochemical processes, including carbonate weathering and minor contributions from
silicate dissolution (Drever, 1997; Stumm, 1967).

The relatively low mineralization indicates short residence times and rapid groundwater
circulation, which are characteristic features of karst aquifers (Freeze & Cherry, 1979; Zhang et al.,
2023). The dominance of bicarbonate ions, combined with low sulfate and chloride concentrations,
suggests that the hydrochemical evolution of groundwater is primarily controlled by natural
geochemical processes rather than external inputs such as evaporation, anthropogenic contamination
or interaction with evaporitic formations. Furthermore, the relatively uniform hydrochemical
composition across all sampling points indicates a high degree of hydrogeological connectivity within
the karst aquifer system. This suggests that groundwater flow paths are well developed and
interconnected, allowing mixing and homogenization of water chemistry.

The Piper diagram (Fig. 3) shows that all samples fall within: Ca-HCOs, Ca-Mg-HCO:s facies.

The Schoeller diagram (Fig. 4) confirms: consistent ion distribution and dominance of Ca and
HCO:s. The Chadha diagram (Fig. 5) provides further validation of the same classification.
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Heavy metal concentrations (Table 7) are very low and within drinking water standards,
indicating no significant anthropogenic impact.
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Fig. 6. Spatial distribution of:

a) the Heavy Metal Pollution Index (HPI) in groundwater of the study area, derived using the Ordinary Kriging
interpolation method. The index integrates the concentrations of Fe, Mn, Cr(VI), Pb, and Co to assess the
overall impact of heavy metals on water quality. Lower values (0—1) indicate excellent quality, moderate
values (1-3) reflect good to acceptable conditions, while higher values (>3) suggest increasing levels of
contamination. The spatial pattern reveals localized zones of elevated HPI influenced by geological and
hydrogeochemical factors, with generally low to moderate contamination across the study area.

b) the Water Quality Index (WQI) in the Cem River basin, Albanian Alps. The index was computed based on
selected physicochemical parameters and standard guideline values. Spatial interpolation was carried out
using Natural Neighbor, highlighting variations in groundwater quality, from good (green) to poor (red)
conditions

5. DISCUSSION

This study provides the first integrated assessment of groundwater quality and quantity in the
Albanian Alps, establishing a baseline for future hydrogeological investigations in this Albanian
transboundary karst region. The findings contribute to a broader understanding of groundwater
systems shared between Albania and Montenegro, where scientific data have historically been limited.

The dominance of Ca-HCOs hydrochemical facies reflects the strong influence of carbonate
lithology (limestone and dolomite) and confirms that groundwater chemistry is primarily controlled
by carbonate dissolution processes. This is characteristic of highly karstified aquifers with rapid
groundwater circulation and limited water-rock interaction time.
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Similar hydrochemical patterns have been widely reported in karst systems of the Dinaric Alps
and other Mediterranean regions, where carbonate aquifers dominate and groundwater chemistry is
largely governed by natural geogenic processes. This consistency supports the reliability of the
obtained results and confirms that the investigated springs behave as typical karst groundwater
systems.

The generally low concentrations of heavy metals and stable physicochemical parameters
indicate minimal anthropogenic impact in the study area. This can be attributed to low population
density, absence of industrial activities, and relatively preserved natural conditions. However,
increasing tourism activity may represent a potential future risk, particularly through diffuse pollution
and inadequate wastewater management.

From a transboundary perspective, the investigated karst aquifers represent interconnected
groundwater systems that extend across national boundaries. Due to the high permeability and
conduit-dominated flow in karst environments, groundwater flow paths are not constrained by
political borders. This highlights the necessity for coordinated monitoring strategies and joint
management approaches between Albania and Montenegro.

A limitation of the present study is the absence of continuous temporal monitoring, which
restricts a comprehensive assessment of seasonal variability. However, the inclusion of two
contrasting hydrological periods (high-flow and dry season) provides a useful initial insight into
hydrochemical conditions. To address this limitation, a comprehensive and modern monitoring
system has been proposed for the extended Cemi/Cijevna River basin, including multi-season
sampling and tracer-based investigations aimed at improving the understanding of groundwater flow
dynamics and transboundary connectivity.

The use of multiple graphical methods is justified by their complementary roles: the Piper
diagram is primarily used for hydrochemical classification, the Schoeller diagram allows detailed
comparison of ionic concentrations, and the Chadha diagram serves as a validation tool. The strong
agreement between these diagrams significantly increases the reliability and robustness of the
hydrochemical interpretation. Although small deviations are observed in some samples, these likely
reflect minor local processes such as ion exchange or silicate weathering. However, these processes
do not significantly alter the overall hydrochemical facies, which remains consistently dominated by
carbonate dissolution mechanisms. The relatively low total dissolved solids (TDS < 200 mg/l),
combined with high dissolved oxygen concentrations, indicate short groundwater residence times and
rapid circulation within a highly karstified system. These characteristics reflect an active recharge
regime and strong hydraulic connectivity, typical of karst aquifers.

Water quality assessment based on the Water Quality Index (WQI) demonstrates that most
samples fall within the excellent to good categories. This confirms that groundwater is suitable for
drinking purposes with minimal treatment. In parallel, the Heavy Metal Pollution Index (HPI) values
indicate very low levels of heavy metal contamination, confirming the absence of significant
anthropogenic pollution sources.

The spatial distribution of hydrochemical parameters (Fig. 2) supports the interpretation of a
hydraulically connected system with relatively homogeneous hydrochemical behavior. This spatial
coherence suggests that groundwater flow paths are well integrated within the karst system. Similar
findings have been reported in recent studies, which indicate that groundwater quality in karst
environments is primarily controlled by lithology, residence time, and recharge conditions (Adimalla
et al., 2022; Li et al., 2013).

The transboundary monitoring network presented in Fig. 7 (Cem/Cijevna River basin) further
highlights the importance of integrated hydrogeological assessment. The map includes existing and
proposed monitoring stations in both Albania and Montenegro, such as groundwater wells,
hydrological stations, sampling points, and isotopic pluviometers. This network is designed to support
the evaluation of surface water-groundwater interactions and to improve understanding of the karst
aquifer system within the DIKTAS II framework (DIKTAS Project, 2015).
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Fig. 7. Transboundary monitoring network in the Cemi/Cijevna River basins.

Despite the currently high groundwater quality, karst systems are inherently vulnerable. Rapid
infiltration processes, thin soil cover, and limited natural filtration capacity make them particularly
sensitive to contamination. Therefore, continuous monitoring is essential. An effective monitoring
network should include all major springs, strategic locations along river systems, and seasonal
sampling campaigns to capture temporal variability.

The observed limited anthropogenic impact is closely related to reduced agricultural activity and
rural depopulation. However, increasing tourism development represents an emerging environmental
pressure that may pose risks to groundwater quality in the future.

Overall, the results demonstrate that groundwater in the Cem/Cijevna basin is dominated by Ca-
HCO:s facies, controlled by carbonate dissolution processes, characterized by low mineralization, and
exhibits excellent water quality with minimal pollution influence. The strong agreement between
analytical data, hydrochemical diagrams, and quality indices confirms the robustness of the results
and highlights the importance of this aquifer as a high-quality water resource that requires careful
protection and sustainable management.

6. CONCLUSIONS

The present study provides a comprehensive hydrochemical characterization and water quality
assessment of transboundary karst springs in the Albanian Alps. The results demonstrate that
groundwater is predominantly characterized by Ca- HCO:s facies, controlled by carbonate dissolution
processes within highly karstified aquifers.

The applied water quality indices (WQI and HPI) indicate that groundwater quality is generally
excellent to good and suitable for drinking purposes, with minimal evidence of heavy metal
contamination. These findings reflect limited anthropogenic pressure and relatively preserved natural
conditions in the study area.
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The hydrochemical consistency observed across the investigated springs suggests strong
hydraulic connectivity and well-developed karst flow systems. However, the intrinsic vulnerability of
karst aquifers, combined with increasing tourism activity, highlights the need for careful management
and protection of groundwater resources.

From a transboundary perspective, the results emphasize the importance of coordinated
monitoring and joint management strategies between Albania and Montenegro. The proposed
monitoring framework for the Cemi/Cijevna basin provides a basis for future research and supports
the sustainable management of shared groundwater resources.

Overall, this study contributes valuable baseline data for a relatively understudied karst region
and supports the development of integrated approaches for transboundary groundwater assessment
and protection.
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ABSTRACT

The assessment of water quality in this study utilized the Water Quality Index (WQI) and Trophic State
Indexes (TSI and TRIX) values as crucial components of information required for managing aquatic
resources. The primary aim of this study was to compare the evaluation of water quality in the coastal
waters of Sumberkima, Buleleng, Province of Bali, using the performance of WQI, TSI, and TRIX
values. The WQI, TSI, and TRIX values were derived from measurements of dissolved oxygen (DO),
nutrient levels, and chlorophyll-a (ChA), pH, temperature, salinity, and turbidity. Water samples were
collected from the surface waters at 37 physical stations and 18 chemical and biological stations. The
WQI ranged from 80.00 to 96.60 with mean value was 89.44 + 3.66 revealed the water quality was
good to excellent. The TSI and TRIX values for assessing trophic level in marine coastal waters of
Sumberkima ranged from 12.76 — 65.13 with mean value was 30.73 &+ 13.96 (TSI) and (4.41 £ 0.69)
for TRIX values across all monitoring stations. The comparative indices of trophic level revealed that
the coastal waters of Sumberkima were categorized as oligotrophic, mesotrophic, and eutrophic
according to TSI values, while TRIX had four (4) classes of trophic level. Furthermore, TRIX values
showed a stronger correlation with WQI (R*= 0.3418) than TSI (R>= 0.006). The findings of this study
suggest that the TRIX value possesses a more comprehensive and strong trophic classification to
characterize water quality. This study addresses a critical research gap in the identification of trophic
levels by integrating physical, chemical, and biological assessments of water quality parameters.

Keywords: Water quality index (WQI), Trophic state index (TSI); Trophic index (TRIX); Sumberkima coastal
waters, Spatial analysis.

1. INTRODUCTION

The coastal waters of Sumberkima Village are an area in the northern waters of Bali Province,
which has a unique landscape and supports diverse marine life that expands from west to east and has
been utilized by the community for various fishery activities, catch and farming, and ecotourism
(Ampou et al., 2023; Irawan et al., 2023; Nurjayanti et al., 2023). According to Rodrigues-Filho et al.
(2023), coastal waters are dynamic ecosystems that play an essential role in maintaining biodiversity,
creating resources, and driving economic activity. However, these ecosystems are increasingly
threatened by human activities, including pollution from land-based sources, agricultural runoff, and
industrial discharge, all of which may dramatically affect water quality and ecological balance
(Sahavacharin et al., 2022).
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Human stressors in coastal areas lead to a decline in water quality and biodiversity, the
destruction of essential ecosystems, and a general deterioration in the residents’ quality of life
(Herrera-Silveira & Morales-Ojeda, 2009).

The water quality information is required because the effectiveness of marine aquaculture is
strongly linked to the quality of the water used at the aquaculture site (Boyd et al., 2017). The
increased use of marine space and coastal areas has provided ecological pressure that will decrease
the health of the aquatic environment (Chen & Chen, 2007; Drira et al., 2017; Neumann et al., 2017).
The increasing environmental degradation caused by development highlights the critical need for
initial ecological assessments to determine baseline conditions, facilitating sustainable development
(Reyers & Selig, 2020). The changes in water quality conditions resulting from space utilization
include physical, chemical, and nutritional factors, which may adversely affect the development of
cultured organisms or lead to mortality, eventually resulting in diminished output (Reid et al., 2019).
The preservation of water quality and the evaluation of trophic status are critical for ensuring the
sustainability of these valuable resources and the livelihoods that depend upon them (Triyulianti et
al., 2021).

Evaluations are used to determine suitable management strategies and evaluate their
effectiveness over time. An index that provides a simple screening tool to categorize different water
bodies based on their trophic condition would be valuable. Evaluations are crucial for assessing the
health of aquatic ecosystems and informing suitable conservation strategies, including disaster
mitigation in urban settings (Gandaseca, 2011; Yusufet al., 2025). Nevertheless, more comprehensive
studies into water quality are required in coastal areas, where the levels of contaminants (ecological
pressure) are frequently higher than those of the open sea.

A simple index could be derived from frequently measured metrics or effectively identify water
bodies that are likely to be problematic or non-problematic in terms of eutrophication (O’Boyle et al.,
2013). Consequently, water quality indices and risk evaluation can be used to analyze water quality
in Sumberkima, a coastal area in northern Bali, and detect possible human and ecological health risks.
Water quality indices offer a useful method for assessing the overall water quality by integrating
various parameters into a single value. Water quality evaluations are useful in identifying and
evaluating the possible hazards that pollutants pose to human and ecological health (Shaaban, 2022;
Zotou et al., 2018).

The water quality index (WQI) is the most useful technique for analyzing and controlling water
quality information (Radfard et al., 2019; Yousefi et al., 2019). The WQI is widely used to evaluate
water quality due to its effortless form compared to physical-processed or hydrological models
(Benaissa et al., 2022, 2023; Yan et al., 2022). The WQI is an effective method for evaluating the
overall water quality by integrating various parameters into a single score. The scores describe the
results of the risk assessments to assist in the identification and evaluation of potential risks that waste
products may pose to human and ecosystem health (Shaaban, 2022; Zotou et al., 2018). Therefore,
analyzing and evaluating the coastal water quality in Sumberkima coastal waters is important for
managing the marine environment and enhancing water quality. Trophic State Index (TSI) and
Trophic Index (TRIX) were determined with a comprehensive method that integrates ChA, DO
saturation, nitrogen, and phosphorus to provide a holistic assessment of marine water productivity
and marine health (Peng, 2015; Triyulianti et al., 2021).

Dissolved oxygen is a basic component of aquatic organisms, and its existence regulates several
biological and chemical processes. Oxygen dissolved in the water column is a product of biological
processes that directly affect aquatic life, especially aerobic respiration, growth, and reproduction
(Diaz & Breitburg, 2009). In addition, nutrients in the form of inorganic nitrogen and phosphorus
compounds act as vital nutrients for marine flora and fauna. Nitrogen and phosphorus enrichment is
the principal eutrophication catalyst in numerous coastal habitats (Howarth & Marino, 2006).

This research represents an essential to environmental monitoring, aimed at collecting primary
data that could be used to develop scientific knowledge. The main objectives of this study are (1) to
evaluate the characteristics of hydro-oceanographic and water quality conditions of coastal waters in
Sumberkima, Buleleng, Bali Province, Indonesia and (2) to identify and evaluate the WQI and the
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Trophic State level in coastal waters of Sumberkima Village, Buleleng, Bali using TSI and TRIX
indices. The water quality indicates the water enrichment level, which subsequently increases the
water productivity. These indices have an efficient approach to assessing the overall water quality by
integrating many parameters into a single score. The findings of this research are intended to inform
the selection of marine biogeochemistry and physical oceanography parameters specifically designed
to determine the productivity of tropical marine ecosystems.

2. STUDY AREA

The research was conducted on the coastal waters of Sumberkima Village, which is located at
8°S latitude and 114°E longitude (Fig. 1). The research location is Sumberkima Coastal Waters,
Gerokgak Subdistrict, Buleleng Regency, Bali Province. The coastal waters of Sumberkima form a
bay that is quite sheltered by Gili Putih sand dunes, specifically at the east site. Data collection was
undertaken in April 2021.

The water quality parameters were measured at 37 stations scattered from west to east (Fig. 1).
The station grouping is based on the coastal waters used. The selected station points are
representatives of the existing land use activities in coastal waters, such as intensive marine
aquaculture (fish enlargement activities in floating net cages) with its surrounding landscape as well
as the all along seaside hatchery farms in the west site (St. 1, 2,3,4,5,7, 8,9, 10, 11, 13, 15, 20, 21,
22,31, 34, 35, 36, 37), attractive destinations of coastal tourism (coral reefs, seagrass and mangroves)
and Pegametan Bay in the east site (St. 6, 12,14, 16, 17, 18, 19, 23, 24, 25, 26, 27, 28, 29, 30, 32, 33)
as mentioned in corresponding table. The sampling locations represent spatial differences in the
ecological characteristics of study site and documented a limited number of water quality parameters.
The water quality measurement at 37 stations used the Water Quality Checker (WQC) for in situ
measurement at the surface layer consisting of sea surface temperature (SST), sea surface salinity
(SSS), surface current (SC), turbidity, and pH.
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Fig. 1. Research stations (green dots with number) in the Sumberkima Coastal Waters, Indonesia.
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3. DATA AND METHODS

3.1. Sampling method and water quality parameters

Water samples were taken using a Van Dorn water sampler to measure the concentration of
Dissolved Oxygen (DO), Nutrients (Nitrate, Nitrite, Ammonia, Phosphate) and Chlorophyll-a (ChA)
at 18 stations. The selected stations represented the west site (St. 1, 2, 3,4, 5,7, 8,9, 10, 11 and 15)
and the east site (St. 6, 12, 14, 16, 17, and 18). The water sample was placed in a bottle and transferred
to the Laboratory of Water Quality in the Institute for Marine Research and Observation (IMRO) in
Perancak, Bali Province.

Water samples were collected from the surface layer at the depth of between 0 — 25 m. The
analytical detection limit (DL) of total phosphorus (TP), was around 0.001 mg/L. For statistical and
trophic index estimates, concentrations below the detection limit were written as <DL and thought of
as half of the detection limit.

3.2. Comparative index of water quality and trophic level

The Water Quality Index (WQI) is a widely used index for the comprehensive assessment of
marine ecosystems. It has emerged as a widely utilized instrument for assessing water quality owing
to its straightforward structure, which is in contrast to physical-processed or hydrological models.
This index has been applied to evaluate surface water quality conditions. In this study, the WQI was
measured using data derived from three water quality parameters: turbidity, TP, and DO. The WQI
was calculated using the normalized values of three or more variables as follows (Pesce & Wunderlin,
2000):

(Cvl + Cvz + Cv3 Cvn) (1)
n

wQI =

where C, is the normalized value relative to a given water quality critical variable in the detailed
system and is the number of variables involved in the calculation.

The WQI represents a mathematical integration of normalized water quality measurements
through arithmetic weighting. The normalizations and weightings vary according to the specific water
usages (Pesce & Wunderlin, 2000; Xu et al., 2024). Table 1 shows the normalizing factors for the
WQI index calculation for this research. The quality classification was based on the ranges of WQI
values and their respective conditions could be found in Table 2, where WQI < 25 is very bad, 26 <
50is bad, 51 < WQI <70 is regular, 71 < WQI <90 is good, and 91 <WQI < 100 is rated as excellent
(Pesce & Wunderlin, 2000; Xu et al., 2024).

Table 1.
Normalizing factors for the WQI calculation (Pesce & Wunderlin, 2000).
100 920 80 70 60 50 40 30 20 10 0
DO
>75 >7.0 >6.5 260 =50 >40 >3.5 >2.0 > >1.0 <1.0
(ng/L)
TP
<0.05 <0.05 <0.05 <0.1 <0.1 <0.15 <0.15 <02 <02 <03 <03
(ng/L)
Turb.

(NTU) <5 <10 <15 <20 <25 <30 <40 <60 <80 <100 >100
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Table 2.

Classification of Trophic State Index (TSI) (Klippel et al., 2020), Trophic Index (TRIX), and Water

Quality Index (Pesce & Wunderlin, 2000; Vollenweider et al., 1998).

TSI TRIX WQI Condition
Low <4 Bad (< 50) Scarsely productive coastal waters
(Oligotrophic)  Oligotrophic Good water transparency — Absence of anomalous
<30 water colors — Absence of oxygen under saturation in
30-40 the bottom waters
Moderate 4 <5 Regular (51 -  Moderately productive waters — Occasionally water
(Mesotrophic) Mesotrophyc 70) turbidity — Occasionally anomalous water colors —
40-50 Occasionally bottom waters hypoxia episodes
High S<TRIX<6 Good (71 - Very productive waters (High productivity) — Low
(Eutrophic) Mesotrophic to  90) water transparency — Frequently anomalous waters
50-60 Eutrophic colors — Hypoxia and occasionally anoxia episodes in
60-70 the bottom layers — Suffering of the benthic

communities

Very high 6 <TRIX <10 Excellent (91  Strongly productive waters — High water turbidity —
(hypertrophic)  Eutrophic - 100) Diffuse and persistent anomaly in the water colors —
70-80 Diffuse and persistent hypoxia/anoxia episodes in the
>80 bottom waters — High mortality rate of benthic

organisms — Alteration of the benthic communities and
strong decrease of the biodiversity

The data obtained through measurements of water quality parameters can be used to evaluate
trophic status. The trophic status of bodies of water is an essential metric of aquatic ecosystem health,
revealing the degree of nutrient enrichment and primary production, significantly affecting the
composition and dynamics of aquatic ecosystems (Vollenweider et al., 1998). The TRIX method has
been widely used to assess the eutrophic state of marine bodies (Smith et al., 1999; Stramma et al.,
2008). TRIX has been developed to determine the trophic status of coastal waters through the
measurement of aquatic chemistry (Pavluk & bij de Vaate, 2017).

The TRIX index is defined as a linear combination of logarithms values of 4 parameters related
to eutrophication: ChA concentration in pg/L, concentration of nitrate, nitrite, ammonia (DIN), and
total phosphorus (TP) in pg/L, and percent oxygen saturation deviation (aD%O) (Seisdedo et al.,
2014). The results of 4 parameters measurements for applying the TRIX index (DIN, TP, aD%O, and
ChA) in the study location provided an overview of the conditions of the surface water trophic level.
The trophic status is determined using the TRIX index with the following formula:

lo ChA x |ADO| X DIN x TP) + k

DOopservation—POsaturation

ADO =

= aD%0 3)

DOsaturation

where, ChA is the concentration of chlorophyll-a (ug/L), aD %0 is the concentration of oxygen as
the absolute percentage deviation of oxygen saturation (100%), DIN is Dissolved Inorganic Nitrogen
(pg/L) and TP is Total Phosphorus (ng/L). The coefficients k and m are 1.5 and 1.2, respectively.
TRIX index values have a scale of 0-10 that can be categorized into 4 categories or 4 levels
(Table 2). The higher the TRIX index value (maximum 10) is, the higher the eutrophication rate of
its waters (high water productivity). The TRIX index value shows the category tropic level (Pavluk
& bij de Vaate, 2017), with the category assessment range in Table 2. Eutrophication triggers the
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occurrence of anoxia (Seisdedo et al., 2014). The higher the intensity or density of anthropogenic
activities allows the region to experience an excessive increase in trophic status (Saygu et al., 2023).

The Trophic State Index (TSI) evaluates ecosystem health by evaluating current biological
productivity levels (Klippel et al., 2020) (Table 2). The TSI values were determined based on the
interconnected variables TP (T'SIrp)), DIN (TSIpyy), and total chlorophyll-a (TSIicpay). The
equation applied to compute TSI is as follows:

TSIcna = 981 *Incpay  + 30.6 (#) )
TSIgpy = 1442 Inpy  + 4.15 (#) )
TSIy = 544 * 1443 % Inppy) (#) (6)
Average TSI = TSIcpay + TSIgpy + TSIpiny @)

3.3. Data analysis

The water quality parameter measurements were evaluated spatially and presented in a
horizontal description. Statistical analyses were performed to assess relationship between WQI, TSI,
and TRIX. Pearson correlation coefficients were computed between WQI and TSI; WQI and TRIX.
Data are presented as mean + standard error of the mean (SE).

4. RESULTS
4.1.Water quality parameters

The measurable surface temperature (SST) distribution at the research site in April 2021 showed
an average SST value (28.79 + 0.26 °C) in the range of 28-29.4 °C (Fig. 2a and Table 3) with the
distribution values of SST at the west site stations were 28.53 — 28.50 °C and 28 — 29.20 °C on the
east site station. The distribution of these values characterizes the surface water temperatures of
coastal waters in Indonesia in accordance with environmental quality standards. The average SST at
the east site of our research area is warmer than that at the west site (Table 3). The research locations
with the highest average SST values were close to the mainland (Fig. 2a).

The spatial distribution of Sea Surface Salinity (SSS) values was 31.2 — 31.9 and 31.72 £ 0.19
PSU (Table 3) as an average value of SSS (Fig. 2b), the distribution values at the west site stations
were 31.50 — 31.90 PSU and 31.20 — 31.90 PSU at the east site. A marginal rise in salinity was
observed in the nearshore waters in the eastern stations (St. 17, St. 18, St. 28, and St. 27), in contrast
to the more oceanic waters at the northwest endpoint of each transect and the southern transects, as
opposed to the eastern transects.

The SSS values of the southern transects or stations (St. 1, St. 13, St. 31, St. 14, St. 32, and St.
33) increased with distance from the coastline (Fig. 2b). Measurements of SST and SSS on the
western and eastern sides show maximum average values that are inversely related between the two
parameters. The strongest Surface Current (SC) values in April 2021 varied from 0 to 0.5 m s-1 (Table
3). The mean SC values at the west site were higher than those at the east site, indicating that the SC
is an environmental variable that influences the productivity levels in coastal marine ecosystems. The
spatial distribution of the DIN measurement results (Fig. 3a) in the form of nitrates (NO3), nitrites
(NO,), and ammonia (NH4) provides a description of the nutrient content or concentration at the
research site in April 2021.
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Table 3.

Statistic summary of water quality parameters collected from surface waters (0 — 25 m) in
Sumberkima coastal waters, Buleleng, Bali (for N/P the values were mumtiplied by 10).

West SST SSS SC *DO *DIN *TP aD%0O *ChA N/ pH Turb.
St~ (°C)  (PSU)  (mis)  (ugl) (ugll) (uglL) (%)  (ugL) P (NTU)
Stations .10
Mean 28.80  31.76 0.2 6263 35 1.2 97.72 0.15 6.7 795 0382
Median 28.80  31.80 0.2 6123 32 0.5 90.71 0.11 6.6 796 0.01
SD 0.12 0.11 0.13 230 9 23 2.81 0.12 27 020 25
Min 28.53  31.50 0.1 5754 22 0.0005 85.32 0.05 2.8 7.55 0.01
Max 28.90  31.90 0.5 6942 55 799 95.36 0.34 11 824 030
East Site SST SSS SC *DO *DIN *TP aD%0O *ChA N/ pH Turb.
Stations  (°C) (PSU)  (m/s)  (ugll) (ug/L) (ug/L) (%)  (ugL) P (NTU)
Mean 29.01 31.15 0.12 6538 71 0.5 97.72 033 2.7 776 0.01
Median 2897  31.77 0.1 6519 51 0.5 97.75 0.27 94 778 0.01
SD 0.40 0.28 0.08 480 53 0.5 6.30 0.24 13 021 0.00
Min 28.00 31.20 0.01 5995 38 0.5 88.98 0.07 59 751 001
Max 29.20  31.90 0.2 7163 176 0.5 106.31 0.78 35 799 0.01

* the values of DO, DIN, TP and ChA were multiplied Nl
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Fig. 2. Spatial distribution of (a) sea surface temperature (SST) and (b) sea surface salinity (SSS).

The spatial distribution of DIN values of the coastal waters of Sumberkima ranges from 22.2 to
176 pg/L, as depicted in Fig. 3a. with the average of DIN value was 38.3 = 11.9 ug/L. The highest
DIN concentration was found at St. 17, located in the middle area of the study, and the lowest
concentration was found in St. 1. The measurement stations identified as having DIN concentration
values below the mean value (38.3 + 11.9 ng/L) are close to the mainland. The spatially distributed
pattern of DIN concentrations revealed an increase in values from stations near the shore to those in
the open sea.

The range of TP concentration values obtained in the west site stations was 0.5 — 8 ug/L, with
an average value was 1.2 + 2.3 pg/L (Table 3) and the distribution values illustrated in Fig.3b. The
research location exhibited a restricted phosphate concentration (Fig. 3b). The TP measurement
results at the study site indicated limited phosphate presence, almost under detection limit (1 pg/L).

According to the information provided in Table 3 and Fig. 3b, the N/P ratio is the comparison
of DIN with TP values, indicating that the availability of nutrients for algal growth was higher than
16. This finding indicates that the coastal waters of Sumberkima exhibited a phosphorus-limited state
during this season (Fig. 3b) considering the N/P ratios. In this study, the phosphate concentrations in
the coastal waters of Sumberkima are often very close to the analytical detection limit.
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Fig. 3. Spatial distribution of (a) dissolved inorganic nitrogen (DIN) and (b) total phosphate (TP).

The measurable dissolved oxygen concentration (DO) at the study site (Fig. 4a) was above the
standard quality threshold of > 5000 pg/L (Table 3). The DO range at the research area was 5754 —
7163 pg/L, with the average value of DO for all station was 6243 + 366 pg/L (Table 3 and Fig. 3a),
where the mean values were higher at the east site (6537 = 480 pg/L) than at the west site (6263 +
299 pg/L. Measurement and spatial analysis results of DO and ChA in the Sumberkima coastal waters
are shown in Figs. 4a and 4b, respectively. The ChA concentrations ranged from 182 to 135 ug/L,
with the highest values found in the seagrass area (East site), with measurements at station St. 17 (789
ng/L) and St. 18 (450 pg/L). Station 17 had the highest concentrations of DIN, DO, and ChA, as
illustrated in Fig. 3a (DIN), Fig. 4a (DO), and Fig. 4b (ChA).

The pH values ranged from 7.51 to 8.24, with an average of 7.95 £ 0.20 in the west site and 7.76
+ 0.21 in the east site. The stations recorded pH values above 8.0 (St. 14, 31, 13, 18, 22, 6, 7, 2, 21,
37,5,36,35,9,34,3,4, 11, 20, 15, 16, and 10). The pH values were found > 8 located on study area
that was close to the main island (Table 4). The turbidity is another measurement with a range of
values of 0.0-8.30 NTU with an average was 0.74 = 2.45 NTU. The results from sampling stations at
the east site were lower than those recorded at the west site (Table 4).
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Fig. 4. Spatial Distribution of Dissolved Oxygen (DO) (a) and Chlorophyll-a (ChA).
4.2.Water quality indexes
4.2.1. Water quality index (WQI)
The WQI values in the coastal waters of Sumberkima, Buleleng, Bali Province, have a mean

value of 87.88 + 3.08 in the west station and 91 + 3.25 (Table 4 and Fig. 5), with values ranging from
80 to 97. The WQI values distribution indicated that the coastal waters quality of Sumberkima could



Iis TRIYULIANTI, Eghbert Elvan AMPOU, Dessy BERLIANTY, Yoke Hany RESTIANGSIH, Vivi Eka ... 59

be classified were in Good and Excellent. The water quality of Sumberkima coastal waters indicates
that the condition of waters was varied in two classes (Good to Excellent) (Table 4 and Fig. 5).

The comparison of the two groups of study area performed at the West site has the average value
was 87.88 = 3.08 lower than East site (91 = 3.25). The WQI classification for assessing the water
quality at stations WS 18 and WS 17 (Fig. 5 and Fig. 6a) in the East Site indicates excellent
conditions, while other stations are categorized as having been in good condition. Fig. 6a shows the
spatial distribution of WQI values, indicating that station WS18, situated in the East site, has the
highest WQI value (97) characterized with the highest DO (6.94 mg/L) and the TRIX index value
(6.44).
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Fig. 5. Water Quality Index (WQI) in Water Sampling (WS) stations in Sumberkima coastal waters,
Buleleng, Bali Province, in April 2021

4.2.2. Trophic index (TRIX) and trophic state index (TSI)

The outcomes of the calculation of the four parameters for trophic status evaluation using the
TRIX index application are detectable in the distribution at the observation, as shown in Fig. 6. The
TRIX values ranged from 3.22 to 6.50, with a mean of 4.41 £ 0.69 and the distribution values of TRIX
approximates normality. The TRIX index value was found to have a range value indicates the trophic
state were in the Oligotrophic, Mesotrophic, Mesotrophic to Eutrophic and Eutrophic type. The
trophic condition of those TRIX values indicated that the waters were very productive (high
productivity) with low water transparency into frequently anomalous waters colors and hypoxia and
occasionally anoxia episodes in the bottom layers (Table 3 and Fig. 6b.).

The average TRIX value in the study area was 4.41 + 0.69 which may be characterized by the
Mesotrophic to Eutrophic of the water productivity level or trophic level. The productivity level is
characterized by moderately productive waters with occasionally anomalous water color. Hypoxia
and occasionally anoxia episodes could also be found in the bottom layers, indicating the suffering of
the benthic communities. The result of counting the TRIX algorithm also illustrates the distribution
classes of marine productivity in study area.

The western site had range TRIX values were 3.22 into 6.50 means all those areas were in
Oligotrophic, Mesotrophic, Mesotrophic to Eutrophic and Eutrophic condition (Table 4, Fig. 6) and
the east site stations have two (2 classes) condition of trophic state were Mesotrophic and Mesotrophic
to Eutrophic. The highest score of TSI found in the west site (St. 17) characterized by the highest of
the DIN, ChA, and DO concentrations. Water quality assessment from the result of TSI algorithm
revealed that the study areas have three classes of trophic level based on Nutrients and Chlorophyll-a
concentration were Oligotrophic, Mesotrophic and Eutrophic (Table 4 and Fig. 6).
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Fig. 6. Spatial distribution of WQI, TRIX, and TSI in Sumberkima coastal waters

The findings suggest that the TRIX score provides a more comprehensive and strong trophic
classification to characterize water quality. The level of productivity has three classes (Oligotrophic,
Mesotrophic and Eutrophic) for all stations along the West side into the East side, which illustrated
the condition of the waters in Fig. 6c.

4.2.3. Comparison of the water quality indices

However, the evaluation of water quality is a crucial step in conserving and effectively managing
coastal and marine water resources, which are constantly under threat from human-induced physical
and chemical pressures (such as water over-exploitation and pollution), climate change, and
uncertainty. The results of the comparative analysis using regression analysis between WQI with
TRIX and TSI depicted in Fig. 7.

Linear regression analysis showed that WQI scores were more strongly correlated with TRIX
than with TSI. Specifically, the coefficient of determination (R?) value of TRIX with WQI shows a
higher value (R? = 0.3418) than TSI (R? = 0.006). This value indicates a stronger correlation between
WQI and TRIX than with TSI. The linear regression equation obtained shows a negative correlation
with TRIX and a positive correlation with TSI. The negative correlation with TRIX (y = -0.0683x +
11.934) a potential inverse relationship with trophic status.

However, the group classification of trophic level in TSI indicated the classification of trophic
levels is more widespread which has three (3) classes. The results highlight the fact that, although
neither index accurately reflects the nutrient-based WQI classification, the TRIX values provide a
more accurate approximation and may therefore be a more appropriate method for water quality
assessment in this context.
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Table 4.
Distribution of Water Quality Parameters with the Water Quality Index (WQI) and the Trophic State
Index (TSI and TRIX).
Para- SST SSS Turb. pH ChlA DO DIN TP Condi
meter  (°C)  (PSU) (NTU) (ng/L) (ugL) (pg/L (ugL) WQI TRIX TSI -tio/
QS* 2830 3334 <5 785 ~5000 308 15 State
(Ave.)
West Site
St.1 28.53 31.50 0.00 7.78 119 6338 22 8 80 6.50 57
St.2 28.70 31.80 0.00 7.55 339 6992 176 0.5 93 452 65
St.7 28.70 31.80 0.30 8.03 119 5996 28 0.5 87 3.22 30
St.8 28.70 31.90 0.07 7.55 307 5936 27 0.5 87 4.64 19
St.13 28.70 31.80 0.00 7.89 110 6439 40 0.5 90 426 34 Oligo
St.5 28.70 31.67 8.53 8.22 59 6036 41 0.5 87 4.15 25 -tro-
St.9 28.70 31.80 0.00 7.99 59 6600 55 0.5 93 3.96 38 phic
St.3 28.80 31.80 0.00 8.15 335 6278 55 0.5 90 4.56 23 into
St.4 28.80 31.80 0.00 8.24 110 6117 33 0.5 90 425 16 Eu-
St.10 28.90 31.77 0.00 8.13 51 6130 31 0.5 90 3.87 32 Tro-
St.11 28.90 31.70 0.00 8.14 59 5755 42 0.5 87 4.03 25 phic
St.15 28.90 31.83 0.03 8.04 162 6177 30 0.5 90 4.33 13
Mean 28.8 31.72 0.50 7.91 153 6263 35 1.18 87.8 4.36 31
SD 0.26 0.19 2.0 0.23 111 299 9 2.3 3.66 0.82 16
Para- SST SSS Turb. pH ChlA DO DIN TP Condi
meter (°C)  (PSU) (NTU) (mgll)  (ugL) (ngl (ugL) WQI TRIX TSI -tio/
State
QS* 28-30 33-34 <5 7-8.5 > 5000 308 0.015
East Site
St.18 28.53 31.77 0.00 7.87 450 7163 70 0.5 90 5.02 19 Oligo
St16 2890  31.77 0.00 7.87 163 6036 47 0.5 93 446 24 -tro-
St.6 28.9 31.77 0.00 7.74 391 6439 40 0.5 97 4.72 46 Ph‘c
St.12 28.97 31.87 0.00 7.67 76 5596 38 0.5 90 4.09 31 into
St.17 29.0 31.77 0.00 7.51 789 6992 176 0.5 90 5.55 37 Eu-
St.14 29.1 31.2 0.00 7.90 272 6600 55 0.5 87 4.72 20 Tr?—
Mean  29.01 3161 0.00 7.77 358 6537 71 05 91 470 29 PhiC
SD 0.12 0.28 0.00 0.16 252 480 53 0.00 3.44 0.58 11
*OS as Water Quality Standard for biota and marine culture based on the Environment Quality Standard No.51 2004
Republic of Indonesia
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Fig. 7. Linear regression analysis of the WQI, TRIX, and TSI in the Sumberkima coastal waters.
The scatterplots represent the linear regression and coefficient of determination (R?) for each index, pointing
out the direction and strength of the connections.
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Fig. 8 shows a comparison of the trophic status distribution at water quality measuring stations.
Approximately 50 percent of water quality monitoring stations are in good condition, predominantly
classified as mesotrophic. The results indicate that water quality varies from good to excellent classes
(WQI), which are related to the trophic levels of oligotrophic and mesotrophic environments (Fig. 8).
However, there are a significant difference in TSI and others scores groups (WQI and TRIX),
suggesting higher response to variations in chlorophyll-a and nutrient levels, emphasizing its
fundamental function in assessing eutrophication dynamics.
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Fig. 8. Comparison of the trophic status distribution of WQI, TRIX, and TSI
at water quality measuring stations.
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5. DISCUSSION

5.1. Evaluation of the water quality

The sea surface water in the research area had the range values (Table 4) were naturally warmer
due to exposure to the sun throughout the day. Nevertheless, as the wind blew, a mixing process
transpired and a mixed layer was formed within the surface layer (0 m) to a depth where the
temperature was uniformly still measured (Wyrtki, 1961). The SST was affected by weather
conditions, whereby factors such as precipitation, evaporation rate, atmospheric humidity, air
temperature, wind velocity, and solar intensity contributed to variations in SST (Tukenmez & Altiok,
2022). The mixed layer in the study areas reached temperatures of up to 28°C, Ariadji et al. (2024)
also found the average of SST conducted in March 2021 was 28.6 °C. This result also aligns closely
with the study by Khalishah et al., (2022) which is stated that the northern region of Bali has a surface
temperature of around 27-30°C. The distribution changes of SST in marine environments are affected
by solar radiation exposure (temperature of atmosphere), currents, regional season (Bradshaw &
Holzapfel, 2008). Water temperature is critical to evaluating water quality and analyzing aquatic
habitats. It significantly affects several chemical and biological processes and influences the dispersal
of marine creatures (Ustaoglu & Aydin, 2020).

The salinity variations are influenced by many causes, including geomorphological and
topographical formations that may create disparities in salt solubility and ion ratios. The findings
indicate that evaporation rates and the residence duration of coastal waters are the primary variables
affecting salinity throughout the measurement period due to all the measurements were taken from 9
am to noon. Geng & Boufadel (2017) observed that evaporation significantly raised the pore water
salinity, exceeding 85 g/L inside the superficial layer, which is approximately 10 cm under the sea
surface. The analysis of SST and SSS values from the depth 5 — 25 m revealed that the water body
was thoroughly mixed with significant vertical density gradients throughout the sample period.

Previous study by Khalishah et al., (2023) and Ilahude & Gordon (1996) found that the northern
waters of Bali are predominantly influenced by water masses from the Java Sea which have the
surface currents with the characteristics of the Indonesian monsoon current. The Indonesian monsoon
current crosses from the China Sea into Java, extending to the Flores Sea and Banda Sea.The highest
SC mean value found in the west site (0.2 + 0.13 m/s) of the sampling stations is influenced by the
movement of the monsoon winds and tidal energy. The surface currents in Bali's northern and
southern waterways move from west to east (Siswanto & Suratno, 2010) and conversely, the southeast
monsoon (May to October), the currents move from east to west, resulting in a dynamic marine
environment.

The research area revealed a limited phosphate content, with almost the TP measurement result
at the study field beings nearly below the detection limit (1 pg/L). The highest concentration was
found in the west site (St.01). A previous study in Sumberkima coastal waters found that the primary
source of organic matter input in marine waters, particularly in Pegametan Bay, comes from fish
culture feed. The feed consists of nitrogen and phosphorus, which solubilise in water and are utilised
by the cultured organisms (Ariadji et al., 2024; Mok et al., 2021). Marine organisms require nutrients
to survive, and previous research has shown a positive correlation between the health of aquatic
ecosystems and phosphorus and nitrogen levels (Abo-El-Khair et al., 2016). Physical and biological
processes may influence the regulation of TP and DIN levels in the study areas due to the present
study revealed that elevations in TP and DIN were found by decreasing in salinity, indicating the role
of sewage effluents in providing N and P compounds to coastal saline ecosystems (Mahmoud et al.,
2020).

According to Ahmad et al. (2017), fishing activities might contribute to the concentrations of
nutrients, which is evident from Ariadji et al. (2024) found that the concentrations of NO, are less
than the other forms of nitrogen (NO; and NH3). The instability can be ascribed to its capacity to
oxidated become nitrate or reduction to ammonia through chemical reactions and biological bacteria
(Canfield et al., 2010; Ward, 2008). The salinity, water temperature, and dissolved oxygen are the
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most important factors influencing nutrient patterns in coastal regions (Pesce & Wunderlin, 2000).
The ratio of Nitrogen and Phosphate is a crucial ecological parameter influencing primary production
and eutrophication (Abdelmongy & El-Moselhy, 2015). The average N/P ratios in the study area was
higher than 16, phytoplankton growth may be limited by phosphorus or acts as the limiting factor
(Redfield et al., 1963). The fluctuation of the N/P ratios may be described to the diverse discharges
entering the research region. N-limited aquatic systems exhibit N/P molar ratios above 5, whereas P-
deficient aquatic systems also display N/P molar ratios above 5 (Abo-El-Khair et al., 2016b).

Oxygen compounds are those directly associated with carbon through photosynthesis and
respiration processes (Oschlies et al., 2018; Stramma et al., 2008). The presence or profile of oxygen
concentrations in the aquatic ecosystem area mirrors the concentration and profile of nutrient
distribution as mentioned by (Diaz & Breitburg, 2009). Oceanic fronts are areas characterized by
intensified surface gradients in physicochemical characteristics between adjacent water masses
(Belkin & Cornillon, 2005; Belkin & O’Reilly, 2009). The observation results (Fig. 4a) indicate that
the area surrounding station 03 has a seagrass cover percentage of 80.63%, whereas the areas around
stations 17 and 18 exhibit a higher coverage of 84.22%.

