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Abstract

The main scope of this PhD dissertation is to pioneer an integrated approach to flood risk
management (FRM) using advanced technologies, hydrological modelling, and Nature-
Based Solutions (NBS). The increasing frequency and severity of flooding due to climate
change and urban expansion highlight the urgent need for improved FRM strategies. This
research develops and implements a comprehensive framework to enhance FRM, focusing
on vulnerable regions like the Sarantapotamos River basin in West Attica. By addressing
critical aspects of FRM, it aims to mitigate recurrent flooding and its threats to public safety,
infrastructure, and the environment. This approach is divided into three main sections.
The first section introduces an innovative methodology for identifying optimal sites for
hydrometric and hydrometeorological stations using GIS-based multicriteria decision-
making (MCDM) analysis. This methodology is applied to a case study in the
Sarantapotamos River basin, a region highly prone to flooding, especially in areas like
Mandra. The region requires a comprehensive streamflow data collection system and a
network of hydrometeorological stations to provide timely flood warnings essential for
public safety and socioeconomic stability. The aim is to build a robust database for water
resource management and ecosystem protection. Key objectives include employing a GIS-
based MCDM approach to design the hydrometric-hydrometeorological network and
evaluate site suitability. Two different weighting calculation methods and various criteria
for hydrometric station placement are explored, highlighting the approach's adaptability.
Additionally, it examines how these criteria and weighting methods impact the selection of
suitable locations for station installation. Emphasising a GIS-based strategy for site
assessment addresses a significant gap in flood management research, where monitoring
site selection often needs a systematic, data-driven methodology.

After setting up these monitoring stations, the next phase builds upon the data collected
from these strategically located stations, concentrating on creating a Geomorphological Unit
Hydrograph (GUH) customised for ungauged basins. The second section introduces an
innovative hydrological modelling approach for Greece by developing GUHs tailored for
ungauged basins. This method uses geomorphological metrics to create precise
relationships for hydrological assessments in data-sparse regions. It addresses the
challenges of limited data availability by combining the time-area diagram method with
validation regression analysis, providing a deep understanding of hydrograph features and
their correlation with geomorphological parameters. Improving the applicability and
accessibility of GUHSs, especially in areas with scarce hydrological data, offers significant

potential for flood management and hydrological predictions.
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The third section focuses on implementing two Nature-Based Solutions (NBS), specifically
land cover change and construction of retention ponds, in the Sarantapotamos River basin
upstream of the Magoula settlement. It evaluates NBS effectiveness by analysing flood
hydrographs at the basin outlet under present and future climate scenarios. This analysis is
crucial for assessing NBS performance, efficiency, resilience, and adaptability under
different climate conditions. The hydrological analysis for this phase depends on data
obtained from both the hydrometeorological stations and the improved GUHs. Converting
rainfall data into runoff models produces flood hydrographs that are crucial for
comprehending and mitigating flood risks. By comparing pre- and post-NBS conditions, the
section provides insights into their efficacy in enhancing flood resilience and mitigating
hazards to local populations and environments. The findings aim to guide decision-makers
in selecting and implementing suitable NBS measures to reduce future flood impacts.
Additionally, the section explores land cover change as an NBS in areas affected by the
catastrophic fire in North Evia in August 2021, examining alterations across five watersheds.
By investigating land cover modifications and NBS deployment in Northern Evia post-fire,
this case study contributes to hydrological modelling and environmental stewardship,
offering practical strategies for addressing hydrological changes induced by wildfires.

The proposed methodological framework introduces a scalable and efficient approach for
FRM, addressing challenges in vulnerable areas like the Sarantapotamos River basin. It
integrates technological innovations, hydrological modelling, and sustainable
environmental strategies to tackle climate change impacts and limited data availability. This
comprehensive approach emphasises the seamless integration of data collection,
hydrological modelling, and sustainable flood mitigation strategies. Leveraging data from
monitoring stations and refined GUHSs, the framework generates flood hydrographs
essential for understanding and managing flood risks. The research aims to bridge the gap
between traditional flood management practices and innovative solutions for climate
change adaptation. The holistic framework can be scaled and customised to suit the needs
of different regions, contributing to more effective and resilient flood risk management

worldwide.

Keywords: Floods; Flood risk management (FRM); Nature-Based Solutions (NBS); climate
change; GIS; Multicriteria decision making (MCDM) analysis; Hydrometric stations;
Hydrometeorological stations; Geomorphological Unit Hydrograph (GUH); ungauged
basins; geomorphological metrics; time-area diagram method; validation regression
analysis; Land cover change; Construction of retention ponds; West Attica; Sarantapotamos;

Magoula; North Evia
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Extended Abstract

Introduction

Floods are recognised as one of the most severe natural disasters globally, particularly
affecting regions like the Mediterranean due to unique geographical and climatic
conditions. These events, exacerbated by climate change and urban expansion, pose
significant risks to life, infrastructure, and economies. Historical data and recent
catastrophic events, such as the floods in Mandra in 2017 and the broader Greek territory
like the 2020 Ianos flooding, illustrate such disasters' escalating frequency and intensity. The
economic impact is profound, with floods in Europe between 1980 and 2017 costing
approximately 166 billion euros (Ciabatti et al. 2018).

Following severe floods in Central Europe and southern France in 2002, the European Union
(EU) enacted Directive 2007/60/EC, known as the Floods Directive. This directive aims to
assess and manage flood risks across the EU to protect human health, economic activities,
the environment, and cultural heritage. It requires the identification of high-risk areas and
the development of collaborative Flood Risk Management Plans (FRMPs) for river basins
and coastal regions.

In 2020, floods emerged as the predominant form of disaster on a global scale, comprising
62% of all reported incidents (Peng et al. 2024). The complexity of flood origins—from
intense rainfall and rapid snowmelt to infrastructural failures—necessitates innovative
approaches in flood risk management (FRM), transitioning from traditional strategies to
more advanced hydrological models. Recent studies and reports indicate that floods are
becoming the predominant form of global disaster, with climate change as a key driver in
increasing both the frequency and severity of these events. The Intergovernmental Panel on
Climate Change (IPCC) predicts this trend will continue, with significant implications for
weather patterns and flood risk across Europe (Allegri et al. 2024). The multifaceted origins
of floods—including intense rainfall, rapid snowmelt, and the failure of artificial
structures—demand a robust and multidisciplinary approach to FRM that addresses
immediate risks and builds long-term resilience. FRM integrates technical, strategic, and
administrative measures at various scales to mitigate flood impacts and enhance societal
resilience, aligning with European legislation. This approach emphasises comprehensive
planning, risk assessment, and Nature-Based Solutions (NBS), as well as promoting
community engagement, early warning systems, and sustainable land use to boost flood
resilience.

The effective and equitable management of water resources, as well as the protection from

flood-related challenges, are heavily reliant on meticulously designed hydrometeorological
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and hydrometric networks. These networks are not just tools, but the backbone of our work,
collecting reliable and detailed data fundamental to hydrological models and river flow
simulations, which are essential for water resource management (Theochari et al. 2021).
Since the 1970s, there has been a significant interest in developing precise
hydrometeorological networks that integrate both types of stations to support diverse
management objectives (Mishra and Coulibaly 2009). A variety of techniques have been
developed over the years to optimise these networks according to specific goals (Rodda et
al. 1969; Fujioka 1986; Sestak 1989; Moss and Tasker 1991; Shepherd et al. 2004; Barca et al.
2008; Baltas and Mimikou 2009; Hong et al. 2016; Kemeridis et al. 2017; Feloni et al. 2018;
Theochari et al. 2019; Nguyen et al. 2021; Theochari et al. 2021; Mazi et al 2023; Liu et al 2023;
Brunet and Milbrandt 2023; Singhal et al. 2024; Suri and Azad 2024). The World
Meteorological Organization (WMO) has extensively studied the advancement and
application of technologies for these purposes (WMO 2008b; 2010). Geographic Information
Systems (GIS) are vital in optimizing network design, managing spatial data, analysing it,
adding thematic layers, and mapping river basins and stream networks efficiently (Baltas
and Mimikou 2009; Maidment 2002).

Advancing the need for innovative methodologies, the development of the
Geomorphological Unit Hydrograph (GUH) has not just improved but revolutionized the
capability to predict and manage floods, particularly in ungauged basins where
conventional data might be sparse. GUHs, by utilizing geomorphological metrics to
establish relationships between the physical characteristics of a basin and its hydrological
response, enable precise predictions of flood events in regions lacking extensive
hydrological data. This methodology is not just a tool, but a game-changer, capitalising on
the integration of geomorphological and hydrological data to enhance the accuracy and
reliability of flood forecasting models. By employing techniques that consider basin shape,
relief ratios, and other geomorphological parameters, GUHs provide a valuable tool for
understanding and managing hydrological processes in diverse geographical settings
(Theochari et al. 2021). Such models are not just crucial, but a necessity for regions like
Greece, where varying climatic and topographical conditions across different hydrological
basins necessitate tailored approaches to water resource management and flood risk
mitigation. The integration of GUH models into FRM practices signifies not just a change,
but a significant transformation towards a more resilient and proactive approach to
addressing natural hazards in ungauged basins.

The application of NBS in FRM represents a significant shift towards sustainable and
environmentally friendly approaches to mitigating the impacts of floods. NBS helps manage
flood risks, enhances biodiversity, and provides additional ecological benefits. These

solutions are increasingly recognised for their effectiveness in reducing flood risks and
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contributing to the resilience of ecosystems and communities against climate change
impacts (Directive 2007/60/EC). Integrating NBS with traditional engineering solutions can
achieve a more holistic and sustainable approach to flood management. This is particularly
relevant in the context of European legislation and international environmental policies that
promote green infrastructure and sustainable land use practices to combat flooding.
Acknowledging the importance of NBS in water management, the European Water
Association has highlighted their critical role in tackling climate change challenges
throughout Europe (Beceiro et al., 2022). The global importance of NBS is increasingly
recognised, with numerous European initiatives exploring NBS for climate change
adaptation and disaster risk reduction under programs like Horizon 2020. NBS are also
integral to several European Commission policies, including the Water Framework and
Floods Directives, which focus on climate change mitigation and adaptation. In December
2014, Greece initiated a national adaptation strategy to align with EU climate priorities. This
evolved into Law 4936/2022, enacted in May 2022, which outlines Greece's transition to
climate neutrality by 2050, setting interim targets for 2030 and 2040 and establishing a
carbon budget mechanism to reduce emissions in key sectors like energy, construction, and
transport.

The main goal of this PhD dissertation is to develop and implement a comprehensive
methodological framework to enhance FRM strategies, mainly focusing on the
Sarantapotamos River basin in West Attica. This region, known for its vulnerability to
recurring flooding events, requires innovative approaches to mitigate risks and protect
public safety, infrastructure, and the environment. The research questions this dissertation
aims to answer are structured into three main sections. The first concern: Can optimal
hydrometric-hydrometeorological station network design through GIS techniques be achieved
without on-site evaluation? The second question concerns the following: What is the significance
of establishing empirical relationships between geomorphological metrics and GIUH attributes in
enhancing the applicability of hydrological models for FRM in ungauged basins? The third question
concerns: What role does NBS play in mitigating flood risks, and how can its effectiveness be
quantitatively assessed within an integrated FRM strategy? To effectively answer these research
questions, the research encompasses various phases, each addressing critical aspects of FRM
through the integration of innovative methodologies and advanced hydrological models.
The dissertation is organised into five main chapters to explore and address these issues
thoroughly. Chapter 1 sets the stage with an introduction and literature review of FRM,
discussing the design of hydrometric-hydrometeorological networks, the development of
GUHs, and the implementation of NBS. Chapter 2 details the study area's geomorphological
and hydrometeorological conditions, focusing on the data used for the research. Chapter 3

outlines the methodological framework employed, describing the design of the station
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network, the development of GUHs, and the analysis of NBS implementation. Chapter 4
presents the results and discussions derived from the methodologies applied, providing
insights into the effectiveness of the proposed FRM strategies. Finally, Chapter 5 concludes
the thesis by summarising the findings, addressing the research questions, and suggesting

directions for future research.

Study Area and Data Used

This dissertation explores the Sarantapotamos river basin in West Attica, contrasting its
natural and industrial environments with the urban intensity of Central Athens. Spanning
341 km?, including Mandra-Eidyllia, Elefsina, and Tanagra, it is a crucial hydrological
catchment—the Sarantapotamos River, enhanced by tributaries like Saint Vlassis,
Ksirorema, and Grant Katerini. The basin supports urban areas housing 70000 residents and
contrasting rural upstream areas with scattered villages. The research also focuses on a 226
km? subbasin upstream of the Magoula settlement, outlined in Figure 1, which shows the
boundaries and location of the basins within Greece. Despite urbanisation in parts, 89.4 %
of West Attica's terrain remains natural, featuring agricultural fields, grasslands, and forests,
contrasting with Athens' urban sprawl.

The Sarantapotamos basin includes urban and industrial areas, covering about 28.15 km?
combined, with essential infrastructure such as roads and railways emphasising its role as
a hub of activity. However, the basin primarily showcases vast agricultural and forested
areas, highlighting its rural character and biodiversity. These regions support a variety of
crops and traditional farming, which is vital for maintaining ecological balance and wildlife.
The Sarantapotamos river basin, including its upstream subbasin near Magoula, showcases
the environmental dynamics of West Attica under a Mediterranean climate. With mild
winters and hot summers, rainfall varies from 350 mm in low areas to 1000 mm in the
mountains, influencing local water patterns and occasionally causing summer flooding. The
basin and its subbasin, surrounded by mountains like Mount Pateras and Mount Parnitha,
support diverse ecosystems, from forests to shrublands, with typical temperatures between
17 to 19 °C (Baltas 2008). The Sarantapotamos River and its tributaries, like Saint Vlassis,
play a crucial role in the area’s hydrology and ecological diversity (Theochari and Baltas,
2024). Western Attica has faced numerous catastrophic floods, which prompted a review of
environmental management strategies and underscored the need for improved
infrastructure to prevent future disasters. Although the Sarantapotamos River basin initially
lacked a uniform monitoring network, significant flooding led to the installation of a
telemetric system with three hydrometeorological stations by NOAA's FloodHub service
(Beyond-centre 2021). This development is crucial for enhancing regional environmental

management and disaster preparedness.
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Figure 1: The Study area.

The primary datasets utilised in this research are outlined below:

Unit Hydrographs (UH) and drainage basin boundaries: This research utilises a
dataset of 14 UHs provided by the Public Power Corporation (PPC) of Greece,
covering various durations like half-hour, one-hour, and two-hour intervals. These
UHs are essential for studying hydrological behaviours in ungauged basins within
Greece. Using GIS technology, watershed boundaries were georeferenced and
digitised to ensure accurate representation in digital format. Eight of the original 14
hydrographs, standardised based on basin size, were deemed complete and suitable
for developing the GUH model.

Roughness Coefficient Data: The research focuses on the roughness coefficient, the
key for accurately calculating water velocities in hydrological models. This
coefficient integrates velocities across landscapes, considering factors like land
cover, slope, and stream order. Values were sourced from established literature,
specifically, Haan et al. 1994 and McCuen 1997, aiding in precise overland flow

velocity assessments. This detailed data handling enhances the GUH accuracy.
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Rain Gauge Datasets: This research employs rain gauge datasets from the Mandra
hydrometeorological station, utilising the Alternating Block Method to compute
design precipitation hyetographs based on standard Intensity-Duration-Frequency
(IDF) curves. For future climate scenarios—mean, upper, and lower—with a
consistent 100-year return period, revised IDF curves from Kourtis et al. 2023 are
applied to enhance modelling accuracy. These updates are critical for predicting
future flood hydrographs and evaluating NBS under different climate conditions.
The IDF data used in this research comes from the FRMPs for Greece, provided by
the Ministry of Environment, Energy and Climate Change. Table 1 presents the
specific parameters for the station and the calculated accumulative rainfall height,
H, rainfall intensity, i, time of concentration, tc, through Giandotti's formula, for the
selected duration for each scenario and return of period 100 years.

Digital Elevation Model (DEM): The cornerstone of all spatial analyses, this high-
resolution DEM obtained from the National Cadastre & Mapping Agency S.A.
served as the base layer, featuring a spatial resolution of 5 m x 5 m.

CORINE Land Cover (CLC, 2018): The URBAN Atlas 2018 dataset provides an
inventory of land cover for Europe and specifically selected urban areas.

Road Network Data: This dataset includes detailed road network information from
the OpenStreetMap (OSM) project, obtained via the Geofabrik website. It was
essential for designing the hydrometric-hydrometeorological network.

Borehole Data Layer: This layer maps borehole locations and characteristics across
the study area using data obtained from the National Register of Water Intake Points
on the Greek Ministry of Environment, Energy and Climate Change website.
Historical Flood Events Records: Compiled from the Greek Ministry of Environment
and Energy's website, this archive documents significant historical flooding events
in Greece, providing a spatial record of past floods.

Flood Vulnerable Areas: Information from a GIS-based Multi-Criteria Decision
Making (MCDM) analysis by Feloni et al. 2020 identifies flood-prone zones in the
Attica region, particularly the Sarantapotamos basin, aiding in strategic monitoring
station placements for flood risk management.

Municipal Boundaries: Derived from open-access GIS resources, such as
geodata.gov.gr, these administrative boundaries enable a focused analysis of flood
risks and management within specific municipalities.

Geological Information: Obtained from the Hellenic Geological Survey (EAGME)
website, this comprehensive dataset includes maps and data on regional geological

features crucial for studying soil composition and structural geology.
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e IDF Stations: This inventory includes IDF stations with their corresponding
parameters, developed by the Ministry of Environment, Energy, and Climate

Change for the FRMPs for Greece and available in shapefile format.

Table 1: IDF parameters of Mandra station and calculated rainfall characteristics

Station Mandra
ID 292
Elevation 258
1 0.622
IDF K 0.125
A 213.4
Parameters
P 0.641
0 0.124
Scenario Current Mean | Upper | Lower
t(h) 6.5 6.5 6.5 6.5
d(h) 24 24 24 24
T(y) 100 100 100 100
i(mm/h) 9.15 13.54 40.09 6.43
H (mm) 219.53 325.02 | 962.27 | 154.23

Methodological Framework

This dissertation presents a methodological framework for FRM in the Sarantapotamos
River basin, as shown in Figure 2. It begins with the 1) strategic placement of hydrometric-
hydrometeorological stations based on GIS-multicriteria decision analysis, focusing on
factors like flood susceptibility and environmental significance. This setup supports 2) the
development of GUH for ungauged basins, utilising geomorphological metrics to link
rainfall and runoff accurately. The framework concludes with 3) implementing NBS, such
as land cover changes and retention ponds, using data-driven hydrographs to manage flood
risks effectively. This integrated approach ensures a robust, scalable strategy for enhancing

flood resilience in vulnerable regions.
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Figure 2: Flowchart of the methodological framework towards FRM.

1. Hydrometric-Hydrometeorological station network design using GIS techniques: This
phase introduces a GIS-based MCDM methodology to identify potential sites for

hydrometric and hydrometeorological stations within the Sarantapotamos River basin.
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These stations are integral to water resources management and flood warning systems,
addressing the critical needs for accurate data collection and timely flood response.
Based on Theochari et al. 2019, 2021, the methodology employs predefined sets of
geomorphological, technical, and spatial criteria to evaluate site suitability. The main
steps of the analysis include selecting criteria for network design, normalising their
values through standardisation and classification, formulating the criteria in a GIS
environment and determining the weights for each criterion. Hydrometeorological
stations use a simplified approach where all criteria are assigned equal weights. For
hydrometric stations, the criteria weights are defined using the Analytic Hierarchy
Process (AHP) proposed by Saaty 1977, and the Fuzzy AHP (FAHP) method. This part
of the methodology allows for a detailed analysis of each site's suitability based on
specific hydrological and geographical requirements. The design criteria are formulated
within the GIS framework outlined in Theochari et al. 2019, 2021. GIS is essential for
handling spatial data from various sources and facilitating spatial decision-making
processes. The criteria are integrated and analysed using the Weighted Linear
Combination (WLC) technique to produce detailed suitability maps. The GIS-based
MCDM process pinpoints several ideal locations, selecting those with the highest final
scores (FS) for establishing the network.

Development of GUH: The methodological framework aims to advance hydrological
modelling in Greece by developing GUHs for ungauged basins. This phase leverages
geomorphological features to establish accurate hydrological assessments in data-sparse
areas. The approach includes statistical validation of UHs calculated via the time-area
diagram method, implemented using ArcPy in GIS environments. Recent advancements
in GIS tools and DEMs facilitate precise geomorphological and hydrological metric
calculations, enhancing model accuracy. The process involves integrating empirical
hydrological data from Greece's PPC and optimising channel velocity ranges to fit
observed UHs effectively. The time-area diagram method analyses hydrograph
characteristics in 70 drainage basins within the study area, totalling 100 basins. The main
goal is to calculate the UH for each basin. This method examines different hydrograph
features alongside corresponding geomorphological measurements for each basin.
These associations help establish connections between hydrograph features and
morphometric measurements, which are crucial for defining the GUH for each basin
through regression analysis. Equations expressing each hydrograph feature about the
associated morphometric parameter are then formulated based on these connections.
Validation regression analysis across 30 basins confirms the model's robustness, offering

a reliable tool for understanding hydrological behaviours in diverse watersheds. This
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innovative GUH approach addresses the challenge of limited data and improving flood
management and hydrological predictions in Greece.