The minimum and maximum DO concentrations recorded were 5755 and 7163 pg/L,
respectively (Fig. 4a). The highest ChA concentration (7890 png/L) was found in stations 17, which
is in the East site. The similarity trend values of ChA with DO concentration exhibited correlate with
those obtained at this site (Fig. 9). This finding suggests that DO and ChA could be used as indicators
of the scale of photosynthetic aquatic organisms, as previously demonstrated by Mashoreng et al.
(2019). As shown by linear regression (Fig. 9), the correlation between DIN, DO, and ChA suggests
that these parameters are required during photosynthesis in addition to absorbed atmospheric carbon
dioxide (CO:) and oxygen (O2) production. The weak relation between ChA and DIN (R? were 0.26
and 0.07) suggested that DIN availability in the primary productive process is significantly limited.
However, the majority of sea surface waters are low in inorganic nitrogen, phosphorus, iron and/or
silica; nutrients that limit primary generation in the ocean (Bristow et al., 2017).
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Fig. 9. Linear regression analysis of DO, TN and ChA Values at the 18 Stations of Study Areas
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5.2. Comparison of water quality indices

A comparative evaluation of the efficacy of WQI, TRIX, and TSI for evaluating water quality
in tropical coastal ecosystems reveals significant differences. The TRIX exhibits a significant
negative relationship with WQI (R? = 0.34, p < 0.01), suggesting that the trophic state index
significantly impact overall water quality, hence establishing TRIX as a reliable indicator of
ecosystem degradation as evidenced by WQI. Increasing TRIX values, signifying enhanced nutrient
enrichment and phytoplankton biomass, correlate with diminished WQI scores, indicating declining
physic-chemical water quality. This pattern is found over the studied data range, suggesting that
eutrophication significantly affects regional water quality.

The trophic status was calculated and assessed from four water quality parameters, namely DIN,
TP, % DO, and ChA obtained an index value for all stations indicating the condition of the waters is
at Mesotrophic up to Eutrophic level (Pesce & Wunderlin, 2000; Vollenweider et al., 1998). The
TRIX index value also shows that the research location as a typical ecosystem of tropical coastal areas
as expressed by (Welsh, 2000).

The linear regression between TSI and WQI (Fig. 7) indicated a negligible association between
TSI and WQI (R? = 0.006) shows that fluctuations in trophic status occur independently of alterations
in overall water quality, underscoring the restricted responsiveness of WQI to eutrophication-related
phenomena. We analyzed the spatial distribution of the WQI, TRIX, and TSI indices (Fig. 6a, Fig.
6b, Fig. 6¢) and discovered a value distribution pattern of those indices in which the study area with
the highest WQI value coincides with lower TRIX and TSI values.

The distribution of TSI index values across all 18 sampling stations was oligotrophic to eutrophic
(Fig. 6¢). The average TSI index value at the west side research location (31£16) and stations on the
east side was 29.4 + 11, indicating mesotrophic conditions.

The highest trophic level (eutrophic) was discovered at station 17, which is located on the east
side. This is attributed to the high levels of organic and inorganic waste in the region caused by
increased land use, economic growth, and rapid urbanization. These findings are comparable with
those of Abdel-Hamid (2017), who identified several important terrestrial and marine activities that
contribute to eutrophication.

WQI integrates several physical and chemical properties to describe comprehensive water
quality, whereas TRIX focuses on nutrient enrichment and phytoplankton response, making it more
sensitive to eutrophication processes. A positive relationship was found between elevated productivity
and persistently higher nutrient consumption levels in the studied area, suggesting that these levels
transcend those of the realistic scenario (Giovanardi & Vollenweider, 2004).

According to Primpas & Karydis (2011), TRIX is useful for quantifying environmental quality
due to it’s has several advantages: (a) it produces a single number, (b) it is a multimetric index that
includes four variables related to eutrophication, and (c) the environmental variables involved can be
measured directly on a regular basis. Evaluating trophic status is crucial for determining the health of
coastal aquatic ecosystems. By analysing nutrient concentrations and trophic interactions, researchers
and policymakers can comprehend the ecological condition of coastal marine ecosystems (Bricker et
al., 1999).

In April 2021, the water quality of coastal waters in Sumberkima, Buleleng, Bali Province,
typically revealed that the results of measurements are still within the range of Standard Quality (SQ)
criteria for marine biota and marine culture (Kementerian Lingkungan Hidup, 2004), excepts for
nutrients as mentioned in Table 4. The results of the previous study found the condition of
environmental degradation of marine culture in the north Bali coastal waters district has not occurred
yet, but continuously efforts to control and anticipate it should be done as to achieve integrated
marinculture Soto (2009). Soto (2009) proposed that integrated mariculture provides a mitigation
strategy for the surplus nutrients and organic matter produced by intense aquaculture practices,
especially in marine environments.
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6. CONCLUSION

This study highlights that WQI, TRIX, and TSI provide complementary but distinct insights into
water quality situations. The significant negative correlation between TRIX and WQI indicates that
eutrophication is a principal factor in a decline of water quality in the studied area. The lack of a
significant correlation between TSI and WQI suggests that fluctuations in trophic status may occur
independently of alterations in overall water quality.

Comparing these indicators with nutrient concentration measurements in Sumberkima coastal
waters, Bali Province offers a more comprehensive understanding of the determinants influencing
water quality and presents a more complete overview of the condition of coastal aquatic ecosystems.
Among the assessed indices, the WQI and TRIX indices exhibit a more robust significant correlation
than the TSI. TRIX and TSI offer a more precise representation of trophic conditions affected by
nutrients. The TRIX index demonstrates increased sensitivity in categorizing ecosystems as
oligotrophic, mesotrophic, mesotrophic to Eutrophic and Eutrophic. These findings strengthen its
potential as a dependable biomarker for identifying modest trophic changes in nutrient-dense
environments.

The findings of this study represent conditions from an a single sampling time (April 2021) and
should be regarded as a temporal snapshot. Additional multi-seasonal measurements are necessary to
fully comprehend the seasonal variability in the research area. One of the future challenge in this
research is to ensure data quality and consistency collecting, particularly under changing
environmental circumstances. Adaptive sampling techniques may be necessary due to the potential
for findings to be impacted by external influences, such as seasonal variations or unpredictable
disruptions. Moreover, restricted access to advanced tools and processing resources can affect
comprehensive research. Addressing these problems requires careful analysis, ongoing oversight, and
cooperation with field specialists. This study may get more accurate and significant results by using
advanced technology and enhancing procedures.
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INTEGRATING LANDSAT-8, EMAG2V3, AND GGMPLUS GRAVITY DATA
FOR GEOTHERMAL PROSPECT ZONATION AT DORMANT VOLCANO
(CASE: MOUNT PUSUK BUHIT, NORTH SUMATRA, INDONESIA)
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ABSTRACT

Indonesia has an estimated 23,591.75 MWe of geothermal potential, but exploration is costly and time-
consuming. One of the islands in Indonesia, namely Sumatra, has 104 geothermal prospects, including
the Simbolon—Samosir area, where Mount Pusuk Buhit has 150 MWe of inferred resources. This study
uses satellite imaging to map surface and subsurface features at Mount Pusuk Buhit. Landsat-8 imagery
is processed to create visualisations, while GGMPlus gravity data are analysed to map the land's
structure. The NDVI calculation results are -0.51 to 0.87. The NDVI at the hot spring is lower than its
surroundings, at -0.51 to 0.17. The research area has an LST of 19.72°C to 36.04°C. LST maps reveal
localised heat anomalies on the flanks and foothills of Pusuk Buhit, some coinciding with known
geothermal manifestations. Low NDVI values in these areas indicate reduced vegetation cover.
Negative gravity anomalies are interpreted as fractured or fluid-influenced low-density zones, and
positive anomalies indicate dense volcanic or intrusive bodies that may act as structural boundaries.
Integrated LST and gravity overlay identifies four prospect zones. High LST coinciding with negative
gravity is the most favourable for upflow. The Curie Depth Point values are generally around 28 to 31
km, which correlates well with heat flow values of around 48 to 50 mW/m?. The results demonstrate
the effectiveness and cost-effectiveness of combining Landsat-8 thermal, EMAG2V3, and GGMPlus
gravity anomalies in assessing geothermal potential in volcanic terrains. The workflow can be used for
other geothermal prospects in Indonesia.

Keywords: Landsat-8, EMAG2V3, GGMPlus, geothermal, dormant, volcano, Pusuk Buhit.

1. INTRODUCTION

Indonesia is located along a volcanic arc with abundant geothermal potential. Indonesia’s
estimated geothermal potential currently stands at 23,591.75 MWe, while its realised utilisation is
only around 5%. In Sumatra, there are 104 geothermal prospects, including Mount Pusuk Buhit in
Samosir Regency. The Simbolon—Samosir Geothermal Project working area, which is part of the
Pusuk Buhit system, is estimated to have an indicated geothermal potential of approximately 150
MWe. Geothermal systems in volcanic regions are often difficult to map because of vegetation cover,
weathering, and significant topographic variation. Mount Pusuk Buhit is a type-C volcano. Although
no eruption has been recorded, the area is characterised by fumaroles and other signs of subsurface
heat and fluid circulation. Such “dormant” systems are difficult to investigate because surface
manifestations may be weak, while the subsurface structures that control permeability and fluid
migration are hard to identify. Therefore, techniques capable of mapping both surface thermal
manifestations and inferring subsurface structures would be highly useful.
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Geothermal exploration requires substantial resources, is time-consuming, and is often
constrained operationally. Field mapping and sampling are hindered by steep topography, settlements,
and weather conditions, all of which may increase uncertainty in geothermal identification. Satellite-
based approaches can provide broad, efficient coverage, enabling geothermal target screening.
Remote sensing has been used to highlight anomalous zones for further investigation in Indonesia and
other volcanic regions (Bian et al., 2024; Weldeyohannes et al., 2022). Among the available satellite
options, Landsat-8 OLI/TIRS has been widely used in preliminary geothermal studies through the
analysis of surface thermal anomalies that may indicate the presence of geothermal resources (Azis
et al., 2022). Various studies have demonstrated the effectiveness of Landsat-8 imagery for mapping
land surface temperature in volcanic environments with geothermal resources (Saraswati et al., 2019).

In addition to thermal information, geological structural factors also play an important role in
geothermal systems. Faults and fractures act as migration pathways for geothermal fluids from the
reservoir to the surface (Grant & Bixley, 2011). In this study, we used Fault Fracture Density (FFD)
analysis, which has been widely applied to delineate permeable zones (Ahmadi & Pekkan, 2021;
Hutauruk et al., 2024). The integration of LST and FFD analyses is commonly treated as a unified
interpretive framework and has been widely applied in geothermal exploration in various areas, both
in active volcanic environments and non-volcanic geothermal systems (Alqahtani et al., 2023; Rabuffi
et al., 2025; Rafiq et al., 2025).

To complement this geothermal potential analysis, we also used the gravity method based on the
satellite-derived Global Gravity Model Plus (GGMPlus) dataset from Hirt et al., (2013). The gravity
method can serve as a complementary tool for identifying subsurface structures, such as fractures,
that act as pathways for ascending hot fluids. Gravity methods are widely used in geological
investigations because they are sensitive to variations in rock density (Blakely, 1995; Telford et al.,
1990). For example, gravity anomaly analysis has been proven to provide important information for
detecting geothermal areas at Mount Ungaran and in other geothermal regions (Pratiwi et al., 2026;
Setyawan et al., 2015, 2021, 2024). More recently, (Pratiwi et al., 2026) also successfully delineated
structures controlling hydrothermal activity in the Arjuno—Welirang volcanic area. Therefore, the
gravity method is highly suitable for the analysis conducted in this study.

Many regions worldwide (Indriana, 2019; Pramudya et al., 2025; Prihatini et al., 2025) have
achieved successful results using this approach (Azis et al., 2022; Setyawan et al., 2015). However,
validation data are still needed to assess whether the approach used in this study is effective. The next
method we selected was the magnetic method, which is sensitive to the response of subsurface heat
sources. We used Emag2v3 data from Meyer et al., (2017), which were analysed to estimate Curie
depth. Several studies have also shown that Curie Point Depth (CPD) can be used to derive thermal
gradients and heat flow based on the Curie temperature of magnetite (Demarco et al., 2021; Kassa et
al., 2022; Kongpet & Kanjanapayont, 2024; Mono et al., 2018). A previous study by Muckharom et
al., (2026) reported that the magnetic method is effective for estimating heat flow in several areas of
Sumatra using Curie-depth analysis.

Based on these considerations, this study integrates several methods to assess geothermal
potential in the Pusuk Buhit area, namely LST, FFD, gravity, and magnetic methods. The objective
of this study is to identify geothermal potential in the Pusuk Buhit area in a more comprehensive
manner. The originality of this study lies in the integrated use of geophysical and remote sensing
methods. Its main novelty is the focus on the Pusuk Buhit area, which is still at an early exploration
stage and therefore requires multiple types of data to support geothermal development. In addition,
the novelty of this study lies in integrating geothermal and structural parameters, particularly through
the application of the magnetic method to assess the regional-scale heat source, while hot fluids
generally migrate through subsurface rock fractures or accumulate in reservoirs. The presence of these
fractures and reservoirs is then identified using gravity and FFD methods, while surface thermal
manifestations are analysed using the LST method. The study thus provides a more robust framework
for reducing uncertainty in preliminary geothermal targeting, especially in dormant volcanic systems
where surface manifestations are limited or ambiguous.
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2. STUDY AREA

This study focuses on the Mount Pusuk Buhit geothermal zone, Samosir Regency (North
Sumatra), which is part of the Simbolon Samosir Geothermal Working Area and is characterized by
volcanic geomorphology with documented geothermal surface manifestations. Simbolon Samosir
Geothermal area position 2°33°15.62” S - 2°38°34.39” S and 98°36°1,89 E - 98°41°22.65” E, the
elevation height 904 - 2157 m (Fig. 1). Mt. Pusuk Buhit is classified as a dormant quaternary volcano.
This research utilizes three satellite-compiled geophysical datasets: Landsat-8 OLI/TIRS, Global
Gravity Model Plus (GGM+), and EMAG2-V3. Global Gravity Model Plus (GGMPlus) imagery to
derive surface indicators (composite bands, NDVI, and land surface temperature). GGMPlus satellite
gravity data to analyze subsurface density structure patterns at approximately ~200 m spatial
resolution. EMAG2-V3 compiled magnetic anomaly data to estimate Curie Point Depth (CPD) and
derive thermal proxies (geothermal gradient and heat flow) at a regional scale (Hirt et al., 2013; Meyer
et al., 2017). Landsat-8 OLI/TIRS is downloaded from USGS, GGMPlus is free support from Curtin
University, and EMAG2-V3 is free from ICGEM.
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Based on the geological map on Fig. 1, The Sidikalang and (part of) Sinabang, Sumatra by Aldiss,
(1983), the formations in the study area consist of the Toba Tuff Formation (Qvt) with rhyodacite tuff
(partially cemented), the Pusuk Buhit Formation (Qvpb) with dacite and/or rhyolite rock types, the
Kluet Formation (Puk) with metacuarzic sandstone, metaclastic, shale, and phyllite rock types, the
Kualu Formation (Mtks) with sibaganding limestone: biocalcilutite, and the Alluvium Formation (Qh)
with gravel, sand, mud, fan conglomerate, diatomaceous earth, and coral.

3. DATA AND METHODS
3.1. Landsat-8 preprocessing and surface parameter retrieval
3.1.1. Normalized Difference Vegetation Index (NDVI)

Vegetation cover was quantified using the Normalized Difference Vegetation Index (NDVI) to
reduce land-cover bias in thermal interpretation and to support emissivity estimation in heterogeneous
volcanic terrain. NDVI was calculated as equation (1).

NDVI = NIR — Red (1)
" NIR + Red

In this respect, NIR and Red represent near-infrared reflectance and red reflectance, respectively.
Typically, low NDVI values are associated with sparse vegetation, exposed soil, or altered surface
materials, whereas higher NDVI values are associated with more vegetative surfaces (Alqahtani et
al., 2023).

3.1.2. Thermal radiance and brightness temperatures (TIRS)

Thermal processing used Landsat-8 TIRS measurements, beginning with conversion from the
thermal band digital number (DN) to spectral radiance was expressed as equation (2).

Ly=M, Qe + 4, 2)

where L, is spectral radiance, M, is the radiance multiplicative scaling factor, A; is the radiance
additive scaling factor, and Q,; is the quantized calibrated pixel value (DN).
Brightness temperature was then computed as equation (3).

K, 3)

In (IL(—; +1)

TB =

where Ty is the at-sensor brightness temperature (K) and K;, K, are band-specific thermal calibration
constants.

This radiance-to-temperature step provides a physically consistent thermal measure before
correcting for surface emissivity.

3.1.3. Land Surface Temperature (LST) and emissivity correction
Land Surface Temperature (LST) was derived from brightness temperature with emissivity

correction to better represent true surface conditions. A commonly used form that is adapted to the
emissivity shown in equation (4).
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Ts 4)

/1%) In(¢)

LST =
1+(

where 1 is the effective thermal wavelength, p ~ 1.438 X 1072 m - K(with p = h c¢/0), and ¢is land
surface emissivity.

Emissivity was estimated via an NDVI-based approach to account for mixed land-cover
conditions. Vegetation proportion (PV) was calculated as equation (5).

_( NDVI — NDVI,;,, )2 (5)
~ \NDVI,,q5 — NDVI,;i,

and emissivity was approximated using equation (6).
e =0.004- PV + 0.986 (6)

This NDVI-based emissivity estimation is widely used to reduce LST error associated with
variable surface materials (soil, vegetation, water) and is particularly relevant in volcanic terrains
where alteration and land cover vary over short distances (Algahtani et al., 2023).

3.2. GGMPlus gravity processing

The gravity field data used for this research is provided by GGMplus, a high-resolution
representation of the global gravity field with nominally 200 m resolution on land. GGMplus is based
on satellite gravimetry observations (GRACE and GOCE), terrestrial gravimetry observations,
airborne gravimetry, marine gravity observations from altimetry, and models of topographic mass
(Hirt et al., 2013). These gravity disturbances are ideal for geological or geophysical studies at a
regional and local level, particularly over areas with limited land-based gravimetry data. Gravity data
are affected by the simultaneous action of latitude, topography, the Earth’s rotation rate, and the
subsurface mass distribution.

The geological information on subsurface density changes can be uncovered after a series of
standard corrections for gravity are applied to the data. The free-air correction is due to the decrease
in gravity from the topographical datum to the observation level, where there is no mass between the
observation level and the topographical datum on the ground.

The Bouguer and Terrain correction affected of the attraction due to the mass between the
observation level and the datum by simulating an infinitely extended horizontal bed of homogeneous
rocks of 2.67 g/cm?® density for continental regions (Blakely, 1995). The Bouguer anomaly was
calculated using equation (7).

AgBouguer = Gobs — Gn T 69FA - SgB + 5gT (7N

where g,ps is the observed gravity, g, is the normal gravity, 6gFA is the free-air correction, dgB is
the Bouguer correction, and dgT is the terrain correction.

The terrain correction is particularly important in regions with significant topographic relief and
improves the accuracy of the Bouguer anomaly (Arifianto et al., 2025). Analysis of subsurface density
variations using local anomaly data. Separation of local and regional anomalies using the upward
continuation method. Further study to strengthen the vertical and horizontal subsurface identification
rock density variation model created using a 2D inversion model.
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3.2.1. Inverse model

Gravity Inversion modelling is a quantitative geophysical method aiming to recover the subsurface
pattern of density contrast responsible for a set of observed gravity anomalies, formulated as a solution
of a regularised inverse problem. The inversion formula was calculated using equation (8).

d=Gm ®)

where d is the vector of observed gravity anomalies at measurement locations, m is the model
parameter vector (density contrasts in discretized cells), and G is the sensitivity matrix that relates the
influence of each model cell on each observation.

The entries of G are computed from Newton’s law of gravitation for the chosen cell geometry
(e.g., prisms, tetrahedra). Inversion solves for m by minimizing an objective function and is calculated
using equation (9).

¢(rn)="Wd(dcvbs_(;m)"2"')\«2"Wm(n'l_lnref)"2 (9)

where d,,s are observed data, W, is the data weighting matrix accounting for measurement
uncertainties, W, is a regularization operator enforcing smoothness or focusing constraints, mf is
a reference model, and A is the regularization parameter balancing data misfit and model complexity
(Blakely, 1995; Y. Li & Oldenburg, 1996).

3.3. Curie Point Depth (CPD)

Regional magnetic anomaly data were obtained from the EMAG2-V3 global compilation (2 arc-
min grid at ~ 4 km altitude), which integrates satellite, marine, airborne, and shipborne magnetic
surveys and applies kriging-based interpolation to improve consistency across heterogeneous survey
tracks (Meyer et al., 2017). In CPD analysis, the grid was projected into overlapping sub-areas to
support local spectral estimation. The CPD was estimated using the 2D spectral method applied to
each windowed magnetic anomaly subset. The radially averaged power spectrum was computed from
the 2D Fourier transform, and linear segments of In[P(k)] versus wavenumber k were fitted to estimate
depths of the magnetized layer following established formulations (C. F. Li et al., 2017). Z is the
depth (vertical distance) from the Earth’s surface to a magnetic source, measured positive downward,
typically expressed in kilometers (km). The depth to the top of the magnetic source (Zt) was estimated
from the high-wavenumber slope (s_(high)) and the centroid (Zo) from the low-wavenumber slope
(s_(low)) using the following relationship. That calculated using equation (10).

InP(k) = InC — 2kZ (10)

The depth to the bottom of the magnetized layer (Zb), interpreted as CPD, was then obtained using
the relation proposed in the centroid method (Okubo & Matsunaga, 1994).
(1D
Zy =27y —Z;

3.3.1. Geothermal gradient and heat flow from CPD

Assuming the Curie temperature (Tc) of dominant magnetic minerals is ~580°C, the geothermal
gradient (G) can be approximated from the Curie isotherm depth as equation (12).

580°C (12)

0
zZ

&'Q..
NI S
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where 7 is the mean surface temperature (or a reference near-surface temperature), and Z, is CPD

(Kongpet & Kanjanapayont, 2024; Maden et al., 2009).
Geothermal heat flow (Q) was then estimated using Fourier’s law in equation (13).

580°C
Zp

_ 9T _ (13)
Q= AE—A(

)

where A is the thermal conductivity of the crustal column (Saada, 2016). Spatial patterns of CPD,
geothermal gradient, and heat flow were mapped and later integrated with the surface thermal and

gravity-derived structural indicators.

The complete research flowchart is presented in Fig. 2.
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4. RESULTS
4.1. NDVI and LST

The Landsat 8 composite band provides a first glance at heterogeneity, where it is possible to
distinguish geomorphological differences based on volcanic cones, flow units, and potential alteration
areas at Mount Pusuk Buhit. The geomorphological differences are important as geothermal surface
features in volcanic environments are known to be concentrated around areas that are characterised
by alterations, exposed ground, and unique geomorphological features that indicate permeability. In
this study, the composite imagery is used to contextualise the spatial distribution of subsequent
thermal indicators by delineating surface units where thermal behaviour is expected to differ due to
material properties and land cover. NDVI mapping shows in Fig. 3a, a clear spatial variation in
vegetation density across the Pusuk Buhit.

The NDVI calculation results are -0.51 to 0.87. The NDVI at the hot spring is lower than its
surroundings, at -0.51 to 0.17. The northeastern hot spring has a high anomaly pattern flanking the
fault line. Other areas with low NDVI include Lake Toba and residential areas. Mount Pusuk Buhit
has relatively well-maintained vegetation density. NDVI assists in the identification of areas that are
sparsely vegetated but could be geothermally significant because the heat anomaly is easier to detect
where the surface energy contrast caused by vegetation is low. Areas that have high NDVI values
suggest that the vegetation is dense and could potentially obscure the surface heat through the
processes of evapotranspiration and shading. In view of the above, the heat anomaly needs to be
assessed in the context of vegetation. As already stated, the NDVI-heat anomaly is consistent with
other research that suggests that vegetation indices show positive associations with geothermal-
related heat anomalies where surface heat is high in areas that have less vegetation (Alqahtani et al.,
2023; Azis et al., 2022; Chan & Chan, 2023).
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Fig. 3. Spatial distribution derived from Landsat-8 TIRS across the study area a) NDVI values
highlighting areas of low vegetation density associated with altered or thermally affected zones, b) Land
Surface Temperature (LST) showing the distribution of surface thermal anomalies

The entire research area has an LST of 19.720°C to 36.04°C. The peak area of Mount Pusuk
Buhit has a low LST compared to its surroundings. There are 2 hot springs, on the west side of the
crater and on the northeast of the crater. Hot spring in the northeast are in a fault area that trends
southeast - northwest. The LST values at hot springs are different, ranging from 22.41°C to 24.39°C.
Emissivity-corrected LST mapping reveals that localized thermal anomalies are largely confined
along the flanks of Mount Pusuk Buhit (Fig. 3b). The hotspots are not continuous but rather localized,
implying focused permeability pathways for near-surface geothermal activity. LST anomalies
indicate increased flow of heat in the vicinity of near-surface fluids moving upward or heat flow from
underlying hotter regions. This finding is consistent with research that associates Landsat thermal
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anomalies with geothermal phenomena, such as hot springs and fumaroles. In previous research
carried out in Taiwan and Indonesia, it has been known that satellite thermal anomalies tend to
coincide with geothermal activity, thereby making Landsat a thermal anomaly mapping tool
employed for the investigation of geothermal potential (Chan & Chan, 2023; Muhajir et al., 2023).
In Pusuk Buhit, Landsat-8 thermal anomaly regions are identified as potential domains of geothermal
manifestation to be verified by additional subsurface factors.

4.2. CBA and Residual Anomaly

The GGMplus data used is the gravity disturbance, which is then corrected to CBA. Bouguer and
Terrain corrections use an average density of 2.67 g/cc. CBA is obtained in the range of -86.6 mGal
to -74.5 mGal. High anomalies (-81 mGal to 74.5 mGal) cover Mount Pusuk Buhit, while low
anomalies (-86.6 mGal to 83 mGal) are in the Pusuk Buhit peak area. The distribution of CBA values
is mapped as shown in Fig. 4a. In the processed GGMPlus gravity anomaly map, there are identifiable
regions with positive and negative values. The negative regions point to regions of lower density,
which may include regions with fractures or hydrothermal zones associated with geothermal
resources. The positive regions may point to regions with higher density associated with competent
volcanic rocks.
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Fig. 4. a) Bouguer gravity anomaly map and b) residual anomaly map beneath Mount Pusuk Buhit derived
from GGMPlus

Further analysis was conducted to separate local and regional anomalies using the upward
continuation method. Upward continuation is an effective approach to minimize high-frequency noise
and focus interpretation on regional gravity trends relevant to geothermal systems (Muhajir et al.,
2023). By obtaining regional values, local/residual anomaly values can be obtained.

Fig. 4b shows a map of the distribution of residual anomaly values ranging from -9.5 mGal to
3.8 mGal. The geothermal area is situated in a low to moderate anomaly zone, characterized by blue
to green colors (-9.5 mGal to -2.6 mGal). This matches the conventional structural interpretation of
geothermal data, where positive values are associated with magmatic intrusions and/or structural
highs, and negative values are associated with fractured and altered areas where geothermal fluids
might be present (Algahtani et al., 2023). In this context, the gravity map of the Pusuk Buhit area
serves as an indicator of the underlying structural characteristics, assisting in determining whether the
thermal anomalies are of geothermal origin or of a transient nature.

4.3. Density Modeling
Subsurface modeling of the Pusuk Buhit area based on residual anomaly data, as shown in Fig.

5. Inverse modeling was performed on the B-B' traverse with an SN direction crossing the central
formation of Pusuk Buhit (Qvpb), the Kluet formation (Puk), faults, and hot spring manifestations.
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The rock density beneath the B-B' line ranges from 1.97 g/cc to 2.96 g/cc. The geothermal area has a
density of 2.3 g/cc to 2.65 g/cc and is associated with a low-density zone in the south. There is a
medium to low-density zone to the south, the position of which coincides with the previously mapped

geological structure (fault).
Zm Densty section

§

Fig. 5. Subsurface density model Pusuk Buhit area (line 463261,592 m E).

4.4. Fault and Fracture Density (FFD) Analysis

A map showing the spatial distribution of fracture linear density values is presented in Fig. 6.
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Fig. 6. Fracture Density (FFD) Pusuk Buhit.
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High density values, ranging from 3.15 to 4.71 / km, are evident along the mountain peaks, while
low to medium density values range from 0 to 1.57 /km and from 1.58 to 4.14 /km, respectively. Hot
water manifestations pass through faults in areas with medium fracture density. High-density values
are found on Mount Pusuk Buhit, which is related to the deformation of the volcano/past volcanic
activity of Mount Pusuk Bubhit, resulting in the formation of many faults and fractures.

Mount Pusuk Buhit is a recharge area in the geothermal system, serving as an entry point for
rainwater to fill the permeable zone in the geothermal system. The lack of hot springs in the summit
area and the presence of the hot springs on the northeastern slope of the mountain can be explained
on the basis of geological structure. The area of manifestation of the hot spring, as indicated in the
map, is located in the junction zone of the fracture system and the fault. This suggests that the structure
is likely the path of hydrothermal fluid rising from below the surface. Additionally, this reinforces the
assumption that Mount Pusuk Buhit still exhibits geothermal activity, even though it is currently
inactive.

4.5. Curie Point Depth (CPD) and Heat Flow (HF)

Fig. 7, the trend of Curie Depth Point (CPD) data to surface heat flow values at the Pusuk Buhit
geothermal area shows a distinct inverse trend, where areas with shallower Curie depths relate to areas
of relatively high surface heat flow. The Curie Depth Point values are generally around 28 to 31 km,
which correlates well with heat flow values of around 48 to 50 mW/m?, which show a moderate heat
flow regime. This trend correlates well with the theory of conductive heat flow, where the heat flow
values increase as the Curie depth values decrease.

In the absence of very shallow Curie depths (<15 km), as would be expected in an actively
magmatic geothermal environment, a moderately low heat flow as determined from the CPD data
suggests a deep thermal source and not a magma chamber. This suggests that Mount Pusuk Bubhit is
a dormant (Type-C) volcanic environment in which there is little manifestation at the surface and
which is controlled more by regional processes than magmatic intrusions.

The relationship between Curie Depth Point (CPD) and heat flow observed in this study is
consistent with recent spectral analyses applied to aeromagnetic data, which demonstrate that
shallower Curie depths correspond to higher geothermal gradients and increased surface heat flow
(Ejiga et al., 2022). Specifically, several regional studies have shown that mapping CPD provides an
indirect but reliable approach for estimating the thermal regime of the crust, including geothermal
gradient and heat flow distribution (Boumehdi et al., 2025; Muckharom et al., 2026). The determined
CPD and heat flow values provide a basis for understanding the thermal structure of crustal segments
and support the interpretation of subsurface heat transfer processes in geothermal contexts.
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81

Integration analysis was performed by overlaying LST, NDVI, CPD, CBA, residual gravity
anomaly, and subsurface density model profiles on the line 463261.592 m East. This line passes
through two fault zones (east-southwest and east-northwest faults) and geothermal manifestations.
The analysis presented in Fig. 8 shows a consistent spatial association between surface heat signals,
subsurface heat signals, and subsurface density structures. The north-south cross-section in the figure
demonstrates the integrated response of surface thermal anomalies, gravity anomalies, subsurface
density patterns, and estimates of Curie Point Depth (CPD)-Heat Flow (HF), which distinguish two
major sections: the crater area (grid points 23-30) and the manifestation area (grid points 35-42).
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In terms of morphological characteristics, the crater area is found within the area of relatively
higher topography, while the manifestations are found downslope following the major topographic
ridge, suggesting that the surface expressions of geothermal activity are not controlled by topography
alone but are dominated by subsurface patterns and structural pathways that channel heat and fluid
migration. The Complete Bouguer Anomaly (CBA) is characterized by a regional decrease from the
northern part of the area toward the central part of the section, followed by a trend of flattening.
Significantly, there is a slight modification of the trend of the CBA near the manifestation area, which
suggests a change of the regional density domain, perhaps from lower-density volcanic-altered rocks
to a more competent and higher-density block, or the influence of a major structural boundary. This
is also reflected by the residual gravity anomaly, which is more responsive to shallow-to-intermediate
crustal density contrasts, as the residuals progressively become more negative toward the central part
and then reverse, becoming progressively more positive (less negative, approaching zero) at the
manifestation area. This is generally expected for a local density contrast or a sharp lateral density
transition across a lithologic contact or fault boundary. In geothermal areas, this kind of residual
gravity anomaly is generally interpreted as a structurally damaged and fractured area of higher
permeability, which acts as a structurally controlled conduit for the upward migration of hydrothermal
fluids and heat.

The strongest surface thermal anomaly is captured in the Land Surface Temperature (LST) curve,
which shows a clear, localized LST maxima in the manifestation area (around 300°C - 32°C). The
sharpness of the LST maxima and the fact that it does not correlate straightforwardly with topography
argue for a localized, geothermal heat leakage feature, rather than a strictly atmospheric and
topographic feature. Most importantly, the LST maxima are associated with a simultaneous decrease
in NDVI for the same area, such that the high LST and decreasing NDVI feature together offer a
reliable proxy for the presence of non-atmospheric, high-temperature conditions, indicative of
stressed and possibly altered biologic and surface conditions in response to the presence of subsurface
heat and hydrothermal fluids.

At depth, the density cross-sectional profile further emphasizes the structural control, in which
the crater area is positioned over a relatively large, lower-density area possibly indicative of
unconsolidated volcanic materials, pervasive alteration, and a possibly fractured and porous area, and
in which the manifestation area shows a sharp density gradient, from lower to higher density,
indicative of a block boundary and large fault/contact, which may act to channel fluids upwards. This
suggests that surface manifestations are preferentially found not necessarily over the center of the
density-low area, but over its edge, where the density and structural contrasts are largest, and where
permeability contrasts may act to channel and concentrate the release of hydrothermal fluids.

These multiparameter measurements are mutually consistent within the CPD-HF panel, which
indicates an inverse correlation between Curie depth and heat flow. The data point corresponding to
the manifestation zone is distinguished by its relatively shallower CPD (29 km) and its higher HF
(48-50 mW/m?) value than the other profiles on the transect, which suggests an elevated upper-to-
middle-crustal thermal regime and an increased geothermal gradient below the manifestation zone.
While the CPD measurements are generally in the moderate to deep range and do not suggest an
abnormally shallow Curie depth as would be expected for shallow, magmatically active geothermal
systems (CPD < 15 km), the spatial coincidence of the elevated HF, the LST peak, the low NDVI, the
residual gravity transition, and the sharp density boundary strongly suggests the presence of a deep-
seated regional heat source underlying the Pusuk Buhit system as a dormant volcanic geothermal
system, and the surface expression is due to the structurally focused flow of heat and fluid. In this
model, the crater area is dominantly a morphologic and/or alteration-recharge area, while the
manifestation zone is the discharge area, which develops where the structural permeability is
maximal, as indicated by the gravity and density contrasts, and is the location where the subsurface
thermal anomaly is optimally manifested on the surface through the LST and the corresponding NDVI
reduction. These integration findings are consistent with previous studies that validate the combined
approach of thermal remote sensing and gravity to delineate geothermal prospect zones.
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In various prospects, including case studies in Indonesia, thermal anomalies from
Landsat/ASTER are reported to correlate with gravity anomalies indicating subsurface reservoirs,
thereby increasing confidence in integrated surface and subsurface screening (Muhajir et al., 2023;
Weldeyohannes et al., 2022). The comprehensive analysis is characterized by surface indicators (LST
anomalies, reduced vegetation through NDVI, shallow CPD compared to the surrounding area,
alignment and position of manifestations) supported by subsurface structural evidence (gravity-based
density contrasts and indications of fracture domains). This approach is consistent with commonly
used criteria for defining more reliable geothermal prospect zones (Bian et al., 2024; Chen et al.,
2021).

5. DISCUSSIONS

Compared with geothermal systems in similar volcanic environments, such as Taiwan and the
Ethiopian Rift (Chan & Chan, 2023; Weldeyohannes et al., 2022), the Pusuk Buhit system exhibits a
comparable pattern. Surface thermal anomalies are spatially associated with structure-controlled
permeability zones, rather than directly overlying the primary heat source. In contrast to active
volcanic systems, which typically have a shallow Curie Point Depth (CPD) (<15 km), the deeper CPD
values in the Pusuk Buhit area (28—31 km) suggest that the geothermal system is controlled more by
regional conductive heat flow than by shallow magmatic intrusions, which are characteristic of
dormant volcanic systems.

Gravity data strengthen the geological validation of the surface thermal model. Negative gravity
anomalies may indicate low-density zones associated with fractures, hydrothermal alteration, and/or
fluids. In contrast, positive anomalies reflect high-density rocks, such as intrusive or compacted
volcanic rocks that could act as heat sources or fluid barriers. These patterns are also observed in other
volcanic environments, where positive anomalies are linked to heat sources and negative anomalies
to fracture zones or hydrothermal systems (Alqahtani et al., 2023; Pratiwi et al., 2026).

Furthermore, the presence of LST anomalies above the gravity structure strengthens the evidence
that the geothermal system at Mount Pusuk Buhit is controlled by geological structures. Areas with
high LST values indicate heat flow to the surface through fractures and faults, which can also be
identified through structural patterns derived from gravity anomalies and remote sensing (Muhajir et
al., 2023; Rabuffi et al., 2025). The integration of Landsat-8 thermal imagery and the gravity satellite
GGMPlus has been shown to improve exploration capabilities by linking surface temperature
variations with subsurface structural patterns associated with geothermal systems (Muhajir et al.,
2023; Weldeyohannes et al., 2022).

The Landsat-8 and GGMPlus integration approach provides key advantages for early-stage
exploration. It lowers costs, reduces risks, and efficiently covers large areas (Bian et al., 2024; Muhajir
et al., 2023). The best target zones are where LST anomalies—unusual surface heat—align with
gravity-derived structures that indicate subsurface density changes. These areas meet two main
geothermal criteria: available heat and pathways for fluid flow, such as faults or fractures. This
integration approach identifies these features by combining surface thermal indicators with subsurface
density variations (Putri et al., 2021).

In this context, the Curie Point Depth (CPD) derived from magnetic data reveals regional
variations in thermal conductivity. However, it does not directly map local upflow zones controlled
by fault permeability. Therefore, the difference between the surface hotspot and the shallowest CPD
does not necessarily lower geothermal prospectivity. Instead, it shows that the geothermal system at
Mount Pusuk Buhit is interpreted as structure-controlled, with local effects on regional thermal trends.
Also, interpreting the link between surface features and CPD needs caution, since the EMAG2-V3
model shows different scales that better reflect regional features. The CPD is best for outlining a
regional thermal framework. For prospect mapping, higher-resolution data (such as structural
mapping, geochemistry, resistivity (e.g., MT), and multi-temporal LST-NDVT analysis) are needed.
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6. CONCLUSIONS

This study confirms that the integration of Landsat 8 surface thermal anomalies with GGMPlus
gravity data provides a reliable and cost-effective approach for preliminary geothermal exploration at
Mount Pusuk Buhit. The NDVI calculation results are -0.51 to 0.87. The NDVI at the hot spring is
lower than its surroundings, at -0.51 to 0.17. The research area has an LST of 19.72°C to 36.04°C.
The spatial coincidence of high LST anomalies with negative gravity values indicates that geothermal
heat and fluids are preferentially channeled through low-density subsurface zones associated with
fractures, altered rocks, and fault-controlled permeability, while positive gravity anomalies reflect
denser volcanic or intrusive bodies that may act as heat sources or structural barriers. The strong
correspondence between LST anomalies and gravity-defined structural corridors supports a
structurally controlled geothermal system rather than a shallow magmatic heat source, with low
NDVI-high LST areas further suggesting surface thermal stress or hydrothermal alteration. The Curie
Depth Point values are generally around 28 to 31 km, which correlates well with heat flow values of
around 48 to 50 mW/m?. Although Curie Point Depth (CPD) derived from magnetic data effectively
constrains the regional thermal regime, it does not resolve localized hydrothermal upflow, indicating
that the lack of coincidence between surface hotspots and shallow CPD does not preclude geothermal
prospectivity.

This study shows that integrating Landsat 8 thermal data with GGMPlus gravity data provides an
effective and low-cost framework for preliminary geothermal exploration at Mount Pusuk Buhit. Its
main scientific contribution lies in demonstrating that geothermal surface manifestations are spatially
associated with gravity-defined low-density structural zones, highlighting the dominant role of fault-
and fracture-controlled permeability in the geothermal system. In addition, the study clarifies that
Curie Point Depth reflects the regional thermal structure rather than localized hydrothermal upflow.
These findings support the use of integrated thermal and gravity analysis as a transferable
prefeasibility tool for geothermal exploration in complex volcanic settings.
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ABSTRACT

Monitoring of inland water body dynamics is essential for understanding hydrological variability and
supporting sustainable management of freshwater resources, especially in regions with limited
hydrometric observations. This study evaluates the potential of integrated use of Sentinel-3 radar
altimeter data and PlanetScope optical imagery for monitoring surface water area and level parameters
of the Tsalka (Khrami) Reservoir in Georgia over the period 2017-2024. Water level time series were
derived from Sentinel-3 SRAL data, while reservoir surface area was extracted from PlanetScope
imagery. Validation against in situ measurements demonstrates high accuracy of radar altimeter (Bias
=0.097 m, RMSE =0.192 m, r = 0.997, NSE = 0.993). The results reveal pronounced seasonal and
interannual variability of Tsalka Reservoir, with water levels ranging from 1498.86 m to 1508.42 m
and surface area from 5.69 km? to 24.54 km? The study confirms that the combined use of altimetry
and high-resolution optical data provides a reliable and cost-effective framework for hydrometric
monitoring of medium size inland water bodies.

Keywords: Hydrometric monitoring; Radar altimetry; Optical remote sensing, Tsalka Reservoir.

1. INTRODUCTION

Effective monitoring of water levels, volumes, and surface area dynamics of freshwater lakes
and reservoirs is a fundamental component of sustainable water resources management. It is essential
for hydropower plant (HPP) operation, the proper functioning of drinking water and irrigation
systems, and for assessing natural and societal risks associated with hydrological processes under
ongoing climate change (Wang et al., 2025; Woolway et al., 2020). These issues are aligned with the
United Nations Sustainable Development Goals 6, 13, and partially with Goal 14.

Monitoring of inland water resources has traditionally relied on in situ hydrological stations.
Data collected from these stations are used to characterize the magnitude of variability and the spatio-
temporal dynamics of both quantitative and qualitative parameters of specific water bodies. However,
this approach is associated with several limitations, including the sparse distribution of hydrological
stations due to high operational costs and the lack of a unified monitoring network. In addition, access
to such data is often restricted, and heterogeneity in data types may introduce interoperability
challenges (Luo et al., 2022; Chen et al., 2022).
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Georgia is relatively rich in water resources, with more than 26,000 rivers and over 1,350 lakes
and reservoirs, including small glacial lakes. Nevertheless, the absence of a unified national water
monitoring network remains a significant challenge. In recent years, monitoring conditions have
improved for river systems; however, no hydrometric parameters are systematically observed by state
institutions for lakes and reservoirs.

In cases where reservoirs are operated by hydroelectric power companies, water level
monitoring is conducted by private operators, but such data are generally not accessible to the
scientific community, relevant governmental agencies, or the public. For a large proportion of lakes
and reservoirs, hydrometric data are entirely lacking, which substantially limits the assessment of
freshwater resources, the advancement of scientific research, and effective water resources
management. This limitation, in turn, constrains the development of multiple economic sectors
dependent on these resources. Consequently, long-term changes in key quantitative indicators of
water resources since the collapse of the Soviet Union and the subsequent independence of Georgia
remain largely unknown, particularly in the context of ongoing, accelerated environmental and
climate changes driven by both anthropogenic and natural factors.

To address these challenges facing the country, it is necessary to develop alternative approaches
for water resource monitoring based on modern technologies. In recent years, advances in satellite
remote sensing, in particular radar-based systems, have created new opportunities for monitoring the
dynamics of inland water bodies with high temporal resolution and extensive spatial coverage.
(Kossieris et al., 2024; An et al., 2022). Originally developed for oceanography, radar altimetry is
now widely applied to lakes, rivers, and reservoirs, offering continuous observations largely
independent of weather conditions and cloud cover (Jamali et al., 2025). Modern missions operating
in synthetic aperture radar (SAR) mode, such as Sentinel-3, provide improved spatial resolution and
accuracy compared to earlier low-resolution altimeters (Tang et al., 2023; Bazzi et al., 2025). At the
same time, optical remote sensing techniques have demonstrated considerable potential for
reconstructing long-term lake surface variability and analyzing changes in water extent, even in cases
where image availability is limited (Haidu et al., 2024; El Orfi et al., 2025).

A number of recent studies have demonstrated the effectiveness of integrating satellite altimetry
and optical remote sensing for inland water monitoring in different environmental settings (Zeng et
al., 2023). Nevertheless, despite the increasing use of Sentinel-3 altimetry and PlanetScope imagery
independently, studies combining these datasets for integrated assessment of reservoir water level and
surface area dynamics remain relatively limited, particularly for small and medium reservoirs located
in mountainous regions with complex shoreline morphology and sparse hydrological observations. In
contrast, the present study is specifically oriented toward a medium-sized mountainous reservoir
located in a region characterized by the absence of a unified inland water monitoring network and
limited accessibility of in situ hydrometric data. The scientific contribution of this work therefore lies
not only in the application of multi-sensor remote sensing techniques, but also in the adaptation and
evaluation of an integrated methodological framework under conditions of strong seasonal shoreline
variability, complex surrounding topography, and restricted ground-based observations. In addition,
the study represents first long-term satellite-based assessments of reservoir water level and surface
area dynamics in Georgia.

Therefore, the aim of this study is to evaluate the potential of integrated use of data from the
European Space Agency’s Sentinel-3 mission, with high spatial resolution PlanetScope optical
imagery provided by Planet Labs, for the seasonal and multi-year monitoring of surface area and level
fluctuations of the largest artificial reservoir in Georgia, the Tsalka (Khrami) Reservoir. Tsalka
Reservoir, located in the Tsalka Municipality, southern Georgia, represents one of the most significant
freshwater resources in the country. Its water is utilized for hydropower generation by three
hydroelectric power plants, as well as for agricultural irrigation and fisheries. The primary inflow to
the reservoir is provided by the Ktsia—Khrami river system, a transboundary river shared between
Georgia and Azerbaijan. In addition, the study seeks to evaluate applicability of proposed methods
for the monitoring of other lakes and reservoirs in Georgia within the coverage of these and similar
remote sensing missions.
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2. STUDY AREA AND DATASETS
2.1. Study area

The Tsalka (Khrami) Reservoir (Fig. 1) is located in southern Georgia, within the Kvemo Kartli
region, in the central part of the Tsalka volcanic plateau, approximately 100 km southwest of the
capital, Tbilisi. The reservoir was constructed in 1946 on the Ktsia—Khrami river system and, with a
design surface area of approximately 33 km?, represents the largest artificial water body in Georgia.

The Tsalka Reservoir is a channel-type reservoir. The steepness of its coastal slopes’ ranges from
5° to 90°, reflecting highly variable shoreline morphology. The reservoir has a length of
approximately 14.5 km, an average width of 2.4 km, and a maximum width of 3.5 km. Its average
depth is 9.3 m, with a maximum depth reaching 25.0 m (Iordanishvili et al., 2023). The reservoir
constitutes the central component of the Khrami Hydropower Cascade, supplying water to three
hydroelectric power plants. In addition, it is used for irrigation and fisheries, highlighting its
importance as a multifunctional freshwater resource at the national scale.

The hydrological regime of the reservoir is primarily controlled by inflows from the Khrami
River and its tributaries, supplemented by atmospheric precipitation, snowmelt, and groundwater
contributions. The reservoir exhibits pronounced seasonal variability, with water levels typically
increasing during spring and early summer in response to snowmelt and elevated river discharge. In
contrast, declining water levels are observed during autumn and winter, partly due to regulated
outflows associated with hydropower generation.

The climatic conditions of the reservoir area are characterized by cold winters and mild
summers. According to ERA5-Land data, the average annual air temperature at 2 m above the surface
during the study period (2017-2024) ranges from 6.2 °C to 7.18 °C. Based on GPM data, the average
annual precipitation varies between 591.32 mm and 842.14 mm.
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Fig. 1. Study area.
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It should be noted that for the characterization of climatic parameters of the study area ERAS-
Land and GPM datasets were used because no in situ meteorological observations was available.
Although climatic characteristics of the region are discussed in Soviet-era literature, more recent
datasets were preferred due to ongoing climate change and the necessity of representing contemporary
climatic conditions during the study period. Both ERA5-Land and GPM products are widely used in
recent climatological and hydrological studies because of their continuous temporal coverage and
suitability for regions with complex topography and sparse observation networks (Dalla Torre et al.,
2024; Jawad et al., 2024). The area surrounding the Tsalka Reservoir is sparsely populated. The
landscape is predominantly composed of agricultural land and pastures, with steppe-type landscapes
prevailing throughout the region. As noted above, under conditions of ongoing climate change and a
sparse hydrological monitoring network, the use of satellite altimetry can significantly fill the data
gaps. The hydrometric characteristics of the Tsalka Reservoir provide favorable conditions for testing
this approach and for its potential integration into a national inland water monitoring system in
Georgia.

2.2. Datasets
2.2.1. Sentinel-3 altimetry data

Sentinel-3 is a polar-orbiting, sun-synchronous Earth observation mission (98.6° inclination)
developed as part of the European Space Agency’s Copernicus Programme, designed to monitor
ocean and land topography, land ice, inland waters, and key climate parameters. The first satellite,
Sentinel-3A, was launched on 16 February 2016, followed by Sentinel-3B on 25 April 2018, while
Sentinel-3C is scheduled for launch in 2026 (https://www.esa.int). The satellites operate at an orbital
altitude of approximately 814.5 km, with a 27-day repeat cycle corresponding to 385 orbits per cycle.
The Sentinel-3 platform carries three primary instruments: the Synthetic Aperture Radar Altimeter
(SRAL), the Ocean and Land Colour Instrument (OLCI), and the Sea and Land Surface Temperature
Radiometer (SLSTR). For the purposes of this study, data acquired from the SRAL instrument were
used to derive reservoir surface heights. SRAL is a radar altimeter designed to measure surface
elevations over oceans, ice sheets, rivers, and lakes. It operates as a dual-frequency sensor, utilizing
Ku and C bands. The Ku band (=13.57 GHz) provides the primary ranging measurements, while the
C band (=5.41 GHz) is used to correct for ionospheric delays. After SAR processing, the along-track
spatial resolution of the sensor is approximately 300 m.

Sentinel-3 data used in this study were obtained from the French Centre for Ocean and
Hydrosphere Topography (CTOH - https://www.legos.omp.eu/ctoh/) (requested and accessed on 21
May 2025). For the Tsalka Reservoir, measurements from track 526 were used for the period January
2017 to December 2024. However, at the time of the data acquisition, measurements for three months
in 2024 (May—July) were not available; therefore, the analysis was performed excluding these data.

2.2.2. PlanetScope Imagery

The optical imagery used in this study was obtained under the Education and Research Program
license of Planet Labs PBC. During the study period, the PS-2 four-band surface reflectance product
was used for extraction of the monthly water-covered area of the Tsalka Reservoir. The imagery has
a spatial resolution of 3 m and a radiometric resolution of 12 bits. The Dove/PS-2 satellites are
equipped with four spectral bands covering the blue (455-515 nm), green (500—590 nm), red (590—
670 nm), and near-infrared (780—860 nm) regions of the electromagnetic spectrum. This product is
geometrically and atmospherically corrected.

PlanetScope’s revisit time of approximately 1 day is particularly advantageous for this type of
analysis. Its high temporal resolution enables the acquisition of multispectral imagery of the reservoir
closely matching the Sentinel-3 altimetry measurement dates, thereby allowing accurate extraction of
the water-covered area. In recent years, PlanetScope imagery has also been successfully applied in
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Georgia and the Greater Caucasus region for glacier and proglacial lake mapping, highlighting its
suitability for monitoring cryospheric and inland water environments (Tielidze et al., 2025a; Tielidze
et al., 2025b).

2.2.3. In situ measurements

As noted, hydrometric parameters are not systematically monitored by relevant state institutions
for lakes and reservoirs in Georgia. The Tsalka Reservoir forms part of the infrastructure of the
Khrami Hydropower Cascade. In situ daily water level data for the period 2017-2024 were provided
by JSC “KHRAMHESI I”, the operating company of the Khrami I Hydropower Plant. The data were
obtained from a single hydrological station equipped with an automatic level gauge and referenced to
mean sea level.

3. METHODS
3.1. Satellite altimetry processing and water level time series extraction

Satellite radar altimeters measure surface elevation by determining the two-way travel time of a
microwave pulse between the satellite and the reflecting surface. During propagation through the
atmosphere, the radar signal is affected by several atmospheric and geophysical factors, requiring the
application of corresponding corrections to obtain accurate surface elevations. Taking these effects
into account, the orthometric height (h) of the water surface can be expressed as (Eq. (1)):

h=H—=Ry— ARcorr =N (1)

where, H is the satellite altitude above the reference ellipsoid, R, - the measured range at nadir
(i.e., the distance between the satellite center and the reflecting surface), AR, represents the sum
of applied corrections, and N denotes the geoid undulation. The corrections applied to the H and R
have been the focus of several studies in the literature (Frappart et al., 2017).

The total correction term AR, accounts for atmospheric propagation delays and other
geophysical effects (Crétaux et al., 2017) (Eq. (2)):

ARcorr = ARiono + ARdry + ARwet + ARsolid + AR;aole (2)

These components correspond, respectively, to ionospheric delay, dry tropospheric delay, wet
tropospheric delay, and solid Earth and pole tide corrections. The application of these corrections is
essential, as atmospheric refraction alters the propagation speed of the radar signal, leading to biases
in surface height estimation. Tropospheric and ionospheric effects are particularly significant over
inland water bodies; therefore, their accurate modeling is important. (Fernandes et al., 2014).

All parameters required for surface elevation retrieval are provided in the Level-2 GDR product
provided by CTOH, including the geophysical corrections described above. It should be noted that
the Level-2 GDR dataset includes multiple retracking algorithms (ICE-1, Ocean, and Seaice). In this
study, the ICE-1 retracker was used, which is based on the Offset Center of Gravity (OCOG)
technique. The altimetry data are provided in NetCDF (.nc) format and were processed and analyzed
using the Panoply and ALTiS software tools. As previously mentioned, only a single Sentinel-3
ground track (Track 526) intersects the Tsalka Reservoir (Fig. 2).

For the construction of the reservoir water level time series, the initial step involved defining a
virtual station at the intersection of the satellite ground track and the water surface. The maximum
extent of the reservoir during the study period was delineated from a corresponding PlanetScope
image and digitized in ArcGIS Pro.
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Kilometers

Fig. 2. Sentinel-3A track 526 over Tsalka Reservoir (superimposed on 2016-2017 orthomosaic provided
by the National Agency of Public Registry of Georgia)

The resulting polygon was used to define the virtual station, which was subsequently imported
into the ALTiS software to extract water level time series. Due to pronounced seasonal variations in
the water-covered area of the Tsalka Reservoir, the extracted time series were manually adjusted on
a date-specific basis, and altimeter footprints falling outside the water extent were removed.
Following this filtering procedure, several altimeter footprints (up to a maximum of 12) remained
within the virtual station for each measurement date.

Assuming hydrostatic equilibrium, the free surface of the reservoir represents an equipotential
surface and is therefore approximately horizontal under normal conditions, particularly over such a
limited spatial extent. Consequently, individual elevation measurements obtained for a given date are
expected to be consistent. In practice, however, outliers may occur due to waveform contamination,
mixed land—water echoes near the shoreline, surface roughness variations, and retracking
inaccuracies. To ensure the reliability of the water level estimates, an outlier detection and removal
procedure was applied to each measurement set.

First, the median value (k) of the measurements within the virtual station was calculated for each
satellite pass. The individual measurements (h), were then compared with the median, and the

residuals (1) were computed as the difference between them (Eq. (3)):
r=h—h 3)

In applying this method, it is necessary to define a tolerance threshold (T) for the residuals.
Measurements for which the absolute residual (|7|) exceeds T, are classified as outliers and excluded
from further analysis. In this study, T was tested within the range of 0.3-0.7 m, and a value of 0.5 m
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was selected as optimal. The filtering procedure was applied iteratively, resulting in a consistent
cluster of measurements with reduced influence of extreme deviations. After outlier removal, the
reservoir water level time series was derived by computing the median of the remaining valid
measurements.

The surface elevations derived from the Sentinel-3 radar altimeter are referenced to the WGS84
ellipsoid. To obtain water levels relative to mean sea level, a geoid correction was applied. Geoid
undulation values (N) were obtained from the EGM2008-5 global geoid model and subtracted from
the ellipsoidal heights. As a result, a time series of orthometric water surface elevations was derived.
This transformation is essential for the direct comparison of altimetry-derived results with in situ
measurements and for subsequent hydrological analyses.

3.2. Water-covered area extraction

The seasonal and interannual variability of the Tsalka Reservoir surface area was analyzed using
PlanetScope surface reflectance imagery for 93 months of the study period. The selection of
PlanetScope data is justified by its high spatial resolution (3 m), which enables detailed delineation
of the fragmented shoreline. In addition, the high revisit frequency of PlanetScope satellites allows
the acquisition of scenes closely matching the Sentinel-3 altimetry measurement dates. For each
Sentinel-3 observation month, images were selected within a +5-day time window to map the water-
covered area and minimize temporal discrepancies between water level and surface area estimates.

The Normalized Difference Water Index (NDWI), originally proposed by McFeeters (1996),
was used to delineate the water surface of the reservoir. This index is defined as the normalized
difference between the green and near-infrared (NIR) spectral bands of multispectral imagery,
enhancing the detection of open water bodies. For each PlanetScope image, NDWI was calculated as

Eq. (4):

NDW] = Seen-NViR (4)

Green+NIR

For PlanetScope imagery, green corresponds to band 2 and NIR corresponds to band 4. After
NDWI computation, a threshold-based classification was applied to separate water from non-water
pixels. In general, pixels with positive NDWI values are associated with open water, while negative
or low NDWI values correspond to surrounding non-water surfaces. Because spectral conditions
varied slightly among acquisition dates, the classification threshold was adjusted individually for each
PlanetScope scene. Pixels with NDWI values above the selected thresholds were classified as water,
and all remaining pixels were classified as non-water. Derived rasters were vectorized into polygon
features. This approach is consistent with previous studies that have applied spectral indices to
delineate surface water from optical imagery, including PlanetScope data, and remains an effective
method, particularly in the context of high-frequency observations and efficient data processing
(Alcaras et al., 2022; Van et al., 2025).

However, this approach is valid under ice-free conditions. During periods when the reservoir is
partially covered by ice or snow, automatic spectral separation of water and non-water surfaces
becomes less reliable, as frozen water surfaces and snow cover in adjacent areas alter the spectral
characteristics of the reservoir. In such cases, the automatically derived water masks were visually
inspected and manually refined to obtain shoreline boundaries that more accurately represent the true
water extent observed in the imagery (Cheng et al., 2023; Wang et al., 2020). Manual delineation
procedures have also been applied in recent studies conducted in the Georgian Caucasus using
PlanetScope imagery for mapping proglacial lakes and monitoring glacier changes (Tielidze et al.,
2025a). The automated computation of NDWI for the PlanetScope time series was performed in a
Python programming environment using Jupyter Notebook. As a result of the above procedures,
monthly surface area values were derived for the Tsalka Reservoir, with acquisition dates closely
matching the Sentinel-3 measurements.
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3.3. Construction of the stage-area curve

The relationship between water level and water-covered area in the Tsalka Reservoir was
established using paired observations of water level and surface area derived for the study period, as
described in the preceding subsections.

To obtain a continuous functional representation of the relationship between water level and
water-covered area, a nonlinear regression model was fitted to the observed data. A four-parameter
logistic (4PL) function was employed, as it effectively captures the sigmoidal response characteristic
of reservoirs, where the surface area increases slowly at low water levels, more rapidly at intermediate
levels, and gradually approaches quasi-asymptotic behavior at higher levels. The model is expressed
as Eq. (5):

— A . 4 _Amax—Amin _
AL) = Apin + 1+exp[—k(L—Lg)] ()

where, A(L) represents the reservoir surface area at water level L, A, and A,,,, denote the
lower and upper asymptotic limits of the surface area estimated by the model, respectively, k is the
growth rate (steepness) of the curve, and L, is the inflection point corresponding to the water level at
which the rate of area increase is maximal.

Model parameters were estimated using nonlinear least-squares optimization (Eq. (6)),
minimizing the sum of squared residuals:

§ =Xl — AL)T? (6)

where, L; represents the water level and A4; is the corresponding surface area for observation i.

The fitted function provides a smooth approximation of the discrete observations and enables
the estimation of water-covered area for any water level within the observed range. It should be noted
that the dataset does not encompass the full range of possible reservoir storage conditions.
Accordingly, the asymptotic parameters A,,;, and A,,,, should not be interpreted as the absolute
minimum and maximum extents of inundation, but rather as model parameters describing the
empirical relationship within the range of water level values considered in this study.

3.4. Quantitative validation of altimetry data accuracy

To quantitatively assess the accuracy of the water level time series derived from the Sentinel-3
radar altimeter, the results were validated against daily in situ observations provided by JSC
“KHRAMHESI I for the corresponding measurement dates.

The systematic deviation between the two datasets was quantified using the mean bias error
(Bias), defined as Eq. (7):

. 1
Bias = —Xi-1(A; — G) 7)

where, A; represents the water level derived from the radar altimeter and G; denotes the
corresponding in situ measurement. Ideally, the resulting value should be close to zero.

To quantify the magnitude of the absolute discrepancy, the root mean square error (RMSE) was
used, calculated as follows (Eq. (8)):

RMSE = |37, (A; — G;)? @®)
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The strength of the linear relationship between altimetry-derived and in situ water levels was
quantified using the Pearson correlation coefficient (Eq. (9)):

2?:1(Ai_‘i)(ci_6) (9)

r =
\/Z}Ll(Ai—A)z\/Z?:l(Gi—G)Z

where, A and G represent the mean values of the altimetry-derived and in situ water level series,
respectively. This coefficient quantifies the degree to which the radar altimeter captures the variability
of water level fluctuations observed in the gauge data. Values close to 1 indicate a strong
correspondence in temporal dynamics.

In addition, the Nash—Sutcliffe efficiency coefficient (NSE) (Nash & Sutcliffe, 1970) was used
to evaluate the agreement between altimetry-derived and in situ measurements (Eq. (10)):

_ 4 Zia(4=6p)?
NSE =1 -2t (10)

NSE quantifies how well altimetry-derived values reproduce the variability observed in ground-
based measurements. An NSE value of 1 indicates perfect agreement, a value of 0 suggests that the
model performs no better than the mean of the observations, and negative values indicate
unsatisfactory predictive performance.

3.5. NDWI extracted surface area uncertainty assessment

Because no independent reference datasets describing reservoir surface area were available for
the study area, uncertainty associated with the extracted water-covered areas was estimated using a
shoreline displacement approach. Considering the 3 m spatial resolution of PlanetScope imagery, +3
m and +6 m buffer scenarios were applied to the minimum and maximum reservoir extents observed
during the study period.

For each case, surface area uncertainty (U,) was calculated as half of the difference between the
outward buffered (4,y¢warq) and inward buffered (A;pwarq) polygon areas according to Eq. (11):

_ Aoutward—Ainward
Uy = ~outward—inward (11)

Relative uncertainty (U4 (%)) was additionally calculated using Eq. (12):

Uy(%) = % x 100 (12)
where A is the NDWI mapped reservoir area (km?).

4. RESULTS
4.1. Validation of Sentinel-3A water levels

Altimeter—derived water level measurements were compared with hydrological station
observations over the 93 months of the study period. The validation metrics indicate a small
systematic offset and low discrepancies between the two datasets, with Bias = 0.097 m, RMSE =
0.192 m, Pearson’s r = 0.997, and NSE = 0.993. In addition to the monthly comparison, the data were
aggregated to an annual scale and evaluated using the same indicators. At this temporal resolution,
Bias remained nearly unchanged (0.099 m), while RMSE decreased to 0.114 m, indicating that a
portion of the differences observed in the monthly series is associated with short-term fluctuations
rather than persistent deviations.
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The scatter plot of monthly observations (Fig. 3) shows that, across the full range of water levels,
most points cluster closely around the 1:1 reference line. Larger deviations are observed at lower
water levels, likely due to mixed land—water returns recorded by the altimeter under low-stage
conditions. The overall positive bias indicates that satellite-derived water levels are, on average,
slightly higher than the corresponding station measurements. However, this deviation is small relative
to the total water level range of nearly 10 m observed during the study period and does not
significantly affect the characterization of seasonal dynamics.

® Data points
1508 F — 1l:lline

1506

m)

1504

1502

Sentinel-3A water level (

1500

1500 1502 1504 1506 1508
In-situ water level (m)

Fig. 3. Sentinel-3 A altimetry vs in situ measurements monthly scatter plot.

Analysis of water level variations in the Tsalka Reservoir (Fig. 4), based on hydrological station
and radar altimeter data, shows that both datasets follow the same sequence of water level increase
and decrease. Differences between the curves are most evident during periods of rapid change,
particularly during the reservoir filling phase in spring and the recession phase in autumn. The RMSE
between Sentinel-3 and in situ water levels was used as an estimate of water level uncertainty.
Therefore, the uncertainty of altimetry-derived water levels was considered to be approximately
+0.192 m.
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Fig. 4. Superposition of water levels from Sentinel-3A with in situ measurements.
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4.2. Seasonal and interannual variability of reservoir water levels

The results indicate that the Tsalka Reservoir exhibits a pronounced seasonal cycle and
significant interannual variability (Fig. 5). Throughout the study period, the lowest water levels were
generally observed from mid-winter to early spring, typically between January and April. A rapid
increase begins in mid-spring, with maximum levels reached between June and August. Following
the peak, water levels gradually decline during autumn and early winter.

From 2017 to 2019, interannual fluctuations were relatively moderate, with summer maxima
slightly exceeding 1505 m and winter minima generally ranging between 1499 and 1500 m. The
overall minimum of the study period was recorded in 2018, reaching 1498.86 m. In 2020, a reduced
amplitude was observed, with water levels remaining within approximately 1501-1504 m.
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Fig. 5. Annual water level variations in Tsalka Reservoir from 2017 to 2024 — superposition of
Sentinel-3A altimetry with in situ measurements.
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Despite relatively weak seasonal variability, rapid filling events occurred in late spring in both
2020 and 2021. The largest fluctuations were recorded in 2022, when water levels declined to one of
the lowest values of the study period and subsequently increased rapidly to the overall maximum
(1508.42 m). Elevated water levels were also observed in 2023; however, in this case, the hydrograph
indicates that these conditions were sustained over a longer period. As noted, altimetry data for 2024
are incomplete, with no observations available for May—July; nevertheless, the available monthly
measurements and gauging station data indicate a seasonal pattern comparable to previous years.

The boxplot grouped by calendar month (Fig. 6) summarizes the annual cycle of the Tsalka
Reservoir for the period 2017-2024.

1508 1 Sentinel-3A
3 Insitu

1506
91504
@
g
]
= 1502 %

1500 I_|£_|

[+]
1 2 3 4 5 6 7 8 9 10 11 12

Month

Fig. 6. Monthly water level variations from 2017 to 2024 — Sentinel-3A and in situ measurements.

February and March exhibit the lowest median values and include the minimum water levels in
the dataset. From April onward, the distribution increases rapidly, reflecting the onset of reservoir
filling. The highest median levels are observed in June and July. These months, together with August,
display relatively high variability, as they encompass both moderate conditions and extreme high-
water levels recorded in 2022 and 2023. From August to November, median values gradually decline,
corresponding to the recession phase. The boxplot also highlights the asymmetry of the reservoir
regime. The rise from minimum to maximum water levels occurs over a relatively short period
(approximately three to four months), whereas the subsequent decline extends over a longer duration.

4.3. Variability of water-covered area and stage-area relationship

The wide range of water level fluctuations in the Tsalka Reservoir results in pronounced
variations in water-covered area. Fig. 7 illustrates the contrast between the minimum and maximum
extents of inundation observed during the study period.

In January 2018, the area covered by water was 5.69 km?, mainly confined to the deepest central
part of the basin. By July 2022, at peak water levels, the area had increased to 24.54 km?, representing
more than a fourfold expansion. Spatial analysis of surface area variability indicates that even small
changes in water level within certain ranges result in substantial horizontal shifts of the shoreline. The
expansion of the reservoir area occurs primarily across the relatively shallow western and northern
sectors. In contrast, the southern shoreline is characterized by rocky and steeper terrain, and therefore
contributes minimally to the overall increase in surface area. At low water levels, the shoreline
becomes fragmented, and the reservoir is divided into several disconnected sections. In the northern
part, where water persists under these conditions, small lakes existed prior to reservoir construction.
As the water level rises, these sectors reconnect and form a continuous water surface.
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Fig. 7. Minimum and maximum reservoir extent observed during the study period
(PlanetScope false color composites).

According to the Surface area uncertainty assessment results, under the +3 m scenario,
uncertainty was estimated as 0.06 km? for the minimum reservoir extent and 0.09 km? for the
maximum extent, corresponding to 1.05% and 0.36% of the mapped area, respectively. Under the
more conservative +6 m scenario, uncertainty increased to 0.12 km? and 0.19 km?, corresponding to
2.10% and 0.77%, respectively. The results indicate that relative uncertainty is considerably higher
during low-water conditions, where shoreline fragmentation and narrow inundated zones increase
sensitivity to shoreline displacement. Conversely, uncertainty decreases during high water stages due
to the formation of a more continuous water surface and the reduced proportional influence of
shoreline variability on the total mapped area.

The potential impact of temporal mismatch between Sentinel-3 and PlanetScope observations
was additionally quantified using in situ water level measurements corresponding to paired
acquisition dates. The analysis demonstrated that the mean temporal offset was 1.53 days (maximum
5 days), while the mean corresponding water level difference was 0.063 m, with a median difference
of 0.02 m and standard deviation of 0.14 m. These results indicate that short-term water level
variations between paired observations were generally minor, suggesting that the adopted +5-day
pairing window introduced limited uncertainty into the derived stage—area relationship.

The relationship between water level and surface area is nonlinear and exhibits a sigmoidal
pattern (Fig. 8). Although the fitted 4PL model adequately reproduces the overall nonlinear stage—
area relationship, the distribution of observations is uneven across the full range of reservoir stages,
with most measurements concentrated within intermediate water levels. As described in the Methods
section, the presented curve is derived solely from observations within the study period and does not
represent the full range of possible reservoir storage conditions. Slight deviations observed during
low and high-water conditions may additionally reflect increased shoreline uncertainty, fragmented
inundation geometry, and limited observation density near extreme reservoir stages.
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Fig. 8. Relationship between reservoir water level and water-covered area derived from Sentinel-3 altimetry
and PlanetScope imagery during the 2017-2024 study period. Black points represent level—area pairs, while the
red curve shows the fitted four-parameter logistic (4PL) stage—area relationship.

At low water levels, increases in stage result in relatively small changes in surface area, as the
reservoir remains confined to the deeper central part of the basin. Within the intermediate range
(approximately 1502—-1505 m), the curve steepens, indicating rapid inundation of the shallow
marginal zones. Above approximately 1506 m, the curve gradually flattens, indicating that further
increases in water level continue to enlarge the reservoir extent, but at a reduced rate.

5. DISCUSSION

A comparison of Sentinel-3A SRAL water levels with in situ observations demonstrates that the
radar altimeter captures the hydrodynamic behavior of the Tsalka Reservoir with high accuracy, even
under complex topographic conditions of the study area. The obtained statistical metrics (RMSE =
0.192 m, Bias =0.097 m, r=0.997, NSE = 0.993) indicate that discrepancies between the two datasets
are minor relative to the full range of observed water levels and do not influence the interpretation of
seasonal and interannual dynamics. Similar performance of Sentinel-3 has been reported in recent
studies, which show that, under favorable conditions, sub-decimeter to decimeter-level accuracy can
be achieved for inland water bodies (Nielsen, Andersen, and Ranndal, 2020; Jiang et al., 2020; Xu et
al., 2024).

The accuracy of the results depends strongly on the data processing methodology. As
demonstrated by the obtained results, the methods applied in this study effectively reduced the
influence of anomalous measurements on overall accuracy. In particular, the use of a dynamic virtual
station, iterative outlier filtering, and median-based aggregation is well suited for reservoirs such as
Tsalka, where seasonal shoreline migration increases the likelihood of mixed land—water returns. The
sensitivity of radar altimetry to such conditions, including retracker performance and waveform
heterogeneity, has been widely discussed in the context of applications related to inland water bodies
(Taburet et al., 2020; Nielsen, Andersen, and Ranndal, 2020). For targets like the Tsalka Reservoir,
where specular reflections from the water surface may be contaminated by signals from surrounding
terrain, the use of the ICE-1 (OCOG-type) retracker remains an appropriate choice.
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The water level dynamics identified in this study reflect a regulated reservoir system,
characterized by a clear seasonal pattern and distinct interannual variability. Radar altimetry data
effectively capture both gradual seasonal trends and more pronounced deviations. These findings
indicate that, despite its 27-day repeat cycle, Sentinel-3 is capable of reliably representing the
dynamics of a medium-sized reservoir, particularly when extended time series are considered.

The seasonal and interannual behavior of the reservoir generally corresponds to the climatic
regime of the study area, where increased precipitation and rising air temperatures during spring and
early summer likely contribute to enhanced inflow and reservoir filling. In contrast, declining water
levels during late summer and autumn are consistent with reduced precipitation input. The minimum
reservoir level and surface extent observed in January 2018 correspond to one of the lowest mean air
temperatures recorded for the preceding October—December period (2.5 °C according to ERAS5-Land
2 m temperature data), as well as one of the lowest cumulative precipitation totals for the same period
(179.26 mm based on GPM data). Conversely, the maximum reservoir extent and water level observed
in 2022 followed the highest cumulative March—June precipitation total during the study period
(394.76 mm), while the mean air temperature for the same period reached 6.7 °C. However, the
absence of reservoir operation records for the study period limits the ability to separate the effects of
climatic forcing and operational regulation on the observed reservoir dynamics.

The integration of high spatial resolution PlanetScope optical imagery enabled detailed mapping
of the reservoir shoreline dynamics. In addition, the short revisit interval of this satellite constellation
reduced temporal discrepancies relative to the altimetry measurements. However, the limitations of
optical data and applied methods for surface area extraction should also be acknowledged.
Uncertainties in surface area estimates are primarily associated with threshold selection, mixed pixels
along the shoreline, and seasonal snow and ice cover, which makes the spectral separation of water
more challenging. The uncertainty assessment performed in this study indicates that the influence of
shoreline displacement becomes proportionally more significant during low-water conditions, when
fragmented shoreline increase the sensitivity of mapped surface area to positional inaccuracies.
Conversely, uncertainty decreases during high-water stages due to the formation of a more continuous
water surface.

From a broader perspective, the results of this study confirm the effectiveness of radar altimetry
combined with high-resolution optical imagery, as well as the applied methodological framework, for
monitoring inland water bodies in regions where in situ data are limited or unavailable. In the
Georgian context, where systematic hydrological observations of lakes and reservoirs are largely
absent, the approach presented in this study provides a viable alternative for estimating certain
hydrometric parameters and reconstructing the dynamics of inland waters. However, reliance on a
single satellite mission imposes constraints on both spatial and temporal coverage. In the future, the
combined use of other altimetry missions, such as ICESat-2, CryoSat-2, Topex/Poseidon, ENVISAT,
SWOT, Sentinel-6, etc., will enable monitoring of a larger number of water bodies, especially when
it comes to small and morphologically complex systems (Kwanghee et al., 2024).

Despite the overall effectiveness of the proposed approach, several limitations should be
acknowledged. As noted in previous sections, only a single Sentinel-3A ground track intersects the
Tsalka Reservoir, which limits the spatial representativeness of the data and increases the sensitivity
of altimetry measurements to local conditions along the track, potentially introducing errors.
Nevertheless, previous studies have demonstrated that reliable water level retrievals can still be
achieved using a single Sentinel-3A ground track. For example, Frappart et al. (2021) reported
R? values exceeding 0.9 and RMSE values below 0.1 m for Lake Thun in Switzerland. The 27-day
repeat cycle constrains the ability to capture short-term fluctuations associated with rapid reservoir
filling (e.g., following intense precipitation events within the catchment) and drawdown (e.g., due to
operational releases for hydropower generation). In addition, seasonal ice cover in certain years, as
well as incomplete data for 2024, may introduce additional uncertainties in the analysis. These
limitations emphasize the importance of multi-mission integration and, where possible, the
incorporation of auxiliary data sources (e.g., meteorological observations and reservoir operation
records).
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6. CONCLUSIONS

In this study, surface area and level variations of the Tsalka (Khrami) Reservoir were assessed
for the period 2017-2024 using Sentinel-3 radar altimetry and PlanetScope optical imagery. The
accuracy of the altimetry-derived time series, obtained from the Level-2 GDR product, was validated
against in situ hydrological station data. The resulting statistical metrics indicate a high level of
agreement between satellite-based and ground observations, confirming the reliability of the data and
methodology used in the study for monitoring medium-sized reservoirs, particularly in regions where
in situ data are sparse or not regularly available.

Time series analysis of water levels shows a clear seasonal regime in the Tsalka Reservoir,
characterized by rising water levels during the spring and summer period with peak levels typically
reached in late summer. This phase is followed by a gradual decline throughout autumn and winter.
During the study period, the maximum annual amplitude of water levels reached approximately 10
m, indicating the highly dynamic nature of the reservoir system.

The integration of high spatial and temporal resolution optical imagery enabled not only the
assessment of water levels but also the analysis of associated shoreline dynamics. Although the design
surface area of the Tsalka Reservoir exceeds 33 km?, this limit was not reached during the 8-year
study period, with a maximum observed area of 24.54 km?. Despite this, the Tsalka Reservoir remains
the largest artificial reservoir in the country even based on observed maximum water-covered extent.
Notably, the difference between the maximum (2022) and minimum (2018) recorded areas is 18.85
km?, indicating strong variability in reservoir extent.

Overall, the results demonstrate that Sentinel-3 altimetry provides sufficient accuracy for
monitoring medium-sized inland water bodies, while high spatial and temporal resolution
PlanetScope imagery is well suited for deriving surface area in support of altimetry observations. In
the context of expanding spatial coverage and ongoing technological advances in current and
forthcoming satellite altimetry missions, the approach presented in this study constitutes a cost-
effective framework that can be effectively integrated into the development of a national inland water
monitoring system in Georgia.
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ABSTRACT

This study aims to interpolate rainfall in the Lake Toba region using ordinary kriging (OK) and external
drift kriging (EDK) with elevation and distance-to-lake as drift variables. Rainfall data from 34 stations
(2007-2017) were evaluated across three scenarios: (1) without imputation, (2) sparse data using only
complete stations, and (3) all stations using k-nearest-neighbors imputation. Leave-one-out cross-
validation revealed that in dense-data scenarios (1 and 3), OK and EDK produced similar accuracy,
indicating that dense local observations override the need for auxiliary variables. However, in the
sparse-data scenario (2), EDK with distance-to-lake significantly outperformed both OK and EDK with
elevation. Geographically, this highlights that standard assumptions of orographic lift fail in the caldera
due to complex rain shadows over Samosir Island. Instead, distance-to-lake serves as a reliable proxy
for the localized lake-land breeze circulations that drive the basin's microclimate. Ultimately, this study
demonstrates that spatial interpolation in complex, data-sparse regions must be grounded in variables
that accurately reflect physical hydrometeorological realities.

Keywords: Rainfall, Kriging, Lake Toba, Elevation, Distance-to-Lake.

1. INTRODUCTION

Recent studies have reported a concerning decline and fluctuation in Lake Toba’s water level,
which has drawn increasing attention due to its implications for tourism and hydropower production
(Irwandi et al., 2021). Falling water levels may disrupt cruise ship operations, while Irwandi et al.
(2021) also noted a reduction in hydroelectric power generation affecting aluminium production at
PT Inalum. These changes are likely driven by rising air temperatures and decreasing rainfall, as
supported by multiple observations across the region.

Building on this, Irwandi et al. (2023) analyzed climate trends in the Lake Toba region using
bias-corrected ERAS5-Land data. The utility of ERAS reanalysis data for characterizing extreme
rainfall events has also been demonstrated in other parts of the Indonesian archipelago (Koesuma et
al., 2025). The analysis found that 70\% of the area showed increasing rainfall trends, while the rest
showed declines. However, further verification using in-situ station data is required to confirm the
spatial distribution of these trends. Understanding this spatial variability is essential for assessing its
linkage to lake hydrology and the ongoing water level decline.
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Spatial interpolation methods are frequently employed to estimate rainfall at ungauged locations.
Common techniques include inverse distance weighting (IDW), ordinary kriging (OK), and external
drift kriging (EDK)), among others (Fung et al., 2022; Caloiero et al., 2021). Comprehensive reviews
indicate that while geostatistical methods generally outperform deterministic techniques for monthly
and annual rainfall, their relative success depends heavily on network density and the availability of
secondary variables (Ly et al., 2013). Previous comparative studies show varying results regarding
kriging performance. For example, Das & Islam (2021) found that kriging with external drift (KED)
using longitude as a covariate significantly outperformed both OK and IDW in mapping annual
average rainfall across Bangladesh. Conversely, Frazier et al. (2016) found that OK produced lower
error statistics than multivariate methods for rainfall interpolation in the Hawaiian Islands, suggesting
that added model complexity does not always guarantee improved accuracy. These findings
underscore that the effectiveness of kriging methods depends not only on station density, but also on
the suitability and spatial relevance of drift variables (Kyriakidis et al., 2001). Historically, elevation
has been the most common auxiliary variable incorporated into multivariate geostatistical algorithms
for rainfall interpolation, often yielding significant accuracy improvements in mountainous regions
(Goovaerts, 2000).

A critical factor influencing kriging accuracy is the choice and fitting of the variogram model.
The spherical variogram model remains widely used due to its suitability for isotropic spatial
processes and ease of parameter estimation, as demonstrated in recent applications such as Somayasa
et al. (2021) where it was employed to model spatial variability in agricultural land using weighted
universal kriging. Empirical variograms are typically estimated using methods such as the Cressie-
Hawkins estimator, and parameter fitting is often performed via weighted least squares (Pearse et al.,
2024). The Cressie-Hawkins estimator remains a relevant and widely adopted approach for robust
variogram estimation, as demonstrated by its implementation in recent geostatistical software such as
SciKit-Gstat (Milicke, 2022) and GstatSim (Mackie et al., 2023), which emphasize reproducibility
and flexibility in modern Python-based spatial analysis workflows.

Beyond software adoption, recent literature also affirms the value of the Cressie-Hawkins
estimator in applied geostatistics. Gutierrez-Lopez (2021) proposed a modification of the Cressie-
Hawkins estimator (CH-GLo) by incorporating the fourth statistical moment, enhancing its
performance for mapping extreme hydrological events. The modified estimator effectively reduced
the impact of outliers in rainfall data during an extreme storm event in Queretaro, Mexico. Similarly,
Mabhdi et al. (2020) conducted comparative analyses of empirical variogram estimators including CH.
While alternative models like VNN performed better in their groundwater case study, CH remained
a robust and valid comparator, especially in small-sample contexts. In the domain of geochemical
exploration, Nguyen (2020) employed the Cressie-Hawkins estimator to mitigate the influence of
outliers in the spatial analysis of ore-forming elements. Their results demonstrated the estimator’s
utility in quantifying moderate spatial dependence in skewed geochemical datasets. Collectively,
these applications demonstrate that the CH estimator remains a practical and theoretically grounded
approach in diverse spatial modeling problems.

While previous geostatistical studies have evaluated kriging methods globally, there is a distinct
lack of comparative research tailored to the unique topographical and microclimatic conditions of
Indonesia's major caldera lakes. The novelty of this study lies in explicitly testing whether standard
auxiliary variables like elevation—which are often successful in temperate or continental
mountainous regions—remain effective in the equatorial, lake-driven microclimate of the Lake Toba
basin, particularly when compared against a localized distance-to-water metric. This study aims to
map the spatial distribution of rainfall across the Lake Toba region using and comparing OK and EDK
methods, incorporating robust spherical variogram models estimated via the Cressie-Hawkins
method. By filling this critical regional knowledge gap with a rigorously validated spatial rainfall
model, this research provides the essential hydrometeorological baseline needed to investigate and
mitigate Lake Toba's declining water levels.
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2. MATERIALS AND METHODS
2.1. Study Area and Data

The study area is the Lake Toba region, Indonesia, covering a geographical grid 86 from 98.27<E-
99.32°E longitude and 2.05°N-3.05°N latitude. The locations of the 34 meteorological stations used
in this study are shown in Fig. 1. The primary data consisted of monthly rainfall (mm) time series
from 34 stations, collected from January 1971 to December 2017, and obtained from the Indonesian
Agency for Meteorology, Climatology, and Geophysics (BMKG). Two external variables were used
for EDK: (1) Elevation (Elev), obtained from the public Open-Elevation API, depicting the caldera's
physical terrain (Fig. 1A), and (2) Distance from the Lake (Dist), defined as the shortest distance from
each station to the shoreline, calculated using GADM administrative area shapefiles, representing the
proximity to the primary moisture source (Fig. 1B).

_A. Topographic Relief of Lake Toba Basin B. Spatial Gradient: Distance from Lake Toba
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Fig. 1. Location of the 34 meteorological stations in the Lake Toba region. Panel (A) displays the
topographic relief (elevation) of the basin, while Panel (B) illustrates the spatial gradient representing the
shortest distance from each station to the lake shoreline.

2.2. K-Nearest Neighbors Imputation

Imputation is a class of procedures performed with the aim of estimating missing data values
(Batista and Monard 2002). One imputation method that can be applied is k-nearest-neighbors (KNN).
The KNN imputation method applies the concept of estimation based on the nearest neighbors. The
KNN method works by predicting the value of a missing observation using information from the k
nearest samples. The proximity between two points is calculated using a distance metric. The most
commonly used metric is the Euclidean distance (Kuhn and Johnson 2013):

d(a,b) =

This method was selected for its computational efficiency and its effectiveness in preserving the local
spatial correlation structures of the rainfall data.
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2.3. Empirical Variogram

The experimental variogram, or empirical variogram, is a function computed from the observed
data z(x;),i = 1,2, ... ,to describe the spatial correlation before a theoretical model is fitted (Webster
and Oliver 2007). The classical empirical variogram estimator, also known as the method of moments
estimator, was introduced by Matheron (Cressie 1993; Webster and Oliver 2007). It is defined as:

70 =g O, (200 -2()

(i./))EN(h)

where N (h) is the set of all pairs of observation points (i, j) separated by a lag vector h.

While common, the Matheron estimator is known to be sensitive to outliers in the data (Cressie
and Hawkins 1980; Oliver and Webster 2015). To address this, a more robust empirical variogram
estimator was proposed by Cressie and Hawkins (1980), which is given by

1 o
(Wz(i'f)EN(h) |Z(xi) - Z(x]-)o 5|>
0.494 n 0.045 ) :
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7(h) =

2 (0.457 +

In this study, the empirical variogram was modeled by applying this robust Cressie-Hawkins estimator
(Cressie 1985; Al-Mofleh et al. 2016; Mohebzadeh 2018).