3. NBS analysis: This phase focuses on implementing and analysing NBS, specifically land
cover change, construction of retention ponds, and their combinations in the
Sarantapotamos river basin upstream of the Magoula settlement in Greece. The
effectiveness of these NBS is assessed by examining flood hydrographs to determine
changes in peak discharge, volume, and flow timing under current and projected future
climate scenarios. The analysis uses IDF curves adapted from Kourtis et al. 2023 for
future climate projections. It employs the User-Specified UH method with Hydrologic
Modeling System (HEC-HMS) software for hydrological modelling. This analysis
evaluates how NBS can enhance flood resilience and adapt to varying climatic
conditions, providing critical insights into sustainable water management and flood risk
reduction. The chosen study area's significant flood history and vulnerability
underscore the importance of this innovative approach to FRM, offering valuable
guidance for environmental agencies, policymakers, and communities. During the
implementation phase, focusing on NBS for FRM, the research also investigates the
utilisation of land cover changes as an NBS in regions impacted by the severe wildfire
in Northern Evia in August 2021. It concludes alterations in land cover across five
watershed areas. By analysing changes in land cover and the adoption of NBS in
Northern Evia post-fire, this case study contributes to advancing hydrological modelling
and environmental conservation efforts, offering a pragmatic strategy for mitigating the

hydrological impacts triggered by wildfires.

Results and Discussion

Optimal hydrometric-hydrometeorological station network design

Optimal hydrometric station network design

The hydrometric station network design uses the AHP method to assign weights to criteria,
as illustrated in Table 2(a), through pairwise comparison matrices based on Saaty's 1977
scale. To address the potential subjectivity of these comparisons, an alternative scenario
using the FAHP method is shown in Table 2(b), leading to different scenario labels: “3a” for
AHP and “3b” for FAHP. FAHP includes fuzzy numbers in comparisons and suggests zero
weights for significantly less important criteria, unlike AHP, where weights are near zero
but not absolute (Ozdagoglu and Ozdagoglu 2007). Although FAHP reduces subjectivity
with linguistic values, it may not be ideal for stream-gauging network design due to
impractical increases in suggested locations requiring extensive fieldwork. In all scenarios,

the significance of topographic slopes (Wc1) underscores terrain's critical role in influencing
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water movement and hydrological data accuracy, emphasising the importance of
understanding diverse water flow dynamics.

In Scenario 1, topographical slopes (Wci) are prioritised, reflecting their critical role in
measuring runoff, where steep slopes increase flood risk and gentle ones slow the flow,
impacting network design and hydrological data accuracy. In Scenario 2, focused on flood
protection, the importance of slopes (Wci) slightly decreases but remains critical. The
emphasis shifts to the distance from flood-prone areas (Wcs), reflecting its crucial role in
flood mitigation and strategic station placement to improve flood management and
predictive capabilities. Scenario 3a shows that the weight for slopes (C1) aligns closely with
Scenario 1, emphasising topographic factors in a balanced approach. However, the weight
for distance from settlements (C4) decreases from the initial 0.060, suggesting a lesser
priority for proximity to settlements under the AHP approach compared to the initial
technical scenario. This shift indicates a change in assessment priorities. Scenario 3b,
utilising FAHP, maintains a high weight for topographic slopes (Wci) but assigns zero
weight to distances from road networks (Wc), confluences (Wcs), and settlements (Wca),
emphasising natural hydrological features and flood risk (Wcs) in decision-making.
Comparative analysis reveals that while topographic slopes consistently have the highest
weight, the emphasis on the distance from settlements varies across scenarios. This
highlights methodological differences in prioritising human-related factors and underscores
the complexity of balancing diverse objectives in station network design. Table 3 delineates
the calculated criteria weights across different scenarios for the optimal placement of

hydrometric stations.

Table 2: Pairwise comparison matrix for each scenario as cited in Theochari et al. 2019

a) Scenario 1 Scenario 2 Scenario 3 (3a)
Cl C2 C3 C4 G C1 C2 C3 ¢4 G C1 C2 C3 ¢4 G5

ci1 1 5 9 7 5 1 7 9 5 3 1 5 7 9 3

c2 15 1 3 3 3 7 1 1 17 19 15 1 3 5 1/5
¢ 19 131 3 3 19 1 1 17 19 17 13 1 3 1/7
c 17 13 1/3 1 1 15 7 7 1 13 19 1/5 13 1 1/9
C 15 13 13 1 1 13 9 9 3 1 13 5 7 9 1

b) Scenario 3 (3b)

C1 C2 C3 C4 C5

C1 1 1 1 4 5 6 6 7 8 9 9 9 2 3 4

c2 1/6 1/5 1/4 1 1 1 2 3 4 4 5 6 1/6 1/5 1/4
¢ 18 17 1/6 1/4 13 12 1 1 1 2 3 4 1/8 1/7 1/6
c 19 19 19 1/6 1/5 1/4 14 1/3 12 1 1 1 1/9 1/9 1/9
Cs 1/4 13 12 4 5 6 6 7 8 9 9 9 1 1 1
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Table 3: Criteria weights for each scenario as cited in Theochari et al. 2019

Scenario 1 Scenario 2 Scenario 3a Scenario 3b
Wa 0.566 0.474 0.476 0.565
We 0.183 0.039 0.118 0.000
Waes 0.124 0.036 0.061 0.000
Was 0.060 0.166 0.032 0.000
Wes 0.067 0.284 0.312 0.435

The hydrometric station network design utilises the WLC method, integrating weights from
AHP and FAHP to produce a single suitability score. This ensures that station placement
aligns with scenario-specific needs. Using GIS and Map Algebra, criteria are standardised
and synthesised, focusing on station placement along the Sarantapotamos basin's
mainstream. FS ranges from 0 to 1 and helps identify optimal locations using thresholds.
According to Theochari et al. 2019, locations are classified into two categories: those with FS
below 0.90 or 0.95 and those with FS above these thresholds. This method visually and
quantitatively distinguishes more suitable from less suitable sites. The number of suitable
locations varies with FS thresholds; for example, one scenario identifies only four highly
suitable sites. The FAHP approach yields more potential sites using less restrictive selection
criteria.

In the Theochari et al. 2021 study, FS values are categorised into two clusters: those with FS
below 0.90 and those with FS above this threshold. The "slopes" criterion is most critical
across scenarios, while "distance from settlements" varies in importance, being least
significant in the first and third scenarios. Conversely, "distance from the confluence with
another stream" is the least important in the second scenario, except in flood warning
systems where "distance from settlements" is crucial. All scenarios suggest the same high-
potential sites for FS values over 90%, primarily in the river's southern part. Scenario 3a
(AHP) identifies 59 high FS sites, whereas Scenario 3b (FAHP) identifies 437 due to fewer
criteria. Most suitable locations are in the southern lowlands near settlements and flood-
prone areas, except the first scenario, which favours sites along the entire river, emphasising
low slopes and proximity to roads while avoiding stream junctions. The variation in
recommended sites across scenarios highlights the impact of different datasets and criteria
on the GIS-based hydrometric station network design, underscoring the critical role of

dataset selection in influencing decision-making.
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Optimal hydrometeorological station network design

The criteria for the hydrometeorological station network in the Sarantapotamos basin
strictly define suitable and unsuitable locations for station placement. This method ensures
that only locations meeting all criteria are considered, optimising the network's
effectiveness. Formulating criteria as Boolean constraints directs the WLC process,
producing a detailed suitability map shown in Figure 3. The map divides the FS into five
equal classes from "0" to "1": "0", "0.25", "0.50", "0.75", and "1.00". The distribution across the
river basin shows 34% at FS = 0, indicating zones where station placement is prohibited; 39%
at FS=0.25;16% at FS=0.50; 7% at FS = 0.75; and 4% at the highest score of FS = 1.0, marked
in dark green to highlight optimal locations. This classification facilitates decision-making
and reflects the complexity of site identification in a dynamic river basin, emphasising the
importance of meticulous criteria selection and spatial analysis in establishing an efficient

and reliable station network.
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Figure 3: WLC among criteria for hydrometeorological station network design. Source: (Theochari
et al. 2021)

The placement of hydrometeorological stations within the Sarantapotamos basin assesses
station distribution by elevation to ensure the network is scientifically valid and cost-
effective. This process involves using a density criterion connected to elevation to calculate
the minimum necessary number of stations for effective monitoring in each elevation zone.

Based on the station density criterion related to elevation, three stations are optimally
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determined for the Sarantapotamos basin. This decision integrates suitability assessments,
Boolean constraints, and elevation considerations. Areas needing more station coverage due

to elevation are minimal, justifying the limited number of stations.

The location of optimal hydrometric-hydrometeorological stations

Figure 4 illustrates the distribution of hydrometeorological and hydrometric stations across
the Sarantapotamos basin. The proposed network includes three hydrometeorological
stations and two strategically placed hydrometric stations, ensuring detailed coverage of the
basin's hydrology. Hydrometeorological stations are positioned based on criteria to achieve
optimal density and spatial distribution across the basin, capturing a diverse range of
meteorological data essential for precise weather forecasting and climate analysis.
Meanwhile, hydrometric stations are selected for their technical precision and relevance to
the basin's flood management needs. For example, the northern station, situated along the
Oinois-Panaktou provincial road bridge, is chosen for its ability to capture flow data
unaffected by backwater effects, enhancing the quality of hydrological measurements. The
southern station, near Oinoi-Magoula road and close to Mandra and Magoula, is
consistently recognised across scenarios as a high-suitability site (FS > 0.9), strategically
crucial for enhancing flood protection efforts and acting as an early warning point for the
surrounding communities. This placement strategy integrates technical accuracy with
practical needs, ensuring the network provides comprehensive data for effective
management and mitigation strategies. The approach reflects a balance between precision
and flexibility, which is necessary for adapting to dynamic environmental conditions and

effectively managing water resources.
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Figure 4: Hydrometeorological and hydrometric station network site selection. Source: (Theochari
et al. 2021)

Development of Geomorphological Unit Hydrograph (GUH)

System Analysis of channel velocity

The system analysis delves into the influence of channel velocity on the UH using the time-
area diagram method, which produces eight distinct hydrographs to gauge model accuracy
at different velocities. The Nash-Sutcliffe Efficiency (NSE) metric, a crucial tool for assessing
model performance, is used. A line graph in Figure 5 showcases NSE values across various
velocities, playing a pivotal role in pinpointing the ideal velocity range for precise

hydrological predictions.
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Figure 5: Analysis of Nash-Sutcliffe Efficiency (NSE) comparison across different velocity ranges.
In the Metsovitiko basin, NSE values range from 0.293 to -1.647, indicating varied model
performance. The highest NSE, 0.293, occurs at a Vmax of 2 m/s, suggesting that velocities
within 0.1-2 m/s yield more accurate predictions. Similarly, in the Pramoritsa basin, NSE
values vary between 0.37 and -0.234, with the best performance being 0.37, also in the 0.1-

2.0 m/s range. In the Mouzaki basin, the model shows consistent accuracy with NSE values
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between 0.73 and 0.641, optimal at 0.1-4.0 m/s, though 0.1-2.0 m/s is also effective. The
Velventos basin displays a good fit with NSE values from 0.599 to 0.243, and in the Pyli
basin, NSE values between 0.465 and 0.561 suggest a consistently good fit at 0.1-4.0 m/s,
with positive outcomes even in the 0.1-2.0 m/s range. In the Krasopouli basin, NSE ranges
from 0.496 to -0.301, showing more favourable results at lower velocities, particularly within
0.1-2.0 m/s. The Asprorema basin's NSE varies from 0.35 to -0.117, favouring lower velocities
for better model performance. Lastly, in the Agia basin, NSE values range from 0.405 to -
4.614, with the highest at 0.405 for 0.1-2.0 m/s, indicating reasonable model accuracy at lower
velocities. However, NSE values decline sharply with higher velocities up to -4.614,
suggesting significant deterioration in model performance at faster flows. This analysis
confirms that lower velocities generally correspond to higher and more reliable NSE values
across these basins, suggesting that a velocity range of 0.1-2.0 m/s is optimal for achieving

the most accurate hydrological predictions.