2.4. Theoretical Variogram

A theoretical variogram is a model obtained by fitting a mathematical function to the
experimental (empirical) variogram (Webster and Oliver 2007). One form of a theoretical variogram
is the spherical model, which is given by:

3h 1/h\?
C0+C %—E(a) B 0<h<a

¢y +oc, h>a

y(h;6) = f(x) =

where 6 = (cy, ¢, a). The spherical variogram function is designed to be bounded above.
This is because bounded semivariance is more commonly encountered in geostatistics (Cressie
1985; Webster and Oliver 2007). The parameters 6 are defined as follows:
e Total Sill (¢y + ¢): The maximum value of the semivariance.
e Range (a): The value of h at which the theoretical variogram reaches the total sill.
e Nugget Effect (cy): The component of the total sill representing the semivariance at lag 0,
often interpreted as micro-scale variation.
e Partial Sill (c): The other component of the total sill, representing the spatially correlated
portion of the variance.
A robust method for fitting the spherical theoretical variogram, according to Cressie (1985) as
cited in Al-Mofleh (2016), is the Weighted Least Squares (WLS) method. This method applies the
weights:

N

wy=——, i=1.2,..,n,
"oy(h; 6)?
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where |N (h;)| denotes the number of pairs represented by the lag h;, and y (h;; 8) is the value of
the theoretical semivariance at lag h;.

2.5. Ordinary Kriging

Ordinary Kriging (OK) is a geostatistical estimation method that predicts the value of a random
variable, Z, at an unobserved point, x,, using a weighted linear combination of sample points
z(x4),...,z(x,) (Webster and Oliver 2007). The OK estimator is:

20x) = ) An(x),
i=1

where A; are the weights assigned to each observation.

The weights are the solutions to the system of equations A1 = b, where A is the covariance matrix
between all observations, b is the covariance vector between all observations and the target location,
and A is the weight vector.

2.6. External Drift Kriging

The Ordinary Kriging method assumes that the mean of the process is stationary (constant).
However, some spatial processes contain a trend, also known as a drift, where the expected value is
not stationary (Webster and Oliver 2007). When the trend is a function of K external variables, y,, v,
..., Yk, which are known at all locations, the model is modified to incorporate these auxiliary
predictors (Hengl et al., 2003):

K
26 = ) B +e)
k=0

where [, are unknown coefficients.
This process is known as Kriging with External Drift or External Drift Kriging (EDK). The EDK
estimator is:

n
Zeep(x0) = ) HFP2(x).
i=1

: : . T
The weights Af? are solved using the extended matrices: AXEP = {AKEP _ AKED o0 . ¢,},
where 25 is the vector of solved weights and ¢,, are the Lagrange multipliers.

3. EXPERIMENTAL DESIGN

The analysis was performed using data from the 2007--2017 period. To assess the impact of
missing data (NaN values) on interpolation accuracy, three distinct data-handling scenarios were
designed:

e Scenario 1 (S1): All 34 stations were used. Missing values (288 cells, 6.41% of data) were

left as NaN, with the risk of bias from an unbalanced dataset.

e Scenario 2 (S2): The dataset was reduced to only the 15 stations that had complete data

records for the entire period. This ensures minimal bias but reduces spatial coverage.

e Scenario 3 (S3): All 34 stations were used. The 288 missing values were imputed using

KNN method, balancing data completeness and spatial coverage.



110

For Scenario 3, a Monte-Carlo simulation (50 iterations) was performed to determine the optimal
imputation hyperparameters. This simulation, which involved randomly masking known values,
found that K = 16 neighbors with distance-based weighting yielded the lowest RMSE. Finally, for
all three scenarios, the 11-year monthly time-series data was aggregated into four quarterly averages
to minimize seasonal variance: Jan-Mar (JFM), Apr-Jun (AMJ), Jul-Sep (JAS), and Oct-Dec (OND).

The kriging interpolation was implemented using the Python GSTools library. The interpolation
was performed on a 100 X 100 grid covering the study area. The full experimental plan involved 36
unique interpolation models:

e 12 Ordinary Kriging (OK) models (4 quarters x 3 scenarios).

e 24 External Drift Kriging (EDK) models (4 quarters % 3 scenarios x 2 drift variables [Elev

and Dist]).
Model accuracy was evaluated using Leave-One-Out Cross-Validation (LOOCYV). In this study,
for each iteration (i = 1,...,n), a single station (x;) was removed from the dataset. The remaining

n — 1 stations were used to re-calculate the variogram parameters and perform kriging to predict the
value at x;. This process was repeated for all n stations. The resulting prediction errors (e; = Z(x;) —
z(x;)) were compiled, and RMSE, MAE, and MAPE were calculated to compare model performance.

4. RESULTS AND DISCUSSIONS
4.1. Data Validation, Drift Selection, and Variogram Modeling
The analysis began with an exploratory data analysis to validate the three data-handling scenarios.

As shown in Table 1, a comparison of Scenario 1 (original data) and Scenario 3 (imputed data) reveals
that their descriptive statistics are highly comparable.

Table 1.
Mean and standard deviation of rainfall data across all scenarios and partitions.
Scenario Mean (mm) Std. Dev. (mm)
' JEM AMJ | JAS [ OND [ JFM | AMJ | JAS | OND

S1 | No imp. 172.034 174171 | 152.627 | 247.280 | 46.311 50.837 41.322 58.152
S2 | n=15 173.196 174.585 | 151.693 | 250.506 | 49.090 42.064 29.317 44.889
S3 | Imputed 172.778 173.132 | 154.041 | 244.665 | 46.417 49.671 40.997 54.535
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Fig. 2. Boxplot of rainfall in all partitions across all scenarios.
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The minor differences in mean and standard deviation (e.g., S| OND Mean 247.28 mm vs. S3
OND Mean 244.67 mm) are the expected result of including the 6.41% of imputed data points. This
lack of significant statistical distortion validates the S3 dataset as a complete and reliable
representation of the original data. Conversely, Scenario 2 (reduced stations) showed notable
deviations, such as a significantly lower variance in the JAS quarter (std. dev. 29.32 mm), confirming
it as a biased sample.

Beyond central tendency, the data's distribution (Fig. 2) revealed the presence of significant
outliers in all datasets except for AMJ in all scenarios. Shapiro-Wilk normality tests (Table 2)
confirmed that for both S1 and S3, the driest (JAS) and wettest (OND) quarters were non-normally
distributed (p < 0.05). This is a critical finding, as standard variogram estimators (like Matheron's)
are highly sensitive to such extreme values in the data. Therefore, the data's non-normality and outliers
justify the use of the robust Cressie-Hawkins estimator for variogram modeling.

Table 2.
Shapiro-Wilk normality test results across all scenarios and partitions.
Scenario Quarter W Statistic p-value Decision
JFM 0.9534 0.1548 Normal
S1 | Noim AMJ 0.9614 0.2678 Normal
p- JAS 0.9164 0.0128 Not normal
OND 0.8901 0.0025 Not normal
JFM 0.8557 0.0209 Not normal
$2 | n=1s AMJ 0.9675 0.8197 Normal
- JAS 0.8585 0.0230 Not normal
OND 0.8818 0.0505 Normal
JFM 0.9538 0.1592 Normal
$3 | Imputed AMJ 0.9631 0.2980 Normal
P JAS 0.8958 0.0036 Not normal
OND 0.9144 0.0113 Not normal
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Fig. 3. Exploratory spatial distribution of observed seasonal rainfall across the Lake Toba basin for the
JFM, AMJ, JAS, and OND quarters.
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In addition to examining the statistical distribution, an exploratory spatial data analysis (ESDA)
was conducted to visualize the raw seasonal precipitation patterns across the basin. As illustrated in
Fig. 3, the observed rainfall data exhibits clear spatial heterogeneity. Throughout the year, higher
precipitation volumes are consistently concentrated in the southwestern and northeastern regions of
the outer basin. In contrast, a distinct dry zone persists over Samosir Island and the central caldera,
particularly evident during the drier JAS quarter. This preliminary spatial mapping visually
corroborates the complex microclimatic dynamics of the region, highlighting the need to carefully
select and incorporate physical geographical variables into the interpolation model.

To evaluate potential drift variables for EDK, a Pearson correlation analysis was performed
(Table 3). The analysis revealed that elevation (Elev) has a weak and mostly non-significant
correlation with rainfall. In stark contrast, the distance from the lake (Dist) exhibited a strong,
statistically significant positive correlation with rainfall across all quarters and scenarios (r > 0.59,
p < 0.01). This confirms that Dist is a highly relevant and promising auxiliary variable, while Elev
is expected to perform poorly.

Finally, spherical variogram models were fitted (Table 4). The fitted parameters for S1 and S3
were highly comparable, further demonstrating that the KNN imputation successfully preserved the
underlying spatial correlation structure. In contrast, S2 (reduced stations) produced markedly different
parameters, including a nugget effect of zero for most seasons. This suggests the sparse data led to an
over-simplified model, unlike the more realistic micro-scale variability (noise) captured in S1 and S3.

Table 3.
Pearson correlation coefficients (r) and p-values for drift variables against quarterly rainfall.
Drift S1 S2 S3
Quarter
var. r p-value r p-value r p-value
JFM -0.08 0.636 -0.02 0.940 -0.10 0.576
Elev AMJ -0.11 0.541 0.17 0.554 -0.12 0.482
JAS -0.40 0.020 -0.22 0.427 -0.39 0.024
OND -0.19 0.271 -0.07 0.802 -0.20 0.245
JFM 0.65 0.000 0.75 0.001 0.66 0.000
Dist AMJ 0.70 0.000 0.65 0.009 0.68 0.000
JAS 0.66 0.000 0.59 0.019 0.68 0.000
OND 0.68 0.000 0.77 0.001 0.69 0.000

To show the variogram visually, the plot for the S3 models was shown (Fig. 4). The plot shows
a clear spatial dependence structure that provided a reliable basis for interpolation. However, a clear
full sill is not visible in the empirical plots. This is likely because the spatial extent of the study area
(approx. 1.05 degrees) is comparable to the fitted spatial correlation range (0.75-1.00 degrees),
meaning the maximum lag distance is insufficient to capture the full decorrelation. Additionally,
outliers appear at greater distances. This is why weighted least squares was chosen for theoretical
variogram fitting, it reduces the effect of these outliers at greater distances. These outliers may also
show that the CH estimator has its limits.

Table 4.
Parameters of the fitted spherical variogram model.
Scenario Parameter JFM AMJ JAS OND
Range (deg) 0.91 0.75 1.00 1.00
S1 | Noimp. | Total Sill (mm?) 30443 3667.86 2573.82 4590.05
Nugget (mm?) 592.58 400.59 195.93 645.97
Range (deg) 0.87 0.87 0.87 0.87
S2 | n=15 | Total Sill (mm?) 4306.53 3595.28 1359.12 6019.41
Nugget (mm?) 0.00 0.00 183.08 0.00
Range (deg) 0.92 1.00 1.00 1.00
S3 | Imputed | Total Sill (mm?) 3174.820 4076.37 2531.76 4224.46
Nugget (mm?) 460.27 665.67 167.23 719.72
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Fig. 4. Visual representation of the fitted theoretical variogram models in Scenario 3.

4.2. Kriging Performance and Spatial Interpolation

The 36 kriging models were evaluated using Leave-One-Out Cross-Validation (LOOCYV), with
results presented in Table 5 (for OK) and Table 6 (for EDK). Kriging was performed on untransformed
data, as preliminary tests with log, square-root, and Box-Cox transformations did not improve
evaluation metrics.

Table 5.
LOOCY evaluation metrics for Ordinary Kriging (OK).
Scenario Quarter RMSE MAE MAPE (%)
JFM 36.9534 26.6975 16.8347
S1 | Noimp. AMJ 35.5512 28.8207 18.8534
JAS 34.9528 27.8754 19.2172
OND 50.1285 349198 14.3593
JFM 45.4856 35.0459 19.2639
$2 | n=1s AMJ 39.0001 31.7394 18.5105
JAS 32.9532 25.1486 15.8229
OND 41.1272 29.1662 10.819
JFM 354235 26.3160 16.3979
$3 | Imputed AMJ 35.5623 29.4276 19.1713
JAS 34.4482 27.7322 18.3211
OND 45.6477 32.9888 13.7802

The validation metrics reveal two critical findings. First, for the dense-data scenarios (S1 and
S3), the performance of OK and EDK was nearly identical. In S3, for example, the OND (wettest
quarter) RMSE for OK was 45.65 mm, while EDK-Elev was 46.06 mm and EDK-Dist was 45.39
mm. These differences are negligible, which leads to a significant conclusion: with a sufficiently
dense station network, the added complexity of EDK provides no tangible benefit. The kriging
estimate is dominated by the wealth of nearby observations, rendering the influence of the auxiliary
drift variable, whether strongly correlated or not, statistically insignificant.

The central finding of this study emerged from the sparse-data Scenario (S2). Here, the EDK-
Dist model was the undisputed best-performing model, particularly in the JAS (RMSE 23.39) and
OND (RMSE 26.97) quarters. This shift in performance aligns with findings by Camera et al. (2014),
who observed that the ranking of interpolation techniques is directly dependent on observation
density. They noted that higher station density leads to greater stability in method ranking, whereas
sparse networks often necessitate specific techniques that can better capture spatial variability. This
contrast is evident in our results: while dense scenarios showed little difference between methods, the
sparse scenario (S2) revealed a stark divergence between the successful EDK-Dist and the poor-
performing S2-OK (OND RMSE 26.97) and S2-EDK-Elev (OND RMSE 50.42).
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Table 6.
LOOCY evaluation metrics for External Drift Kriging (EDK).
Scenario Drift Quarter RMSE MAE MAPE (%)

JFM 35.8549 26.7138 16.6096
Elev AMJ 34.5249 27.0139 16.9901
JAS 35.1094 27.5594 18.8782
st | No imp. OND 50.5462 34.8214 14.2939
JFM 36.3958 27.7241 17.3533
Dist AMJ 34.2258 27.6334 18.2767
JAS 33.5745 26.3913 18.2241
OND 50.4825 35.7599 14.5359
JFM 59.2182 41.8769 22.4403
Elev AMJ 49.171 38.2899 21.7479
JAS 37.242 29.5129 18.6888
$2 | n=1s5 OND 50.4235 34.2488 12.7015
JFM 42.7698 31.7958 17.8031
Dist AMJ 37.1501 28.1417 16.3599
JAS 23.3909 18.3329 11.5188

OND 26.965 20.6127 7.694
JFM 34.6249 26.1632 16.1201
Elev AMJ 35.2068 28.0403 17.7584
JAS 34.5546 27.397 17.9709
$3 | Imputed OND 46.0575 33.0014 13.7706
JFM 35.2718 27.5913 17.0083
Dist AMJ 34.0632 27.9627 18.4094
JAS 33.1907 26.129 17.3101
OND 45.3904 33.5958 13.9203

The failure of the EDK-Elevation model to outperform Ordinary Kriging is consistent with
geostatistical theory; while Goovaerts (2000) demonstrated that external drift variables can
significantly reduce error, this is contingent on a strong correlation. Similarly, Wagner et al. (2012)
found that in monsoon-driven mountainous regions, elevation may show no significant correlation
with rainfall. They demonstrated that variables representing the distance from a moisture source or
orographic barrier (such as the Western Ghats escarpment) can be far superior predictors than local
elevation. In our study, the 'Dist' variable, reflecting the lake's influence, acted as a powerful guide
for the interpolation precisely because the observation data was too sparse to capture the pattern on
its own.

The superior performance of the EDK-Dist model in the sparse-data scenario is deeply rooted in
the physical microclimatology of the Lake Toba caldera. As a massive inland water body covering
over 1,100 square kilometers, Lake Toba acts as the primary local moisture source for the immediate
surrounding basin. The thermal contrast between the lake surface and the surrounding landmass
generates strong, localized diurnal lake-land breeze circulations. Moisture evaporated from the lake
is transported inland by these breezes, resulting in a precipitation gradient that is heavily dependent
on proximity to the shoreline. In a sparse observation network where macro-scale synoptic weather
patterns are under-sampled, this distance-to-lake variable effectively captures the dominant
microclimatic driver of regional rainfall, providing a highly reliable spatial guide for the interpolation
algorithm.

Conversely, the failure of elevation to improve interpolation accuracy is a direct result of the
caldera's complex topography and resulting rain shadow effects. While geostatistical theory often
assumes a positive linear correlation between elevation and rainfall due to orographic lift, the Lake
Toba basin is characterized by exceptionally steep caldera walls and the central presence of Samosir
Island.
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Prevailing regional winds deposit the majority of their moisture on the windward slopes of the
outer basin. By the time air masses descend into the caldera or cross over Samosir Island, they have
lost significant moisture, creating localized rain shadows. Consequently, high-elevation stations on
leeward slopes may record significantly lower rainfall than lower-elevation stations on windward
slopes. Because a simple elevation variable cannot distinguish between windward and leeward
positioning, its correlation with rainfall breaks down, rendering it an ineffective auxiliary drift
variable for this specific geographical context.

The resulting interpolation maps (Fig. 5 and Fig. 6) visually confirm these statistical findings.
The OK maps (Fig. 5) show a consistent spatial trend with lower rainfall concentrated around Samosir
Island. The EDK maps (Fig. 6) using 'Dist’ reinforce this same trend but with a smoother, more regular
pattern, which the validation metrics in Table 6 proved to be a more accurate representation. The
EDK-Elev maps, in contrast, appear coarser and less refined, reflecting the irrelevant spatial pattern
of the elevation data.
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Fig. 5. Interpolated rainfall maps using ordinary kriging for Scenario 3.
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Fig. 6. Interpolated rainfall maps using external drift kriging for Scenario 3 with Elev (left) and Dist
(right).
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5. CONCLUSION

This study evaluated the spatial interpolation of rainfall in the Lake Toba region by comparing
Ordinary Kriging (OK) and External Drift Kriging (EDK) across varied data-handling scenarios.
Geographically, the spatial mapping confirmed a consistent precipitation pattern characterized by
higher rainfall concentrations in the southwest and northeast, contrasting with a distinct dry zone over
Samosir Island and the central caldera. Statistically, the application of k-nearest-neighbors (KNN)
imputation proved highly robust, preserving the dataset's underlying spatial correlation structure
without introducing the bias inherent in discarding incomplete station records.

The central finding of this research demonstrates that the mathematical effectiveness of
interpolation models is deeply governed by the physical geography of the study area. In scenarios
with a dense observation network, the abundance of local data points dominates the estimation,
rendering the added complexity of EDK largely unnecessary. However, in data-sparse regions,
accurate interpolation requires integrating the physical drivers of the local microclimate.

The stark contrast in EDK performance between the two auxiliary variables highlights this
geographical dependency. The failure of the elevation variable (EDK-Elev) illustrates that standard
assumptions of orographic lift do not uniformly apply in complex terrain; the steep caldera walls and
Samosir Island create localized rain shadows that disrupt linear elevation-rainfall correlations.
Conversely, the dramatic success of the distance-to-lake variable (EDK-Dist) mathematically
confirms Lake Toba's role as the dominant moisture source driving the region's microclimate. By
functioning as a proxy for localized lake-land breeze circulations, the distance variable successfully
guided the interpolation where raw data was insufficient. Ultimately, this study concludes that spatial
interpolation in complex topographical basins cannot rely on statistical optimization alone; it must be
grounded in variables that accurately reflect the physical and climatic realities of the landscape.
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ABSTRACT

Perancak Sandspit, located in Jembrana Regency, is one of the coastal landforms on the southwest
coast of Bali, Indonesia. It is a large hook-shaped sandspit that experienced morphodynamic change
between January 2024 and January 2025. The results reveal three periods of sandspit shortening and
one period of sandspit elongation. During the first period, January to March 2024, and the third period,
July to September 2024, the sandspit experienced shortening at a rate of about 0.3 meters/day. The
second period, April to June 2024, was the only period of sandspit elongation with a rate of 0.59
meters/day. Although the sandspit elongated, its width remained unchanged from the first period at
150 meters. Conversely, in the fourth period, October 2024 to January 2025, the sandspit shrank
significantly at a rate of 1.16 meters/day, with a concurrent decrease in width. In addition, in the first
and fourth periods, changes in the direction of the distal end of the Perancak sandspit were observed,
which were pushed toward the east-northeast. The result indicates that the longshore sediment transport
rate during the elongation phase is around 104,000 m?/year. Although the Perancak sandspit exhibits
fluctuations in morphology and geometry, its overall characteristics in January 2025 remained similar
to those observed in January 2024. It indicates recurring morphological and geometric variations of the
Perancak sandspit.

Keywords: Sandspit; Morphodynamic change; Multi-temporal; Longshore sediment transport rate;
Bali.

1. INTRODUCTION

Sandspit is one of the coastal landforms in the form of narrow and elongated sediment deposits.
It is dominantly formed by longshore currents. The proximal part of the sandspit was always
connected to the mainland, and the distal part often curves following the dominant wave direction.
Sandspits were found on irregular shorelines where sediment availability and wave energy allowed
the smoothing of the coastline by maintaining the direction of longshore currents and moving toward
the coastal re-entrants or bay (Orford, 2006).

Morphological and geometrical changes of sandspits were best observed in a plan view
perspective. Many studies have examined the dynamics of sandspits through field observations,
analytical solutions, numerical and physical modeling, as well as satellite imagery analysis (Duy et
al., 2023). Among these methods, satellite imagery analysis was the most widely used (Lawson et al.,
2021).
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The length and width of a sandspit were the functions of the availability of sediments and net
longshore-directed wave-generated transport. In general, the dominant sediment found in its deposits
was fine sediments such as sand, but gravel-dominated spits could also be found if the main
component of the sediment availability on the coast was also dominated by gravel. On the other hand,
mud-dominated sandspits were unlikely to form because the spits were formed by the breaking wave
activity (Orford, 2006).

Moreover, the formation of a sandspit on the coast generated a backspit lee with low-energy
currents, such as tides and small waves, and the deposition of fine sediments in the form of tidal banks
and salt marshes. The morphological and geometrical changes of sandspits would affect the river flow
patterns and the sedimentation systems at the estuary. These conditions have impacted the coastal
ecosystems and fishermen’s navigation access, the coastal land use, and escalated the flood risk in the
downstream areas.

Bali, Indonesia, including the Jembrana Regency, has shown a diversity of coastal dynamics due
to the natural and anthropogenic processes. The Perancak Village is located on the southwest coast of
Bali and directly borders the Bali Strait (Fig 1). The Bali Strait is a narrow passage that lies between
Java and Bali, linking the Java Sea on the northern side and the Indian Ocean on the southern side.
The bathymetry of the Bali Strait is characterized by a shallow area in the middle section, but becomes
steeper in the southern part and is exposed directly to the Indian Ocean (Berlianty and Yanagi, 2015).
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Fig. 1. Location of Bali in Indonesia (right) and the Perancak sandspit on the southwest coast of Bali (left).

The majority of its people worked as fishermen and farmers. The area also features other
attractions, including turtle conservation sites and mangrove forests. In Perancak Village, a sandspit
over 100 meters wide extends at the mouth of the Perancak estuary. As well as the Perancak beach,
which consisted of medium sand on the bottom sediment (Paluphi et al., 2020), the Perancak sandspit
was also constructed by fine sediment, such as sand. The anchoring area for fishing boats and the
main tourist spot are located on the backspit.

Although multi-temporal satellite imagery analysis has been widely applied in coastal studies, its
integration with sediment transport quantification to investigate the sandspit dynamics remains
limited, particularly in the Perancak area. Due to the numerous strategic activities in the area, the
sandspit dynamics here will affect local community livelihoods and existing tourism activities.
Therefore, this study focuses on the morphological and geometrical changes of the sandspit found in
Perancak, Jembrana, Bali, Indonesia.
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2. MATERIALS AND METHODS
2.1. Satellite Image Analysis and Geometric Characteristics

The methodology employed in our study is depicted in Fig 2. The approach used in our study
was satellite imagery analysis for the period of January 2024 to January 2025. First, the Sentinel-2
images were collected to observe the morphological and geometrical changes of the Perancak
sandspit. These images were obtained from the Copernicus Data Space Ecosystem (Table 1). Second,
the water line was distinguished from the sand using the modified normalized difference water index
(MNDWI) at a resolution of 20 meters.
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Fig. 2. Flow diagram for the research procedure.

Table 1.
An overview of Sentinel-2 data used in this study.

| Date (dmmyyyy) [ Sensor | Resolution | DataSource |
30/01/2024
29/02/2024
30/03/2024
29/04/2024
29/05/2024

28/06/2024 Multispectral 10 m and
23/07/2024 Instrument 20 m

22/08/2024
21/09/2024
26/10/2024
20/11/2024
14/01/2025

Sentinel-2
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MNDWTI was adopted because it was more suitable to improve the water information and can
extract the water bodies more accurately than NDWI (Xu, 2006 and Du et al., 2016). The MNDWI
from Sentinel-2 images was obtained through raster calculation using the following formula:

Xg?'een - X.‘.‘WIR

MNDWI = N

Xgreen + Xwir

where Xgreen 1S the green band or Band 3 and Xswir is the short-wave infrared band or Band 11
of Sentinel-2.

Third, the length (L) and width (W) components were calculated based on the sandspit geometry.
The length (L) component was drawn from the proximal point to the distal point of the sandspit.
Meanwhile, the width (W) component was drawn transversely from the spit-platform geometry at the
hook section.

2.2. Wave Data, Depth of Closure, and Beach Berm Elevation

The data used in this study include the wave data in the area of the Bali Strait (Fig 3), emphasizing
the temporal change of the sandspit. The wave reanalysis data are from WAVERYS product
(https://data.marine.copernicus.eu/product/ GLOBAL MULTIYEAR WAV 001 032). The wave
data were used for the calculation of the depth of closure (D) and the beam elevation (Dg). The depth
of closure (D) and the beam elevation (Dg) were calculated using empirical calculations.
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Fig. 3. The significant wave height between January 2024 and January 2025.

Two crucial factors for estimating the longshore sediment transport rate are the depth of closure
(D¢) and the beam elevation (Dg). The depth of closure refers to the maximum offshore depth at which
cross-shore sediment transport is negligible under normal wave and tide conditions (Durkin, Seenath
& Knaapen, 2025). The depth of closure (D;) was calculated using the equation proposed by
Hallermeier (1978,1981) as follows:


https://data.marine.copernicus.eu/product/GLOBAL_MULTIYEAR_WAV_001_032
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Dg = 2.28H,, — 68.5 (;T) @)

where Hse and Tse are the significant wave height and wave period of the extreme wave
condition that is expected 12 h per year (Hallermeier, 1978) and g is the acceleration caused by
gravity.

Hallermeier defined another equation of depth of closure based on the relationship between Hse
and the annual mean of significant wave height as:

D; = 2H, + 110, &)

where os is the standard deviation of the significant wave height.

In addition, the beach berm is a natural form of beach profile created by onshore sediment
transport due to waves in the swash zone (Zhu et al., 2022). The beam elevation is the vertical distance
from the crest of the berm to the specific datum, usually the mean sea level. An empirical equation
relating the depth of closure to the berm elevation was defined by Uda (1997, as cited in Lawson et
al., 2021 and Duy et al., 2023) and is represented as follows:

DB =032 X DC (4)

2.3. Longshore Sediment Transport Estimation Model and Sandspit Growth Rate

The longshore sediment transport rate (LSTR) was estimated in this study using a straightforward
mathematical calculation based on the methodology of Lawson et al. (2021). A schematic diagram of
the model is shown below:
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Fig. 4. Redrawn from Lawson et al. (2021), this schematic representation of the sandspit development process
shows (a) a cross-sectional view and (b) a plan view.
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According to the Lawson et al. (2021) model, the gradient in longshore sediment transport Qi, =
Qx is thought to contribute to the sandspit‘s elongation directly, while the sandspit’s width (Bs)
remains constant throughout its growth and there is no sediment loss at its tip (Qour = 0). The
assumption of Qou: = 0 is used to obtain the first-order approximation of longshore sediment transport
by simplifying the sediment budget and neglecting sediment losses at the tip. Moreover, the depth of
closure (Dc) plus the berm elevation (Dg) adds up to the depth of active sediment (D). Given the
above assumption, the LSTR can be calculated as follows:

M 1
Qin:Qx:DXE 8}

where D is the depth of active sediment motion, calculated as Dc + Dg , and AA/At represents

the sandspit area changes over a given time period. AA/At can be substituted by:

AA AL
—= B

X — 6
At A ©)

where Bg refers to the width of the sandspit, which is considered constant over the elongation
period, and AL/At is the elongation rate of the sandspit, which was determined from the image
analysis.

Thus, the LSTR can be determined as:

AL
Q= Q.= (Dg+ Dg) X By X i (7)

Studies by Udo, Ranasinghe & Takeda (2020), and Razak & Khan (2020) have addressed the
constraints of using Equation (2). By contrasting the outcomes of field surveys of wave conditions
with wave data obtained from the models, these limitations were found. The cumulative error of our
estimations reflects the +20% error tolerance we imposed on our depth of closure calculations due to
these limitations.

The temporal variation of the length change (AL/At) and width change (ABs /At) were calculated
using linear regression. Furthermore, we used a straightforward mathematical formula proposed by
Duc Anh et al. (2020a) to predict the rate of sandspit growth in the elongation period as a function of
the LSTR and sandspit width.

The hypothesis assumes that the sandspit width will remain constant during the elongation phase.
The LSTR calculation in this study follows a similar assumption. This assumption leads to the
following expression for the sandspit growth rate as follows:

1 .
Roe — L (8)
(D¢ + Dg)  Bs

where Qx is the LSTR, Dc is the depth of closure, Dg is the berm elevation, and Bs is the sandspit
width.
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3. RESULTS AND DISCUSSION

3.1. Temporal Variation of Sandspit Geometry
3.1.1 Sandspit Length

Sandspits are attached to the land at one end and are longer than they are wide (Huggett, 2007).
Based on research by Weidman and Ebert (1993), morphological changes in sandspits occurred
cyclically and the periodic systems improved our understanding of inlet genesis and beach-barrier or
sandspit evolution. Therefore, analyzing the temporal shoreline changes of the Perancak sandspit is
important to understand the morphological dynamics. Changes in the shoreline of the Perancak
sandspit are shown in Fig 5. It was shown that there were several periods of shortening and elongation
from January 2024 to January 2025. Furthermore, we divided the morphological and geometrical
timeframes into four periods (Fig 6). In this case, the elongation and shortening events were used to
distinguish the periods.
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Fig. 5. Temporal variation of the Perancak sandspit’s shoreline.

In the first period, January to March 2024, the sandspit experienced a gradual reduction in length
or shortening. The rate of reduction was 0.33 meters/day. During the second period, April to June
2024, the sandspit experienced elongation and uninterrupted growth. The growth rate of the Perancak
sandspit in this period was 0.59 m/day. Meanwhile, afterwards, a shortening was observed in July,
indicating the end of Perancak sandspit growth in the second period.

In the third period, July to September 2024, a gradual reduction in the length occurred, similarly
to the first period, with a rate of 0.36 meters/day. This period ended with significant sandspit growth
until October 2024, with an increase of about 105.57 meters. This growth rate was 3.11 meters/day.
In the fourth period, October 2024 to January 2025, a significant reduction in the length of the
Perancak sandspit occurred with a rate of 1.16 meters/day.
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Fig. 6. Elongation and shortening of the Perancak sandspit from January 2024 to January 2025.

The sandspit dynamics are strongly linked to the sediment budget on the coast and/or the wave
energy (Escudero et al., 2019). These factors play an important role in controlling the balance between
erosion and sediment deposition along both the distal end and the body of the sandspit. When wave
energy increases, erosion and sediment redistribution tend to dominate, causing shortening and
morphological changes. In contrast, when sediment supply and depositional processes are dominant,
the sandspit experiences elongation.

We indicated that the shortening during the first and the third periods was caused by gradual
erosion at the distal tip. Hence, the erosional processes exceeded the sediment supply during these
periods. In the first period, the wave energy increased compared to early January. The west monsoon,
which is characterized by dominant winds from the west-northwest, generates higher-energy wave
conditions. Furthermore, the shortening observed during the third period corresponded with the peak
of the east monsoon, which also showed relatively higher wave conditions. These conditions likely
intensified erosional processes at the distal end and enhanced sediment redistribution along the
shoreline.

In contrast, the shortening was more notable and occurred at a higher rate during the fourth
period. Compared to the first period, relatively higher wave energy prevailed during this period. We
indicated this condition triggered rapid erosion at the spit-platform tip within a short period, whereas
the sediment supply may have remained insufficient to compensate for ongoing erosion at the distal
end. Moreover, the elongation occurred in the second period during the transitional phase toward the
east monsoon. Wave conditions during this period were relatively favorable for sediment deposition,
allowing sediment supply to accumulate at the distal end of the sandspit.

Besides the changes in the sandspit’s length, the changes in the distal end of the Perancak sandspit
were observed. In general, the Perancak sandspit is oriented northwest with a large hooked sandspit
type. In the first and fourth periods, the curvature at the distal end of the sandspit appeared to be
pushed toward the east-northeast or landward migration. The direction change occurred because of
the changes in the dominant direction and energy of prevailing waves originating from the west, which
propagated into the estuary area, affecting and altering the Perancak spit-platform. The wave
refraction and diffraction around the inlet mouth caused sediment transport pathways to shift
landward and reorient the distal end curvature. In addition, the wave penetration into the estuary area
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during high-energy conditions increased the reworking of the sediment at the distal end. This
reinforces the confidence that the Perancak sandspit developed within a wave-dominated inlet system.
Such sandspits were commonly associated with the accumulation of sediments at their tips, which
was introduced by longshore transport (Taveneau et al., 2024).

3.1.2 Sandspit Width

Fig. 7 shows the temporal variation of the width of the Perancak sandspit. In the first to second
periods, January to June 2024, the width of the sandspit did not exhibit a significant change, remaining
around 150 meters. During the first period, the sandspit experienced gradual erosion at the distal tip
while maintaining a constant width. This condition suggests that the sediment redistribution occurred
along the longitudinal axis, with erosion mainly concentrated at the distal tip rather than distributed
across the entire body. Moreover, during the second period, the sandspit experienced elongation while
maintaining a constant width. This condition indicates that the sediment deposition mainly occurred
at the distal tip of the spit rather than at the entire body.

300
™~
3250-
7]
E
2200-
1
=
& 150 } ] ® ® ® e ® ®
2
@ Period 1 Period 2 °
-—6100- o
=
15
g so Period 3
0 1 1 1 1 1 1 1 1 1 L 1 1 J
[ E— )l r I . i L . 1l . ! , )\ , l|_'_|| T .|_I T " .|I |I
=t Ly
& & & = & & g 3 F & & & ]
5 § & § & @ 5 8 § 8 3 g =
o] [=] (=] [=] [=] =] =] =] (=] — —t — o]

t (monthyyear)

Fig. 7. Temporal variation of the Perancak sandspit’s width from January 2024 to January 2025.

In the third period, July to September 2024, a larger change in the sandspit’s width was observed
and it did not occur uniformly throughout the entire period. From July to August 2024, the sandspit
experienced a decrease in width. However, in September 2024, the curvature of the spit platform
increased, and a significant widening was observed compared to the previous month. In August, the
sandspit’s width was only 87.26 meters, but it increased to 152 meters in September 2024. This
widening continued to October 2024 with an additional increase of 112.19 meters.

Although shortening occurred in the third period, the morphological changes were not uniform.
From July to August, both sandspit length and width decreased. This condition indicates that erosion
occurred at both the distal end and lateral margins of the sandspit. However, in September 2024, the
sandspit width increased despite the shortening trend, indicating that sediment redistribution
temporarily shifted toward lateral deposition along the spit body.

A very distinct pattern was observed in October 2024, when the sandspit’s length increased
rapidly and the feature also widened. This condition is interpreted as a result of an increase in sediment
budget accompanied by a reduction in wave energy. Subsequently, the sandspit’s width decreased
gradually during the fourth period, reaching 160.41 meters in January 2025. This reduction in width
is likely due to the disruption of sediment supply and erosion of the sandspit tip. The width of the
sandspit in that month did not differ considerably from that in January 2024.
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3.2. Longshore Sediment Transport Rate and Sandspit Growth

As shown in Fig. 6, four distinct periods of the Perancak sandspit development were identified
over one year. Based on the significant wave height and the wave period, the values of the beach berm
elevation (Dg) and the depth of closure (Dc) were estimated at 0.78 m and 2.45 m, respectively.
Therefore, the LSTR was calculated based on the elongation period derived from the image analysis.
Using the elongation rate (AL/At)) of the sandspit and Equation (7), the LSTR during the elongation
period was estimated at 104,000 m3/year. The results from this study indicate that the LSTR of the
Perancak sandspit is in the order of 103 m*/year with the LSTR estimations having an average error
margin of +£2.5x10* m3/year.

Furthermore, the sandspit growth calculated using Equation (8) was estimated at 214 m/year,
showing good agreement with the value derived from the satellite image analysis (215 m/year). This
agreement suggests that the applied approach reasonably represents the morphological development
of the Perancak sandspit. Nevertheless, the estimated LSTR may slightly overestimated due to the
assumptions applied, particularly the assumption of negligible sediment losses at the tip.

Additionally, this study compares the characteristics of the Perancak sandspit with other sandspits
worldwide, which were analyzed using similar approach, including the Badreveln in Sweden and the
Fire Island in USA assessed by Hoan et al. (2011), the Sangomar in Senegal assessed by Palalane et
al. (2014), Volta River in Ghana and Bouche du Roi in Benin studied by Lawson et al. (2021), as well
as several sandspits in Vietnam, including the Loc An examined by Duc Anh et al. (2018), the Cua
Loa examined by Duy et al. (2018), the Ly Hoa and the An Du examined by Duc Anh et al. (2020a),
the Ken and the Phan examined by Duc Anh et al. (2020b), and the Song Tranh examined by Duy et
al. (2023) (Fig 8, Table 2).
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Fig. 8. Comparison of the sandspit growth rate and the sandspit width of the Perancak sandspit with that of
other sandspits.
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Based on the comparative data, the position of Perancak sandspit indicates a moderate category
compared to other sandspits. The Perancak sandspit is narrower than the Volta River sandspit and the
Bouche du Roi sandspit, although its growth rate remains relatively high. It indicates that an active
accretion process and sediment supply occur in the area. In addition, the condition suggests that the
longshore sediment transport plays an important role in the sandspit dynamics. Compared with several
sandspits in Vietnam, the Perancak sandspit shows a higher growth rate at a similar width. It implies
that the Perancak sandspit dynamics are more active and change rapidly.

Table 2.
Summary of morphodynamic properties of Perancak sandspit and other sandspits worldwide.
Study Area Bs (m) Rs (m/y) LSTR (m?y)
Indonesia
Perancak 150 214 104,000
Vietnam
Loc An 150 85 200,000
Cua Loa 280 50 160,000
Ly Hoa 130 90 130,000
An Du 70 140 170,000
Ken 180 55 133,000
Phan 60 183 145,000
Song Tranh (Period 1) 30 217 39,000
Song Tranh (Period 2) 30 365 66,000
Song Tranh (Period 3) 30 224 40,000
Sweden
Badreveln 70 28 10,000
USA
Fire Island 500 43 220,000
Benin
Bouche du Roi (Period 1) 255 578 1,980,000
Bouche du Roi (Period 2) 145 626 781,000
Bouche du Roi (Period 4) 115 889 734,000
Senegal
Sangomar 124 300 465,000
Ghana
Volta River (Period 1) 324 674 1,290,000
Volta River (Period 2) 348 496 1,210,000

Furthermore, the high dynamics of the sandspit may affect the stability of the river mouth through
the inlet migration and sedimentation around the Perancak estuary. The sandspit dynamic may
significantly influence the coastal community, fisheries activities, and mangrove habitat in the area.
Thus, continuous monitoring of the sandspit dynamics is important to support sustainable coastal
management and to mitigate the impacts on the surrounding area.

4. CONCLUSIONS

The analysis of morphological and geometrical changes of the Perancak sandspit, conducted
using satellite imagery analysis from January 2024 to January 2025, shows several variations. The
main findings can be summarized.

Three periods of shortening or reduction in sandspit length and one period of sandspit growth were
identified. In the first period, January to March 2024, and the third period, July to September 2024,
the sandspit experienced gradual shortening. Conversely, in the second period, April to June 2024, an
elongation and growth phase occurred, and the sandspit width remained around 150 meters. In the
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fourth period, October 2024 to January 2025, both the length and width of the sandspit decreased,
presumably due to reduced sediment supply and intensified erosion at the spit tip.

The orientation of the Perancak sandspit’s hook shifted toward the east—northeast during this
period, driven by changes in wave energy and strengthened waves and winds from the west—southwest
impacting the sandspit.

Image analysis and empirical calculation based on a one-line model were used to estimate the
LSTR along the sandspit in the elongation period. The result was 104,000 m>/year.

Although the sandspit underwent considerable temporal variability within the year, the geometry
of the Perancak sandspit in January 2025 did not differ from its condition in January 2024. This
suggests that seasonal variation is the dominant factor controlling sediment supply, wave conditions,
and longshore currents around Perancak Beach, thereby influencing the temporal variability of the
Perancak sandspit geometry.
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ABSTRACT

The paper analyses the biometeorological comfort of the main pedestrian area from the downtown area
of lasi, Romania, during representative weather conditions for summer, aiming to identify sustainable
strategies to mitigate or adapt to urban heat discomfort. Historical climate datasets were used to identify
the thermal record high of the region, while microclimatic conditions were simulated with ENVI-met
software. The work model was developed in ENVI-Met, allowing high-resolution (3x3%x3 m grid)
simulations of interactions between the lower atmosphere, built surfaces, vegetation, and in-depth soil
characteristics. The analysis sampled August 7, 2012 weather conditions, identified as the hottest day
between 1961 and 2025, with a recorded air temperature of 41.3°C at the lasi weather station. Three
scenarios were simulated, and for each of them the model evaluated potential air temperature (PAT),
mean radiant temperature (MRT), and additional biometeorological parameters derived using ENVI-
met’s BIO-met module, such as skin and clothing temperature with their variations along the selected
pedestrian walk. Results show an average air temperature reduction of ~2°C by using cobblestone
pavement and up to 20°C lower perceived temperatures, as indicated by MRT, in shaded areas. The
complex scenario - represented by a mixture of cool pavement and urban greening - yielded the most
significant improvements in thermal comfort, reducing MRT values and mitigating fagcade heat
emissions by up to 9°C through vertical vegetation systems. The findings emphasize the effectiveness
of integrated greening and shading strategies in reducing the urban heat island effect. Moreover, they
revalidate the capability of ENVI-met-based biometeorological modelling to serve as a decision-
support tool for the sustainable design and thermal optimization of urban public spaces.

Keywords: Urban climate; ENVI-Met,; Potential air temperature (PAT); mean radiant temperature
(MRT), lasi.

1. INTRODUCTION

In the context of accelerated urbanization and the intensification of climate change effects,
biometeorological comfort in urban pedestrian spaces represents an essential element for ensuring the
quality of life in the built environment (Nikoulopoulu et al., 2001). In recent years, numerous studies
(Matzarakis et al., 2007, Ng, 2012, Park et al., 2021) have highlighted the role of urban morphology
and its components - buildings, surface materials, vegetation - in modifying local microclimatic
parameters and, implicitly, influencing the population's thermal perception. At the international level,
urban heat island (UHI) effects have been widely documented (Masson et al., 2020), being strongly
associated with rapid urban expansion, land-use change, and the increasing dominance of impervious
surfaces, all of which contribute to intensified thermal stress in urban environments (Faragallah &
Ragheb, 2022).
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At the European and regional scales, numerous studies have emphasized that urban form and
land-use structure play a key role in shaping microclimatic conditions, with compact urban areas
generally associated with higher temperatures due to reduced ventilation and increased heat storage
(Gusson & Duarte, 2016; Kotharkar & Dongarsane, 2024). Similar findings have been reported in
Romanian cities, where urban morphology and the balance between built-up areas and vegetation
significantly influence the spatial variability of thermal conditions and the intensity of the UHI effect
(Uritescu et al., 2019; Grigoras & Uritescu, 2024). These results highlight the need for detailed, site-
specific analyses of urban microclimates, particularly in rapidly developing urban environments.

The Municipality of lasi, located in the northeastern part of Romania, represents a relevant
example for analyzing the interactions between urban structure and the thermal comfort of public
spaces. Over the past decades the city has experienced a continuous process of spatial expansion and
functional transformation, marked by an increase in built-up surfaces, densification of urban fabric,
and changes in land-use patterns (Ursu et al., 2016; Bénica et al., 2017). These processes are widely
recognized as major drivers of UHI development, as they reduce evapotranspiration capacity and
increase heat storage in urban materials. The city exhibits a well-contoured urban heat island (UHI)
both at canopy (Sfica et al., 2018) and at the surface (Sfica et al., 2023) levels, while recording a high
number of days with heat related thermal discomfort (Sfica et al, 2017). Simultaneously, the city faces
consistent challenges related to the balance between built-up areas and vegetation cover (Fosalau et
al., 2024). The central area of the city, corresponding to the Stefan cel Mare pedestrian boulevard,
represents a distinct combination of historical heritage and contemporary urban development, being
entirely integrated in the UHI’s core. In this area, microclimatic features derived from the UHI
manifest intensely during the warm period of the year, influencing the level of thermal comfort for
pedestrians and, consequently, the usability of the public space (Sfica et al., 2023).

Biometeorological comfort in this type of urban space is conditioned by local factors such as the
streets orientation, height of buildings, the type of paving materials with their specific albedo, the
presence of vegetation, the wind variability, and the exposure to direct solar radiation (Lau et al.,
2015). Within the central area of Iasi, these elements interact in a complex way, leading to a high
variability of the thermal comfort state depending on synoptic weather conditions and the time of day.

One of the primary applications of ENVI-met consists in evaluating the impact of urban
morphology on local temperatures. Numerous research has shown that building density and land-use
patterns strongly influence the thermal environment, with compact urban forms exhibiting higher
temperatures due to reduced ventilation and increased heat storage in impervious surfaces (Gusson &
Duarte, 2016; Uritescu et al., 2019). At the same time, scenario-based simulations have highlighted
the important role of green infrastructure in mitigating urban heat stress. Increasing tree canopy
coverage, as well as the implementation of green roofs and vegetated fagades, has been shown to
significantly improve thermal comfort and reduce the UHI effect (Yang et al., 2021; Kotharkar &
Dongarsane, 2024).

Surface materials also play a critical role in urban heat regulation. Studies have demonstrated
that cool paving materials, such as permeable surfaces and grass grid pavers, can significantly reduce
surface and air temperatures, while reflective materials may decrease heat accumulation depending
on urban geometry and exposure conditions (Faragallah & Ragheb, 2022; Eingriiber et al., 2024;
Sinsel et al., 2022).

In outdoor urban environments, thermal comfort is inherently dynamic, as individuals are
exposed to continuously changing microclimatic conditions and rarely reach thermal equilibrium.
However, due to the complexity of modelling transient physiological responses and the dependence
on individual thermal history, steady-state approaches are commonly applied in urban microclimate
studies, offering a practical compromise for thermal comfort assessment (Fischereit & Schliinzen,
2018).

The present work aims to analyze the influence of the urban environment on biometeorological
comfort in the Stefan cel Mare pedestrian area, by evaluating specific microclimatic parameters and
advancing some possible solutions to optimize thermal comfort. This topic is relevant also from the
citizen perspective, since the renewal of the urban center ignited in the past years a public debate
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involving also urban climate implications. The study also seeks to identify urban configurations and
design solutions that can contribute to reducing biometeorological discomfort and promoting a more
sustainable and attractive public space.

2. STUDY AREA

The study area is located in Iasi city (Fig. 1), northeastern Romania - with its central area located
at 47.1° N and 27.5° E - situated within the Moldavian Plateau developed primarily on the lower
terraces of the Bahlui River (Minea, 2010; Sfica et al., 2023).
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Fig. 1. Location map of the study area in Romania (a), in Iasi (b), the selected study area (c) and its built Envi-
Met spatial 3D model (d).

Although Iasi is classified as Dfb under the K&ppen-Geiger system, recent studies and updated
high-resolution climate datasets (Belda et al., 2014; Beck et al., 2018) indicate that parts of Romania,
including major urban centers, may exhibit transitional characteristics toward Cfa (Ontel et al., 2025).

Furthermore, the concentration of population, urban expansion, and the high degree of land
surface transformation in large cities intensify local thermal conditions, enhancing the urban heat
island effect and amplifying warm-season thermal regimes. These processes, combined with regional
climate warming trends, support the interpretation of lasi as exhibiting emerging Cfa-like features,
particularly in the context of urban climate conditions.

Recent years have recorded significant heat extremes, with 2007, 2012, 2015 and 2019
considered the hottest years especially during summer when heat waves recorded high frequency and
duration (Nagavciuc et al., 2022). In this context, in 2012, following a very hot month of July, on
August 7, 2012 - when Romania’s territory was placed under a strong tropical atmospheric ridge -
lasi weather station recorded a maximum temperature of 41.3°C, which represents the highest value
observed for the period 1961-2015 (Iordache et al., 2017). It should be underlined that this value also
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remains the highest recorded up to 2025, based on available observational data. In this context, the
simulations presented in the current study can be considered highly relevant for assessing present-day
summer thermal discomfort conditions, as well as for indicating potential future extreme heat stress
scenarios.

The specific research site covers a 130-meter sector along and nearby the eastern sector of the
Stefan cel Mare pedestrian boulevard, spanning approximately over 30,000 m?. The perimeter
includes the County Council Building (CCB) and two asphalt-paved parking lots to the east, while
the southern and northern boundaries are marked by the Gheorghe Asachi Primary School and the
Three Holy Hierarchs Monastery, respectively.

3. DATA AND METHODOLOGICAL SETUP

ENVI-met is a three-dimensional non-hydrostatic microclimate model that simulates surface-
plat-air interactions at high fluid dynamics, radiation fluxes, thermodynamics, vegetation processes,
and soil-atmosphere exchanges (ENVI-Met, 2025). Unlike models focusing on isolated factors like
airflow or radiation modeling (OpenFOAM, Radiance, i-Tree Eco), ENVI-met employs a unified
approach to simulate holistic environmental changes.

The present analysis focuses on the spatial distribution of Potential Air Temperature (PAT) and
Mean Radiant Temperature (MRT), two key variables controlling human thermal perception (Sinsel,
2022). While PAT reflects the thermal state of the air mass independent of pressure variations, MRT
represents the combined effect of shortwave and longwave radiation fluxes and is a critical parameter
in the assessment of thermal comfort indices indicating the heat load received by the human body.
Therefore, MRT is calculated based on the integration of shortwave and longwave radiation fluxes
from multiple directions, following the Stefan—Boltzmann law (Sinsel et al., 2022).

In the ENVI-met framework, Potential Air Temperature (PAT) is defined as the air temperature
at a reference pressure (model default), and for practical purposes within the 3D model it can be
treated as equivalent to the absolute air temperature. Thus, although PAT is formally derived from
thermodynamic principles, in near-surface urban simulations it behaves similarly to the standard air
temperature (Ta), with only minor differences due to pressure effects (ENVI-Met, 2025).

Mean Radiant Temperature (MRT) represents the integrated effect of all radiative fluxes
exchanged between the human body and its surrounding environment and is a key parameter
controlling outdoor thermal comfort. It can be expressed as:

5o\ 1/
Tore = <£p—tg> —273.15,

where S, is the total absorbed radiation flux (including shortwave and longwave components),
&p is the emissivity of the human body (=0.97), and ¢ is the Stefan—Boltzmann constant (Sinsel et al.,
2022).

In addition to microclimatic variables, the analysis includes biometeorological outputs related to
the human energy balance simulated by ENVI-met (Salata et al., 2016). These include: (1) Tskin (skin
temperature), representing the temperature of the body surface in direct interaction with the
environment; (2) Tcore (core temperature), referring to the internal body temperature maintained by
physiological regulation; (3) Tcl (clothing surface temperature), which describes the thermal state of
the clothing layer acting as an interface between the body and the surrounding environment.
Furthermore, static Tskin represents the skin temperature under steady-state conditions, assuming
constant environmental forcing and no transient physiological adaptation (ENVI-Met, 2025; Sinsel,
2022). Together, these variables provide insight into the physiological response of the human body
to outdoor thermal conditions by using dynamic comfort analyses in Bio-met extension of ENVI-met
(Salata et al., 2016; ENVI-Met, 2025; Sinsel, 2022).

The model setup was performed using the ENVI-met Headquarters environment, where a
dedicated project workspace and database were created to manage site-specific materials, vegetation
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types, and boundary conditions. The study area was constructed in the Spaces module based on
geographic coordinates corresponding to lasi central area (47.16°N, 27.58°E).

The computational domain consists of a grid of 240 x 145 x 32 cells, with a horizontal resolution
of 3 x 3 m, ensuring a detailed representation of urban morphology at the pedestrian scale. Such
spatial resolutions are commonly applied in ENVI-met simulations to capture fine-scale urban
microclimatic processes (Salata et al., 2016; Yang et al., 2021). To improve near-surface accuracy
without significantly increasing computational cost, the lowest vertical layers were subdivided into
five sub-cells, enhancing the simulation of air—surface interactions, as recommended in ENVI-met
modelling practices (ENVI-Met, 2025).

To define the soil types and surface characteristics of the study area, the standardized soil profiles
and surface materials provided by the ENVI-met software were used. The default soil type for the
entire model domain was sandy-loam. Based on satellite imagery, paved streets were digitized using
asphalt road surfaces. Pedestrian areas were represented with granite pavement (single stones),
sidewalks with concrete pavement light, colored asphalt areas with asphalt road with red coating, and
curbs and selected pedestrian connections with light concrete pavement (Fig. 2). This simplification
is consistent with the soil characteristics of Iasi, where natural soils such as Chernozems and Regosols
exhibit predominantly loamy textures, while Fluvisols from the Bahlui floodplain tend toward finer
clay-loam textures, while urban Technosols display a high spatial heterogeneity, often corresponding
to sandy-loam or loamy compositions due to the mixture of natural and anthropogenic materials (Secu
et al., 2015; Secu et al., 2016). In the context of ENVI-met, these conditions justify the use of a
dominant sandy-loam soil type, which provides a balanced representation of soil hydraulic and
thermal properties, while acknowledging local variability associated with urban land use.
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Fig. 2. Surface digitization interface in ENVI-met Spaces for the central area of Iasi city.

Building foundations and basement areas were defined using the default cellar soil profile, which
represents subsurface conditions beneath buildings and is required for outlining building footprints.
Building geometry was then created using ENVI-met’s grid-based building system, in which
structures are represented by cells with variable heights. Building heights were determined using
Google Earth Pro. For example, the CC building has a roof elevation of 73 m and a base elevation of
58 m; by neglecting terrain topography, the building was modeled with an absolute height of 15 m.
Buildings with more complex geometries were modeled following the same approach, using three-
dimensional building models as references for shape and height. To avoid modeling errors, building
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footprints were aligned with the previously defined basement profiles. Construction materials were
assigned uniformly to all buildings. Due to the lack of detailed information on actual building
compositions in the study area, the standard ‘“Default Wall — moderate insulation” material was
selected for both walls and roofs.

Vegetation was added using the ENVI-met plant library and was placed exclusively on natural
soil profiles to prevent simulation errors. In total, 141 3D plants were included, representing linden
(Tilia cordata), chestnut (Aesculus hippocastanum), black locust (Robinia pseudoacacia), thuja
(Thuja occidentalis), silver fir (Abies alba), and Norway spruce (Picea abies). The remaining
vegetated surfaces were modeled using the standard 25-cm grass surface from the simple plants
category.

After completing the model of the study area and saving the model in .inx format, we used the
ENVI-guide tool to start the simulation process of biometeorological factors. Using climatic gridded
daily database from ROCADA (Dumitrescu &Birsan, 2015) and National Meteorological
Administration of Romania (NMA RO) from SYNOP messages that were issued by official weather
stations we identified the hottest day recorded in lasi, corresponding to 07.08.2012, with an absolute
maximum temperature of 41.3°C at 17:00 (Fig. 3).
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Fig. 3. Values used in ENVI-guide for the Simple Forcing process tailored from the weather data recorded on 7
of August 2012

ENVI-guide uses the .inx project and a set of climatic data to create a simple forcing .simx file
used in the subsequent steps. The first data we entered were the date, time, duration of the simulation,
and the full and abbreviated names. We also entered the digital reference model (.inx) of the study
area here. For our simulations, we used the "Multi Core" option, sacrificing the multitasking capacity
of the computer used for higher performance and simulation speed (ENVI-MET GMBH, 26.03.2024).
We used the "Meteorology" tab to enter climatic data through the "Simple Forcing" function, which
requires temperature and humidity values. The entered values are displayed in the central graph. We
saved the .simx project and entered it into the ENVI-core module for simulation. In ENVI-core, we
selected the project database. The program loads all elements, a process that can take several minutes
(depending on the spatial and temporal dimensions of the model). Then, we selected the .simx file and
ran a "check model" module to identify any errors.

To create graphical representations of the results obtained from the simulations, we used
"Leonardo" interface in which we imported the .edx files obtained after completing the simulation in
ENVlI-core, selecting the dataset corresponding to the time we wished to represent. To extract the
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data into a 2D map, we selected the desired parameter from the "Data" menu. For this work, we
focused more on factors influencing the thermal comfort and discomfort of pedestrians. Under these
conditions, the simulations performed and analyzed are characteristic of a height of 1.5m from the
active surface, Leonardo allowing for the extraction of hourly data from points of interest (e.g.,
modeling on pedestrian routes, surface types, under trees, etc.) (ENVI-MET GMBH, 28.03.2024;
ENVI-MET GMBH, 02.04.2024). The methodological workflow is presented in Figure S1 from the
attached Supplementary Material.

4. RESULTS AND DISCUSSIONS
4.1. Microclimatic characteristics on current urban environment

To optimize processing time, microclimatic simulations were performed for the 16:00—18:00
local time interval, corresponding to the period of maximum values of air temperature recorded on
August 7, 2012.

At 16:00 (Fig. 4), the average air temperature in the studied perimeter was 35.7°C, with minimum
values of 34.4°C in shaded areas (east of the Three Holy Hierarchs Monastery and north of the
Gheorghe Asachi School) and maximums of 37.0°C in the asphalt-paved parking lots north and
southeast of the CCB. On the central pedestrian segment, covered with cobblestones, the values were
approximately 35°C, indicating thermal variability determined by the differences in material (grass,
asphalt and cobblestone) and their exposure to direct solar radiation.
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Fig. 4. Spatial distribution of PAT at 16:00 in the current conditions model.

At 18:00 (Fig. 5), the mean temperature dropped to 34.4°C, marking a reduction of 1.4°C over
the two-hour interval. Maximum values of 35.7°C continued to be recorded on the asphalt surfaces,
while shaded areas presented minimums of 33.1°C, as a result of the interplay between vegetation
and buildings in moderating local temperatures (Sfica et al., 2023; Cretu et al., 2025).

Analyzing PAT values spatial distribution and variation we can observe their underestimation at
local level when compared with the values reaching 41.3°C at the official weather station of lasi
during the analyzed time interval. This could be explained by a combined result of the small
differences between PAT and standard air temperature recorded in sheltered conditions at 2m height,
but also of the cold pool island known to develop in very hot summer days in the central area of Iasi
(Sfica et al., 2018). As well, this underestimation indicates that ENVI-MET results could be improved
by using local collected data, which is planned in our future work in urban climate modelling.
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Fig. 5. Spatial distribution of PAT at 18:00 in the current conditions model.

The MRT presents significant spatial variations depending on local sun exposure. At 16:00 (Fig.
6), maximum values of 83.6°C were recorded in areas under the action of both direct solar radiation
and heat reflected from the building facades. On the unshaded portions of the pedestrian area, the
MRT is approximately 63°C, while in shaded areas, provided by either vegetation or buildings, values
of approximately 32°C were obtained.
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Fig. 6. Spatial distribution of MRT at 16:00 in the current conditions model.

At 18:00 (Fig. 7), maximum values decrease to 63.6°C. In the previously identified hotspots,
this temperature is now driven by reflected radiation and heat released from building fagades,
particularly on their northwestern sides. Meanwhile, the pedestrian path averaged 48°C, maintaining
a sharp contrast of up to 20°C between exposed and shaded surfaces.
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Fig. 7. Spatial distribution of MRT at 18:00 in the current conditions model.

4.2. Modification of the Study Area through Tree Planting and Active Surface Alteration

The analysis of the current situation highlighted significant differences between the thermal
behavior of urban surfaces. Shaded areas exhibit temperatures lower by up to 1.3°C, due to the shadow
offered by buildings and trees, which reduces the absorption and re-emission of solar radiation (Park
et al., 2021). On the contrary, surfaces directly exposed to the sun radiation accumulate heat very fast
and retain it for long periods, generating intensified thermal discomfort conditions.

To increase the level of shading, the proposed intervention scenario included planting Horse
Chestnut trees (Aesculus hippocastanum) with an average height of 17.5m, positioned along the sides
of the sidewalks and in the center of the parking lots (Fig. 8).

*mi 2 & ﬁ?ﬂ

Fig. 8. 3D model of the study area with implemented chestnut trees.

The results obtained highlighted clear thermal differences between the materials used. At 11:00,
the surfaces paved with cobblestone recorded an air temperature of 32.7°C, which was 2.3°C lower
than that on black asphalt (35°C). The daily maximum temperatures were reached at 16:00, when the
cobblestone reached 37.5°C, and the asphalt reached 39.1°C (Fig. 9a).

The average difference of~2°C between the two types of surfaces was maintained throughout the
analyzed time interval. This supports the nowadays extensive use of cool pavements in urban renewal
projects of many cities (Del Serrone et al., 2022), due to their capacity to mitigate the overheating
effect during the daytime in maximum sunshine conditions.
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Fig. 9. (a) MRT diurnal evolution on asphalt surfaces, cobblestone pavement and sun sails for the central
pedestrian area of Iasi city; (b) PAT diurnal evolution on asphalt surface, cobblestone pavement and sun sails

The cobblestone exhibited a more favorable thermal response, maintaining felt temperatures
(MRT) above 55°C for only 3 hours, compared to 6 hours for the asphalted areas (Fig. 9b).
Nevertheless, the peak in felt temperature over cobblestone is higher at the time of maximum air
temperature (17:00-18:00) and moreover, after 19:00, the MRT on the asphalted surfaces dropped
below the PAT, while on the cobblestone the values remained close to it, indicating a slower but
stable cooling, which could be also valuable for increasing thermal comfort during wintertime
conditions.

Following the implementation of the developed scenario based on trees planting and replacing
the asphalted surfaces with cobblestone, the average air temperature over the study region at 16:00
was 35.6°C, which is only 0.1°C lower than in the current situation. The minimum (34.2°C) and
maximum (37.0°C) values were also lower than in current conditions, confirming a marginal
improvement in thermal comfort (Fig. 10). The spatial distribution of temperatures at 16:00 indicates
a reduction of approximately 2°C in the areas paved with cobblestone, compared to the original
asphalt. Near the trees, the MRT values are 18—20°C lower than in the unshaded areas, confirming
the effectiveness of vegetation shading in reducing thermal discomfort (Park et al., 2021).
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Fig. 10. Spatial distribution of PAT at 16:00 in the chestnut trees model.
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At 18:00 (Fig. 11), the average air temperature was 34.2°C, 0.1°C below the values of the initial
model. The temperature distribution remains similar, with maximums values (35.4°C) appearing on
the exposed surfaces, while minimums (33°C) are concentrated in the proximity of buildings and
trees.
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Fig. 11. Spatial distribution of PAT at 18:00 in the chestnut trees model

Although trees efficiently reduce direct radiation, the results show that localized shading does
not constitute a “one size fits all” solution for reducing thermal discomfort at the pedestrian scale. In
shaded segments, the felt temperatures are 18—20°C lower than those of neighboring surfaces, but the
effect is limited to areas with consistent vegetation cover and is dependent on the accuracy of input
tree data in Envi-Met (Simon et al., 2025), while the type of surface is assessed to be more important
than the type of trees (Kaularachichi et al. 2020). However, the magnitude of the average overall
differences (0.3°C) suggests that the general impact on the urban microclimate remains low, requiring
additional scenarios to extend the shaded areas. As well, for improved accuracy of the results the
climate modelling should use data from in-situ observations taking to account the limitations specific
to model simulations (Yang et al., 2026). Using the BIOmet module, the thermal behavior of a human
subject was compared in the two models: the Original Model (OM) (Fig. 12) and the Model with
Chestnut Trees (CM) (Fig. 13).
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Fig. 12. BIOmet pedestrian route at 16:00 in the original model (OM).
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Fig. 13. BIOmet pedestrian route at 16:00 in the chestnut trees model (CM).
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The air temperature (PAT) at 16:00 is similar in both cases (35.7°C). The temperature at the
clothing level shows differences of 8°C between shaded and exposed areas over distances of 13
meters. In the unmodified segments (the south parking lot and the eastern area of CCB), the values
remain identical between the models. The skin temperature is 30°C at the beginning of the route,
reaching 35°C in the OM and 34.7°C in the CM after 15 minutes. The average difference of 0.1—
0.3°C demonstrates a slight reduction in thermal stress due to the combined effect of shading and
surface material modification.

The results confirm that localized interventions involving vegetation and replacing materials with
less absorbent ones can generate punctual improvements in thermal comfort. The positive effects are
more evident in the proximity of trees and on cobblestone paved surfaces, where the clothing
temperature decreases by up to 10°C and the skin temperature is 0.2°C lower at the end of the route
compared to the values of the original model.

4.3. Adaptation strategies based on artificial shading and green facades

Building on the results obtained from the tree-planting and surface modification scenario, a
supplementary intervention was imagined to further reduce thermal discomfort at the pedestrian level.
Although vegetation proved effective in lowering MRT locally, its influence remained spatially
limited. To increase the extent and consistency of shaded areas, artificial shading structures of the
Sun Sail type were introduced along the main pedestrian path (Fig. 14).

The use of sun sail shading systems has been documented in previous studies as an efficient
strategy for improving outdoor thermal comfort, particularly in highly exposed urban spaces.
Elgheznawy and Eltarabily (2021) demonstrated that covering approximately 60% of a courtyard
surface with sun sails leads to significant reduction in thermal stress. In the present study, the
economic component was not considered, and the analysis focused exclusively on microclimatic
performance. In ENVI-met Spaces, the shading structures were modeled using the Single Wall
function to approximate realistic physical behavior. Lateral elements were defined as PVC Sun Sail,
providing structural support for a roof composed of photovoltaic panels mounted on aluminium
frames (ENVI-MET GmbH, 13.02.2024). This configuration allowed the simulation of both shading
and material-related radiative effects.

Fig. 14. 3D model of the study area in a scenario with sun sails and green fagades.
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Simulations at 16:00 revealed that the highest MRT values - reaching up to 68°C - were
concentrated near the facades of the CCB. These elevated values are primarily attributed to the
accumulation and re-emission of heat from the building envelope. To mitigate this effect, green-
vegetated facades were applied to the CCB, as it represents the dominant radiative source influencing
the pedestrian zone.

The effectiveness of green facades in reducing wall surface temperatures has been demonstrated
by Vox et al (2018), who reported air-temperature reductions of up to 9°C during warm periods and
improved insulation performance during colder seasons. In the present model, vegetation was applied
exclusively to the CCB, due to its strong impact on adjacent pedestrian areas and the simplicity of
modifying fagade materials within the Spaces environment (ENVI-MET GmbH, 27.02.2024).

A direct comparison between the shaded model and the unmodified scenario indicates that the
maximum PAT at pedestrian height (1.5 m) reached 37.4°C at 16:00, compared to 37.5°C in the
original configuration (Fig. 9a). Although the difference in air temperature is marginal, the temporal
evolution of thermal conditions shows a clear stabilization effect. The rapid temperature increase
observed after 14:00 in the original model and the abrupt cooling after 16:00 were significantly
buffered, resulting in a more uniform thermal profile throughout the day.

Maximum MRT in the shaded model did not exceed 58.2°C, compared to values of up to 80°C
recorded in the original scenario (Fig. 9b). During the evening hours (19:00-24:00), perceived
temperatures remained approximately 1°C higher than the actual air temperature, indicating residual
heat storage within the artificial structures.

From a spatial point of view (Fig. 15), maximum values of PAT (36.1°C) were recorded on the
asphalt surfaces of the south-ecastern parking lot, where perceived temperatures reached
approximately 65°C due to direct solar exposure. In contrast, the northern parking area, where asphalt
has been replaced with cobblestone, exhibited a potential air temperature of 34.1°C. Excluding
localized tree effects (0.2—0.3°C), the observed 2°C difference is attributed to the thermal properties
of the paving material. Despite lower air temperatures, perceived temperatures (MRT) in the northern
area reached approximately 70°C, reflecting the influence of prolonged solar exposure and radiative
exchange. Under the sun sails, MRT were reduced to approximately 54°C, compared to 66°C east of
the structures and 70-73°C west of them.

12:00 14:00 o
Potential Air Temperature

Fig. 15. Spatial distribution of PAT from 12:00 to 00:00 in the model with sun sails.
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Fig. 16. Spatial distribution of MRT from 12:00 to 00:00 in the model with sun sails.

The highest MRT, up to 76°C, were observed on sidewalks paved with red concrete slabs,
confirming the unfavorable thermal behavior of this material (Wardeh et al., 2024). Between 14:00
and 16:00, the average air temperature increased to nearly 38°C, while areas with temperatures below
37°C contracted spatially. Most locations exceeded 70°C in perceived temperature, particularly near
west-facing facades. Under the sun sails, air temperature averaged 37°C, increasing to 38.5°C near
the southern boundary due to the influence of adjacent asphalt surfaces (Fig. 16).

Perceived temperatures beneath the shading structures ranged from approximately 46°C in the
eastern sector to 58°C in the western extremities, while minimum values of around 30°C were
recorded along the eastern fagades of buildings. After 18:00, average air temperatures decreased and
spatial variability diminished. The combined influence of buildings and vegetation generated sharply
defined shaded zones, where perceived temperatures were up to 15°C lower than in surrounding
exposed areas. During the final analyzed interval (20:00-24:00), air temperatures declined uniformly
across the study area. At this stage, vegetation no longer exerted a measurable influence on either air
temperature or perceived temperature, while shaded areas under sun sails remained approximately
1.5°C warmer than uncovered surfaces due to residual heat emission.

Using the BIOmet module, a direct comparison was performed along an identical pedestrian route
starting at 16:00. Skin temperature at the beginning of the route was 30°C in both models. In the
original configuration (see Figure 12), it increased to 35°C, whereas in the modified model the
increase was slower, reaching a maximum of 34.5°C (Fig. 17).
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Fig. 17. BIOmet pedestrian route at 16:00 in the model with sun sails.
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Clothing-level temperature clearly reflects the influence of artificial shading. When passing
beneath sun sails, values decreased from approximately 42°C to 37°C, a pattern consistently observed
at each structure. Outside shaded segments, temperature values remained similar to those recorded in
the chestnut-only scenario, as the northern CCB parking area was treated identically.

5. CONCLUSIONS

Our analysis proves that ENVI-met has several key advantages when solutions to mitigate or to
adapt heat stress are tested, including high-resolution and accurate data, the ability to assess sites
without in-situ measurements, and the option to reproduce custom materials, soil profiles, and
vegetation.

This study aimed to investigate strategies for enhancing thermal comfort in an urban pedestrian
area with a high vulnerability to excessive heat during summer. Initially, vegetation was used to
expand shaded surfaces, and paving materials were modified in microclimatically sensitive zones.
The results of this approach were mixed. Tree planting had a marginal effect on air temperature, with
differences below 0.5°C along the pedestrian area. However, the most notable impact was observed
in perceived temperatures during the afternoon due to increased shading. As well, replacing asphalt
with cobblestone produced a reduction of approximately 2°C in air temperature. The combined effect
of vegetation and improved paving demonstrated promising potential for increasing thermal comfort
in the study area.

Following these findings, a more substantial intervention was implemented. Artificial shading
structures composed of PVC, aluminium, and photovoltaic panels were installed along the pedestrian
corridor, while previously modified areas were retained due to their positive performance. The
introduction of these structures resulted in significant improvements: air temperature (PAT) along the
pedestrian zone remained below 37°C throughout the day, and perceived temperatures (MRT) under
the sun sails were up to 20°C lower than surrounding exposed areas. However, despite of its
microclimatic benefits, this method is difficult to be implemented due to its problematic integration
in the urban design. As well, a temporary implementation only during summer could be envisaged
since during the rest of the year the thermal comfort benefits are null.

Another important conclusion of our work is that ENVI-Met modelling should be based on fine
scale weather measurements used both for running the model but also to validate its results.
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ABSTRACT

In Romania, a Carpathian nation by definition, pastoralism represents a cultural reference and, as such,
its proxies are seen as ancestral users of mountain spaces. The cultural reference extends to the
livestock guardian dogs (LGDs) present at the sheepfolds across the landscape. The dogs are seen as
an integral part of pastoralism, providing security in an environment populated with large carnivores.
However, through mountain tourism, a new category of landscape users is increasingly making its
presence known, as many outdoor recreational activities in the mountains overlap with the pastoral
calendar. This situation creates a potential for conflict between two distinct categories of landscape
users. The research hypothesis states that the flock and the dog’s presence are not randomly distributed
but follow a spatial pattern characterized by key geostatistical variables, with varying degrees of
significance and predictive power. To demonstrate this in a GIS environment (QGIS), 9 geostatistical
variables (topographic, environmental and control variables) were selected as representative for a 113
km?2 area used by two LGDs from two sheepfolds in the lowlands of Ignis Mountains, Maramures
Land, northern Carpathians. All geovariables were reclassified as categorical data using a 1-5 rules-
based risk scale. The reclassified geovariables were used to build a weighted theoretical model
mapping the areas where the probability of their presence is high. Using telemetry data collected during
a 60-day monitoring campaign of the two LGDs for validation (over 1200 daytime observation points),
the analysis shows that over 78% of the daytime LGD activity was concentrated in areas with medium
to high (over 3.5) probability risk. These results indicate that topographic variables can influence LGD
presence and serve as predictors of occurrence. The environmental variables can highlight areas of
high occurrence, while the high density of observations near the control variables shows how they act
as anchors, concentrating the dogs' movement in their vicinity. Case studies of this kind have the
potential to contribute to the design process of smart solutions for trail management instruments based
on predictive mapping, integration of results into dedicated trail apps, spatial planning and design trails,
information, and signaling infrastructure.

Keywords: Livestock guardian dogs (LGD); Telemetry data; Mountain tourism; Geostatistical
variables; Potential for conflict; Predictive mapping; Trail management.

1. INTRODUCTION

In the last decades, mountain landscapes have become increasingly multifunctional, as grazing
areas overlap with those frequented by mountain tourism practitioners, leading to spatial
superposition and interactions between the shepherds and their dogs and the practitioners of mountain
tourism (Landry & Drouilly, 2020; Gehring et al., 2010). This type of interaction can generate mixed
effects: convergent effects such as the touristification of the sheepfolds that capitalize on the presence
of the tourists, selling produce and services. These effects are best seen on highly developed,
marketized trails such as the newly developed Via Transilvanica, a long-distance, cross-country
trekking and biking trail (Tasuleasa Social, 2026). At the other end, divergent effects are occurring
across the majority of Romanian mountain areas, at least in part due to often problematic encounters
in the field between tourists and livestock guardian dogs that protect flocks (Bailly et al., 2025). This
type of land-use conflict encourages avoidance and fear-based perceptions that can develop in the
minds of tourists into true “landscapes of fear” (Gaynor et al., 2019; van Bommel et al., 2023; Tuan,
2013).
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Many incidents have occurred over the years (Ivascu & Biro, 2020), mainly because mountain
trails overlap the pastoral trails and their summer grazing calendar. This is one of the reasons why
this paper focuses on this second category, as the presence of the LGD’s, even though essential for
the pastoral activities (Spencer et al., 2020; van Bommel & Johnson, 2024), represents a serious risk
factor and a psychological barrier for the tourists, posing challenges for mountain activities
management, safety, and overall experience.

From academic and practical spatial management perspectives, efforts should be directed toward
identifying synergies that addresses this issue in a predictive and proactive manner and focus on smart
coexistence and smart spatial co-management frameworks. One such synergy can come from the area
of animal movement analysis in heterogeneous geographical spaces. These analyses can substantiate
future predictive modeling efforts that offer a new perspective on spatial trail management in
mountain areas that accommodate both user categories.

The main objective of the study is to predict LGD occurrence by conceptualizing a GIS-based
modeling approach that combines selected key geostatistical variables of the land used in the grazing
system at two sheepfolds in the Ignis Mountains, north of Romania. The study’s purpose is to explain
and understand the influence of these geovariables on LGD distribution. The results are presented as
a predictive map highlighting areas of LGD occurrence probability. It was hypothesized that their
movement is not random and can be determined by studying the spatial characteristics of the terrain
used to navigate between grazing domains. Considering the LGD as a proxy for the sheep, it can be
assumed that they move alongside them, following a spatial movement pattern influenced by those
variables. As such, the flock’s and the dog’s presence are not randomly distributed but follow a spatial
pattern characterized by key physical and environmental predictors with different degrees of
significance.

One important element regarding the spatial dynamics of the LGDs, a proxy for the sheep, is that
these animals do not exhibit full natural behavior. Their spatial dynamics are influenced by the
shepherd's decisions. We assume that these decisions are based on choices, knowledge, possibly
restrictions, and that the geovariables we choose are representative of the decision-making processes
in traditional pastoral landscapes. For exploratory validation of the model, the selected geovariables
were combined with telemetry data from a field monitoring campaign of two LGDs at the two
sheepfolds involved in the study.

Even though this is a case study, it presents a conceptual and methodological approach to better
understand the spatial probability of LGD occurrence. It highlights the LGD as an important element
of the pastoral system, while also acknowledging them as a source of friction in their interactions with
people. This is important because the area of LGD-human interactions represents an understudied
field, especially regarding the Carpathian Mountains. This is the case mainly because the academic
interests have focused more on human-wildlife (especially large carnivores such as bears) conflicts.
The reactive outcomes of such encounters, even though rare compared with incidents involving
LGDs, have often been reported in a sensationalist manner in the press.

Findings of this type can also contribute to a shift in perspective by moving towards proactive
conflict-management solutions that favor coexistence. Regarding the spatiality of LGD occurrence,
the findings also demonstrate the real spatial footprint of traditional pastoral practices in
heterogeneous landscapes, highlighting preferred areas of activity and providing a better
understanding of the geographical context that favors them.

From an outdoor recreation planning perspective, they can contribute to predictive mapping of
the vulnerability of tourist trails to LGD occurrence. This area of recreation planning usually relies
on input on general mountain safety criteria, such as static potential risks, avalanche risk assessments,
various geomorphological risks (e.g., rockfall), trail difficulty and technicality, etc. In a paper-to-
practice scenario, predictive mapping of LGD occurrence can represent a tangible tool in the decision-
making process and design of smart solutions of trail management and safety in mountain areas, such
as trail routing and rerouting options, maps highlighting trail vulnerability to this kind of danger,
integration of results into dedicated trail apps, and spatial planning of information and signaling
infrastructure.
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1.1. Description of study area and sheepfolds involved in the field monitoring campaign

The findings from a previous study focused on a primary analysis of movement of two LGDs
(Bumbak et al., 2024) were also used to delineate the area of interest for this exploratory study. We
used the maximum extent of their whereabouts (home range) from the telemetry data interval and
expanded it by about 23 kilometers in each cardinal direction to define an area of approximately 113
km?2, considered suitable for the study’s purposes. This section of land is situated in the northern
Carpathians, north of Romania, in the western part of the region known as Maramures Land, with
strong cultural, identitarian, and pastoral traits.

The region is a part of the external EU border territorial system with Ukraine (Ilies & Grama,
2010). The local geography features a sedimentary piedmont with moderate fragmentation, bordering
the Ignis volcanic mountains to the east. It decreases in altitude towards the eastern lowlands of the
Mara River, one of the region's main systemic axes, where small to medium rural settlements are
found. The altitudes of the area of interest range between 270 meters in the Mara River valley to
approximately 1060 meters in the western highlands, with a median altitude of around 500 meters.
The area represents the typical agricultural landscapes of the Carpathians, with a mosaic of natural
vegetation (forests, natural grasslands, and shrubs) interspersed with patches of agricultural land and
pastures.

Climatically, the area is representative of the Dfb Koppen classification, characterized by strong
continental features (Kottek et al., 2006). It is also traversed east-west by local roads and trails that
lead up to the highlands of the Ignis Mountains. These mountains have also become a popular hiking
and biking destination for both local recreationists and tourists (see Fig. 1).
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Fig.1. Delineation of area of study, location of sheepfolds and LGD field telemetry data.
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2. LITERATURE REVIEW

The identification and parametrization of geostatistical and other predictors of animal movement
in different environments, and proactive movement model build-up, represents a fertile research
avenue in many academic fields (Laffan et al., 2012; Edelhoff et al., 2016; Rew et al., 2019; Khayli
et al., 2021; Jacobson et al., 2024). Usually, this requires an interdisciplinary approach that combines
statistics, modelling, and geographical analysis of terrain, land features, climate and weather features,
other environmental and anthropic features, and animal ethology. This is frequently done in a GIS
environment (Danila et al., 2024).

Papers covered subjects related especially to quantifiable spatial predictors (Avgar et al., 2013)
of animal movement in mountain regions, such as topographic (Valderrama-Zafra et al., 2024) and
land-use factors, habitat selection criteria and analysis (Avgar et al., 2016; Thurfjell et al., 2014),
movement pattern identification (Preisler et al., 2013), tracking data representation and analysis
(Seidel et al., 2018), and solutions applied in spatial management of interactions in areas frequented
by people.

Another category included works related to the use of guardian dogs (Vercauteren et al., 2011;
Rigg, 2001), their movement in mountain environments (Smith et al., 2026), flock and LGD spatial
dynamics, and LGD’s overall ethology during interactions with tourists in mountain settings (Bailly
et al., 2026). It also accepted, as a proxy, a set of general features from previous research on animal
movement, even when these were not directly related to other species. These features served as a
methodological guideline, as they could be extrapolated to the present approach.

Environmental and topographical drivers were identified (Avgar et al., 2013) as influencing
animal movement in a deterministic way by combining spatial variables (NDVI, land cover
categories, distance to various landscape features, etc.) with temporal dynamic variables
(precipitation, temperature, snow cover, length of day, etc.) in relation to the functional characteristics
of the landscape in a cost-risk-benefit relationship. In another study, Avgar and his team examined
resources as attractors that influence animal behavior and time spent in a given location using
integrated step-selection analysis (Avgar et al., 2016).

Other papers mathematically demonstrate the utility of various habitat selection models, such as
the step selection function, by considering real versus available spaces based on the animal's actual
movement possibilities in a geographically heterogeneous environment (Fieberg et al., 2021). In other
examples, authors highlight the importance of topographic factors such as natural or human-made
obstacles—rivers, ravines, roads, fences, etc. —in restricting, conditioning, or guiding animal
movement (Lempidakis et al., 2018), or propose a guideline for structural decomposition of the land
(Panzacchi et al., 2016) based on primary topographical attributes (elevation, slope, terrain roughness
index, etc.). All these spatial predictors influence the movement of animals from different species,
which tend to adopt a least-cost, energy-saving movement pattern and to repeatedly use suitable
movement corridors (Valderrama-Zafra et al., 2024).

Some researchers focused on the limitations of many predictive models, highlighting their
predictive inadequacy outside the temporal and spatial sampling of the telemetry data or outside the
parameter-defined environment (Winter et al., 2024). As a result, suggestions have been made to
cross-reference telemetry data with, for example, spatial surveys or observations to improve the
accuracy of predictive models (Lauret et al., 2025). Other authors highlight the importance of
telemetry data abundance, sampling intensity, and the time frame over which the spatial data were
collected for accurate predictions (Gerber et al., 2019).

Another aspect that caught our attention during the literature review was the importance of
including correction variables (control variables), such as distance to specific landscape features, to
avoid over- or underestimating landscape variables (Forester et al., 2009).

As the study’s interest gravitated towards LGD ethology, which does not represent natural
behavior but rather a controlled one aligned with the priorities of the sheepfold, we are aware that
LGD movement is highly dependent on the shepherd's decisions. As such, any telemetry data from
the dogs carries a certain degree of bias, as they represent instances of guided behavior.
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A recent applied study on the movement patterns of LGDs across several Carpathian massifs
(Smith et al., 2026) found that telemetry data indicate LGDs tend to stay close to the sheep, reinforcing
their guarding instinct. This finding underscores the idea that dogs are seen as proxies for sheep.
However, in the same study, the authors found that the “LGDs were separated from the sheep at some
point each day” and that their own roaming behavior (not parametrized in this paper) took them
several kilometers away, increasing the risk of encounters with other landscape users such as
recreationists or tourists. Highlighting these hazards, the authors suggest buffer zones of several
hundred meters around popular trails, a sound recommendation that must be adapted to specific local
conditions. We also looked at papers on the issue of the large numbers of LGDs found around
sheepfolds and some of the effects they have on dog behavior. For example, the pack effect (not
parametrized in this paper) around a single flock that instinctively protects it. In situations like this,
the dogs can become an issue (Gehring et al., 2010), as they can easily enter into conflicts with people
engaged in recreational activities in the same areas (Mosley et al., 2020). These situations also speak
volumes about the micro-management solutions adopted by the shepherd and about dog training.

3. METHODOLOGY

A better understanding of the land characteristics is necessary to substantiate the previous
findings and highlight the geographical characteristics of the areas where the LGDs spent more time.
For this purpose, we conceptualized a methodological flow (see Fig.2) and identified the main spatial
characteristics of the geographical context using a set of 9 geostatistical variables (see Table 1 and
Fig. 2) that reflect the concept of animal-guided behavior, as determined by the shepherd's decisions.
The selected geovariables were grouped into three categories based on literature inputs considered
suitable for the study’s objectives. Firstly, a set of 4 topographical variables was considered - slope,
aspect, TRI (Terrain Ruggedness Index), and TPI (Terrain Positioning Index) - followed by 2
environmental variables - NDVI (Normalized Difference Vegetation Index) and CLC (Corine Land
Cover).

These were supplemented by 3 logistical variables, considered control variables—distance to
sheepfolds (the most important control variable for the study), distance to streams, and distance to
access routes—to avoid over- or underestimating the importance of the selected topographical and
environmental variables. With the exception of CLC data obtained in vector format, all other data are
categorical and represented in raster format.