Regression analysis

The investigation into 70 out of 100 drainage basins has significantly advanced our
understanding of the interplay between geomorphological metrics and hydrograph
attributes. Utilising the time-area diagram method, the UH for each basin is calculated to
explore the hydrological processes across varied terrains. Histograms summarise the
relationships between the basins' geomorphological characteristics and the features of their
hydrographs. These histograms provide insights into how different geomorphological
metrics influence hydrograph characteristics, revealing patterns and potential correlations
within the data. For instance, examining the peak discharge (Qmax) about geomorphological
metrics like Rc and FF indicates varying degrees of correlation. While Rc and FF show
dispersed histogram bars suggesting weak correlations, other metrics display more
concentrated distributions, indicating moderate correlations. This pattern varies as the
analysis extends to variables like tomax, tv, tosor, and tosor, consistently showing that variables
like Cc and Re tend to have tighter clusters, suggesting stronger correlations. Further
statistical analysis, including regression, quantifies these relationships, providing predictive
equations summarising the interactions between hydrograph attributes and
geomorphological metrics. These findings enhance the understanding of hydrological
processes, aiding in water resource management and flood risk assessment by establishing
a quantitative basis for predicting hydrograph behaviour from geomorphological

characteristics.

Validation regression analysis

The validation regression analysis is crucial, focusing on the remaining 30 basins from 100

to determine the most appropriate regression equations for predicting hydrograph
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attributes based on geomorphological metrics. This phase employs statistical measures such
as Coefficient of Determination (R?), Mean Absolute Error (MAE), and Root Mean Square
Error (RMSE) to evaluate the performance and reliability of each equation, ensuring
accurate predictions across various basin characteristics. Here is a concise summary of the
results for each regression equation derived from the analysis, focusing on the performance

metrics and the derived equations for predicting various hydrograph attributes:

T-Polynomial Model for Qmax

Equation: y = 8.6049x? + 78.275x + 6.3238 (1)
where:

y= Qmax represents the peak discharge of the UH (m?/s)

x=T is the geomorphological parameter associated with the drainage texture

Performance: This model has the lowest MAE and RMSE, indicating superior predictive

accuracy and minimal errors for peak discharge.

Cc-Linear Model for toso.
Equation: y = 0.6835x (2)

where:

y= tosoL represents the time to 50% of the rising limb of the hydrograph

x= Cc is the geomorphological parameter associated with the compactness coefficient
Performance: Offers a strong balance of high R? and low error metrics, effectively predicting

the time to 50% of the rising limb of the hydrograph.

Cc-Linear Model for tosor
Equation: y = 2.4892x (3)

where:

y= tosor represents the time to 50% of the falling limb of the hydrograph

x= Cc is the geomorphological parameter associated with the compactness coefficient
Performance: Distinguished by the lowest RMSE and MAE, suggesting excellent accuracy for
predicting the time to 50% of the falling limb.

Cc-Linear Model for torsr
Equation: y = 2.0333x 4)

where:

y= tarsr represents the time to 75% of the falling limb of the hydrograph

x= Cc is the geomorphological parameter associated with the compactness coefficient
Performance: Exhibits a high R? and the lowest RMSE and MAE, indicating predictive solid

performance for the time to 75% of the falling limb.

Cc-Linear Model for torst
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Equation: y = 0.9958x (5)
where:

y= tarsL represents the time to 75% of the rising limb of the hydrograph

x= Cc is the geomorphological parameter associated with the compactness coefficient
Performance: The best fit with the highest R? and the lowest error values, effectively

predicting the time to 75% of the rising limb.

Cc-Linear Model for tv (base time)
Equation: y = 9.0156x (6)

where:

y=to represents the base time of the hydrograph

x= Cc is the geomorphological parameter associated with the compactness coefficient
Performance: Achieves the highest R? value and the lowest errors among the models, making

it the most robust predictor for the base time of the hydrograph.

Cc-Linear Model for toma (time to peak)
Equation: y = 1.4738x (7)

where:

y= tomax represents the time to peak of the hydrograph

x= Cc is the geomorphological parameter associated with the compactness coefficient
Performance: Despite a high R?, this model maintains low MAE and RMSE, indicating reliable
predictions for the time to peak of the hydrograph.

These models are selected based on their ability to provide the most dependable predictions
across various datasets. The regression analysis shows a significant dependence on the Cc
in determining effective regression equations for various hydrograph attributes,
underscoring its crucial role in enhancing model accuracy.

The validation regression analysis emphasises the significance of residuals in evaluating the
goodness of fit for regression equations. Residuals, representing the variance between
observed and predicted values, provide crucial insights into model precision and reliability.
According to residuals analysis, for Qmax, there is a reasonable agreement between observed
and predicted values, with some variations. Residuals suggest predictive capability but with
discrepancies. Regarding tosor, good agreement is observed, with slight under-prediction for
higher values. For toso, a positive linear relationship is observed, with prediction variability.
For tos, a positive linear trend is evident, with some outliers indicating areas for
improvement. For tomax, there is a positive correlation but with some variance. For torsg, the
model captures the trend with slight overestimation. Lastly, for t», there is a positive

relationship, but predictions deviate more as t» increases. The thorough analysis of model
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evaluation metrics leads to selecting accurate regression equations, enhancing hydrograph

attribute prediction.

Analysis of Nature-based solutions (NBS)

The comparative analysis showcases the impact of NBS on flood mitigation in the
Sarantapotamos River basin, Greece. Initial findings reveal a peak discharge of 535.7 m3/s
under current climate conditions. Implementing land cover changes reduces peak discharge
to 465.8 m3/s, with a peak time delay of 20 h and a notable decrease in flood volume.
Construction of retention ponds further decreases peak discharge to 383.3 m3/s, with a peak
time accelerated to 15 h and a significant reduction in flood volume. Combining both NBS
results in a peak discharge of 318.5 m%s, indicating a 41 % reduction compared to the pre-
NBS scenario. Flood volume decreases to 99.7 hm?, corresponding to a 15.3 % reduction
compared to the baseline scenario. Notably, achieving these results requires constructing
250 retention ponds. Figure 6 visually depicts the effects of NBS on flood hydrographs,

highlighting the potential of nature-aligned measures in flood risk reduction.
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Figure 6: Flood hydrographs before and after NBS for current climate conditions

Initially, the design storm features a peak rainfall of 61.6 mm, with a cumulative depth of
219.5 mm and an intensity of 9.1 mm/h. Under the upper scenario, these figures increase,
complicating flood management, while the lower scenario shows reductions, offering a
more manageable outlook. The mean scenario reveals a peak discharge and flood volume
rise, stressing the need for NBS and climate adaptation strategies. Specifically, the upper
scenario shows a peak discharge of 4075 m3/s, a 600% increase in flood volume. The mean

scenario sees a peak discharge of 1107.4 m3/s, a 79.2% rise. The lower scenario, however,
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presents decreases in both measures. Visual comparisons in Figure 7 emphasise the value of
NBS in managing varying climate impacts on flooding. Hydrological analysis selects the
upper and mean scenarios to test NBS efficacy, exploring land cover changes and retention
ponds separately and combined. Changes in land cover reduce the peak discharge to 3945.5
m3/s, a 3.7% drop, with the peak discharge time maintained at 18 hours.
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Figure 7: Flood hydrographs for future climate conditions

Retention ponds as a NBS significantly reduce flood risks. Implementing them cuts peak
discharge to 2702.9 m®/s and shortens peak time to 14 hours, with a 75% reduction from the
initial peak. The intervention stores 29.4 hm? of water, and the overall flood volume reduces
to 797.4 hm3. To meet flood mitigation targets, 2198 retention ponds are necessary.
Combined NBS strategies further reduce peak discharge to 2567.4 m®/s. Standalone retention
ponds optimise water storage to 30.2 hm3, decreasing total flood volume by 7.2% to 767.55
hm3. Approximately 2258 ponds are needed, highlighting planning challenges in flood
management. In the mean climate scenario, peak discharge decreases to 999.8 m?/s, showing
a 9.73% reduction from 1107.4 m3/s due to effective land cover management. The time to
peak remains at 18 hours, while total flood volume drops by 9.25% to 192.1 hm?.
Implementing retention ponds reduces peak discharge to 851.7 m?s, with time to peak
shortened to 15 hours. These ponds decrease the magnitude and speed of peak flow, storing
4.6 hm3 of water. After pond implementation, the final total flood volume adjusts to 207.1
hm3, which necessitates 340 ponds for optimal mitigation. A combined approach further
lowers peak discharge to 755.9 m?/s with a consistent peak time of 15 hours and a storage
capacity of 4.4 hm?, resulting in a total flood volume of 207.3 hm?. About 327 retention ponds

are projected to meet flood mitigation goals.
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The assessment of NBS reveals that combining land cover management with retention pond
construction significantly reduces flood peak flow rates and volumes. Optimal NBS should
consider specific catchment characteristics like morphology and land use. Effective planning
and implementation of NBS require integrating scientific insights, stakeholder engagement,

and ecological awareness, enhancing flood resilience.