Aside from the own vector data, open-source spatial data (roads/trails and streams) was also
used to create a database in QGIS 3.44.8 (QGIS Development Team, 2026). For the continuous spatial
data, since several topographic variables were considered as defining for the analysis, a high-
resolution digital terrain model (DTM) was paramount. In this analysis, we assume that a dog’s spatial
predictability is influenced by the sheep's movement under the shepherd's guidance in search of
patches with good food sources, while accounting for terrain accessibility. Therefore, deriving reliable
topographical variables describing terrain’s accessibility represented an important methodological
step. We searched for several reliable open-source datasets and ultimately settled on DTM data tiles
available from the Romanian National Agency for Cadastre and Land Registration (ANCPI, 2026).
The resolution of the tiles covering the area of interest is 5 meters x 5 meters, offering good granularity
of topographically derived information - slope, aspect, TRI, and TPI. For the study area, the TPI
values range from -4.55 m to 4.06 m and, together with TRI values between 0 m and 19.2 m, indicate
a fragmented landscape with clear topographical variations and induced differentiation of suitable
grazing surfaces (TPI> 0.5 m and TRI between 0 m and 6 m).

These are important geostatistical variables influencing movement in a least-cost, energy-saving
scenario, as sheep, like most gregarious animals, usually do not prefer steep or highly fragmented
terrain, as it can impede or narrow movement to certain terrain corridors. They also favor, especially
during periods outside the main grazing calendar, open, southern, sunny, low-inclined slopes
(between 0° and 15°), avoiding narrow valleys used mainly as transit areas between feeding domains.
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Table 1.

Selected geostatistical variables

geostatistical variable

data source

short description in the context of traditional shepherding

slope (°)

derived from DTM 5
m resolution (ANCPI)

indicates topographical features

facilitates / limits access to feeding grounds
influences accessibility and effort of movement
influences site selection for sheepfold placement
influences visibility

aspect

derived from DTM

indicates micro-climate characteristics
Influences site selection for sheepfold placement
Influences daily related movements

influences vegetation structure

TRI (m)

derived from DTM

indicates natural suitable areas for movement
usually, areas with high TRI values will be avoided
facilitates / limits access to feeding grounds
influences visibility

TPI (m)

derived from DTM

indicates natural suitable areas for movement and observations
usually, areas with positive high TPI values will be favoured
influences visibility

NDVI (-1.00 to 1.00)

derived from Landsat
8 tiles

valuable resource indicator
indicates predominant vegetation

own digitization

EROS Archive (USGS | indicates available areas for grazing (0.20 — 0.40)
Earth Explorer) influences visibility
distance to sheepfolds (m) field GPS location spatial anchor and home range center
indicates areas of high sheep and LGD activity
influences the probability of occurrence (the probability
decreases with distance from sheepfold)
distance to streams (m) OSM data valuable resource

indicates priority areas near the grazing domains
influences site selection for sheepfold placement
implications on the daily movement (maximum distance)

distance to access routes

(m)

OSM data
own digitization

influences site selection for sheepfold placement indicates
accessible corridors of movement, even in rough terrain
increases speed of movement

increases access to isolated areas

indicates multi-use areas (vehicles, recreationists, tourists etc.)

CLC (classes)

European
Environment Agency
(EEA)

indicates the predominant land cover types and habitats
indicates landscape features and fragmentation
indicated favoured grazing areas — open meadows, grasslands.

influences visibility

The NDVI data were obtained from Landsat 8 tiles downloaded using the USGS Earth Explorer
web tool (EROS, 2020) for a suitable time interval relative to the field monitoring campaign -
November 2024. Using the dedicated formula (NIR-R)/(NIR+R), we obtained the necessary spatial
raster data at a resolution of 30 meters by 30 meters, the best available. Optimal NDVI values (0.20-
0.40) indicate a direct indicator of biomass location. As the field campaign took place outside the
main summer grazing season, we considered that the NDVI data should be supported by a
supplementary geostatistical variable defining the local habitats. For this purpose, we used the 2018
vector format Corine Land Cover data, downloaded from the Copernicus mission (European
Environment Agency, 2020). The CLC data clearly differentiates the habitats, thus adding the
necessary nuance. Other data were obtained in vector format (water streams/access ways) and
represent OSM data (OpenStreetMap contributors, 2026), downloaded in QGIS and annotated
through digitization where the data were incomplete. For digitization, georeferenced topographic map
tiles 1 to 25.000 (MTD, 1980) were used, alongside open-source satellite imagery (Bing Virtual Earth,
2026; Esri Imagery, 2026). The vector data representing water streams and access routes were treated
as non-hierarchical and used to derive two important control variables: distance to streams and
distance to access routes. The distance to streams is an important control variable, as it indicates the
distance to the nearest water sources, since the flock must remain in close proximity for watering.
They also tend to move alongside existing roads and trails.
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Therefore, the distance to access routes was considered another important spatial predictor, with
the shortest distances deemed critical, as these are the areas where encounters between dogs and
people are most likely to occur. The most important control variable was derived from the own vector
data representing the location of the sheepfolds - distance to sheepfolds. Based on the specificities of
the pastoral system, the sheepfold was considered to act as a gravitational center, governing the entire
sheepfold's activity and influencing the daily movements of the sheep and LGD’s that tend to stay in
or near the fold. For example, in the previous study (Bumbak et al., 2024), it was found that during
the monitoring campaign, the LGDs patrolled areas of up to 6.6 km2 (LGD 1) and 3.2 km2,
respectively, suggesting radial movement with gravitational tendencies.

To obtain the 3 key control predictors, the vector layers were rasterized using a proximity
function based on Euclidean distance, where each cell represents the shortest distance to the features
in question.

In order to better aggregate the data, next, the raster files were trimmed to the same extent and
resampled at the best resolution available from the data - 5 meters x 5 meters. While doing so, all
layers were reprojected to the Stereo 70 projection system (EPSG:3844), which is used in Romania.
This system was preferred for this study due to its minimal spatial distortions and metric precision.

Considering the different units each of these raster files has, a risk scale was defined, ranging
from 1 (low risk of encounter) to 5 (maximum risk of encounter) for each geostatistical variable,
through a set of classification rules that were applied using the reclassification by table function in
QGIS (see Table 2).

Table 2.
Raster data reclassification rules representing explicit thresholds related to the probability of LGD
occurrences
risk categories
1 2 3 4 5
geostatistical low risk low to medium medium risk medium to high high risk
variable risk risk
slope (%) > 45 30-45 15-30 5-15 0-5
aspect N NV /NE W E/SE S/SW
TRI (m) >15 10-15 6-10 25-6 0-25
TPI (m) <-1.5 -1.5--05 -0.5-0.5 05-1.5 >1.5
NDVI(-1.00to | <0.20 0.75-1.00 0.55-0.75 0.40 - 0.55 0.20-0.40
1.00)
distance to >2000 1000 — 2000 500 — 1000 200 - 500 0-200
sheepfolds (m)
distance to >1000 600 — 1000 300 - 600 100 -300 0-100
streams (m)
distance to >600 300 - 600 150 -300 50-150 0-50
access routes
(m)
CLC (classes 112 - 311 — broad- 242 — complex 324 transitional 231 - pastures
defined by the dicontinuous leaved forests cultivation patterns woodland-shrubs | 321 — natural
official urban fabric 313 — mixed 243 — land occupied grasslands
nomenclature) forests by agriculture with
areas of natural
vegetation
category avoided areas rare transition areas transition areas | core pastoral
descriptors peripheral with temporary with frequent areas with
occurrence occurrences occurrences permanent
areas occurrences

In total, 9 raster layers (see Fig. 3) representing essential spatial characteristics as important
predictors of the occurrence of the sheep and their proxies, the LGD’s, were obtained (8 continuous
raster layers and 1 categorical raster layer).
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The five risk of occurrence categories (see Table 2) define explicit thresholds for each
geovariable according to its own specificity, that conceptualize the spatial context of LGD occurrence
probability.

For example, the 1% risk category (low risk) represents unsuitable areas with a very low
theoretical probability of occurrence. This is mainly due to the topography's restrictiveness (very steep
slopes, deep ravines), the northern exposure, the lack of vegetation, the presence of built areas
(villages), and large distances from the three control variables.

The 2™ risk category (low to medium risk) refers to areas situated at the periphery of the usual
grazing domains, where sheep or LGD occurrences can rarely be observed. This category is
characterized by lower terrain, moderate to high terrain fragmentation, slope steepness and NW and
NE exposure. These terrains are dominated by forestry vegetation (in the area in question, broad-
leaved and mixed forests) and are situated far from the sheepfold compounds, water sources, or access
routes.

In the 3™ risk category (medium risk) are areas with complex cultivation patterns, used as
transition zones between grazing domains. These terrains are characterized by moderate steepness
and terrain ruggedness and a predominantly western exposure, a feature exploited by the shepherds,
especially in the afternoon. These terrains are situated at a moderate distance from the sheepherding
infrastructure, access routes, and water sources, in a landscape dominated by mosaic agricultural lands
interspersed with patches of natural vegetation.

The 4™ category (medium to high risk) includes areas with gentle, low inclined upper slopes,
predominantly with an eastern and south eastern exposure, favouring high chances of occurrence in
the early hours of the day. These areas are situated close to the sheepfolds, water sources and access
routes. The moderate NDVI values, combined with a mixed vegetation structure (forests and semi-
natural areas with shrubs), make these areas highly prone to LGD occurrences, given the open
transitional zones between forests and pastures.

The 5% risk category (high risk) indicates areas of very high LGD occurrence probability with
favorable topographical, environmental and micro-climatic conditions for sheepfold infrastructure.
These areas are found near permanent water and food sources (NDVI values of 0.20-0.40) and are
characterized by terrain dominated by natural, spontaneous meadows and permanent grasslands used
for grazing. Closeness to roads and trails facilitates the flock's movement during daily feeding
routines.

For empirical validation purposes of the model, during November 15th of 2023 and 10th of
January 2024, telemetry data were obtained from a field monitoring campaign of these livestock
guardian dogs at two sheepfolds situated in proximity of one another, whose owners have agreed to
participate in the study during two months in the winter period. The sheepfolds were managed at the
time by two families, each possessing over 150 sheep and around 10 LGDs. At the time, we selected
a young male (2 to 6 years of age) dog of Romanian traditional breeds from each sheepfold, based on
several criteria discussed with the sheep owners.

This timeframe was selected following verbal negotiations and a process of trust-building.
Approximately 60 days of high-intensity discrete telemetry data were gathered, with locations
recorded every 30 minutes, using professional GPS trackers with GSM technology purchased from
Digitanimal, a company specializing in livestock monitoring based in Spain (Navarro et al., 2021).
The first findings and the subsequent methodology were detailed in another paper published shortly
after that (Bumbak, et al., 2024).

The telemetry data were used to compute home ranges and identify the most frequented areas by
the animals during the night (10.00 PM - 05.59 AM) and the day (06.00 AM - 09.59 PM). In the
previous study, the Kernel Density Estimation method was applied. It helped identify clusters of LGD
presence near the winter folds, as well as other clusters in areas hundreds of meters away from the
main compound, in certain locations (Bumbak et al., 2024). Questions remained about why these
clusters were found in some areas but absent in others. Therefore, we considered that further insights
could be gained by examining the defining features of the land that influence their spatial movement.
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The next methodological step involved a weighted model built using a summing expression the
raster calculator function in QGIS. It arithmetically combined each essential geostatistical variable
multiplied with its assigned significance factor (%) as weights to obtain a theoretical occurrence
probability map (see Figs. 2 and 4) that represents areas where the occurrence of sheep and,
invariably, dogs can be high. We then superimposed the telemetry data and applied the zonal statistics
algorithm in order to extract statistics and compare the data for validation.

4. RESULTS

The weighted, quantitative analysis of these geovariables using the raster calculator function in
QGIS, combined with telemetry data on LGD movement, can highlight a spatial signature of high
encounter rates, substantiating the development of predictive models for proactive management of
mountain trails. To do so, a significance hierarchy was established for all 9 variables considered in
the study. The weights corresponding to their significance (see Fig. 3) reflect personal and literature-
based insights into sheep and LGD ethology at sheepfolds, as well as the traditional approach to
shepherding in this part of the Carpathians.

In the proposed risk probability model, the control variables were ranked as most significant,
totalizing 55%, while the environmental (30%) and topographical factors (15%) amounted for 45%.
The distance to sheepfolds was considered the most important predictive variable with the highest
significance (25%). The high percentage value reflects the importance of the geovariable acting as a
true gravitational center and spatial anchor, reflecting the animals' immediate territorial reality.

The other two control variables distance to streams (15%) and distance to access routes (15%)
were considered as defining variables representative of the dynamics of movement. Watering is as
important as feeding, and it is assumed that the chances of encounter increase as the sheep and the
dogs approach a water source. The distance to access routes is a multifunctional variable, as it defines
the least-cost movement corridors for both categories of landscape users.

The environmental geovariables represented by the CLC (20%) and NDVI data (10%) —
totalizing 30%, were considered defining variables representing habitat, land-use structure, and food
resource. The difference in proportions is explained by the field monitoring campaign occurring
during winter, when NDVI is less representative of the field conditions.

Of the proposed topographical geovariables for this model, the slope (5%) and aspect (5%) were
considered conditional variables, while TRI (2.5%) and TPI (2.5%) were considered nuance variables
influencing movement choices in a least-cost, energy-saving movement scenario.

Overall, the obtained risk probability map (see Fig. 4) emphasizes a strong interdependence
between topography and the resource’s location and availability.

It confirms that topographical variables predict movement, either restricting or facilitating it.
The environmental variables included in this study serve as indicators of food availability for the
sheep, highlighting areas of high occurrence. The high density of observation points near the control
variables indicates that they act as anchors, limiting the dogs' movement in their vicinity.

In our preliminary analysis, the data were split into time intervals, with the focus mainly on the
daytime interval (06.00 AM - 22.59 PM), as this time frame is typically associated with recreational
outdoor activities.

For validation purposes, we used this data set to obtain relevant results. The validation process
assumed the overlay of over 1200 (N=1239) daytime observations covering 60 days from both LGDs.
Firstly, over 78% of the total number of daytime observations (939 observation points) were recorded
in areas categorized as at least 3.5 on the probability risk scale. Thus, this skew towards high values
provides statistical validation of the theoretical risk model's high fidelity. The 3.9 to 4.2 median,
corroborated by a 0.35 to 0.37 standard deviation, indicates that the observed LGD locations are
strongly associated with the medium (category 3) and high-occurrence areas (categories 4 to 5)
identified in the occurrence probability model. Another important aspect substantiating the model is
the minimum value of 2.6, indicating that the dogs avoided almost completely the areas identified in
the model as low (category 1) and low to medium risk (category 2).
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Fig. 4. Weighted theoretical occurrence probability map (9 weighted resampled geovariables) with overlay
LGD daytime telemetry data used for validation purposes (spatial data sources: OSM data and field-collected
telemetry data).
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It also validated the criteria used to build rule-based risk categories (I - minimum to 5 -
maximum) by highlighting the avoidance of topographical areas with high slopes, dense wooded
vegetation, or long distances relative to interest points/areas (sheepfold locations, water availability,
and accessibility).

The study demonstrates that, even if the dog’s movement is acknowledged as induced by the
shepherd’s decisions (which are not parametrized or otherwise accounted for in this study), it can still
be considered highly predictable. This statement is also supported by the geostatistical variables
selected and their overall significance in the model design, despite the telemetry data covering a
winter interval, which is more representative of low-season outdoor activity.

To further support this, we tested our findings against a null model assuming LGD occurrences
are randomly distributed and against our own model assuming they are not (see Table 3). For this
purpose, the data analysis capabilities from M.Excel were used. A vector layer of randomly
distributed points was generated to simulate the real daytime observations (N=1239). To parametrize
and obtain an accurate estimate of the mean distance between the random points, the mean distance
for the real observational points (171.5 m) was first calculated. This random points layer was sampled
against the raster layer representing the theoretical occurrence probability map. Using the t.Test
function, we ran a comparison to obtain a p-value < 0.001, as shown below.

Null hypothesis testing using the 7 Test: two-sample assuming unequal variances function (M.E;[;‘z(:)ll)(.e >
parameters LGD (1 and 2) real obs. points random obs. points
mean 3.799416666 3.079691411
variance 0.145256123 0.149505836
observations 1239 1239
hypothesized Mean Difference 0
df 2396
t Stat 45.9123803
P(T<=t) one-tail 0.000
t Critical one-tail 1.645489838
P(T<=t) two-tail 0.000
t Critical two-tail 1.960954573

The results confirm that the proposed model instead follows an intentional pattern of preferred
spaces. The model is statistically significant, and LGD spatial occurrences do not exhibit wandering
behavior.

4.1. Limitations

Although the results are encouraging, the study encountered several limitations. Given that the
monitoring campaign took place in winter, outside the main pastoral season, questions can be raised
about the validity of the winter spatial movement pattern relative to the summer pattern and its
implications for the tourist dynamic in those areas, as summer is the prime outdoor season. This fact
influenced the predictive power of another important variable - the NDVI, which was computed using
autumn satellite imagery. Our findings validate low-season spatial movement characteristics.

Secondly, the field campaign produced 60 days of high-intensity spatial data, which is
insufficient to substantiate a robust predictive risk probability model. The short timeframe, while
valuable for an exploratory study such as this, limits the model’s ability to infer long-term LGD
patterns by failing to capture essential details and shifts that occur over a full year or at least a full
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pastoral season. Future field campaigns should focus on obtaining spatial data over a wider time
interval.

Thirdly, in the campaign, only two large guardian dogs from two sheepfolds were involved.
Again, pertinent questions can be raised regarding the robustness of the output model. In the future,
field campaigns should involve a larger number of LGDs from sheepfolds situated farther apart in
Carpathian settings with nuanced physical, environmental, and logistical characteristics. Also, future
approaches will focus on treating control variables as hierarchical spatial structures to avoid spatial
simplification of key movement predictors.

5. CONCLUSIONS

The study tested the hypothesis that the spatial distribution of LGDs, proxies for sheep, is not
random but is governed by landscape features with predictive power. Using an integrated spatial
approach, the landscape of the area of interest was defined by 9 geostatistical variables, each with a
certain degree of significance. All variables, once defined and cartographically represented, were
reclassified as categorical data using a 1-5 rules-based occurrence risk scale. The reclassified layers
were used to build a weighted theoretical probability risk map that highlights areas with a high
occurrence of LGD. Using telemetry data for validation, the analysis shows that over 78% of daytime
LGD activity was concentrated in areas with medium to high (over 3.5) risk probability. The model
demonstrates high fidelity and can serve as a starting point for a methodological discussion in the
predictive mapping of the vulnerability of trails used by recreationists. Even if the dog’s movement
is acknowledged as being induced by the shepherd’s decisions, it can be considered as having a high
degree of predictability, and, using key geostatistical variables, it can highlight a movement pattern
with preferred and avoided spaces. These models and their associated cartographic outputs represent
valuable spatial management tools that can support decision-making. The models can be used in the
process of designing trails, spatial planning tools for mountain activities, information advisories, and
complementary signaling infrastructure. They can also be used for trail management and safety in
mountain areas (trail routing and rerouting options), for maps highlighting trail vulnerability to LGD
occurrences, or integration of results into dedicated trail apps, at least in mountain areas with similar
spatial, environmental, and logistical features to the area in question in this study.
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ABSTRACT

Semarang City is located in an area influenced by several active fault systems in Central Java,
Indonesia. Semarang City has a historical record of being an area with relatively low seismic activity.
Geological investigations and several recent sources of information indicate the presence of active
faults around the city, thus increasing the potential for seismic hazards. This study aims to describe the
potential seismic hazards in the southern part of Semarang using microtremor measurements analyzed
through the Horizontal-to-Vertical Spectral Ratio (HVSR) method. Data collected in this study were
119 microtremor measurement stations placed to determine several location response parameters. The
parameters used for analysis include the dominant frequency (fo), amplification factor (Ao), seismic
vulnerability index (SVI), Peak Ground Acceleration (PGA), and Ground Shear Strain (GSS). The
results show that the dominant frequency value is influenced by the thickness of the sediment in a
particular area. The South Semarang area has a dominant frequency value ranging from 0.13 to 9.21
Hz, with an average of 1.17 Hz at 119 microtremor stations. The amplification factor (Ao) values in
the South Semarang region ranged from 0.53 to 6.94, with an average of 2.77. The seismic vulnerability
index is used in seismic microzoning studies to map areas most at risk of structural damage due to
geological conditions. The seismic vulnerability index in the South Semarang region ranged from 0.17
to 260.09 pcm?/s, with an average of 32.29 pcm?s. Another calculation parameter used in this study
was the PSDA (Deterministic Seismic Hazard Analysis) method, with PGA values in the South
Semarang region ranging from 5.87 to 49.17 gal, with an average of 13.85 gal. The ground shear strain
value affects post-earthquake conditions. The GSS value in the South Semarang region ranged from
1.3x107° to 3.59x107%, with an average of 1.3x107*. Spatial analysis shows that several sub-districts,
particularly Tembalang, Banyumanik, and Pedurungan, have higher earthquake vulnerability than
surrounding areas. Furthermore, more in-depth technical studies are needed in the geotechnical field
in several locations with high seismic hazards (contained in the Ao, fo, PGA, SVI, and GSS maps), and
locations around faults in the Semarang area.

Keywords: Ao; Fo; SVI; PGA; GSS; Microtremor, Seismic.

1. INTRODUCTION

The geological conditions of Semarang City are situated at the intersection of alluvial plains
(coastal) and volcanic hills, which are equipped with significant seismic potential due to the presence
of active fault structures that cover Semarang City (Thanden et al., 1996). The comparison between
the North Java and South Java faults lies in their activity, where the faults in North Java (including
the Semarang City area) have a relatively low seismic activity. Based on historical records and
geological studies, Semarang City is surrounded by significant active earthquake sources (Partono et
al., 2018). Additionally, according to Newcomb and McCann (1987), the Central Java region has
experienced several destructive earthquakes since the 19th century.
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Historical records show that there was an earthquake in 1867, which was thought to originate
from a land fault (possibly from the Semarang fault or the Kaligarang fault), which caused severe
damage to colonial buildings in Semarang and its surroundings, and caused many casualties. Other
disasters that occurred in this city were local landslides and vibrations from the subduction zone
(megathrust) in southern Java.

The presence of faults significantly increases the potential for earthquakes in the surrounding
area because they act as weak zones in the Earth's crust and serve as reservoirs of tectonic energy
(Scholz, 2019). As the Earth's plates continue to move, rocks along the fault planes interlock and rub
against each other, causing mechanical stress to build up over time. This sudden, massive release of
energy, which propagates to the surface in the form of seismic waves, can trigger earthquakes
(Shearer, 2009). Because the rock structure in fault zones is fragile and has undergone deformation,
this makes the area vulnerable to seismic activity. The presence of local faults that divide or are
located near the Semarang area (Koesuma et al., 2022) increases the regional seismic risk, where even
the slightest shift in a subsurface rock segment can trigger a shallow earthquake, the destructive power
of which tends to be higher at the surface. This risk is exacerbated by the geological conditions of
Semarang's environment, particularly in the northern part of Semarang and the lowlands, which are
dominated by thick, incompletely compacted layers of alluvium or Quaternary sediment (Thanden et
al., 1996). When seismic waves from the fault propagate through this soft soil layer, an amplification
phenomenon occurs, where the amplitude of the earthquake waves actually increases, thereby
amplifying the shaking felt at the surface.

Geotechnically, the presence of the Semarang Fault creates a shear zone that destabilizes the
surrounding rock. This contributes to the high frequency of landslides in hilly areas such as Gombel
and Candi. Furthermore, this fault activity also interacts with the land subsidence phenomenon in
North Semarang (Marfai & King, 2007); although land subsidence is dominated by loading and
groundwater extraction, the structural control of the Semarang Fault is believed to also influence the
pattern of bedrock subsidence beneath the alluvium layer (Abidin et al., 2013).

Based on this, a method capable of explaining seismicity in Semarang is needed. The HVSR
method, using microtremors, is one such geophysical method capable of explaining seismicity
(Nurwidyanto et al., 2024; Simanjuntak et al., 2017). Microtremors are very subtle harmonic ground
vibrations that occur continuously on the Earth's surface, while HVSR is a technique for analyzing
microtremor data to obtain the physical characteristics of the soil. The parameters used in the HVSR
method include dominant frequency, amplification factor, Seismic Vulnerability Index (Sasongko et
al., 2019), Peak Ground Acceleration (Nurwidyanto et al., 2023), and Ground Shear Strain
(Nurwidyanto & Yuliyanto, 2024). These parameters will be a reference for potential building damage
and ground deformation during an earthquake in the city of Semarang. Although Semarang is one of
the cities with a high seismic risk due to the presence of faults in Semarang, there is no comprehensive
microzonation map that covers the entire administrative area of the city with a high density of
observation points. Research for the South Semarang area is still very minimal, in addition, the
characteristics of the sedimentary layer in the transition area to the hills have not been identified in
detail. This research is expected to explain and understand the potential geohazards in the South
Semarang area.

2. STUDY AREA

This research was conducted in the southern region of Semarang City, Central Java, Indonesia
which is geographically located at 7°0'1.47"S & 110°23'20.59"E to 7°3'15.45"S & 110°28'47.93"E.
Fig.1 shows the location of the microtremor station area and the presence of faults in Semarang.
Thanden (1996) revealed that in Semarang there are several faults located around the research area,
namely the Kendang-Baribis fault, the Kaligarang fault, and the Semarang fault. There are 8
earthquakes that have occurred around the research area over the past 50 years. The magnitude of the
earthquake has a range of 3.7 - 4.8 mb. The largest earthquake occurred in 1986 located in the western
side of the Semarang area. This picture explains the potential seismic hazards that will always be
faced by the community in this area.
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Based on the latest data from the BRIN geological expedition (2025), several active fault zones
pose a real threat. The Semarang Fault stretches approximately 34 km from north to south. Its
characteristics are reverse faults with a potential maximum magnitude of 6.5 to 6.9 Mw (Partono et
al., 2020). Traces of these faults are visible in several central points of the city, such as around the
Giri Tunggal Heroes' Cemetery (TMP) area, where a fault scarp several meters high was found. The
Kaligarang Fault has a path that runs parallel to the flow of the Kaligarang river (Hidayat, 2013). This
fault has been active since the Tertiary period and showed reactivity during the Quaternary period as
a sinistral strike-slip fault. Poedjoprajitno et al. (2018) noted that the steep morphology around the
Kaligarang River, combined with this active fault structure, often triggers slope instability, especially
during high rainfall. The National Center for Earthquake Studies (PusGen, 2017) recognized the
Kaligarang Fault as part of a fault framework with the potential to produce critical magnitude
earthquakes (up to 6.5). The Semarang Fault is part of a larger structure, the Kendeng Fault Zone,
which amplifies from West Java to East Java. The section around Semarang-Demak appears clear
land elevate.

3. DATA AND METHODS

3.1. Geology of the Research Area

The geological conditions of the research area in Semarang City consist of Alluvial Deposits
(Qa), Damar Formation, Kalibeng Formation, Kaligetas Formation, and Kerek Formation. According
to Thanden et al. (1996), this alluvial lithology consists of loose sedimentary material in the form of
clay, mud, sand, and gravel with varying thicknesses, even reaching more than 50 meters near the
coastline (Fig. 2). Alluvial deposits contribute to the high rate of land subsidence in North Semarang,
due to the vulnerability of the soil to consolidation due to building loads and excessive groundwater
extraction (Abidin et al., 2013). The Damar Formation was formed during the Pleistocene and is of
volcanic origin. Its lithology is very diverse, consisting of tuff sandstone, conglomerate, and volcanic
breccia that have undergone significant consolidation. Van Bemmelen (1949). The existence of the
Damar Formation has a significant impact on the hydrogeology of Semarang City because its
sandstone layer functions as a productive aquifer (air-bearing layer). Although in some locations, the
slope conditions of this formation are susceptible to landslides. The Kalibeng Formation formed
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during the Pliocene and is altered by a lithology consisting of marl, tuff sandstone, and limestone
intercalations rich in foraminifera fossils (Thanden et al., 1996). The rocks in this formation tend to
undergo rapid weathering and exhibit high swelling and shrinkage, often acting as shear surfaces that
cause landslides in several hilly areas of Semarang.

The Kaligetas Formation is a volcanic rock unit formed during the Pleistocene. According to
Thanden et al. (1996), this lithology consists of volcanic breccia, lava, tuff, tuff sandstone, and
mudstone. The material in this formation is largely derived from the ancient volcanic activity of
Mount Ungaran, which subsequently underwent remodeling (Van Bemmelen, 1949). Weathering of
this formation produces thick clay residues on steep slopes, often posing a risk of landslides (Sitorus
etal., 2017). The Kerek Formation was formed during the Middle to Late Miocene, reflecting an open
marine depositional environment (upper bathyal zone). The lithology of this formation is
characterized by a very distinctive alternation of mudstone, marl, tuffaceous sandstone, and sandy
limestone (Thanden et al., 1996). Van Bemmelen (1949) suggested that the Kerek Formation is part
of a thick sedimentary sequence in the North Java geosyncline that experienced strong tectonic
deformation, so that its layers are often found in a sharply inclined or folded position.
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Fig. 2. Geological map of the southern area of Semarang.
3.2. HVSR and Microtremor

Microtremors are exceptionally small natural harmonic vibrations of the ground (micron
amplitude) that begin from natural activities such as sea waves and wind, as well as human exercises
such as activity and mechanical apparatus. Soil characteristics can be determined by comparing the
horizontal and vertical wave spectra of microtremor recordings, commonly known as the Horizontal-
to-Vertical Spectral Ratio (HVSR) (Nakamura, 1989). This method is very effective for determining
the resonance frequency and intensification factor of an area.

Based on the application, the HVSR method works on the assumption that the vertical component
of the microtremor is not essentially amplified when passing through the sedimentary layer, whereas
the horizontal component is intensified due to the impedance difference between the soft soil layer
and the bedrock. Konno & Ohmachi (1998) emphasize that this spectral ratio can give an outline of
the sedimentary layer thickness and the seismic vulnerability of a region. In areas such as Semarang,
the use of this method is crucial for mapping the distribution of alluvial layers and identifying zones
at risk of severe damage during earthquakes due to local soil amplification effects (SESAME, 2004).
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3.2.1. Ap and fp

The frequency that frequently occurs in the research area is the dominant frequency and is
considered the natural frequency of the rocks in that area. An area experiencing an earthquake or
vibration with a frequency similar to the natural frequency will experience resonance, resulting in
amplification of seismic waves in that area (Cakici et al., 2021). Buildings with a low dominant
structural frequency are therefore susceptible to long-period vibrations and can potentially cause
damage due to resonance if the building is constructed in an area with a low dominant frequency
(Ilgac et al., 2026). When planning earthquake-resistant building structures, it is necessary to
understand the distribution of frequency values in an area to reduce the risk of building damage due
to earthquake vibrations (Widodo, 2012). The classification of fy values can be found in Table 1 using
the classification of Kanai (1983).

Table 1.
Frequency value classification (Kanai, 1983).
No Soil Natural
Classification Frequency Description
Types
1 Type 4 <25 The thickness of the surface
sediment is very thick

2 Type 3 25-4 Surface sediment thickness is
approximately 10 to 30 m

3 Type 2 4-10 Medium surface sediment,
thickness around 5 to 10 m

4 Type 1 6.667 - 20 Surface sediments that have a very

thin depth

Amplification is the contrast of wave propagation parameters (density and velocity) between the
bedrock and the sediment in the overlying layer. Seismic waves will experience amplification if they
propagate from a harder medium to a softer medium. This amplification value is closely related to the
comparison of the impedance contrast of the rock layers, when the impedance contrast of the two
layers is high, the amplification value will also be higher, and vice versa (Nakamura, 2000). The
amplification factor explains the change or amplification of the acceleration of ground motion from
bedrock to the surface of the soil caused by the difference in shear wave movement speed (vs) in the
bedrock and the soil layer (sediment). The amplification of the acceleration of ground motion on the
surface is indicated by the increasing amplification value (Partono et al., 2013). The amplification
value can be written as a function of the comparison of the contrast values with the equation (Arifin
etal., 2014):

2
Ay =220 (M)
where:
Ao - Amplification Factor;
Pb - Bedrock density value (g/cm?);
VU - Wave propagation velocity in bedrock (m/s);
Pa - Mass density of soft rock (g/cm?);
VU, - Wave propagation speed in soft rock (m/s).

3.2.2. Seismic Vulnerability Index (SVI)

The seismic vulnerability index could be a parameter closely related to the level of vulnerability
of a zone to the threat of earthquake risks, the value of which shows a linear relationship with the
level of hazard of damage caused by earthquakes. The geological conditions of the local region are a
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factor that should be taken into consideration when calculating the value of the seismic vulnerability
index of an area (Roser & Gosar, 2010). A thick sedimentary layer accompanied by high amplification
will result in a high seismic vulnerability index. The higher the seismic vulnerability index, the greater
the potential for structural damage due to weak soil strength. Conversely, a low seismic vulnerability
index will reduce the potential for structural damage due to strong soil strength (Hadi et al., 2012).

A 2
= 0=
Kg = 2 @)
where:
K, - Seismic vulnerability index (pucm?/s);
Ay - Amplification Factor;
fo - Dominant Frequency (Hz).

3.2.3. Peak Ground Acceleration (PGA)

Peak Ground Acceleration is defined as the maximum ground acceleration value that has ever
occurred in an area caused by earthquake waves, calculated empirically based on the strength of the
earthquake magnitude, the distance of the earthquake source from the measurement point, and the
dominant period value of the soil in the area.The resulting maximum ground acceleration value
indicates the level of disaster risk that occurs (Nakamura, 1997). According to Douglas (2022), the
formulation of the PGA value proposed by Kanai (1996) is that the ground vibration acceleration on
the surface becomes maximum with the magnitude of the high wave magnification value, with a
period function written in the following equation:

S 10(0,61M - (166 +22%)10gR + 0,167 - 222 )

t= 7= R 3)

where:
- Peak Ground Acceleration at observation point (gravitational acceleration = gal);

- Moment Magnitude

o
g
To - Dominant period of land observation point (s);
M
R - Epicenter distance (km)

3.2.4. Ground Shear Strain (GSS)

The ability of soil layers to shift or stretch during an earthquake is called Ground Shear Strain
(GSS). The GSS value is obtained by multiplying the PGA and SVI. High levels of vulnerability in
an area increase the risk of earthquake-induced ground movement, such as ground cracks, landslides,
land subsidence, and liquefaction.The effective value of ground shear strain has an influence on
conditions after an earthquake. The potential for deformation, landslides, or liquefaction is shown in
Table 2 (Nakamura, 1997).

Table 2.
Relationship between strain and dynamic properties of soil (Nakamura, 1997).
Size of Strain y 107 107 10" 10~ 107 107
Phenomena Wave, Vibration Crack, Settlement Landslide, Soil Compaction, Liquefaction
) ) o Elasto-Plasticity Collapse
Dynamic Properties Elasticity )
Repeat- Effect, Speed- Effect of Loading
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3.3. Data Collection Method

This study, conducted to determine seismic vulnerability in the upper part of Semarang City,
involved recording microtremor signals at 119 locations. The recording equipment used in this study
consisted of three sets of microtremor devices, each with a data logger, a VHL PS 2B 3-component
seismograph, a GPS, and a compass to determine the North-South direction of the data collection. In
addition to the hardware, the software used for data processing in this microtremor (HVSR) method
includes Microsoft Excel, Notepad, Notepad++, Geopsy, and Dinver (Irham et al., 2021; Arintalofa
et al., 2022). The initial results of the microtremor data recording are raw data, which are obtained in
CSV format and can be opened in Microsoft Excel. This data demonstrates the microtremor reaction,
revealing a subsurface image with three components (Yulianto & Yuliyanto, 2023): the East-West
level component, the North-South horizontal component, and the vertical component (Fig. 3). These
three components will then be processed using Geopsy software to create an HV curve (Fig. 4), which
produces Ay and f, values.
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Fig. 4. HVSR processing results.
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4. RESULTS

4.1. fo (Dominant frequency)

The frequency value of the rock layer in a region can be interpreted as a dominant frequency,
which indicates the thickness of the soft layer in that area. Based on the classification explained by
Kanai (1983), a higher fo value indicates the presence of hard rocks in shallow areas and a thinner
surface layer. Meanwhile, greater thickness and softer sediments are associated with smaller dominant
frequency values. The southern Semarang area has a dominant frequency value in the range of 0.13 —
9.21 Hz, with an average at 119 station locations of 1.17 Hz, as shown in Fig.5. In general, the research
area has a dominant frequency classification of fy <2.5 Hz, indicating that most areas are classified as
soft soil with a depth of 30 m. Dominant frequencies with a range of 2.5 < fy < 6.67 Hz are found at
stations 36, 70, 77, 87, and 118, indicating the presence of soft soil with a thickness of 5 m and
consisting of gravelly sand, hard sandy loam, clay, and clay. The fj value with a range of 6.667 < f,
< 20 Hz is found in the central part of Pedurungan District (station 91), the Southwest part of
Pedurungan District (station 72), the northeastern and northern parts of Tembalang District (stations
83, 62), and the southern and western parts of Gajahmungkur District (stations 4 and 15). This
classification indicates the presence of a classification of Tertiary or older rocks consisting of hard
gravelly sandstone.
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4.2. Ao (Amplification Factor)

The amplification factor can be defined as a phenomenon where earthquake waves experience an
increase in amplitude (shaking strength) as they propagate through certain soil layers, especially soft
soil or sediment (Elbshbeshi et al., 2022). This occurs because earthquake waves possess energy.
When waves move from a hard medium (high propagation velocity) to a soft medium (low
propagation velocity), their speed decreases. To maintain constant energy, the amplitude (wave
height) must increase drastically. The greater the impedance difference between the bedrock and the
surface soil layer, the greater the amplification factor (Farahani & Zare, 2014). The dependent
variables in the amplification factor are sediment thickness, lithology, topography, and resonance.
The amplification factor (Ag) value in the southern Semarang area ranges from 0.53 to 6.94 with an
average of 2.77 (Fig. 6). Based on this, the research area is dominated by amplification classifications
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Ao <3 and 3 <Ay < 6. However, in the Northwest part of Tembalang District (station 54), there is a
classification of 6 < Ag <9, which is classified as high amplification and requires special attention
and handling.
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4.3. SVI (Seismic Vulnerability Index)

The Seismic Vulnerability Index (SVI) can be defined as a numerical parameter used to identify
the level of vulnerability of a soil layer to deformation during an earthquake. This index is an
important indicator in seismic microzonation studies to map areas most at risk of structural damage
due to their geological conditions (Elbshbeshi et al., 2022). The potential impact and hazard of an
earthquake increase with the value of the seismic vulnerability index of a region. The thickness of the
sediment layer below the ground surface, the surface wave velocity, and the wave velocity below the
ground surface are variables used to calculate the seismic vulnerability index value. The Seismic
Vulnerability Index value in the southern Semarang region ranges from 0.17 to 260.09 pcm?/s with
an average of 32.29 pcm?s. Based on Fig. 7, low classification in zone 1 with a range of values 5
pem?/s > SVI was found in West Semarang District (station 11), Gajahmungkur District (stations 4,
15, and 24), South Gunungpati District (station 111), South Candisari District (stations 36, 45, 46),
North, Central and South Tembalang District (stations 62, 72, 68, 77, 87, 118, 98) and South and
Central Pedurungan District (stations 70, 71, 82, 91, 92, 93, 95). Medium classification is in zone 2
with a range of values 5 < SVI <25 pcm?/s, and high classification, SVI > 25 pcm?s is the dominant
classification found in the South Semarang area.

4.4. PGA (Peak Ground Acceleration)

PGA can be defined as the maximum ground vibration acceleration value that occurs at a
location during an earthquake. Unlike magnitude, which measures the energy at the epicenter (focal
point), PGA measures what is actually felt and experienced by the ground surface at a specific location
(Fahrezi et al., 2025). Factors that influence the PGA value are the earthquake source, trajectory, and
local conditions. The calculation method in this study uses the PSDA (Deterministic Seismic Hazard
Analysis) method, which calculates the worst-case scenario from a specific earthquake source (Kanai,
1996).
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The earthquake used in this analysis was an earthquake that occurred in Yogyakarta with a
magnitude of 6.3. Despite its considerable distance, the presence of a thick and soft alluvial layer in
North Semarang causes seismic wave amplification (Partono et al., 2015). This was demonstrated in
the 2006 Yogyakarta earthquake (magnitude 6.3), where the tremors were felt quite strongly in
Semarang and caused cracks in several building structures, even though the epicenter was hundreds
of kilometers from Semarang City.

The presence of active faults that encompass dense organizational and industrial areas can increase
the city's seismic risk profile (Azizah et al., 2018), mainly due to the combination of earthquake threats
in the environment and soil conditions that are susceptible to land subsidence.

Based on Fig. 8, the PGA value in the southern Semarang area ranges from 5.87 to 49.17 gal with
an average of 13.85 gal.
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The dominant classifications found in the southern Semarang area are 5 < PGA < 10 gal and 10 <
PGA <20 gal, which indicate a moderate area. There are PGA values with high classification, namely
in the western part of Gajahmungkur District (stations 4, 15), the southern part of West Semarang
District (station 11), the northern part of Banyumanik District (stations 36 and 46), the southern part
of Candisari District (station 45), the northern, southern and central districts (stations 61, 62, 72, 83,
57,77, 87, and 118), the western part of Pedurungan District (stations 70, 91, and 95), the southern
part of Gunung District (station 111).

4.5. GSS (Ground Shear Strain)

Ground Shear Strain (GSS) is a critical parameter for assessing the risk level of soil deformation,
especially due to dynamic loads such as earthquakes. High GSS values in an area increase the risk of
ground movement due to earthquakes, such as ground cracks, landslides, land subsidence, and
liquefaction (Nakamura, 1997). The effective value of ground shear strain has an influence on
conditions after an earthquake. The classification used in determining the GSS value uses the
Nakamura 1997 classification. The GSS value in the southern Semarang area, based on Fig. 9, has a
range of 1.3x107 - 3.59x10** with an average of 1.3x10**. Most of the southern Semarang area is
classified as 1x10*< GSS < 1x10*, which has the phenomenon of ground cracks and land subsidence,
and has elastic-plastic dynamic properties with the effects of repeated loading and speed effects. There
is an area with a GSS classification of <1x10*, namely in the Central Pedurungan area (station 90).
This area experiences wave phenomena, vibrations, and has plastic dynamic properties.
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5. DISCUSSION

Based on the correlation analysis results of the HVSR method (Fig. 9) parameters in the form of
dominant frequency (fo), amplification factor (Ao), seismic vulnerability index (SVI), Peak Ground
Acceleration (PGA), and Ground Shear Strain (GSS), a close relationship was obtained in describing
the subsurface characteristics and the level of earthquake vulnerability in the southern Semarang
region. Line A-A’ in Fig. 1 includes several microtremor stations, namely stations 40, 41, 42, 43, 44,
45, 46, 47, 48, 49, 104, 114.The dominant frequency (fy) value in the study area is dominated by a
range of less than 2.5 Hz, with an average of 1.17 Hz. This value indicates that most of the area is
composed of a soft sediment layer with a relatively large thickness. This condition causes the soil's
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ability to respond to seismic waves to be greater, especially in the form of wave amplitude
amplification. The fy value is closely related to bedrock depth, with low fy values indicating deep
bedrock and thick sediment layers. Similar research (in the northern region of this study) indicates
low fo values (Nurwidyanto et al., 2023). This is in line with the distribution of amplification factor
(Ao) values in the study area, which are dominated by low to moderate classifications (Ao < 3 and 3
< Ay < 6), with several locations showing high amplification values (Ao > 6). The presence of a
significant impedance contrast between the bedrock and the overlying sedimentary layer indicates a
high amplification factor. The decrease in seismic wave velocity, coupled with constant wave energy,
indicates that seismic waves propagate from a hard to a soft medium. Therefore, this correlation
indicates that areas with low fy values have high A values.