Land Cover Changes as NBS under Changing Conditions (Fire)

This case study evaluates NBS in mitigating post-fire land changes in Northern Evia, which
experienced severe wildfires in August 2021. The fires burned over 507950 acres, impacting
ecosystems, communities, and the economy. The study focuses on the Xiropotamos and
Kireas river basins in Northern Evia (Figure 8) and examines how NBS can address
increased flood risks following wildfires. Given the area's Mediterranean climate, which
features hot summers and cold winters and an average annual rainfall of 1200 mm, the

research highlights the role of NBS in enhancing resilience against environmental extremes.
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Figure 8: The study area. Source: (Theochari and Baltas 2024 a)

Theochari and Baltas 2022 utilise MCDM and GIS to identify flood-prone zones in two river
basins, focusing on increased runoff risks in upper areas. They set up five simulation points

(Figure 8) to analyse the impact of forest fires on flooding and assess NBS effectiveness in
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managing floods through land cover changes in burnt areas. The study also includes
comparisons of hydrological responses using HEC-HMS software to model flood
hydrographs before and after wildfires. This software models rainfall-runoff processes
using basin and meteorological models and applies the Soil Conservation Service (SCS) CN
method to calculate precipitation losses affected by changes in land use and soil type post-
fire. It integrates total runoff with the UH to estimate runoff. The analysis shows that
wildfires significantly alter flood hydrographs in each subbasin, increasing peak discharge
and reducing peak times due to greater land imperviousness. Post-fire CN values rise,
intensifying the flood hydrographs in HEC-HMS simulations. Notably, peak discharges in
subbasins 2, 3, 4, and 5 are three to four times higher than pre-fire levels, with the time to
peak halved in subbasins 2, 3, and 4. The study demonstrates the importance of NBS, like
reforestation, in mitigating increased flood risks due to wildfires. In Northern Evia, under
the implementation of land cover areas as NBS, areas in these subbasins affected by the fire
are replanted with "Coniferous" and "Broad-leaved" forests to restore ecosystems and
reduce runoff. Hydrological analyses across five subbasins evaluate the effectiveness of
reforesting 3.26 km? to 60.52 km? to improve water infiltration and runoff management.

Details of each subbasin's characteristics pre- and post-fire are listed in Table 4.

Table 4: The geomorphological and hydrological characteristics of each subbasin

Subbasin 1 2 3 4 5
Area (km?) 103 14 55 104 160
Burnt area (km?) 76 14 55 103 155
Pre-fire 80 80 75 75 75

CN Pro-fire 88 90 85 85 84
NBS pro-fire 83 80 75 75 74
UH pre-fire 10 3 9.6 11 17
UH pro-fire 29.5 10 21 28 47

. Flood hydrograph

zf:;/':)d‘“harge pre-fire 192 31 84 180 261
Flood hydrograph
pro-fire 505 118 247 446 709
NBS Flood
hydrograph pro-fire 478 97 210 414 598
UH pre-fire 14 6.5 8.5 20 14
UH pro-fire 12 4 3.5 9 10
Flood hydrograph

. pre-fire 25 9 14 31 25

Time to peak (hr) Flood hydrograph
pro-fire 23 6.5 11.5 21 21
NBS Flood
hydrograph pro-fire 23 6.5 10.5 22 21

The analysis introduces new flood hydrographs for post-fire land cover changes as NBS,
illustrating how these can alter hydrological responses. Adjusted CN values simulate

conditions closer to a restored ecological state, showing improved infiltration and reduced
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runoff potential post-NBS. Results demonstrate significant decreases in peak discharge due
to NBS, with reductions ranging from 5.3% in Subbasin 1 to 17.8% in Subbasin 2. NBS also
positively affects the time to peak, a critical factor in flood risk management, indicating an

overall improved hydrological response.

Conclusions and Future Research

This section briefly synthesises the dissertation's core findings concerning FRM strategies.
It encompasses optimising hydrometric and hydrometeorological station networks,
developing a GUH for ungauged basins, and implementing and evaluating NBS for flood
management. The summary outlines each aspect's data, methodologies, outcomes, and
critical conclusions.

Concerning the optimal hydrometric-hydrometeorological- station network design, the
research highlights the impact of criteria and GIS integration on designing optimal
hydrometric-hydrometeorological station networks, emphasising the importance of
accurate geospatial data. The WMO determines the recommended stations, allowing flexible
placements in flood-prone areas. While fuzzy logic reduces subjectivity, it may not be as
efficient as the AHP in scenarios with increased site options. However, it can be effective in
complex situations. Overall, the methodology is cost-efficient and effective for identifying
suitable station locations in large watersheds, underlining the value of GIS tools in flood
management.

Concerning the development of GUHs for Ungauged Basins, it is evident that channel
velocities between 0.1-2.0 consistently yield positive NSE values across various basins,
indicating accurate simulations compared to observed hydrographs. This velocity range is
preferred for further research. The study also explores the time-area diagram method across
70 basins, revealing connections between hydrograph characteristics and geomorphological
metrics, with visual aids like histograms enhancing understanding of these relationships.
This groundwork facilitates regression analysis to predict hydrograph features based on
geomorphological metrics, notably the metric Cc, which significantly influences the
accuracy of these predictions. The research prioritises minimising prediction errors (MAE
and RMSE) and maximising R? values in regression analysis to ensure robust and reliable
predictions. Models like the T-Polynomial for Qmax and Cc-Linear for various hydrograph
timings show strong predictive abilities, with residual analysis confirming their validity
through scatter plots and residual plots displaying data alignment and random distribution
around zero. This indicates the models' reliable predictive power for hydrograph attributes.
The effectiveness of NBS in reducing peak discharge is demonstrated. Under current climate
conditions, land cover changes result in a 9.3% reduction from the baseline, while retention

ponds achieve a more significant 28% decrease. Combining NBS leads to the most
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substantial reduction, approximately 40.5%. Similarly, total flood volumes see notable
decreases across all NBS scenarios, with 12.3%, 15.3%, and 15.7% reductions for land cover
change, retention ponds, and combined NBS, respectively. Climate change scenarios further
highlight the impact of NBS, with intensified precipitation in the upper scenario increasing
peak discharge and flood volume, while the lower scenario shows reductions. Overall,
combining NBS provides the most effective means to reduce peak discharge under various
climate conditions. The case study in Northern Evia examines the effects of post-wildfire
land cover changes on flood dynamics and the effectiveness of NBS in mitigating these
impacts. Significant post-fire increases in peak discharge across all subbasins are linked to
higher CN values from extensive burn areas. Simulations show that NBS can reduce peak
discharge and quicken response times to rainfall. The findings highlight NBS’s role in
enhancing resilience against hydrological extremes in wildfire-prone regions.

Future research recommendations stemming from the limitations of this research include
exploring advanced factor weighting methods and implementing the hydrometric-
hydrometeorological station network design methodology across various spatial scales.
Additionally, integrating alternative hydrological data, potentially sourced from satellite
observations, could supplement the limited data provided by the PPC of Greece for the
development of GUH. Regarding the effectiveness of NBS, determining design criteria for
retention ponds requires future efforts to concentrate on establishing a standardised
framework that considers regional topography, slope gradients, and river network density.
Furthermore, exploring the impact of soil erosion on retention ponds' effectiveness is

essential for comprehensive understanding and improvement.
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Extevng IlepiAnim

Eloaywyn

Ot mAnuuvoeg etvat pior and tic o 0oPaQéS QUOKES KATAOTEOPES TAYKOOUIWG,
emneedlovtag Wwiaitepa meQloxés Omws T Meodyelo Adyw TwV YewyQa@uewv Kol
KAlpatikwv ovvOnkwv. Ta mANUULOKE YeyovoTa, TIOL ETUOELVWVOVTAL QATO TNV
KALUATIKY) QAAYT] KL TNV AOTIKT €MTEKTAOT), OLVIOTOVV OTJHAVTIKOUS KLVOUVOUG Yo TN
Cwn), TG LTTODOUEC KoL TNV okovopia. Iotopued dedopéva kat TEOTEPATA KATACTOOPIKA
YeYovoTa, OTwS oL MANUHLEES ot Mavdoa to 2017 kat oe evEUTEQES TEQLOXES TG
EAAGdac dmtwg avtr) tov Iavov to 2020, toviCouvv TNV avEavopevn oLXVOTITA KL £VTAoT
AVTAOV TV PALVOREVWY. O OKOVOUIKOS aVTIKTUTOG elvat HeyAAog, e TG MANUUOEES
otV Evpwnn amnd 1o 1980 éwg to 2017 va kootiCovv mepimov 166 dioekatoppvol evEw
(Ciabatti et al. 2018).

Metd amo6 coPagéc mAnuuvees otnv Kevrown Evpwnn kat ) votiax T'aAAla to 2002, 1)
Evownaikr) Evwon (EE) vioBétnoe v Odnyia 2007/60/EK, yvwot) wg Odnyia yux tic
ITANppvEec. Avtr) otoxevet otnv a&loAdynon kat duaxelolon Twv KvOULVWV TATUHVEAG
oe 0An v EE ywux v moootaciax g avOowmivng vyelag, TwV OKOVOUIKWV
dQATTNELOTHTWY, TOL TteQIBAAAOVTOS KAl TNG TOALTIOTIKTG KAT)0OVOLAG. ATtautel Tov
EVTOTUOUO TWV TEQLOXWV LYNAOD KIVOUVOL KoL TNV aVATITUEN OUVEQYATIKWY LY edlwv
Awxxetgiong Kevdvvov ITAnuuvoag (FRMPs) yix tic Aekaves amoQEong mMOTapWV KoL TIG
TIAQAKTLEG TIEQLOXEC.

To 2020, ot TANupVEEC avadeixOnNkav we 1 KLELAEXT) LOQPN KATATTQOPWYV T€ TAYKOTHLO
eTimedo, amoTeAWVTAG TO 62% AWV TwV Katayeyoapévwy megotatikwv (Peng et al.
2024). H moAvTtAokotTnTa TV ALTiov TwV TANUHLVOWY - ATO TIG €VTOVES BEOXOTITWOELS
KaL TO TV ALWOLO TOV XIOVIOU €S TIG OTOXIES TWV VTTOOOUWY - ATIALTEL KALVOTOLES
npooeyyioels omn duaxeigon mANUULEKOL kivdovvov (FRM), petaBatvovtag amod Tig
TaEAdOOKEG ot YKéG O To efeAtypéva vOQOAOYWA HovtéAa. TIpoopateg
HEAETEC KAL ava@OQég delxvouv OtL oL TANUUUEEeS yivovtal 1 Kveixgxn HoEEn
KATAOTQOPNG TAYKOOMIwS, pe TNV KAatiky) aAdayn va Aegrtovpyel wg KLELOG
TIAAYOVTAG OTNV avENOT TO00 TNG OLXVOTITASC 000 KAL TNG 0OBAQOTNTAS AVTWV TWV
veyovotwv. H Auakvpeovntikr) Ertitoom v tic KApatucéc AAAaryég (IPCC) mpoPAémet
TI] OLVEXLOT] AUTIG TNG TAONG, HE ONUAVTIKEG EMUMTWOELS OTA KALQKA HOTiBa KAt Tov
ktvduvo mANuuvEag oe 0AN v Evpwnin (Allegri et al. 2024). Ot toAvdLdOTATES AXLTLEG TV
TANUUVOWYV - OVUTEQUAAUPBAVOUEVWY TWV €VTOVWY BROXOTITWOEWY, TOL YQI)YOQOU
ALWOIHO TOL XLOVIOU Kal NG otoXlag Twv avOpwTivwy KATAOKEVWV - ATIALTOVV Lo

LoXLET) KoL dlemoTnHoVikn teooéyylorn otnv FRM mov va unv avtipetwmniCet povo toug
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Apeoovg KIVOLVOLS aAA& kal va Xtilet paxpompofeoun avOexktkomnta. H FRM
EVOWHUATWVEL TEXVIKK, OTQATNYIKA KAL OLOKNTIKA HETOA O& dAPoQes KAlHaKES Yix va
HETOLACEL TIG ETUTTWOELS TV TANUHLOWV KAL V&  EVIOXVOEL TNV  KOLVWVIKT)
avOekTdtTTa, eLOLYPAUUILOUEVT) HE TNV ELEOWTIATKT] VOO eola. AvTr) 1| TEOTEYYLOT
dlvel éupaon oTtov OAOKANQEWHEVO TTQOYQAUUATIONS, TNV A&LOAGYNOT KIVOUVWY KAt TIG
Avoelg Paowopéveg ot @uon (NBS), kabws kat v meowdnon tng CLHHETOXNG TG
KOLWVOTNTAG, TWV CLOTNUATWY £€YKLVONG TTOOELDOTIOMOTG KAl TNG PLWTLLNG XONONG YNG Y
™V evioxvor e avOekTIKOTNTAS 0TI TTANUUVQEC.