The correlation between fo and Ay is reflected in the seismic vulnerability index (SVI) values
(Fig. 9), which show a predominance of high classifications (SVI > 25 pecm?/s) in most of the study
area. A low fy value combined with a high A, value results in high seismic vulnerability, or
susceptibility to earthquake shaking. The SVI value in an area can be used as a reference parameter
for seismic vulnerability, as evidenced by research by Nurwidyanto et al. (2024) conducted in the
coastal area of Demak. This study showed low SVI values in most of the study areas. These values
can also be used as geotechnical recommendations for several areas with high potential seismic
vulnerability. The PGA value is influenced by the earthquake source and the distance from the source
to the study site. Local conditions such as soil type and sediment thickness also play a role in
modifying the acceleration felt at the surface. The Peak Ground Acceleration (PGA) value in the
southern Semarang area is classified as moderate to high ground motion. Local soil conditions play a
significant role in increasing the intensity of the perceived shaking.

Correlation of f, A,, PGA and SVI
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Fig. 9. Correlation between fo, Ao, PGA and SVIin Line A — A'.

The Ground Shear Strain (GSS) value in the study area is in the range of 1074, which indicates
that most areas have the potential for significant deformation. The GSS value indicates the potential
for phenomena and dynamic properties experienced by an area. Several previous studies, such as
Nurwidyanto et al. (2023), on earthquake microzonation using the HVSR method in the northern area
of this study, indicate that most of the northern coast of Semarang is dominated by moderate
vulnerability. Meanwhile, several areas across Semarang City, from north to south, have low
earthquake vulnerability. These results are based on GSS calculations in various areas.

Therefore, it can be concluded that the GSS value has a positive correlation with SVI and Ay, and
a negative correlation with fy. The relationship between parameters shows that the dominant
frequency (fo) is inversely proportional to other vulnerability parameters, while the amplification
factor (Ay), seismic vulnerability index (SVI), Peak Ground Acceleration (PGA), and Ground Shear
Strain (GSS) are directly proportional. Based on the relationship analysis, it can be concluded that the
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southern Semarang region is dominated by geological conditions in the form of soft sediment with a
fairly large thickness, which causes the potential for wave amplification and high vulnerability to
earthquakes. This condition requires attention in spatial planning and disaster mitigation, especially
in areas with high amplification values and vulnerability indexes.

6. CONCLUSIONS

Based on several parameters used to determine seismic hazard potential, the upper part of
Semarang City has a relatively high seismic vulnerability index in several areas. Furthermore, spatial
analysis also shows that several sub-districts, particularly Tembalang, Banyumanik, and Pedurungan,
have a higher earthquake vulnerability than the surrounding areas. These findings provide important
information for seismic microzonation, supporting urban planning and information related to disaster
mitigation in Semarang City. Furthermore, more in-depth technical studies are needed in the
geotechnical field in several locations with high seismic hazards (contained in the Ao, fo, PGA, SVI,
and GSS maps), and locations around faults in the Semarang area.
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ABSTRACT

This study examines changes in the seasonal organisation of climate in the Carpathian Basin using a
time-based climate-network approach. In contrast to conventional climate networks, where nodes
usually represent spatial locations, the present method defines individual year—month observations as
network nodes. Edges describe multidimensional climatic similarity based on monthly values derived
from daily temperature, precipitation, humidity and radiation data. The analysis uses E-OBS gridded
observational data for ten selected locations and compares two 30-year periods: 1961-1990 and 1995—
2024. The results show that the annual climatic cycle remained broadly recognisable in the recent
period, with stable winter and summer components still present in the network structure. However, the
boundaries between seasonal groups became less sharply defined. The strongest changes were
associated with transition months, especially February, March, April, September and October. Shannon
entropy indicates that some of these months became more fragmented, while prototype similarity
matrices reveal stronger cross-seasonal relationships between spring and autumn states. Percolation
analysis shows only minor changes in overall network robustness, suggesting that the observed
transformation should not be interpreted as a collapse of the seasonal structure, but rather as a moderate
reorganisation of the relationships between monthly climatic states. The study demonstrates that time-
based climate networks can complement conventional trend-based climate analyses by highlighting
structural changes in the temporal organisation of seasonality.

Keywords: time-based climate networks; seasonal reorganisation; Carpathian Basin; climatic
similarity; Shannon entropy, percolation analysis

1. INTRODUCTION

Climate change is usually described through changes in individual climatic variables, such as
temperature, precipitation, humidity or radiation (Stine et al., 2009; Stine and Huybers, 2012). These
variables are commonly analysed by trends, anomalies, extremes or spatial patterns, and such
approaches remain essential for understanding regional climate dynamics. At the same time, climate
is not experienced as a set of isolated variables. It is organised through recurring seasonal states,
transitions between months, and similarities between different parts of the annual cycle. For this
reason, changes in climate may also appear as changes in the internal structure of seasonality: some
months may become more similar to others, some transitional periods may become less clearly
defined, and the stability of the annual cycle may be modified even when the general seasonal order
remains recognisable (Stine et al., 2009; Hajek et al., 2022).

This structural perspective is particularly relevant in regions where several climatic influences
meet like in the Carpathian Basin (Spinoni et al., 2015b). Situated between Central and South-Eastern
Europe, it is shaped by oceanic, continental and local topographic influences. Its climate is therefore
not only spatially heterogeneous, but also strongly seasonal. The basin includes lowland areas,
enclosed depressions, hilly regions and mountain-influenced zones, all of which may respond
differently to ongoing climatic change.
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Previous research has already shown that the region is sensitive to changes in temperature and
precipitation regimes, with consequences for agriculture, water resources and environmental stability
(Bartholy and Pongracz, 2007; Spinoni et al., 2015a; Spinoni et al., 2015b; Janosi et al., 2023;
Megyeri-Korotaj et al., 2023). However, beyond changes in the magnitude of climatic variables, it is
also important to ask whether the temporal organisation of the regional climate has changed. Network-
based methods offer a useful framework for this type of question (Tsonis and Roebber, 2004; Tsonis
etal., 2006; Donges et al., 2009). In climate research, networks are most often used to represent spatial
relationships: nodes usually correspond to grid cells or meteorological stations, while edges describe
statistical similarity, correlation or coupling between climatic time series (Tsonis and Roebber, 2004;
Donges et al., 2009; Holme and Rocha, 2023). Such spatial climate networks have been applied to
the study of teleconnections, climate regimes and large-scale atmospheric patterns, including
phenomena such as El Nifio (Ludescher et al., 2023). This line of research has shown that graph-based
representations can reveal structural properties of the climate system that are not always visible
through conventional statistical summaries. Changes in seasonal organisation may also have
consequences beyond the physical climate system. The timing, duration and climatic distinctness of
seasons influence climate-sensitive forms of outdoor recreation and tourism, including hiking and
geotourism, because temperature, precipitation, humidity, wind and extreme events affect activity
suitability, visitor comfort and safety (Martinez Ibarra et al., 2019; Probstl-Haider et al., 2021;
Gordon, 2023). In mountain and protected areas, structural changes in the shoulder seasons may
therefore have practical relevance even where the core annual climatic cycle remains recognisable.

The temporal dimension of climate similarity has received less attention (Holme and Saraméki,
2012; Mucha et al., 2010). If spatial climate networks ask how different places are connected through
climate behaviour, a time-based climate network asks a different question: how are different time
periods connected to each other? From this perspective, months or seasons can be treated as elements
of a climatic system (Holme and Saraméki, 2012; Stine et al., 2009). Their relationships can be
described by the similarity of their multidimensional climatic conditions. Such an approach is
especially suitable for investigating whether the annual cycle has become more fragmented, more
internally differentiated, or more strongly reorganised over time.

The study is guided by three main questions. First, can a time-based network representation reveal
changes in the seasonal organisation of climate in the Carpathian Basin? Second, which parts of the
annual cycle show the strongest structural reorganisation between the two periods? Third, do these
changes indicate a general weakening of the climatic network, or rather a reconfiguration of seasonal
relationships while the overall annual structure remains stable? By addressing these questions, the
paper contributes both to regional climate analysis and to the methodological development of climate-
network research. Its regional contribution lies in identifying how the internal seasonal structure of
the Carpathian Basin has changed during the last six decades. Its methodological contribution lies in
adapting established tools of network analysis, including similarity-based graph construction,
community detection, entropy measures and percolation analysis, to a temporal-node framework (Fan
et al., 2018). This makes it possible to study climate not only as a spatially connected system, but also
as a temporally organised structure.

2. STUDY AREA AND DATA

The analysis focuses on the Carpathian Basin, a climatically diverse region situated in Central
and South-Eastern Europe. The ten locations were selected using a stratified, purposive design
intended to span the principal geographical and climatic contrasts of the basin rather than to constitute
a statistically representative sample of all grid cells. Gyor and Keszthely represent the western sector
of the basin, including more pronounced western atmospheric influences and, in the case of Keszthely,
the vicinity of Lake Balaton. Kecskemét represents the open central Pannonian lowland, while Pécs
represents the southern foothill zone. Kosice and Oradea cover the northern and eastern margins of
the Pannonian lowland and its transition toward the surrounding mountain system. Cluj-Napoca and
Deva represent Transylvanian hilly and valley environments, whereas Gheorgheni and Brasov
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represent elevated, enclosed intra-mountain depressions. Together, the selected locations cover open
plains, foothill transition zones, hilly and valley environments, and mountain-controlled basins. This
design makes it possible to examine whether the inferred changes in seasonal climate-network
organisation recur across contrasting regional settings. The study locations should therefore be
regarded as physiographically and climatically contrasting case-study sites rather than as an area-
weighted sample of the entire Carpathian Basin (Fig. 1).
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Fig. 1. Study locations in the Carpathian Basin

For each location, the corresponding grid cell of the E-OBS gridded observational dataset was
used. The analysis was based on the 0.1° x 0.1° regular latitude—longitude grid version 31.0e, obtained
from the Copernicus Climate Data Store. The data were obtained from the Copernicus Climate Data
Store. E-OBS consists of station-based daily observations spatially interpolated to a regular European
grid. Six daily variables were extracted for each selected location: daily mean temperature (TG), daily
minimum temperature (TN), daily maximum temperature (TX), daily precipitation sum (RR), daily
mean relative humidity (HU) and daily mean global radiation (QQ) to describe each month as a
multidimensional climatic state.

Each month in each year therefore became one observation described by a six-dimensional
climatic vector. The temporal coverage was divided into two 30-year periods. The early period extends
from January 1961 to December 1990, while the late period extends from January 1995 to December
2024. These two intervals were selected to compare a historical baseline with a more recent climatic
period of the same length.

3. METHODOLOGY

Since the six variables have different units and numerical ranges, the monthly feature vectors
were first standardised. This step prevents variables with larger absolute values, such as precipitation
totals, from dominating the distance calculation. After standardisation, Principal Component Analysis
(PCA) was applied to reduce the six-dimensional space to two dimensions to obtain a compact space
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in which the main multidimensional differences between months are preserved. Similarity was then
calculated from the Euclidean distance between monthly observations in this reduced PCA space. For
two nodes (i) and (j), with projected coordinates (p;) and (p;), the distance was calculated as (Eq. 1):

a,j) = \/(pi,l - Pj,l)z + (pi,z - pj.2)2 @

The distances were transformed into similarity values using min—-max scaling followed by
inversion (Eq. 2):
d(i, ) — dmpi
() = 1 - TS~ i @

dmax - dmin

Thus, a value close to 1 means that two months occupy a very similar position in the reduced
climatic space, while lower values indicate more distinct monthly states. For the early and late
networks, the same reference scale was used. The minimum and maximum distances used in the
transformation were derived from the full available period, so that similarity values in the two
networks remained directly comparable.

The pairwise similarity calculation initially produces a complete weighted graph, where each
month is connected to all other months. For a meaningful interpretation a pruning step was applied to
extract the main structural backbone of the network. All edges were ranked according to their
similarity values, and the weakest edges were removed until a predefined average degree was reached.
For this, instead of using a fixed similarity threshold, the method therefore keeps network density
comparable between locations and periods. The target average degree was defined as (Eq. 3):

(ky=3Y -1 (3)

where (Y) is the number of years in the analysed period. Since both comparison periods contain
30 years, this gives a target average degree of 89. The corresponding number of retained edges is (Eq.
4):
(k) x N

Etarget = Y 4)

where (N) is the number of nodes in the network. This rule follows the assumption that, under
stable seasonal conditions, a month should remain strongly connected to its own calendar-month
occurrences in other years and to the neighbouring parts of the annual cycle. The weight of the weakest
retained edge defines the empirical structural threshold of the given network.

The community structure analysis aim was to identify groups of month-year observations that
form internally coherent climatic blocks. In this context, a community can be interpreted as a set of
months that are more similar to each other than to the rest of the annual cycle (Newman, 2006). The
Leiden algorithm was used for community detection, with edge weights included in the partitioning
process (Traag et al., 2019). The resulting communities were not interpreted only as abstract graph
clusters, but they were compared with calendar months in order to see whether the detected structure
follows the expected seasonal order, and whether this order changes between the early and late
periods. The quality of the detected partition was summarised by modularity, which measures how
strongly nodes are grouped within communities compared with the connections expected in a random
network. Higher modularity indicates more clearly separated seasonal blocks, while lower modularity
indicates weaker separation and stronger overlap between seasonal communities.

To describe how stable or fragmented each calendar month is within the detected communities,
Shannon entropy was calculated for every month (Shannon, 1948). For a given calendar month, the
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distribution of its 30 year—month observations across communities were used. The entropy of month
(m) was calculated as (Eq. 5):

C
Hn =) Pme* () (5)

c=1

where (p, ) is the proportion of observations of month (m) assigned to community (c), and (C)
is the number of communities containing observations from that month. Higher entropy values
indicate a more fragmented or transitional monthly position, while lower values indicate a more stable
community membership.

Community detection and entropy describe the internal structure of each period separately. To
compare the typical position of calendar months between the early and late periods, prototype
similarity matrices were also calculated. For each location and each period, a monthly prototype was
created for every calendar month, representing the average climatic state of that month over the 30-
year period. The early and late prototypes were projected into the same PCA-based reference space
used for the network construction. Similarities were then calculated between all early and late monthly
prototypes, producing a 12 x 12 matrix.

Percolation analysis was used to describe the robustness of the entire network. The procedure
examines how the network breaks apart when weaker edges are progressively removed. For each
network, a series of increasing similarity thresholds was applied. At each threshold, only edges with
weights equal to or higher than the threshold were kept. The size of the largest connected component
was then calculated as a proportion of all nodes. As the threshold increases, the network gradually
loses edges and eventually fragments. The critical percolation threshold was defined as the threshold
before the largest drop in the size of the largest connected component. This point marks the similarity
level at which the network loses a major part of its connectivity. A higher critical threshold means that
the network remains connected even when only strong similarities are kept. A lower critical threshold
indicates earlier fragmentation. To compare the two periods, a percolation index was calculated as

(Eq. 6):

— Llate early
Iperc =T — T

(6)

where (t¢“") and (714%¢) are the critical thresholds of the early and late networks. Positive values
indicate that the late network is more robust than the early one, while negative values indicate that it
fragments at a lower similarity threshold.

4. RESULTS

4.1. General structure of the time-based climate networks

The comparison of the early and late time-based climate networks shows that the annual climatic
cycle did not undergo a complete structural breakdown. In most cases, the detected communities still
followed a broad seasonal logic. The networks were usually organised around three main blocks,
corresponding to winter, summer and transitional months. In a few cases, a fourth community also
appeared, but this did not represent a new stable seasonal regime. It was generally linked to the
separation of one or a small number of isolated nodes. The more relevant change was not the number
of communities itself, but the way in which these communities became connected to each other.
Modularity decreased at all ten selected locations between the early and late periods (Fig. 2). This
indicates that the seasonal blocks became less sharply separated in the contemporary period. The
winter and summer cores remained identifiable, but the boundaries between the main seasonal groups
became weaker.



187

This pattern is important as suggests a reorganisation of the seasonal structure rather than a simple
increase or decrease in climatic variability. The annual cycle remained recognisable, but the internal
separation between its main components became less clear. The most visible changes were connected
to the months located near seasonal boundaries, especially late winter, spring and early autumn. The
community-detection results therefore provide the first indication that the contemporary climate
networks are not simply more fragmented in a general sense. Instead, they show a more subtle change:
stable seasonal cores are preserved, while the transition zones between them become more flexible
and less clearly delimited.

Modularity of the time-based climate networks in the early and late periods.
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Fig. 2. Change in modularity between the early and late periods.

4.2. Monthly fragmentation based on Shannon entropy

Shannon entropy was used to describe how clearly the observations of a given calendar month
belong to the detected communities. Low values indicate that the month is concentrated in one
community, while higher values show that its observations are distributed across several communities.
In this sense, entropy measures the stability or ambiguity of monthly community membership.

The monthly averages of the considered locations show that changes were concentrated in
specific parts of the annual cycle rather than distributed evenly throughout the year (Fig. 3). January
and December remained completely stable in both periods, with average entropy values of 0.000. The
core summer months also changed only slightly, especially June, July and August. This confirms that
the middle of winter and the middle of summer preserved a relatively coherent network position. The
strongest changes were instead linked to the transition months.

The clearest increase occurred in February. Its average entropy rose from 0.078 in the early period
to 0.328 in the late period, and this increase was visible at nine of the ten locations. The location-level
heatmaps confirm that February became more fragmented almost everywhere, with the only exception
being Kosice, where entropy remained unchanged. This suggests that late winter became less
consistently attached to a single winter community and more often shared similarities with transitional
climatic states (Fig. 4).
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Monthly changes in Shannon entropy between 1961-1990 and 1995-2024
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Fig. 3. Monthly Shannon entropy in the early and late periods.
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Fig. 4. Shannon entropy by location and month between the late and early periods.

March shows the opposite pattern. Its average entropy decreased from 0.664 to 0.472, and the
decrease occurred at all selected locations. The heatmaps make this result especially clear: March was
one of the most fragmented months in the early period, but its entropy became lower everywhere in



189

the late period. This does not mean that the spring transition disappeared. Rather, it suggests that
March became less divided between winter-like and spring-like communities and moved toward a
more coherent transitional or early-spring position.

April and May show a more mixed spatial pattern. Their average entropy increased moderately,
but the heatmaps reveal that this increase was not uniform across the basin. In April, entropy increased
clearly at Gyor, Kosice, Cluj-Napoca and Deva, while it decreased at Kecskemét, Pécs and Brasov.
May also shows both positive and negative changes depending on location. This means that the spring
transition did not reorganise in a single regional direction. Instead, it changed through locally different
adjustments in the position of individual months.

September remained one of the most complex months in the annual cycle. Its entropy was already
high in the early period and remained high in the late period as well. The heatmaps show that
September continued to have elevated entropy values at most locations, with particularly high late-
period values at Oradea and Pécs. This confirms its persistent transitional character. September does
not behave as a stable late-summer or early-autumn month only, but as a climatic boundary zone
where different seasonal signals overlap.

October became more fragmented on average, but again with strong spatial differences. The
largest increases appear at Gyor, Kecskemét, Keszthely and Oradea, while KoSice and Brasov show
decreases. November remained almost unchanged in the basin-wide average, although the change
heatmap shows that this apparent stability hides local contrasts: entropy increased at some locations,
such as Kosice and Oradea, but decreased at others, including Keszthely, Kecskemét, Cluj-Napoca
and Deva.

Overall, the entropy results support the interpretation that the core months of winter and summer
remained relatively stable, while the transition months underwent the strongest reorganisation. The
annual cycle therefore changed mainly through the restructuring of its seasonal margins rather than
through a uniform shift affecting all months equally.

4.3. Prototype similarities and cross-seasonal shifts

The prototype similarity matrices provide a direct comparison between the typical monthly
climatic states of the early and late periods. They help to identify whether the same calendar months
remained close to their earlier climatic position, or whether stronger cross-seasonal similarities
appeared.

The general pattern confirms that the main annual structure was preserved. Winter months
remained most similar to winter-like late-period states, and the summer months continued to form a
clearly recognisable warm-season block. This means that the basic seasonal order did not disappear.
The networks do not indicate a collapse of the annual cycle into an undifferentiated structure (Fig. 6).
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Fig. 6. Mean prototype similarity by location.

The most informative changes appear outside the diagonal of the prototype matrices. These off-
diagonal similarities show where months from the early period became strongly connected to different
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months in the late period. After applying the structural thresholds, several spring—autumn and late-
summer—autumn overlaps remained visible. This indicates that these similarities were not only weak
background relations, but part of the stronger network structure.

The case of Pécs illustrates this pattern clearly (Fig. 7). In the thresholded prototype matrix, early
April shows a very high similarity to late October, with a value of 0.95. Early May is most strongly
linked to late September, with a similarity of 0.97. These values point to a stronger overlap between
spring, late-summer and autumn transitional states. The result should not be interpreted as a direct
replacement of one month by another, but rather as evidence that the climatic similarity field of
transitional months became more interconnected.

Similar patterns also appear at other locations, although with different strength. The thresholded
matrices show that even after removing weaker background similarities, the transition periods retain
important cross-seasonal links. This is consistent with the entropy results: the largest changes are not
located in the stable winter and summer cores, but in the months where seasonal identities are
naturally less fixed.

The prototype analysis therefore adds an important layer to the results. Community detection
shows that the seasonal blocks became less sharply separated, and Shannon entropy identifies which
months became more or less fragmented. The prototype matrices show how this reorganisation
appears in terms of direct month-to-month similarity between the two periods.
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Fig. 7. Thresholded prototype similarity matrix of Pécs.

4.4. Percolation robustness

Percolation analysis was used to evaluate whether the observed seasonal reorganisation also
involved a weakening of the whole network backbone. The percolation indices remained close to zero
at the selected locations, indicating only moderate changes in global network robustness.

Across the ten locations, the percolation index ranged from —0.01419 to +0.01002, with an
average value of —0.00257. The average direction of change was therefore slightly negative, meaning
that the late-period networks tended to fragment at somewhat lower similarity thresholds considering
the whole Carpathian Basin.

At the same time, different types of changes in this indicator can be observed at each location
and they can be grouped into three broad categories (Fig. 8). The first group includes locations with
negative percolation indices, where the late-period network became slightly more fragile. This group
includes Brasov, Deva, Pécs, Kosice, Kecskemét and Cluj-Napoca. The strongest negative shift was
found in Brasov (Fig. 9), where the index reached —0.01419 and the critical threshold decreased from
approximately 0.971 to 0.957. Deva also showed a relatively stronger negative value, while the
changes at Kosice, Kecskemét and Cluj-Napoca were smaller.
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Fig. 8. Percolation index by location.

A second group includes location where the index was zero, in our case Gyor. In this case, the
late-period network remained connected up to a slightly higher similarity threshold. This shows that
local or monthly reorganisation does not necessarily mean that the full network becomes weaker. A
network can become more internally differentiated while its strongest connections remain stable or
even slightly stronger.

The third group consists of locations where the percolation index presents positive values:
Gheorgheni, Oradea and Keszthely. At these sites, the percolation curves suggest that a local gain in
structural robustness is present.
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5. DISCUSSION

The time-based climate network analysis demonstrates that recent climate change in the
Carpathian Basin manifests not merely as a shift in isolated variables, but as a systemic structural
reconfiguration of seasonality. The preservation of the core winter and summer communities across
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all ten locations indicates that the macro-level, seasonal cycle remains fundamentally intact. However,
the universal decrease in network modularity reveals that the boundaries separating these seasonal
blocks have become less distinct in the contemporary period. Rather than a collapse of the annual
cycle or a simple increase in climate volatility, these findings point toward a highly organized,
location-specific redistribution of climatic similarity, concentrated primarily at the margins of the
traditional seasons.

The most coherent basin-wide signal emerges during the late winter and early spring transition,
characterized by an asymmetry between February and March. In the historical baseline period, March
was characterized by elevated Shannon entropy, acting as a volatile, fragmented bridge between
winter-like and spring-like states. In the recent period, March has stabilized into a more consistent,
coherent transitional position. Concurrently, February has experienced a profound surge in
fragmentation across nine of the ten studied locations. This macro-regional inversion suggests a
structural phase advancement in the onset of spring-like conditions, a phenomenon that echoes the
large-scale seasonal changes observed across Europe by Stine et al. (2009). Late winter is no longer
consistently anchored to the core cold-season regime; instead, it frequently fluctuates toward warmer,
transitional states. This increased structural ambiguity in February matches the empirical findings of
Spinoni et al. (2015a), who identified a significant increase in late-winter thermal extremes and
shifting heat/cold wave frequencies within the Carpathian region.

Beyond the late-winter shift, the transitions of mid-spring (April) and autumn (September to
November) reveal high spatial heterogeneity. The network indicators do not show a uniform basin-
wide trend; instead, northwestern and lowland plain locations exhibit increased fragmentation during
these shoulder months, whereas southeastern foothill sites and sheltered intra-mountain depressions
show stable or even decreasing entropy. This localized divergence underscores the critical role of
topographic controls in modulating regional climate change impacts, as highlighted by Spinoni et al.
(2015b). The open, lowland landscapes of the Pannonian Basin are highly susceptible to shifting
advective regimes and moisture fluctuations, leading to highly variable transitional states. Conversely,
the weaker or more spatially variable changes observed at mountain-influenced locations may be
partly related to topographic control, but this interpretation remains tentative. E-OBS represents grid-
cell-scale climatic conditions and may smooth elevation gradients, valley inversions, cold-air pooling
and local orographic precipitation. The apparent contrast between lowland and mountain-influenced
sites should therefore be interpreted as a regional grid-scale pattern rather than as direct evidence of
local microclimatic buffering. These complex local responses confirm that broad geographical
generalizations are insufficient for tracking seasonal architecture, aligning with the highly localized
variations in regional climate indices modelled by Megyeri-Korotaj et al. (2023).

The prototype similarity matrices provide a direct look into the nature of this structural mixing,
uncovering off-diagonal relationships between entirely different parts of the annual cycle. The high
multi-dimensional similarity observed between early spring (April/May) and mid-to-late autumn
(September/October) indicates that the climatic profiles of these shoulder periods are increasingly
overlapping. This cross-seasonal convergence suggests a flattening of the transition gradients within
the basin. As shoulder seasons expand and increasingly mimic one another, the distinct meteorological
identities of spring and autumn become blurred. This systemic blending of transitional states could
have important implications for regional water cycles, agricultural growing windows, and
environmental stability, corroborating the compounding hydrological tendencies discussed by
Bartholy and Pongracz (2007) and Janosi et al. (2023).

The applied relevance of this seasonal reorganisation is also apparent in mountain recreation and
geoheritage management. In Harghita County, trail-hazard assessment has been conceptualised as a
combination of static topographic properties and dynamic environmental factors, including rain, fog,
wind and storms, for which regularly updated observations are required (Magyari-Saska, 2014).
Regional geomorphosite research has likewise evaluated volcanic landforms through a combination
of scientific, landscape, cultural-historical, ecological and socio-economic values in order to support
their classification and geotourism use (Irimus et al., 2015). More recently, a quantitative geopark-
attractiveness framework has explicitly incorporated extreme temperature as a natural-hazard attribute
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within its safety and risk component (Nyulas et al., 2024). The climate-network results presented here
do not directly quantify trail danger, visitor demand or destination attractiveness. Nevertheless, the
increasing ambiguity of late winter and the stronger similarity between spring and autumn states
indicate that fixed calendar-based assumptions about outdoor-activity seasons may become
progressively less reliable. This interpretation is consistent with research showing that hiking
suitability depends on multiple atmospheric conditions and that climate change may redistribute both
opportunities and constraints across summer and shoulder seasons (Martinez Ibarra et al., 2019;
Probstl-Haider et al., 2021). In geotourism, such changes may also affect visitor comfort, site
accessibility and exposure to climate-related natural hazards (Gordon, 2023). Time-based climate
networks could therefore provide a regional climatic layer for updating trail information, risk
communication and geopark planning, especially in mountain-influenced locations.

The percolation analysis qualifies these findings by demonstrating that this internal restructuring
did not cause a major degradation of global network connectivity. The mean percolation index
remained close to zero across the basin, with subtle localized shifts toward fragility or robustness
depending on the site's physiographic setting. This behaviour shows that a climate network can
experience enhanced internal overlap and weaker community boundaries at its boundaries while
maintaining the absolute stability of its core structural backbone.

From a methodological perspective, adapting a temporal-node framework to climate networks
provides a valuable complement to conventional trend and anomaly analyses. Traditional grid-cell
networks excel at highlighting spatial teleconnections and regional coupling, but they obscure the
internal structural relationships between temporal states. By treating individual month-year
observations as distinct multidimensional vectors, this approach successfully captures changes in the
systemic architecture of seasonality that are invisible when variables are analysed in isolation.

Three methodological settings are relevant when considering the robustness of the analysis: the
number of retained PCA components, the target average degree used for network pruning, and the
resolution parameter of the Leiden community-detection algorithm. These settings were defined prior
to the comparison and were applied identically to all locations and both periods. The retention of two
principal components was supported by the high cumulative proportion of variance explained by the
first two components, which ranged from 91.5% (Gheorgheni) to 93.7% (Kecskemét) across the ten
locations. The two-dimensional PCA representation therefore preserved the dominant structure of the
six climatic variables, while also providing a consistent and parsimonious similarity space. The use
of additional components would introduce only a comparatively limited amount of residual variance
and would reduce the interpretability of the common distance space.

The target average degree was likewise not selected as an arbitrary tuning parameter, but was
derived analytically from the expected seasonal neighbourhood of each node. In a 30-year period,
each year—month observation can be associated with the other 29 occurrences of the same calendar
month and with the 30 occurrences of each adjacent month, resulting in a target average degree of
29 + 30 + 30 = 89. Changing this value would therefore imply a different assumption about the
temporal extent of the seasonal neighbourhood rather than a minor adjustment of network density.
Finally, the Leiden resolution parameter was set to its standard value of 1.0, corresponding to the
conventional weighted-modularity formulation. It was not optimised separately by location or period,
thereby avoiding a posteriori adjustment of community granularity. Although alternative resolution
values may affect the exact number or boundaries of detected communities, the use of a common
standard setting, together with the recurrence of the main patterns across locations and across
complementary indicators, supports the internal consistency of the comparison. This does not imply
complete parameter invariance, but it reduces the likelihood that the principal conclusions are
artefacts of location- or period-specific parameter tuning.

Several limitations must be considered when interpreting these outcomes. The analysed E-OBS
values are spatially interpolated grid-cell estimates rather than direct observations at the selected
cities. Interpolation uncertainty varies with station density and may also change through time as the
underlying observational network changes. Previous evaluations have shown that gridded estimates
are generally less reliable for spatially heterogeneous variables, particularly precipitation, and in
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regions characterised by sparse observations or complex terrain (Hofstra et al., 2009; Cornes et al.,
2018). At the 0.1° grid scale, local elevation contrasts, slope exposure, valley inversions, cold-air
pooling and fine-scale orographic precipitation cannot be fully represented. This limitation is
particularly relevant for Gheorgheni and Brasov and, to a lesser extent, for the other foothill and basin
locations. Consequently, the location-specific results should be interpreted as regional grid-cell-scale
signals rather than as exact descriptions of urban or valley-floor microclimates. Monthly aggregation
and the consistent use of the same grid cells in both periods may reduce the influence of short-term
random interpolation errors, but they do not eliminate systematic topographic smoothing, temporal
changes in station density or possible inhomogeneities in the input observations.

Because the analysis parameters were held strictly constant across both analysis intervals, the
comparative validity between the periods remains robust. However, the 30-year snapshot comparison
is inherently static; it identifies clear structural differences between the two blocks but cannot trace
the exact timing, velocity, or continuity of the transition. Integrating moving-window network
formulations and comprehensive sensitivity testing represents a highly promising avenue for future
extensions of this research.

6. CONCLUSIONS

This study used a time-based climate-network approach to compare the seasonal organisation of
climate in the Carpathian Basin during 1961-1990 and 1995-2024. The annual cycle remained
recognisable in the later period: winter and summer cores persisted, while seasonal communities
became less clearly separated at all ten locations.

The strongest reorganisation affected transition months. February became more fragmented at
nine locations, whereas March became more coherent everywhere. April showed increased
fragmentation at Gyo6r, KoSice, Cluj-Napoca and Deva, but decreases at Kecskemét, Pécs and Brasov.
October became more fragmented at Gyor, Kecskemét, Keszthely and Oradea, while KoSice and
Bragsov showed decreases. September remained a persistent boundary month, and at Pécs strong off-
diagonal prototype similarities confirmed greater overlap between spring and autumn climatic states.

Percolation results indicate that these changes did not produce a general loss of network
robustness. Brasov and Deva showed the clearest weakening, with smaller negative shifts at Pécs,
Kosice, Kecskemét and Cluj-Napoca. Gy6r remained essentially unchanged, whereas Gheorgheni,
Oradea and Keszthely showed modest gains. The findings indicate a moderate reorganisation rather
than a collapse of seasonality. Climate change altered the relationships between monthly climatic
states mainly at seasonal boundaries, while the core annual structure remained intact. Time-based
climate networks therefore complement conventional trend analysis by revealing structural changes
not captured by individual climatic variables alone.
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ABSTRACT

This study evaluates the statistical and operational performance of fog-water harvesting in the Pefia
Blanca Agricultural Community, Coquimbo Region, semi-arid northern Chile, using community-based
monitoring records from 2020 to 2025. Standard Fog Collectors equipped with Raschel 35% double-
layer and Kimre meshes were analyzed through paired comparisons, non-parametric seasonal tests,
precipitation-based sensitivity analysis, and correlation analyses with monthly precipitation from a
reference meteorological station. Kimre consistently outperformed Raschel 35% double-layer mesh
under the local operational conditions analyzed, with an average relative advantage of approximately
25% and statistically significant differences in both parametric and non-parametric tests. This
advantage persisted after excluding months with precipitation above 20 mm and under dry or
negligible-precipitation conditions, where the relative advantage reached 27.4%. Correlation analyses
showed no positive association between monthly precipitation and fog-water collection. Fog-water
collection also showed marked seasonal variability, with higher values during spring and summer and
lower values toward autumn and winter. These findings provide five-year statistical and operational
evidence from a functioning community-managed system, highlighting the relevance of mesh
selection, seasonal planning, and sustained monitoring for fog-water harvesting under real field
conditions.

Keywords: Atmospheric water; Fog-water harvesting; Standard Fog Collector; Fog-collector mesh
performance; Semi-arid coastal environments.

1. INTRODUCTION

Arid and semi-arid coastal regions face increasing challenges in securing reliable water supplies
due to climatic variability, strong seasonality of precipitation, and growing pressure on conventional
water sources (Qadir et al., 2021). In semi-arid northern Chile, these conditions are particularly
relevant in rural and dispersed settlements, where water availability is constrained by both
hydroclimatic variability and structural limitations in access to water (Montecinos et al., 2016;
Nicolas-Artero & Blanco-Wells, 2025). At the same time, the interaction between the Pacific Ocean,
coastal relief, and atmospheric circulation favors recurrent fog occurrence, creating opportunities to
explore fog water harvesting as a complementary water source in areas affected by water scarcity
(Schemenauer & Cereceda, 1994; Klemm et al., 2012; Montecinos et al., 2018).

Fog water harvesting is commonly described as a passive water-supply technique in which
suspended fog droplets are intercepted by vertical mesh collectors and then drained into a storage
system (Schemenauer & Cereceda, 1994; Klemm et al., 2012). Standard Fog Collectors (SFCs) have
been widely used to quantify fog-water yield and compare collection potential across sites
(Schemenauer & Cereceda, 1994).
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Previous research in Chile and other dryland environments has shown that fog collection depends
not only on fog occurrence, but also on local meteorological variables, including wind speed and
direction, relative humidity, dew point depression, and the design and material properties of the
collecting mesh (Klemm et al., 2012; Montecinos et al., 2018; Fernandez et al., 2018). These factors
generate high temporal variability in fog-water yield and make long-term field observations essential
for understanding the operational behavior of fog harvesting systems.

In Chile, several studies have demonstrated the potential of fog collection in coastal desert and
semi-arid environments (Cereceda et al., 1992; Osses et al., 1998; Larrain et al., 2002; Farias et al.,
2005). More recent contributions have advanced from field-based monitoring to spatial and climatic
modeling approaches, allowing fog-water potential to be estimated at broader territorial scales
(Montecinos et al., 2018; Lobos-Roco et al., 2025; Carter et al., 2025). However, despite these
advances, long-term operational assessments under community-managed conditions remain relatively
limited. This gap is relevant because the performance and continuity of fog harvesting systems depend
not only on atmospheric suitability and technical efficiency, but also on maintenance, local
monitoring capacity, and the practical conditions under which systems operate over time (Fessehaye
et al., 2014; Qadir et al., 2021; Ait el Kadi et al., 2024; Rivera et al., 2026).

The Pefia Blanca Agricultural Community, located in the Coquimbo Region of semi-arid northern
Chile, provides a relevant case for analyzing fog-water harvesting under real operational conditions.
In this territory, fog collection is embedded in a community-managed system where local knowledge,
site selection, monitoring practices, and maintenance routines support the continuity of the
infrastructure. From a technical perspective, the available five-year monitoring record offers an
opportunity to evaluate standardized daily fog-water collection, compare the performance of Raschel
35% double-layer and Kimre meshes under paired field conditions, and assess whether the observed
mesh-performance patterns are robust across monthly precipitation conditions.

This study provides a statistical and operational assessment of fog-water harvesting in the Pefia
Blanca Agricultural Community between 2020 and 2025. Drawing on community-based monitoring
records, the article analyzes paired mesh-performance differences, applies precipitation-based
sensitivity analysis, evaluates monthly precipitation—collection patterns, and characterizes seasonal
variability. In doing so, it provides original site-specific evidence from a functioning community-
managed fog harvesting system and contributes to understanding the role of fog harvesting as a
strategic complementary water source in semi-arid coastal environments.

2. STUDY AREA

The study was conducted in the Pefia Blanca Agricultural Community, located in the municipality
of Ovalle, Coquimbo Region, semi-arid northern Chile. This territory forms part of a coastal semi-
arid environment where the interaction between the Pacific Ocean, coastal relief, and local
atmospheric circulation favors the recurrent occurrence of advective fog, supporting the potential use
of fog water harvesting as a complementary water source (Klemm et al., 2012; Montecinos et al.,
2016; del Rio et al., 2018).

The monitoring site is situated in the Cerro Grande Ecological Reserve, a community-owned area
where fog harvesting infrastructure has been developed over time. The area represented in Fig.1
shows marked topographic contrasts, with elevations ranging approximately from 232 to 673 m a.s.l.
These relief conditions are relevant because coastal topography can influence fog interception by
modifying exposure to marine air masses and low-cloud advection.

The SFC monitoring point is located inside the reserve and is connected to the surrounding
territory through local access roads. This setting makes Pefia Blanca a relevant case for evaluating
fog water harvesting under real operational conditions, since the monitoring system is embedded in a
locally managed territory where access, maintenance, and measurement routines contribute to the
continuity of the infrastructure.
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Fig. 1. Location of the study area in the Pefla Blanca Agricultural Community, Coquimbo Region, semi-arid
northern Chile.

3. DATA AND METHODS
3.1. Fog collectors and mesh materials

Fog-water collection was measured using Standard Fog Collectors, which are widely used to
quantify fog-water yield on vertical collecting surfaces and to facilitate comparisons between sites
(Schemenauer & Cereceda, 1994). Each SFC had an effective collecting area of 1 m?, with the
collecting mesh installed approximately 2 m above ground level. A lower gutter directed the collected
water into a storage container.

Two mesh materials were monitored: Raschel 35% and Kimre. The collectors were installed in
the same monitoring sector, approximately two meters apart, allowing their performance to be
compared under similar local exposure and atmospheric conditions. The Raschel 35% collector used
a double layer of 35% shade-coefficient Raschel mesh, consistent with the standard SFC configuration
proposed by Schemenauer and Cereceda (1994). Raschel 35% is a Raschel-woven mesh commonly
used in fog collection systems. It consists of high-density polyethylene filaments with UV protection
and a triangular weave; the 35% value refers to the nominal shade coefficient of the mesh, which
describes its degree of shading or obstruction.

This parameter is relevant because mesh structure and openness influence airflow through the
collector, droplet interception, and drainage behavior (Schemenauer & Cereceda, 1994; Rivera, 2011;
Fernandez et al., 2018). Kimre, by contrast, is a structured three-dimensional mesh made of
interlocking thermoplastic monofilaments. Its volumetric configuration provides a larger contact
surface than a flat mesh and was included to evaluate whether differences in mesh structure affect
standardized operational collector yield under the same field conditions.
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3.2. Operational monitoring and data standardization

Fog-water collection was evaluated from operational monitoring records covering the period
2020-2025. Field readings of accumulated water volume were carried out approximately every 10
days, depending on site access and operational conditions.

The monitoring process was supported by a local community operator, who conducted field
measurements and periodic inspection of the collectors. To ensure temporal comparability,
accumulated volumes measured between field visits were converted into standardized daily fog-water
collection, expressed in L-m™2-day”’, following the standard area- and time-normalized reporting
convention used in fog-collector studies (Schemenauer & Cereceda, 1994; Klemm et al., 2012) (Eq.
1).

Vi

U = Tar (1)

where g is the daily fog-water collection for period i (L-m™2-day™"), V; is the accumulated volume between
two consecutive readings (L), 4 is the effective collector area (1 m?), and A is the number of days between
consecutive readings.

3.3. Precipitation data

Monthly accumulated precipitation data were obtained from the nearest available CEAZAMET
meteorological station, “Pefia Blanca”, operated by the Centro de Estudios Avanzados en Zonas
Aridas (CEAZA, 2019). The station is located approximately 7 km from the SFC monitoring site and
was used as a monthly precipitation reference for the study area. Precipitation was expressed as
monthly totals in millimeters (mm) and used as auxiliary information for the precipitation-based
sensitivity analysis and for evaluating monthly precipitation—collection patterns. Monthly
precipitation records were paired by year and month with the corresponding monthly mean daily fog-
water collection values.

3.4. Statistical analysis

Statistical analysis focused on mesh-performance differences, precipitation-based sensitivity
analysis, the relationship between monthly precipitation and fog-water collection, and seasonal
variability. The main comparative analysis was based on simultaneous observations for Raschel 35%
and Kimre, in order to maintain a paired design and control for shared temporal variability.
Standardized daily fog-water collection was aggregated by year and month to support precipitation-
related and seasonal analyses.

The comparison between Raschel 35% and Kimre was performed using simultaneous
observations available for both meshes. For each paired observation, the absolute difference was
calculated as:

2)
D; =gk — 4,

where D; is the paired difference for observation i, gk i is the Kimre standardized daily fog-water collection,
and gr; is the Raschel 35% standardized daily fog-water collection.

The relative performance ratio was calculated as:

qR,i

where G represents the relative performance ratio of Kimre compared with Raschel 35% for each paired
observation.
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The hypothesis that Kimre yielded higher standardized daily fog-water collection than Raschel
35% was evaluated using a paired Student’s t-test. As a non-parametric alternative, the Wilcoxon
signed-rank test was also applied to assess whether the paired differences were consistently positive.
In addition to statistical significance, effect size was reported using Cohen’s d (Eq. 4) for paired
samples (Cohen, 1988).

d=2 4)

5D

where D is the mean paired difference and s, is the standard deviation of the paired differences. This
allowed the practical magnitude of the difference between mesh materials to be interpreted beyond the p-value.

To assess whether mesh-performance differences were sensitive to monthly precipitation
conditions, a precipitation-based sensitivity analysis was conducted using precipitation records from
the CEAZAMET Peifia Blanca station. The paired Kimre—Raschel comparison was repeated under
three precipitation-screening scenarios: all paired months with available precipitation data, after
excluding months with precipitation above 20 mm, and considering only dry or negligible-
precipitation months with precipitation equal to or below 5 mm. These thresholds were used to screen
records according to monthly precipitation conditions, distinguishing months with higher
precipitation from months with low or minimal precipitation. For each scenario, mean Raschel and
Kimre fog-water collection rates, mean paired differences, relative advantage, paired t-tests,
Wilcoxon signed-rank tests, and Cohen’s d were calculated.