H amotedeopatikr) duwxxeloon twv vdatikwv TOQWV Kal 1 mootacio amd Tig
TIATUHVOKESG TTQOKANOELS ATALTOVY OWOTA OXEDATHEVA dIKTLA VOQOUETEWQOAOYIKWY
KO VOQOUETOKWY OTAOUWV. Avtd Tta dikTva elvat KOO Yior TN CVAAOYT) AlLOTOTWV
Kot AemropeQwv dedouévwv mov etvat OepeAdn yiax ta LOEOAOYIKA HOVTEAX KAL TIG
TIQOOOMOLWOELS QONG TIOTAMWY, ATIAQAITITA YIX T1 OxXelQLoN TV LOATIVWV TOQWV
(Theochari et al. 2021). Amo 1t dexaetia Tov 1970, vVIIAEXEL €VTOVO EVOLAPEQOV Y TO
OXEDLOHUO VOQOUETEWOOAOY KWV DIKTUWV TIOL EVOWHATWVOLV Kol Ta dVO €ldn otabuwv
Ywx TNV vIOoTNELEN DKooV dlaxelotikwy otoxwv (Mishra kat Coulibaly 2009).
[TowAid Texvikwv éxet avamtuxfel katd v mMAE0d0 Twv XEOVWV YIXx TN
BeATIOTOTOMOT) AVTAV TWV OIKTVWV CUUPWVA [Le OUYKEKQLUEVOLS oTOX0ovS (Rodda et al.
1969; Fujioka 1986; Sestak 1989; Moss ot Tasker 1991; Shepherd et al. 2004; Barca et al. 2008;
Baltas kot Mimikou 2009; Hong et al. 2016; Kemeridis et al. 2017; Feloni et al. 2018; Theochari
et al. 2019; Nguyen et al. 2021; Theochari et al. 2021; Mazi et al 2023; Liu et al 2023; Brunet
kot Milbrandt 2023; Singhal et al. 2024; Suri woat Azad 2024). O Ilayxoouiog
MetewpoAoywkog Ogyaviopog (WMO) éxel pedetioel ektevawg v moowdnon kat
EPAQUOYN TEXVOAOYLWV Yiax avtoLg Touvg okorovg (WMO 2008b; 2010). Ta I'ewyoapuka
Yvotuata ITAngogpoouv (GIS) diadoapatiCovv onuavtikd goAo ot BeAtioTonoinon
TOL OXEDATHOU TV KTVWV, 0TN DX QIO XWOKWV dEDOUEVWY, OTNV AVAALOT TOVG,
otV TEOOONKN OeuaTik@V eMMEdWV KAl OTNV ATIOTEAEOUATIKI] XAQTOYQAPNON
AEKAVAOV ATIOEQEOTG TIOTAMWY Kal vdQoyQa@kwv diktvwv (Baltas kot Mimikou 2009;
Maidment 2002).

Me Bdomn tnv avaykn yia moonyuéves pebodoAoyieg, n avantuén tov I'ewpopgoAoyucov
Movadwxiov Yopoyoagpnuatoc (GUH) éxer PeAtiooel onpaviik@ Ty Kavotnta
TEOPAEYMS Kt dlaryelolong MANUHLOWY, Waitega 0 AeKAVES XWOIG LETET)OELS OTIOL T
ovpuPatikd  dedopéva  umogel va  etvar  omavia. Ta GUH  xonowuomoiovv
YEWHOQEPOAOYIKOVUG delktes yix va kabogioovv oxéoelc HeTald TV QULOKWV
XXQAKTNOLOTIKWV UG AEKAVNG KAL TNG VOQOAOYIKT|G TNG ATIOKQLONG, ETUTRETIOVTAG TNV
axQLB1 mTEOBAeYT TANUULOKWV EXONAWTEWY O& TLEQLOXEG TTOL OTEQOVVTAL EKTETAUEVWV

LOEOAOY KWV dedopévwv. Avtr) 1) neBodoAoyia allomolel TNV EvTaln YEWHOQEQOAOY KWV
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KAl LOEOAOYKWV deDOUEVWV YL VA eVIoxLOeL TNV akpPBewax kat v aflomoTia twv
HOVTEAWV TEOPAEPYNG TAUULEWV. Me TNV €QaQUOYN TEXVIKWV TTOL AApBAvVoLY LTIOYM
TO OXTMA TNG AEKAVNG, TO AVAYAVPO Kl AAAEG YEWHOQPOAOYIKES TAQAMETQOVS, T
GUH magéxovv éva moAvTIHO eoyalAelo yix v katavonon kat dxxeloon twv
LOEOAOY KWV dleQyaTLV 0e dlaoeTikd Yewyoapucd mAatlowx (Theochari et al. 2021).
Térowx povtéAa etvat onuavtika v megloxés onwe 1 EAAGda, dmov oL dixgogetucég
KALUATIKES KAl TOTMOYQAPLKEG OLVOTKEG O& dLkPOoEES LVOPOAOYIKES AeKAVES ATALTOVY
TIQOOAQUOOTEVES TTOOOEYYITELS 0TI XX EOLON TWV LOATIKWV TTOPWV KAl 0TI HLETOlXON
TOoU TANUHLEKOL Kivdvvov. H évtaén twv povtéAdwv GUH otig moaxtikés FRM
ONHUATOdOTEL ULt ONUAVTIKY] HETAPAOT] TIQOG HLIAX TILO ATIOTEAETUATIKY] TTQOOEYYLON TNG
AVTIHETWTILONG QUOKWV KIVOUVWV 0€ AgkAVeS XwOIC LETONOELS.

H epaopoyr twv NBS yx ) FRM avtimpoowmevel ot ONUAVTIKN HETAOTOOPN TTOOG
Puoopes kot TEQPAAAOVTIKA PALKEG TIQOOEYYIOES YIX TNV AVTIHETWOTION TWV
ETUMTWOEWV TV TANUULEWV. Ot NBS 0t povo Bonbovv otn duxxelpton twv Kivdvvwy
TANUUVoaS aAA& evioxVouv emiong T PBLOTOKIAOTITA KAl TROTPEQOLV eTUTTAEOV
OWKOAOYIKA O0@EAN. AvTég oL AVoelg avayvwellovtat 0A0 KAl TEQLOTOTEQO YL TNV
ATIOTEAEOUATIKOTNTA TOUG OXL LOVO OTN HEWOT] TWV KIVOUVWV TIATIUHVQAS AAAL KA 01N
OLUPOAN TOVG OTNV AVOEKTIKOTTA TWV OIKOCLOTNHUATWY KAL TWV KOWOTHTWV €VaVTL
TWV ETMUMTWOEWV TG KAluatkng aAdayrg (Odnyia 2007/60/EK). Me v evowudtwon
twv NBS otic mapgadootakés unxavikés AVOELS, ETUTUYXAVETAL KX TIO OALOTIKY] KAt
Buwown mEooéyyon g dlaxelQone Twv MANUULEWY, T oTola elval Witeoa
OTNUAVTIKT) 0TO TTAAO10 TNG VEWTIAIKTG Voo eolag kaL Twv deBvav megiBaAAovTiKwWY
TIOALTIKWV 7OV TEOWOOVV TN XENOT TG MEACLVNG VTOOOUTG KAL TWV BLWOOHUWY
TOAKTIKWV OXETIKA HE TIC XONOES VNG YWX TNV QAVTIHETOTION TWV TATUHLOWV.
Avayvwollovtag ) onuaocia twv NBS ot duaxeigon twv vddtwv, 1) Evpwnaikr) ‘Evwon
Yddtwv éxetL tovioel OV KQIOLO QOAO TOUG OTNV AVTIHETWTLON TWV TIEOKATOEWV TG
KAHaTkic aAdayng oe AN v Evpwnin (Beceiro et al. 2022). H maykoouia onpaoio twv
NBS avayvwoiletat 0Ao kol TeQLoodTeQO, He TOAAES eVEWTIAIKES TOWTOPOVALEG v
ggevvoLv Tig NBS yia tnv mpooaguoyn oty kApatikn aAAayn xai T peiwon tov
KLvOUVOL KATAOTQOPY 0TO MARLOL0 TEOYQAHHATWY OTtws To Horizon 2020. Ot NBS etvar
eTONG aAVATIOOTIACTO KOUMATL aQkeT@Vv ToAltikwv T1¢ Evpwmaikrc Emutoorg,
ovuregAapBavouévwv tne Odnylag mMAaioo yux ta vepd kot Twv oxediwv duayeloong
KWwOUVwV TIANUULEaG, T omola €0TCOovV 0T METEIAON KAl TIQOTAQUOYT) OTNV
kAot aAdayr). To Aexépupolo tov 2014, 1 EAAGda Eexivnoe pia eOvikn otoatnykn
TEOOAQUOYNG Yix TNV evOLYQAUHLION pe TS KAaTucéS mpotepatotntes ¢ EE. Avtd
eEeAlyOnre otov Nopo 4936/2022, o omotog Ymlotnke tov Mdio tov 2022 kot tegryd@et
™ petaPaon e EAAGdag omnv kAatikny ovdetepdtnta €wg to 2050, Oétovtag
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evdldpeoovg otoxovg Y to 2030 kot to 2040, kat kaOlepwvovtag éva UnNXaviouo
TIEOVTIOAOYLOHOU dvOpaka Y TN HeElwon TwV EKTIOUTIWOV O PACIKOUS TOUEIS OTwGS 1)
EVEQYELR, 1 KATAOKELT] KAL Ol LETAPOQEC.

O k010G 0TOX0G TNG TAEOVOAG DDAKTOQLKT]S DATOLPTS elvat ] AVATITUET KA EQAQHOYN
€VOG OAokANQwHEVOL peBodoAoyKoU TAawolov Tov oToxeVel Ot PeAtiowon Twv
otoatnykwv FRM, eotialovtag ot AekdvT amogeong Tov MOTAHOD LAQAVTIATIOTALOV
o Avtkny Attkr). Avt 1 meQuoxr), Yvwot] Ywx v evnabeik g oe
EMAVOAAUPAVOUEVES TATIUUVQES, ATIALTEL KALVOTOUES TIQOOEYYIOELS VI T Helwon TwV
KwOUVWV KAl TNV TEOOTAclot NG ONUOOIAG AOPAAERS, TWV LTOOOUWV KL TOL
reQlBAAAOVTOG. Ot €0eLVNTIKEG EQWTIOELS TTIOL ATIOOKOTIEL VA amavTioeL 1| dxToLBn
dopovvrat oe toia kvowx Tunpata. H mowtn agpood: Mmopein féAtiotn oxediaon dixtvov
vOpoUETPIKAOV-VOPOUETEWPOAOY LKWV 0TaOuWY péow Texvikwv GIS va emitevyOel xwpic
a&loAoynon oto medio; H devtepn epawtnon apopa: Iowx eivar n onuacia e eEaywync
EUTIELPIKWY OXECEWY UETAED TWV YEWUOPPOAOYIKWY OEIKTWY KAL TWV XAPAKTNPLOTIKWY
twv GIUH ya ™ BeAtiwon Twv vdpodoyikwv uovtéAwy ue okormo 1 FRM oe Aexaveg
xwpic petpnoeic; H toltn epwtnon agood: Iowg eivar o podoc twv NBS otn peiwon twv
KwoOUvwy TAnuuvpac kot o umopel va astoAoynbel moooTikd 1 anoTEAECURTIKOTNTY
T0VG 070 mAaioto utac otpatnyikne yia ™ FRM; T v anoteAeopatikn) andvinon
AVTWV TWV €QEVVITIKWV €QWTNOTEWY, 1] TAQOVOX dOXKTOQIKN dLATOLPT] TteQLAapPavet
dLdpopeg pdoels, kaOeulor ATIO TIG OTOLEG ETUKEVTOWVETAL O€ KQlOoeS TuxEC g FRM
Héow TNG éVTaéng KAVOTOHWY HEOODOAOYLOV KAL TTOONYHEVWY VOQOAOYIKWY HOVTEAWV.
H dwxtoPr) ogoyavwvetar oe mévte KUQIAX KEQPAAALX YLt V& €QELVNOEL KAl VA&
avTpetwnioet ektevag avtd ta nmuata. To KepaAaio 1 Oétet ta OepéAr pe pua
eloaywyn kat (e avaokonnon g PpAoyoapiac yix ) FRM, cvintwvtac to
OXEOLAOUO TWV VOQOUETOIKWV-VOQOUETEWQOAOYIKWYV DIKTOWV, TNV avantuén twv GUHs
kat Vv epaopoyr) twv NBS. To KepdAawo 2 meQuryQd@pel AemMTOHEQWS  TIS
YEWHOQPOAOYIKEC KAL VOQOMETEWQOAOYIKESG CLVONKES TNG TEQLOXNG MEAETNG, Ko
nagaBétel Ta dedopeva mov xonopomomOnkav yix v €oevva. To KepdAawo 3
meQLyQd@eL to0 puebodoAoyikd mAaioo Tov  XENOooTIomONKE, AVAPEQOVTASC TOV
oxedopd Tov diKTVOL OoTAbuWYV, TV avantvén twv GUHs kat v avaAvon tng
epappoyns twv NBS. To KepaAaio 4 magovotdlet ta amoteAéopata Kot Tig oulntioelg
TIOL TIEOEKLYPAV ATIO TIC EPAQUOTEVES HeBOdOAOYLES, TTAQEXOVTAC ETUOTMAVOELS Yiot
TNV ATIOTEAEOUATIKOTNTA TWV TROTELVOUEVWY oTtoatyikwv FRM. TéAog, to KegpdAawo 5
KATAANYEL OTI] OUVOTITIKT] TAQOLOIAOT TWV OCUHUTEQAOUATWY, ATAVTIWVIAG OTIS

EQEVVNTIKEG EQWTIOELS KL TOTEVOVTAG KATELOVVOELS Vi eAAOVTIKT] éQeLVA.
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ITeoroxr) MeAétng kot Aedouéva

H nagovoa daton) e€etalet T Agkdvn amoEQOT|S TOL TOTAUOV LAQAVTATIOTAUOL 0T
Avtikr) Atticr), avumagaPAAAovTac T UOKA Kol BLOPNXAVIKA& TNG TEQLPAAAOVTA He
TNV AOTIKY] TAON TOL KeVTIQKOU Ttopéx g Attkns. H ovykewouuévn Aekdvn
kaAvntovtag 341 km?, ovpnegidapPavopévwv twv dnuwv Mavdoa-EwvAlia, EAevotva
kat Tavdyoa, Aetrtovpyel wg kplown vOQOAoYwKr) Aegkdvn. O Zapavtamotapog
TEQUAAUPAVEL TAQATIOTAOVS OTIwS 0 Aylog BAdong, To Enpdoepa kat to gépa te Ayilag
Awarteptvne. H Aekdvn anoteAeitat and aotikég meploxéc pe 70000 katoikovg, evaw ota
avavtn péon meQUaMPAVEL ayQOTIKEG TEQLOXEC Me dkomaQta xwowx. H éoevva
ETUKEVTOWVETAL £THONG O& pIx LTToAekAvn 226 km?, mov BoloKETAL AVAVTI) TOV OKIOLLOV
¢ MayovAag, 6mws @atvetatr oto Zxnua 1, to omolo ametkoviCel ta 0owx kat T O€om
TV Agkavwv amoor|s evtog e EAAGdac. Tlapa v aotikomnoinon, to 89.4% tov
edapouvg e Avtik)c ATTIKNG TAQAUEVEL PUOIKO, TEQUAAUPBAVOVTAC YEWQYUKES
EKTAOELS, BOOKOTOTL KAt dA&OT), 0 avtiBeon pe To aotko medio twv AOnvav. H Aekavn
TOU LaQaAVIATIOTAUOL TEQUAAUPBAVEL TOOO AOTIKEG 000 KAL PLOUNXAVIKEG TIEQLOXEG,
kaAvTTtovTag mepimov 28.15 km? ouvdvaotik pe Pactkcés VTODOUES OTIWS dQOMOL KAt
O1NEGOEOUOL TTIOL AVADEKVVOLV TOV QOAO TNG WG KOUPBOG doaotnooTTwV. {0TO00, 1)
AEKAVT] KUOLWG TIAAQOVOLALEL EKTETAEVES YEWQYIKES KAL dATWIELS eKTAOELS, TOVICOVTAG
TOV AYQOTILKO TNG XAQAKTIOX Kol TN BLOTIOKIAOTNTA. AUTEG OL TTEQLOX EC TteQLAaBAVOLY
TOWKIA L KAAALEQYELWV KAl TaQadOOIAKNG YewQying, CwTikng onpaoiag yux 1T
dlxTroNoT NG OWKOAOYIKIG L00QEOTIAG Kat NG ayowxg Cowrs. H Aexdvn tov
LagavTamotapov, oCVUTEQIAAUPBAVOUEVNS TNG LTTOAEKAVTC avavtn ¢ MayovAag,
TEOLOLALEL TIG TTEQIBAAAOVTIKEG DLVAULKES TNG AVTIKNG ATTIKNG UTIO TO HLECOYELXKO
KkAlpa. Me 1riovg xelpaveg kat Ceotd kaAokalox, 1) Booxdntwon kvpatvetat ano 350
mm oTc medwvég megoxés éwg 1000 mm ot 0QeVd, TEOKAAWVIAG TEQLOTATIAKA
TANUUOEES TO KaAokaiol. H Aekavn kat n vtoAekdvn e, MEQIKUKAWLEVES Ao Bovva
OTwe to 000G ITatepa katn ITapvnOa, vrootnEilovy ToKiAa otkoovOTHATA, ATIO DACT
éwc Oapvadels megloxég, pe TuTikég Oeppokpaotes petalv 17 éwg 19 °C (Baltas 2008). O
Zagavtamdtapog Kol oL mapanotapol Tov 0mws o Ayiog BAaong dadoapatiCovv
KQLlOo QOA0 0TV LOROAOYIA Kat TNV OKOAOY KT TokIAOTN T NG TteEoxNns (Theochari
kat Baltas 2024). H Avtkr) Attkr) éxet avrpetwnioelt MOAAES KaATAOTQOPUKEG
TATUUVQEG,  eTONUAVOVTAGE TNV avAaykn yia BeAtiwon twv megiBaAloviikwy
OTOATNY KWV dlxX elotong Kot TovICOVTAS TNV avAYKn YIX BEATIWHEVT VTIODOUT] Vit TNV
TIEOAN YT HEAAOVTIKWOV KATAOTEOPWV. TTagdAo mov 1 Aekdvn Tov ZaQavtamotapov
agxka dev duébete éva evialo dikTvo TIEAKOAOVONONG, ONUAVTUCES TANUUVEES
odNynoav OtV  EYKATAOTAON  €VOG  TNAEUETOKOV  OULOTNHUATOS — HE  TOELS

LOEOLETEWQOAOYIKOVG oTtaOpovg amd tnv vmneeoia FloodHub tc NOAA (Beyond-
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eocenter 2021). Autn) N eyKATAOTAOT EVAL KQIOLUT YIX TNV €VIOXLOT) TNG TEQLPEQELAKTIC

Oy elolong tov meQIPBAAAOVTOG KAL TG TTQOETOLUATIAS Yt KATAOTQOPEG.
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YxNua 2: ITeproxn peAénc.

Toa kOO CUVOAQ DEDOUEVWY TTOVL XONOIHOTIOLOVVTAL O€ AVTH TNV €QEVVA TTEQLYQAPOVTAL

TTAQAKATW:

xliv

Movadiaia Ydpoyoapruata (UH) kat 0ot Aekavwv anoggons: H épevva
avT) XONOHoToLel éva oVVOAO dedopévwv dekateoodowv UH mov mapéxovtat
amd 1 Anuoowx Emixelonon HAektowopov (AEH) g EAAGdag, kaAvmtovtag
OLAPOQES DLAQKELES OTIWG LOT|S WOAS, HLAS WEAS KAt dVOo wewv. Avtd ta UH etvat
OLOLAOTIKA Yl T1 LEAETN TNG VOQOAOYIKTIG ATIOKQOLONG AEKAVWV ATIOQQOT]S XWOIG
petonoels evtog g EAA&dac. Me n xonon texvoloyiag GIS, ta ooix twv
Agkavwv yewavapéoonkav kat PneronomOnkay yux va eEaxopaAiotel n axoprg
avanagaotaon tovg oe Yneaxr] poe@r). Oktw amd ta aQXikd deKaTéooeQn
vdpoypapnuata, mov tvrtontomOnkav Pdoel peyebovg Aekdvng, Oewer|OnKav
0AOKANOWHEVA KAl KATAAANAQ Yix TNV avdntTtuén Tov povtéAov GUH.