For the relationship between monthly precipitation and standardized daily fog-water collection,
monthly accumulated precipitation totals were paired by year and month with the corresponding
monthly mean daily fog-water collection. Pearson’s correlation coefficient (Eq. 5) was used to
evaluate the linear association between both variables:

_ T (Pi-P)ai-d) )
r =
[freeme 5w

where P; is monthly precipitation, g; is monthly mean daily fog-water collection, and P and § are their
respective means.

Spearman’s rank correlation coefficient (Eq. 6) was also calculated as a non-parametric measure
of monotonic association, appropriate when the relationship between variables may not be linear or
when the data do not meet normality assumptions (Hollander et al., 2013):

_ YL, (R(P)-R(P)(R(q;))-R(q))
p= —
[ERARPO-ROPY) 2 Sk, (Rap-R@) 2

(6)

where R(P;) and R(q;) are the ranks of monthly precipitation and monthly mean daily fog-water collection,
respectively, and the overbars indicate their mean ranks.

In addition, monthly mean daily fog-water collection was explored across precipitation ranges of
0-5 mm, 5-20 mm, and >20 mm to identify whether collection rates varied systematically under
different monthly precipitation conditions.

Seasonal variability was analyzed by calendar month and by austral seasons: summer
(December—February), autumn (March—May), winter (June—August), and spring (September—
November). For the seasonal analysis, monthly mean daily fog-water collection was calculated by
aggregating the operational records by year and month. Accumulated volumes assigned to each month
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were summed and divided by the number of days in the corresponding month, producing monthly
values expressed in L-m™-day'. These monthly values were used to compare seasonal behavior
among months and seasons. Seasonal differences were tested separately for each mesh using the
Kruskal-Wallis test, given that fog-water collection records may show asymmetric distributions,
heteroscedasticity, and unequal data availability among seasonal groups.

For this reason, a non-parametric test that does not require the assumption of normality was
preferred (Kruskal & Wallis, 1952). The Kruskal-Wallis statistic was expressed as:

—_12 k
N(N+1) ==

IR—’Z'—3(N+ 1) (7
nj

where N is the total number of observations, £ is the number of seasonal groups, R; is the sum
of ranks for group j, and #; is the number of observations in group ;.

The main paired mesh comparison included all simultaneous Kimre—Raschel observations,
whereas precipitation-based analyses were restricted to paired observations with available monthly
precipitation records. All analyses were conducted using complete cases for the variables required in
each specific test, and statistical significance was assessed at a = 0.05.

4. RESULTS AND DISCUSSIONS
4.1. Mesh performance and paired comparison

Considering all simultaneous observations available for both meshes, Kimre showed a higher
standardized daily fog-water collection than Raschel 35% double-layer mesh (Table 1). Raschel 35%
recorded a mean value of 6.82 L-m2-day !, while Kimre reached 8.51 L-m2-day'. The mean paired
difference was 1.69 L-m2-day! in favor of Kimre, corresponding to an average relative advantage of
24.8%. The effect size was d = 0.75, indicating a moderate to relevant difference between mesh
materials.

The hypothesis tests confirmed this difference. The paired #-test showed statistically significant
differences between meshes, with = 6.07 and p = 3.70 x 10°® for the one-tailed test. The Wilcoxon
signed-rank test produced consistent results, with /= 1860 and p =7.19 x 107". These results indicate
that Kimre performed significantly better than Raschel 35% double-layer mesh under the operational
conditions analyzed.

Table 1.
Paired comparison of standardized daily fog-water collection (L-m2-day) between Raschel 35%
double-layer and Kimre meshes during 2020-2025.

Descriptive statistics
Paired monthly Mean Raschel Mean Kimre Mean difference Cohen’
observations n 35% collection collection Kimre — Raschel 0 den s
66 6.82 8.51 1.69 0.75

Hypothesis tests
Test Statistic p-values
Paired t-test t=6.07 3.70 x 108
Wilcoxon signed-rank test W = 1860 7.19 x 107
Note: Collection values and mean differences are expressed in L-m2day™, p-values correspond to one-tailed
tests for the hypothesis Kimre > Raschel.
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The paired pattern is further illustrated in Fig. 2, where simultaneous Raschel 35% double-layer
and Kimre observations are compared against the 1:1 line. Points above this line indicate higher
standardized daily fog-water collection for Kimre, while points below it indicate higher values for
Raschel 35% double-layer mesh. Most observations are located above the line, showing that the
higher mean value of Kimre reflects a recurrent pattern across paired measurements rather than a few
isolated cases.
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Fig. 2. Paired comparison of standardized daily fog-water collection between Raschel 35% double-layer and
Kimre meshes during simultaneous observations.

The higher standardized daily fog-water collection observed for Kimre shows that mesh material
can substantially influence collector performance under local operational conditions. In Pefia Blanca,
the paired design allowed both meshes to be compared during the same monitoring periods and in the
same sector, reducing the influence of temporal variability in fog occurrence and minimizing
differences in local exposure conditions.

This result is consistent with previous studies showing that fog-water collection depends not only
on fog occurrence, but also on collector design and mesh properties. The Standard Fog Collector has
traditionally used Raschel-type mesh because of its availability, low cost, and usefulness for
comparisons among sites (Schemenauer & Cereceda, 1994; Klemm et al., 2012). However, collection
efficiency can vary according to mesh geometry, filament arrangement, aerodynamic collection
efficiency, droplet interception, and drainage behavior (Rivera, 2011; Fernandez et al., 2018).

From an applied perspective, the contrast between meshes has implications for the design and
operation of fog harvesting systems in semi-arid coastal environments. Where water availability is
limited, sustained increase in fog-water collection may improve the contribution of fog harvesting
without necessarily increasing the number of collectors. However, material selection should not be
based only on collection rates. Durability, cost, local availability, maintenance requirements, and
long-term operational feasibility should also be considered, particularly in community-managed
systems where technical performance must be compatible with local capacities and maintenance
routines (Rivera, 2011; Fernandez et al., 2018).
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4.2. Precipitation-based sensitivity analysis and monthly precipitation—collection patterns

The precipitation-screening analysis showed that the higher performance of Kimre persisted
across all evaluated scenarios (Table 2). Monthly precipitation during the monitoring period was
generally low and episodic within the paired dataset. Among the 63 paired monthly observations with
available precipitation data, 46 months recorded 0—5 mm, six months recorded 520 mm, and eleven
months exceeded 20 mm.

After excluding these eleven higher-precipitation months, 52 paired observations remained for
the sensitivity analysis. This distribution is consistent with the broader semi-arid coastal context of
northern Chile, where fog harvesting has been studied as a complementary water source in areas with
limited conventional freshwater availability (Garreaud et al., 2008; del Rio et al., 2018; Lobos-Roco
et al., 2025).

Results obtained from the 63 paired months with available monthly precipitation data were very
similar to those from the full paired mesh dataset: Raschel 35% double-layer mesh recorded a mean
value of 6.88 L-m2-day!, while Kimre reached 8.56 L-m2-day'. The mean paired difference was
1.68 L-m*-day! in favor of Kimre, corresponding to a relative advantage of 24.4%.

After excluding months with precipitation above 20 mm, 52 paired observations remained. In
this subset, Kimre continued to show higher standardized daily fog-water collection than Raschel,
with mean values of 8.98 and 7.18 L-m2-day!, respectively. The mean paired difference remained
positive at 1.80 L-m2-day?, corresponding to a relative advantage of 25.0%. Under dry or negligible-
precipitation conditions (P < 5 mm), the difference was also maintained, reaching 2.00 L-m™-day’,
with Kimre averaging 9.29 L-m2-day ' compared with 7.29 L-m2-day™! for Raschel, corresponding
to a relative advantage of 27.4%.

Across all precipitation-screening scenarios, the paired t-tests and Wilcoxon signed-rank tests
remained statistically significant. The Kimre advantage was maintained after excluding the eleven
months with precipitation above 20 mm and under dry or negligible-precipitation conditions. This
consistency supports the robustness of the paired mesh comparison under the operational monitoring
conditions analyzed.

Table 2.
Sensitivity analysis of Kimre—Raschel 35% double-layer performance differences under monthly
precipitation-screening scenarios.

Precipitation- | n Mean Mean Mean Relative | Cohen’s | Paired - | Wilcoxon
screening Raschel | Kimre | difference | advantage d test p P
scenario 35% Kimre— (%)

Raschel
All paired 63 6.88 8.56 1.68 244 0.73 1.38x107 | 1.91x10°¢
months with
precipitation
data
Excluding 52 7.18 8.98 1.80 25.0 0.78 3.96x107 | 5.45x10°¢
months with P
>20 mm

Dry/negligible- | 46 7.29 9.29 2.00 27.4 0.92 7.46x10°% | 4.34x107

precipitation

months, P <5

mm

Note: Collection values and mean differences are expressed in L-m>day™. P refers to monthly precipitation
recorded at the CEAZAMET Peiia Blanca station. p-values correspond to one-tailed paired tests for the
hypothesis Kimre > Raschel.

To complement the precipitation-based sensitivity analysis, the association between monthly
precipitation recorded at the CEAZAMET Pefia Blanca station and monthly mean daily fog-water
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collection was evaluated. The association was weak and negative for both meshes: Pearson’s
correlation coefficient was r = —0.180 for Raschel 35% double-layer mesh and r = —0.187 for Kimre,
suggesting the absence of a positive linear relationship between monthly precipitation and fog-water
collection (Fig. 3a). These correlations were not statistically significant for either mesh, with p =
0.158 for Raschel 35% and p = 0.143 for Kimre.

Spearman’s rank correlations were also negative. For Raschel 35%, Spearman’s correlation was
p=-0.261 with p = 0.039, while for Kimre it was p = —0.357 with p = 0.004. These results indicate
that, at the monthly scale, higher precipitation values recorded at the reference station did not
correspond to higher fog-water collection. Rather, the ranked data suggest a weak to moderate
negative monotonic association, particularly for Kimre.

The boxplots show the distribution of monthly mean daily fog-water collection for Raschel 35%
and Kimre after grouping months into three precipitation ranges: 0—5 mm, 5-20 mm, and >20 mm.

The overlap between distributions and the similarity of the medians suggest that months with
higher precipitation did not show, on average, a systematic increase in fog-water collection compared
with drier months (Fig. 3b). This pattern is consistent with the weak Pearson correlations and the
negative Spearman associations observed.

The sensitivity analysis, correlation results, and precipitation-range comparison indicate that
monthly precipitation records are useful for contextualizing the monitoring series, but the observed
Kimre—Raschel performance difference was robust across the evaluated precipitation subsets. This
supports the use of fog-specific monitoring to assess collector performance in semi-arid coastal
environments as a complementary water source.
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Fig. 3. Relationship between monthly precipitation and monthly mean daily fog-water collection
(L-m™-day™) for Raschel 35% double-layer and Kimre meshes during 2020-2025: (a) scatterplots with linear
trends; (b) boxplots of fog-water collection by monthly precipitation ranges.
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4.3. Seasonal variability of fog-water collection

Fog-water collection showed a marked seasonal pattern in both meshes (Fig. 4). For Raschel 35%
double-layer mesh, seasonal means were higher in spring (8.64 +£3.31 L-m™-day ') and summer (7.62
+ 2.62 L-m>day™), and lower in autumn (5.90 + 2.70 L-m>-day™') and winter (5.64 + 1.94
L-m2-day!). Kimre showed a similar seasonal behavior, with higher values in spring (11.36 + 3.89
L-m2-day!) and summer (10.43 + 3.90 L-m2-day!), and lower values in autumn (6.40 £+ 3.63
L-m2-day!) and winter (6.66 + 2.98 L-m2-day!).

Seasonal differences were statistically significant for both meshes according to the Kruskal—
Wallis test. For Raschel 35%, the test yielded H = 10.34 and p = 0.0159, while for Kimre it yielded
H = 1798 and p = 0.0004. These results indicate that fog-water collection varied significantly
throughout the year, with the highest values generally observed during spring and summer and the
lowest values toward late autumn and early winter.

Summer Autumn Winter Spring Summer

—e— Raschel
14 4 —e— Kimre

12 A

10 4

Monthly mean collection (2020-2025)
L-m-Z - day 1)
ow

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nowv Dec
Month

Fig. 4. Monthly mean daily fog-water collection for Raschel 35% double-layer and Kimre meshes during
2020-2025. Austral seasons are indicated above the monthly axis.

The seasonal pattern observed in Pefia Blanca is consistent with the high temporal variability of
coastal fog systems in semi-arid Chile and with the seasonality documented in Standard Fog Collector
measurements (Klemm et al., 2012; Montecinos et al., 2018). In this case, the five-year operational
record provides site-specific evidence for a community-managed fog harvesting system, where
seasonal differences are directly relevant for water-use planning, storage capacity, maintenance
schedules, and operational management during the months of higher production (Klemm et al., 2012;
Carter et al., 2025).

This seasonal contrast indicates that fog harvesting does not provide a constant supply throughout
the year, but rather a contribution concentrated in specific temporal windows. Therefore, the seasonal
cycle of fog-water collection should be considered explicitly when evaluating the role of fog
harvesting as a complementary water source in semi-arid coastal environments.

4.4. Fog harvesting as a complementary water source

The Pefia Blanca case shows that fog harvesting can constitute a strategic complementary water
source in semi-arid coastal environments, particularly where conventional freshwater availability is
limited and local communities require diversified water practices. Its contribution should not be
understood only in terms of isolated collection volumes, but also in relation to its capacity to support
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local water management when the system is continuously monitored, maintained, and integrated into
community-based operational routines (Fessehaye et al., 2014; Qadir et al., 2021; Ait el Kadi et al,,
2024).

A central contribution of this study is that it provides original site-specific evidence from a locally
sustained operational monitoring experience in Pefia Blanca. This operational perspective is relevant
because long-term records from functioning community-managed fog harvesting systems are
necessary to understand not only collection rates, but also the practical conditions that shape their
continuity, maintenance, and performance over time.

Additionally, these findings have practical implications for the design and operation of fog
harvesting systems in semi-arid coastal environments. The higher performance observed for Kimre
suggests that mesh selection can improve fog-water collection under local operational conditions.
However, in community-managed systems, material selection should not be based only on collection
rates, but also on maintenance requirements, durability, local availability, storage capacity, and
community management capacity, particularly in long-term operational systems (Fessehaye et al.,
2014; Qadir et al., 2021; Ait el Kadi et al., 2024).

Likewise, the marked seasonal variability observed in Pefia Blanca indicates that fog harvesting
requires planning around periods of higher and lower production, rather than assuming a constant
supply throughout the year (Klemm et al., 2012; Montecinos et al., 2018; Carter et al., 2025). In this
sense, fog harvesting in Pefia Blanca should be understood as both a technical and operational
practice. Its potential contribution is shaped by the interaction between measured fog-water collection,
mesh performance, storage possibilities, maintenance routines, local monitoring capacity, and
community organization. This interpretation is consistent with recent work on Pefia Blanca that
highlights the role of collective action and territorial organization in local water practices (Di Tullio
& Zannini, 2025).

5. CONCLUSIONS

This study evaluated the operational performance of fog-water harvesting in the Pefia Blanca
Agricultural Community, semi-arid northern Chile, using five years of locally sustained monitoring
records from 2020 to 2025. The results provide original site-specific evidence from a functioning
community-managed fog harvesting system and show that standardized daily fog-water collection
varies according to mesh configuration and seasonal conditions under real operational monitoring.

The paired comparison showed that Kimre consistently outperformed Raschel 35% double-layer
mesh under the local operational conditions analyzed. This difference was statistically significant in
both parametric and non-parametric tests and represented an average relative advantage of
approximately 25% in favor of Kimre. The precipitation-based sensitivity analysis reinforced this
pattern: after excluding months with precipitation above 20 mm, Kimre maintained a relative
advantage of 25.0%, and the advantage also persisted under dry or negligible-precipitation conditions,
reaching 27.4%. In addition, the correlation analyses showed no positive association between monthly
precipitation and fog-water collection. These findings indicate that the observed difference between
meshes was robust across the evaluated monthly precipitation subsets and support the relevance of
mesh selection for improving collector performance under community-based operational conditions.

Fog-water collection in Pefia Blanca also showed marked seasonal variability, with higher values
during spring and summer and lower values toward autumn and winter. This seasonal pattern indicates
that fog harvesting should not be understood as a uniform supply throughout the year, but rather as a
complementary contribution concentrated in specific production windows. Therefore, storage
capacity, maintenance schedules, water-use planning, and local management routines are essential for
sustaining its contribution over time.

The Pefia Blanca case demonstrates that fog harvesting can constitute a strategic complementary
water source in semi-arid coastal environments when its technical performance is evaluated together
with long-term monitoring, seasonal variability, and local operational conditions. The study highlights
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that mesh selection, sustained data collection, seasonal planning, and local institutional and
community capacity are key dimensions for improving the design, assessment, and continuity of fog
harvesting systems under real field conditions.
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ABSTRACT

The real-time analysis of Global Navigation Satellite System (GNSS) integrity information is a
precious requirement for the enhancement of safety in coastal navigation. At the same time the spread
of open-source WebGIS technologies and low-cost Internet of Things (IoT) hardware equipment
opened new scenarios for dynamic analyses into geospatial web visualization platforms. The focus of
the paper is addressed on the generation of a low-cost WebGIS visualization platform for the real-time
analysis of the GNSS integrity information during coastal navigation of ships. The framework is
composed of a WebGIS platform connected with a computation module inside Anaconda Python
platform, that real-time analyzes the GNSS integrity from a low cost GNSS IoT receiver. This
application can be useful for improving the safety of navigation and the effectiveness of rescue
operations at sea. The use of JavaScript opensource libraries and Python language and low-cost
smartphone sensors allowed us to produce a low-cost digital twinning solution for the improvement of
safeness in coastal navigation, available for municipalities and private companies. Future
improvements may consider the integration of further modules that can optimize the quality of integrity
calculation and the extension of the application offshore.

Keywords: GNSS; integrity; WebGIS; loT; Coastal navigation; Opensource.

1. INTRODUCTION

Safety in maritime navigation is a sensitive issue, and accurate and reliable positioning has a key
role in maintaining and increasing it. IMO (International Maritime Organization) specifies the
performance requirements that a radio-navigation system must meet (IMO, 2011). The requirements
are expressed in terms of accuracy, integrity, availability and continuity, and refer to different
navigation phases, i.e. in ocean waters and in harbor entrance, harbor approaches, and coastal waters;
of course, according to the cases, the requirements are more stringent. In this scenario, the integration
of artificial intelligence and automation allowed the navigation of Maritime Autonomous Surface
Ships (MASS) refining collision-avoidance navigation (Zhang et al., 2021).

Global Navigation Satellite System (GNSS) are navigation systems based on constellations of
artificial satellites and are able to provide Position, Velocity and Timing (PVT) to a potentially endless
number of users, worldwide and in all weather conditions (Kaplan & Hegarty, 2017). GNSS includes
four systems: GPS, Glonass, Galileo and BeiDou (Jin et al., 2024). They are very similar to each
other, and they are conceived to be compatible and interoperable.

GNSS are currently used in many fields, in terrestrial, air and maritime context, for technical,
business or personal applications (Hassien et al., 2024). In maritime, the required performance of
GNSS is detailed in (IMO, 2001), also in this case expressed in terms of accuracy, integrity,
availability and continuity. Accuracy is the degree of conformance between the estimated or measured
parameters of a craft at a given time and its true parameters at that time.
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Integrity is the ability to provide users with warnings within a specified time when the system
should not be used for navigation. Availability is the percentage of time that an aid, or system of aids,
is performing a required function under stated conditions; availability consists in signal availability,
i.e. availability of a radio signal in a specified coverage area, and system availability, i.e. availability
of a system to a user. Continuity is the probability that having a fault-free receiver, a user will be able
to determine position with specified accuracy and to monitor the integrity of the determined position
over the (short) time interval applicable for a particular operation within a limited part of the coverage
area.

The most critical requirement for GNSS concerns the integrity; indeed, GNSSs are not able to
deliver information about the integrity of the provided data. This shortcoming is particularly felt in
safety-of-life applications such as aviation, and precisely in this context there was the development
of augmentation systems which can fill the GNSS gaps. To provide integrity in the aviation context,
three augmentation systems have been developed: Aircraft-Based Augmentation System (ABAS),
Satellite-Based Augmentation System (SBAS) and Ground-Based Augmentation System (GBAS).

SBAS and GBAS need complex space and/or terrestrial infrastructures, such as GNSS reference
stations at ground and additional artificial satellites; on the other hand, ABAS only uses information
available onboard. Although the augmentation systems have been developed to meet the stringent
integrity requirements of civil aviation, they have been successfully adapted to work in other contexts
such as maritime or urban applications.

Two ABAS implementations are possible: Receiver Autonomous Integrity Monitoring (RAIM)
and Aircraft Autonomous Integrity Monitoring (AAIM).

RAIM is based only on GNSS measurements, while in AAIM, GNSS measurements are merged
with other onboard available sources, such as compass, inertial sensors, altimeters or clocks.

RAIM can provide a valuable contribution to safety in maritime navigation; indeed, RAIM is
able to detect the presence of anomalous measurements, often referred to as blunders or outliers,
alerting the user about the reliability of the PVT solution provided by the GNSS (Sturza, 1988; Brown,
1996; Brown & Chin, 1997). RAIM can detect anomalous solutions and also identify outliers, in order
to reject them, allowing improvements in accuracy and a continuous positioning service. RAIM
techniques consist of checking the self-consistency of redundant measurements; an inconsistency
among the measurements indicates the presence on anomalous measurements. The use of multiple
GNSS systems increases noticeably redundancy, in turn improving the RAIM ability of identifying
anomalous measurements. RAIM techniques are finally able to provide Protection Levels (PLs),
which define a region of the space containing the true position of the receiver with a fixed probability.
PLs are compared with suitable threshold values, called Alarm Limits (ALs), defined in accordance
with the considered application; in case PL exceeds AL, the GNSS solution is considered not reliable
by RAIM.

RAIM was developed for aviation, but subsequently its performance has been largely analyzed
outside the aviation context; for instance, in (Kuusniemi et al., 2004; Kuusniemi et al., 2007; Castaldo
et al., 2014; Angrisano et al., 2013) RAIM is profitably applied to signal-degraded scenarios. Also in
maritime domain, RAIM has been applied, demonstrating good results (Mink, 2016; Zalewski, 2019;
Porretta et al., 2016, Gaglione et al., 2017). In maritime navigation, ad hoc RAIM algorithms should
be used considering the context concerned. In particular, it should be considered that maritime
navigation is mainly carried out in a good visibility scenario with a good amount of available GNSS
satellites; this allows a satisfying redundancy, favorable for RAIM applications. The anomalous
measurements, in this context, are mainly related to multipath from sea or, more rarely, to anomalies
in the satellite clock or ephemeris; it is possible setting consequently the RAIM parameters, such as
the probability of false alarm and of missed detection, or the a priori uncertainties of the
measurements.

In maritime navigation, GNSS supported by RAIM can provide great benefits to the safety
aspects, mainly because RAIM provides the PL, which define the boundaries of a volume surrounding
the ship, where the ship itself is, with known probability; this information can be used by the
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authorities for the traffic management or by the ship commander for improving the separation among
the ships, increasing safety and optimizing the traffic.

Considering the possibility of sharing geospatial information, the diffusion of Geographic
Information Systems (GIS) and their web applications (WebGIS) allowed specialists to store,
visualize and manage combinations of raster and vectorial geometric dataset and semantic information
(Van Oosterom et al., 2002). In this way, the spread of geospatial information on the web through the
development of WebGIS, diffusing this kind of application in numerous fields of research, has
enabled the management of geospatial data in various fields of application including the management
of urban transportation infrastructures (Santoso et al., 2019), the analysis of air pollution (Yakubailik
et al., 2018), monitoring of forest damage (Piragnolo et al., 2021), improvement of energy efficiency
in urban areas (Amado et al., 2018), valorization of touristic cultural heritage itineraries (Scianna et
al., 2021), acoustic mapping of the vehicular traffic (Dardanelli et al., 2017), etc.

Considering this scenario, the parallel spread of low-cost sensor applications in electronics, based
on [oT technologies, offered a fundamental contribution to WebGIS applications, introducing the
possibility of making real-time spatial data analysis, processing the IoT acquisitions into WebGIS
structures (Congiu et al., 2023; D’Ippolito et al., 2026). The IoT integration inside WebGIS structures
opened new possibilities related to territorial analysis in many fields of research: localization of power
plants related to renewable energy solutions (La Guardia & D’Ippolito, 2024), spatial and temporal
WebGIS visualization of water quality (Balla et al., 2022), visualization of seismic risk in
infrastructures (Mazzei & Quaroni, 2022), real-time dispatching and control of power grids (He et al.,
2021). The possibility of obtaining real-time data acquisition from the real environment using low-
cost IoT solutions offered specialists the opportunity to expand the research on Digital Twin (DT)
applications, where the geospatial representation integrates the real-time behavior of the visualized
system (Tomko & Winter, 2018). The idea of DT started in the field of robotics and automation
engineering some decades ago and considers the development of a replica of a real model, that allows
to control the behavior of its counterpart in real-time (Singh et al., 2021). This concept was recently
applied to territorial analysis fields, creating the Urban Digital Twins (UDT), where the real-time
analysis is processed in GIS (Weil et al., 2023). Furthermore, though the Geospatial Science presence
in DT is not explicit, a considerable percentage of DT case studies contain elements of Geospatial
discipline (Metcalfe et al., 2024).

The evolution of UDT applications generated the new concept of City Information Models (CIM)
(Xue et al., 2021) extending the spread of to digital twin cities (Deng et al., 2021; Martella et al.,
2023). The spread of CIM applications allowed experts to improve the quality of urban planning
operations, but, at the same time, led new challenges regarding the quality of data to adopt, the not
simple interoperability between different sources of dataset and the limited computing resources
(Bigorra et al., 2022). In this scenario the development of digital twinning applications developed
with opensource technology seems to be a valid strategy for a wide diffusion of these applications for
municipalities and private companies (La Guardia et al., 2024).

In maritime navigation, considering the domain of surface ships, the DT concept was introduced
in the early 2000s expressing great potential but initial slow trend of progress due to the lack of
hardware and software solutions, remote sensing technologies, satellite communication facilities and
other components not sufficiently developed at that time (Innac et al., 2021; Madusanka et al., 2023).
Recent technological advancements allowed experts to focus their interest on the development of ship
digital twinning applications finalized to autonomous navigation (Kinaci, 2023), to improve the safety
on board (Briguglio & Crupi, 2024), or to help ship operations in seaways predicting hydrodynamic
performances for the maneuvers (Lee et al., 2022). The possibility to generate realistic simulation in
a virtual environment offered by DT applications allowed to improve the safety and sustainability of
maritime operations using Autonomous Surface Vessels (ASVs) experimentations, identifying
different ranges of complexity in digital twinning functionalities (Menges, & Rasheed, 2024).

In this scenario, our experimentation is based on a low-cost digital twinning application for
coastal ship navigation finalized to the dynamic online WebGIS visualization of the horizontal PL
surrounding the ship, based on the real-time GNSS integrity analysis. The experimentation was
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performed along the coast of Messina (Italy), using a low-cost GNSS equipment, inside a smartphone
device, to acquire GNSS signals and integrating a Python module to perform real-time integrity
calculations and a WebGIS visualization system based on the open-source Leaflet libraries
(JavaScript). This solution was conceived as a DT module that can be implemented in all coastal
navigation frameworks aimed at improving the quality of navigation avoiding expensive solutions.
Preliminary approaches to this research were recently presented in (La Guardia et al., 2025).

The paper is organized as follows: Section 2 illustrates the framework of the DT application,
Section 3 describes the functionalities of the WebGIS platform, Section 4 analyzes strengths and
weaknesses of the adopted solution, and, finally, Section 5 makes an overall analysis of the work with
some indications of possible future improvements.

2. MATERIALS AND METHODS

The developed platform is based on the integration of different modules (Fig.1), real-time
connected to providing the WebGIS visualization of the protection level during navigation.
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The core of the structure is represented by the GNSS integrity computation module, that allows
us to calculate the horizontal PL on the basis of the real-time data acquired from the low cost GNSS
equipment that caught the signal provided by satellites. The GNSS integrity computation module was
incapsulated in a Python module and connected on one side to the IoT GNSS equipment, and on the
other side to a WebGIS + database structure to provide the real-time web visualization of the
computation in a geospatial environment.

2.1. The GNSS integrity module

RAIM algorithms are able to provide PLs, defining a region of the space which includes the true
receiver position with a fixed probability; in particular, HPL is the radius of a circle, which contains
the true horizontal position with defined probabilities of false alert and missed detection. The most
widespread computation of HPL from RAIM is detailed in (Brown & Chin, 1997), where HPL
expression is:

HPL = MDB * Slope, 4

MDB is the minimum detectable bias and depends on the probabilities of false alarm and missed
detection, on the measurement redundancy (i.e. the difference between number of measurements and
unknowns), and on the measurement uncertainty.

The “slope” is defined as the ratio between the horizontal position error and the magnitude of the
residuals, assuming the absence of noise and the presence of a bias affecting only one measurement.
Slope,qy 1s the maximum slope and it is associated with the most insidious measurement, for which
a low residual corresponds to a large position error. Such parameter depends only on the design matrix
of the equations system, in turn related to the receiver-satellites geometry.

The design matrix can be expressed in terms of elevation and azimuth of the satellites with respect
to receiver; naming El; and Az; respectively the elevation and the azimuth of the i*" satellite, the
design matrix H can be expressed as:

H =|—cosEl;xsinAz; —cosEl;xcosAz; —sinEl; 1

The size of matrix H is mx4, with m number of available satellites and 4 number of unknowns
in GPS-only case.

2.2. The structure of the real-time WebGIS platform

The developed framework was based on the integration of a low-cost GNSS acquisition device,
a Python-based integrity computation module, a PostgreSQL database, and a WebGIS visualization
environment (Fig.2). Unlike the preliminary prototype based on a dedicated Mini NEO-6M GNSS
board, the experimental campaign presented in this paper employed a commercial Android
smartphone acting as a multi-constellation GNSS receiver.

The smartphone used during the experiment was a Xiaomi 11T device running Android 15. The
embedded GNSS chipset was able to simultaneously track signals from multiple satellite
constellations, including GPS, Galileo, GLONASS, and BeiDou. The developed platform allowed us
to export in real-time GNSS observations using the open-source application GPS NMEA Tether,
which allowed the transmission of National Marine Electronics Association (NMEA) messages from
the smartphone to the processing workstation through a local Bluetooth Serial Port Profile (SPP)
connection.

The transmitted NMEA stream included standard GNSS sentences such as GGA, RMC, GSA
and GSV. These messages provided real-time information about receiver coordinates, satellite
geometry, signal quality indicators and satellite visibility. The communication between the
smartphone and the workstation was established through a local wireless network, avoiding the need
for dedicated GNSS hardware interfaces.
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The integrity computation module was executed within an Anaconda Python environment
running on a Windows 11 Pro workstation equipped with an 11th Generation Intel® Core™ i7-
1185G7 processor operating at 3.00 GHz, 32 GB of RAM, a 4 GB graphics card, and a 954 GB SSD
storage unit. The module continuously received NMEA observations from the smartphone, extracted
the information required for the integrity analysis, and computed the Horizontal Protection Level
(HPL) at a frequency of 1 Hz. Flask open-source libraries were employed to expose the integrity
results through JavaScript Object Notation (JSON) services, while the psycopg2 adapter was used to
store historical observations within a PostgreSQL database.

The processing workstation communicated with an Apache web server hosting the WebGIS
visualization environment. The WebGIS interface was developed using Leaflet open-source
JavaScript libraries and was designed to provide real-time visualization of the vessel position and the
associated Horizontal Protection Level. The HPL was represented as a circle centred on the vessel
position, while historical observations were stored and queried from PostgreSQL.

The complete architecture was entirely based on open-source technologies, including Android 15
GNSS utilities, GPS NMEA Tether 1.1.0, Python 3.12, Flask 3.1.3, PostgreSQL 18.1, Apache Web
Server 2.0, and Leaflet 1.9.4 libraries. This approach allowed the development of a low-cost digital
twinning framework suitable for real-time coastal navigation monitoring without requiring
professional maritime GNSS infrastructures.

2.3. Experimental dataset

A real-world navigation experiment was conducted to evaluate the operational capabilities of the
proposed GNSS integrity framework. The test was performed aboard a ferry operating along the Strait
of Messina. During the navigation, GNSS observations were continuously acquired using the Android
smartphone described in Section 2.2. The system allowed the real-time transmission of NMEA
information to the integrity computation module through the GPS NMEA Tether application.

The acquisition system generated standard NMEA 0183 messages, including GGA, RMC, GSA,
and GSV sentences, at a nominal frequency of 1 Hz. The resulting NMEA stream was processed in
real-time by the Python-based integrity module and simultaneously stored within the PostgreSQL
database for subsequent analyses. The experiment produced 1,877 valid GNSS epochs collected over
a period of 31 minutes and 17 seconds. The navigation scenario included both harbour manoeuvres
and open-water navigation conditions, providing a representative dataset for evaluating the behaviour
of the proposed integrity framework under realistic maritime operational conditions.

Table 1 summarizes the main characteristics of the experimental dataset used for the validation
of the proposed architecture.

Table 1.
The experimental navigation dataset.
Parameter Value
Navigation scenario ferry navigation
Acquisition date 18 June 2026
Acquisition duration 31min17s
Acquisition frequency 1 Hz
Valid GNSS epochs 1,877
GNSS receiver Android smartphone (Xiaomi 11T)
Android version Android 15
Data transmission Bluetooth SPP connection
Transmission software GPS NMEA Tether
NMEA protocol NMEA 0183
Available messages GGA, RMC, GSA, GSV
Processing platform Python (Anaconda) on Windows 11
Database PostgreSQL
WebGIS framework Leaflet
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3. RESULTS

The functionalities of the proposed platform were validated through a real-world maritime
navigation experiment conducted aboard a ferry operating between Villa San Giovanni and Messina
(Italy). During the navigation, GNSS observations, acquired by an Android smartphone, were
transmitted and the platform enabled the dynamic Bluetooth SPP connection to the integrity
computation module implemented in Python within the Anaconda environment. The incoming
NMEA stream was processed at a frequency of 1 Hz, allowing the continuous computation of the
Horizontal Protection Level (HPL), satellite geometry indicators, and navigation quality parameters.

The processed information was remotely visualized through a WebGIS platform developed using
Leaflet JavaScript libraries (Fig. 3).

The interface provided a real-time representation of the vessel position together with the
associated protection level. The current HPL was displayed as a circle centred on the vessel position,
whose radius was dynamically updated according to the integrity computation results. In addition, the
platform continuously generated and displayed the complete navigation trajectory, allowing users to
monitor both the current position and the historical evolution of the route.

The WebGIS interface was further enhanced by integrating real-time quality indicators derived
from the GNSS observations. In particular, the Horizontal Dilution of Precision (HDOP), Position
Dilution of Precision (PDOP), number of available satellites, and HPL values were continuously
updated during the navigation and made available to the end user. This information provided an
immediate assessment of both positioning geometry and navigation integrity conditions.

Simultaneously, all observations and integrity indicators were archived within a PostgreSQL
database. The historical acquisition component enabled the visualization and retrieval of previously
processed observations, supporting post-processing analyses and integrity performance assessment.
The complete acquisition-processing-storage-visualization chain operated continuously throughout
the experiment, demonstrating the capability of the proposed architecture to support dynamic integrity
monitoring under actual maritime navigation conditions.

The map was automatically centred on the vessel position according to the update frequency of
the navigation solution, allowing continuous visualization of the navigation scenario. The flexibility
of the Leaflet environment also enables the future integration of additional geospatial layers and
external geospatial services, including OGC-compliant Web Map Services (WMS) and Digital Twin
components. The adoption of exclusively open-source technologies allowed the implementation of
the complete framework without licensing costs, improving its reproducibility and facilitating future
developments for low-cost maritime navigation monitoring applications.

The proposed framework was evaluated through a real-world navigation experiment conducted
aboard a ferry operating between Villa San Giovanni and Messina. Fig. 4 reports the temporal
evolution of the Horizontal Protection Level (HPL), Horizontal Dilution of Precision (HDOP), and
Position Dilution of Precision (PDOP) computed from the acquired NMEA observations. The HPL
values were derived according to the RAIM-inspired methodology described in Section 2, based on
the SLOPE parameter computed from the satellite geometry matrix and the adopted pseudorange
standard deviation.

The obtained results highlight the overall stability of the GNSS geometry during the entire
navigation experiment. HDOP values remained consistently below 1.0, with an average value close
to 0.5, while PDOP values were generally lower than 1.5. Such indicators denote favourable satellite
visibility conditions and a well-conditioned positioning geometry throughout the navigation route.

The computed HPL exhibited limited fluctuations along the trajectory, with average values of
approximately 35 m and maximum peaks below 85 m. The observed variations were mainly
associated with changes in satellite geometry related to modifications in constellation visibility
occurring during different phases of the navigation. Nevertheless, no significant degradation of
integrity performance was detected, and the HPL remained within a relatively narrow operational
range for the entire duration of the experiment.
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4. DISCUSSION

The real-time tracking of ships using GNSS and WebGIS together represents useful technology
for the real-time monitoring of boating activities (Yen et al., 2009). Recent applications considered
also the integration of low-cost bathymetric acquisition to extract ship motion data and correct depths
in dynamic shallow water systems (Bio et al., 2020). In our case, the proposed solution integrates the
real-time visualization of the horizontal protection level, which contains the estimated horizontal
position of the ship, into a WebGIS platform.

The entire structure is developed using low-cost GNSS hardware equipment and open-source
software solutions to provide an instrument widely suitable for municipalities and private companies.
Although the proposed framework demonstrated stable behaviour during the real navigation
experiment, the validation presented in this work was intentionally focused on assessing the feasibility
of the complete real-time integrity monitoring architecture rather than on benchmarking positioning
performance against professional maritime GNSS equipment. A comparison with geodetic-grade or
certified maritime GNSS receivers would allow a more rigorous assessment of both positioning
accuracy and the computed Horizontal Protection Level (HPL). Such an experimental campaign was
outside the scope of the present work due to the unavailability of professional reference
instrumentation during the navigation tests. Nevertheless, the developed platform has been
specifically designed to be hardware-independent, making future comparative experiments with
professional GNSS receivers straightforward without requiring modifications to the integrity
computation or WebGIS architecture.

Considering the economic impact of the framework, the costs are limited to the low cost GNSS
receiver. In fact, the platform employs only open-source technology compliant with Windows, Linux,
and macOS (Apple), using the Anaconda platform for Python computation, the PostgreSQL database
for the storage of position information, and Leaflet JavaScript libraries for the WebGIS design.

If on the one hand the opensource nature of the platform allows the spread of the application, on
the other hand it requires programming skills for developing and integrating the different modules
that compose its structure (low cost GNSS module, Integrity computation module, Database, real-
time WebGIS visualization). Another challenge is the limitation of use to coastal navigation due to
the need for data transmission over the 4G network between the integrity calculation module and the
WebGIS+database structure.

However, it is necessary to underline that this kind of application is very useful for coastal
navigation due to the intensive traffic of ships that characterizes the harbors and their neighborhoods
where a valid integrity computation can be precious especially in adverse weather conditions.

Similar recent experimentations were considered for the development of vehicle live tracking
systems for public transport in urban areas (Amer et al., 2024), or for real-time metro rail localization
(Aggarwal et al., 2023) allowing a WebGIS real-time visualization of GPS integrity location data
based on Flutter Google open-source framework. These solutions are compliant with iOS and Android
platforms and represent a valid possibility if we want the implementation of the platform in a mobile
application instead of a web browser navigation.

An interesting aspect emerging from the analysis is the correspondence between local increases
in HDOP/PDOP and the occurrence of higher HPL values. This behaviour is consistent with the
adopted integrity model, since both dilution of precision indicators and protection levels are directly
influenced by the underlying satellite geometry. The results therefore confirm the capability of the
proposed framework to dynamically reflect changes in GNSS observation conditions and to provide
meaningful integrity information to the end user.

The experiment also demonstrated the operational robustness of the complete acquisition-
processing-storage-visualization chain. During the 31-minute navigation campaign, 1,877 valid
GNSS epochs were processed without interruptions, achieving continuous integrity monitoring, real-
time WebGIS dissemination, and persistent storage of all navigation observations within the
PostgreSQL database. These results validate the feasibility of employing low-cost commercial
devices and open-source software components for real-time maritime integrity monitoring
applications.
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In fact, the main contribution of this research is not limited to the implementation of a GNSS
integrity algorithm but consists in the development and validation of a complete real-time open-source
framework that seamlessly integrates GNSS acquisition, integrity computation, database
management, and WebGIS dissemination within a unified Digital Twin-oriented architecture for
maritime navigation.

5. CONCLUSIONS AND OPEN SCENARIOS

This work presented a low-cost open-source framework for real-time GNSS integrity monitoring
and WebGIS visualization designed for coastal maritime navigation. The proposed architecture
integrates commercial GNSS hardware, Python-based integrity computation, PostgreSQL data
storage, and a WebGIS dashboard developed with open-source technologies, providing a complete
acquisition-processing-storage-visualization workflow.

The experimental validation was performed during a real navigation campaign aboard a ferry
operating between Villa San Giovanni and Messina (Italy). GNSS observations were continuously
acquired using an Android smartphone and transmitted through a local Bluetooth SPP connection to
the integrity computation module. The developed framework successfully computed the Horizontal
Protection Level (HPL) at a frequency of 1 Hz while simultaneously storing all observations within a
PostgreSQL database and publishing the integrity information through the WebGIS interface. The
experimental results demonstrated the operational stability of the proposed architecture during the
entire navigation, confirming the capability of the framework to support continuous integrity
monitoring under realistic maritime conditions.

Compared with the preliminary prototype, the developed platform provides a significantly
enhanced monitoring environment. In addition to the real-time visualization of the protection level,
the WebGIS now integrates the complete vessel trajectory together with navigation quality indicators
such as HDOP, PDOP, satellite availability, and historical integrity statistics. These functionalities
transform the WebGIS from a simple visualization interface into an operational integrity monitoring
dashboard capable of supporting both real-time situational awareness and post-processing analyses.

The exclusive adoption of open-source software components considerably reduces
implementation and maintenance costs, making the proposed solution suitable for research activities,
public administrations, and private organizations interested in developing low-cost Digital Twin
applications for maritime navigation. Although the current implementation focuses on coastal
navigation scenarios, the modular architecture allows straightforward integration with additional
geospatial services, [oT sensors, and external environmental information.

Future developments will focus on extending the integrity computation to full multi-constellation
GNSS processing, integrating additional navigation and environmental sensors, and implementing
satellite communication technologies to remove dependency on terrestrial wireless networks during
offshore navigation. Furthermore, future research will investigate the integration of predictive
integrity models and Digital Twin functionalities capable of supporting decision-making processes
through continuous monitoring and forecasting of navigation conditions.

To encourage reproducibility and further developments by the scientific community, a
demonstration  version of the developed framework is publicly available at:
https://github.com/marcellolg1987/realtime PL WebGIS analyzer.

Another promising research direction concerns interoperability with emerging geospatial IoT
standards. Although the current implementation relies on lightweight JSON services for real-time
communication, future versions of the framework will investigate the adoption of OGC SensorThings
APT to standardize the management and dissemination of GNSS observations and integrity indicators.
Such an evolution would facilitate interoperability with heterogeneous sensor networks, Digital Twin
platforms, and Smart City infrastructures, while improving scalability and compliance with
internationally recognized geospatial standards
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