Aedopéva  Xuvvtedeotr) Toaxvmnras: H épevva  emkevipwvetar otov

OLVTEAEOTI) TEAXVTNTAG, 0 OTOLOG elval KAlQLOG Yt TOV akQLPB1) LTTOAOYLOUO TwWV
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TAXVTHTWV TOL VEQOL OTa LOEOAOYUA HOVTEAd. AvTOG O OLVTEAEOTNC
EVOWHATWOVEL TAXVTNTEG OTA  OXPOEETIKA ToTtia, AapPdvoviag vmoyn
TIAQAYOVTEG OTWG 1 KAALYT) TOL €dAPOULG, 1) KALOM Kt 1) TA&N Twv eepdTwy. Ot
Tipég mpoépxovtal anod T PPAoyoapla, ek anod toug Haan et al. 1994 kat
McCuen 1997, PonBwvtag otv axoPr] afloAdynon twv TaxuTTwv Tng
eTupavelxkng oorc. Avt 1 Aemtopeon|s dwxxelglon dedopévwy PeATOVEL TNV
axoifewx tov GUH.

e Agdopéva Pooxopetoikwv otaOuwv: H épevva avtr|) xonoomnotel dedopéva
ATIO TOV VOQOUETEWQEOAOY KWV 0Ttabuo g Mavdgag, epaguolovtac tn MéBodo
twv EvaAdacoopevwv MmAok yix tov LVMOAOYIOHO TV VETOYQAPNUATWV
oxedopov Bacel twv OUPowv KapmwAwv Evtaonc-Audokeiag-Xuxvotntag
(IDF). I'ax tax peAAOVTIKA KAUATIKA O0EVAQLX — HETO, AVWTEQO KAL KATWTEQO — [LE
mteptodo emavapods 100 etwv, epaguolovtal ot avabewonuéves kaumvAeg IDF
amo Kourtis et al. 2023. Avtég ot etvat kolopeg v v mooPAeym peAdovtikwv
TIATIUHLOOYQAPNUATWV Kol TNV a&loAdynon twv NBS vmo diagpopeg kAlpatikeg
ovvOnkes. Ta dedopéva IDF mov xonowomow|Onkav oe avtr] v €gevva
mipoépxovTatl ano ta LxE€dwx Awxxelgiong Kevdvvov ITAnpuvoac (FRMPs) yiax tnv
EAAGda, T omola magéxovtat attd to Ymoveyeio Ilegiparrovtog, Evepyelag kat
KApatkngc AAAaync. O Iivaxag 1 magovotd et TIG CUYKEKQLUEVES TTAQAUETQOVG
Yo Tov 0oTaO o kat o vToAoYLoUEVO abpoloTiko Uog Beoxrs, H, tnv évraon g
PooxomTwong, i, To xo0vo ovykévtowong, tc, péow g eflowong Giandotti, Y
MV emmAeypévn duapkela Yir kabe oevaglo kot tv meptodo emavagopag 100
ETQV.

ITivaxkag 1: Ot mapdpetoot IDF tov ota@pov tng Mdvogac kat ta vtoAoyLlopéva

XAQAKTNOLOTIKA BOOXOTITWOT)G

YdoopetewoAoyLidg Mavdoa
otaOuog
Oppowa kaumvAn (ID) 292
Youetpo 258
IDF mapapetgot n 0.622
K 0.125
A 213.4
P 0.641
0 0.124
Levdolo Current | Mean | Upper | Lower
te(h) 6.5 6.5 6.5 6.5
d(h) 24 24 24 24
T(y) 100 100 100 100
i(mm/h) 9.15 13.54 40.09 6.43
H (mmy) 219.53 325.02 | 962.27 | 154.23

x1v
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x1vi

Wn@axo Yipouetoiko Movtédo Edagovg (DEM): ArtoktiOnie and to EOviko
KtnuatoAoyo & Ymneeoia Xaproyodenong A.E. Avtd to vymArc avaAvong
DEM xonowonomOnke wg To Bacukd dedopéVo yiax OAEC TIG XWOUKéS avaAvoeLs,
HE XwOKT) avaAvon 5 m x 5 m.

Aedopéva KaAvyng I'mg CORINE (CLC, 2018): To ovvoAo dedopévwv URBAN
Atlas 2018 mapéxetl évav kataAoyo tng kdAvyng yng vy v Evpwnn kat eldka
ETUAEYUEVESG AOTIKEG TTEQLOXEG.

Aedopéva  Awktoov Odwv: Auvtd 10 OUVOAO dedopévwy  meQUAapPavet
AemropeQels ANQogpotec Y to diktvo 0dwv amo to OpenStreetMap (OSM), to
omolo amokTOnke péow NG wtooeAdag Geofabrik. Htav onuavtikd yux tov
OXEOLXOUO TOL LOQOUETOLKOV-LOQOUETEWQROAOY KOV dKTVOV.

Aedopéva l'ewteroewv: Aedopéva mov amoktr|Onkav ano to EOviké Mnrtowo
Ynueiwv Yopevong oty wotooeAida tov Yrovgyeiov IMegipaAAovtog, Evégyeiag
kot KApatiknc AAAayrc e EAAGdag. Auvtd to emiBepa meolapPaver tig
toTo0e0ieg KAl TA XAQAKTNOLOTIKA TWV YEWTONOEWV O& OATN TNV TEQLOXT)
peAétngc.

Iotooika Agxeia IMAnpuvoikwv ExdnAwoewv: Zuykevtowdnkav and tnv
totooeAtda tov Yrovgyetov IeopaAAovtoc kat Evépyetag g EAAGdac. Auto to
AQXELD KATAYQAPEL ONUAVTIKA LOTOQIKA TANUULOIKA Yeyovota otnv EAAGda,
TAQEXOVTAG VA XWOLKO QX elo TMAAKLOTEQWY TTATHUUVQWV.

ITegroxéc EvaAwrteg oe MAnupvees: IIAnoogooies and avaivon IHoAAanAdv
Koitnpoiwv Anopaocewv (MCDM) ue Baon GIS and tnv Feloni et al. 2020, mov
evtomiCel Caveg eVAAWTES 0 MANUUVQEES OTNV TteQLOXT] TNG ATTIKNG, 0K OTN
Agkavn Tov  Xoapavtamotapov, Ponbwvrag otn  otoatnywn TtomoOétnon
otaOuwv mapaKoAovONoMC Y T dtaxelpLot kvdLVOL TANUULEAC.
Avoknmikd Ogiax Afpwv: Tlgoépxovtalr amd avoixtés mnyés GIS, 6mws To
geodata.gov.gr, avTd T dOKNTIKA OQLX ETUTEETIOVV TNV E0TIAOUEVT) AVAALOT
TV KIVOUVWV TTANUUDEACS KAL TN DX lQLOT) €VTOS OLYKEKQLUEVWY dNU@V.
IFewAoykég IIANEogogies: AmoktrOnkav and v wtooeAda ¢ EAANvuc
I'ewAoywnc Ymnoeotag (EAIME), avtd to obvoAo dedopévwv megulapPdvet
XAQOTEC Kol OedOHEVA Yt TO TEQUPEQELAKAX YEWAOYIKA XOQOKTNQOLOTIKA,
OLOLACTIKA Y TN HeAETN NG oUVOEOTC TOL €dAPOUVG KAL TNG YewAoylag.
LtaOpoi IDF: Avtd 1o amobemoo megdapPdaver otabuovc IDF pe Tig
AVTIOTOLX EC TTARAHETQOLG TOVG, OL omolot avamtuxOnkav v ta FRMPs yix tnv
EAAGDa artd to Yovgyeio ITegiBdAAovtog, Evépyelag kat KAnatiknc AAAayg,

kat dxtibevtar oe pop@r) shapefile.
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MeBodoAoyiko ITAaioo
H ev Adyw ddaktookn dixtoin) mapovotdletl éva nebodoAoykd mAatoo yx ) FRM

0T AgKAVT) TOL TOTAUOV LAQAVTATIOTAHUOV, OTIWS PAivETAL 0TO XU 2.

IXeOLAOUOC OLKTUOU IxeSLaOUOC SIKTUOU
UOPOLETPLKWYV LUOPOUETEWPOAOYIKWV
otabuwv oTadpwv
ZuAAoyr UOPOUETPLKWY ZuMoyn
dedouévwy, OTwe USPOUETEWPOAOYLKWY
Sedopéva oTABUNC bebOUEVWY, OTIWG
vEPOU KoL ATIOPPONG Bpoxomtwon,
Oepuokpaoia, vypaocia
l Kol Bpoxomntwaon

Avartuén yewpopdoAoyLkou
povadiaiou
vbpoypadnuaroc (GUH) yla
AEKAVEC XWpPIC LETPAOELS

h 4

Edapuoyn Avoswv
Baolwopewv atn ¢puon
(NBS)

Y

Awaxeiplon
TMANUUUPLKOU
Kwwduvou (FRM)

Zynua 2: Alxyoappa gorg tov peBodoAoy kot mAaloiov yia T dx e(QLoT) AT HHLQLKOV
kwwdvvou (FRM)
ApxiCet pe 1) T oty KT) TOTTOO ETNOT) LOPOUETOUKWV-VOQOUETEWQOAOY KWV OTAO UV

Baoel avaAvong moAdamAdv koutnolwv GIS, eotidloviag o MAQAYOVTES OMWS M

xlvii



| Extevrc ITeotAnyn |

evmalewx e TMANUUOEES kat 1 meQPaAdovTik) onuaocia. Avty 1 dxpoQPwon

vrtootneiCet 2) v avamtuén GUH vy pun Aekdveg xwolg petonoels, XONoHOTOLWVTAG

YEWHOQPOAOYIKOUG OelKTEG YIX TN OLVOEOT TG PEOXOTTWONG He TNV amopeor]. To

nAaiolo oAokAngwvetal pe 3) v epagpoyn NBS, énwe aAdayéc otnv k&Avyn tov

€0APOLG KAl AlUVEC OLYKQATNONG VEQOV, XONOLUOTIOLWVTAS TANUULOOYQAPT|UATA

Paclopeéva o dedOUEVA YL TNV ATIOTEAETUATIKT) DX £(QLOT) TV KIVOUVWV TTATUUVQAG.

Avt] N mEooéyylon eExo@alilel i avOeKTIKY), KALUAKOVUEVT] OTOATIYIKT] Yt TNV

evioxvon g avOekTIKOTNTAS 0& TANUUVES TWV EVAAWTWY TTEQLOXWV.

1.

x1viii

Lxedaopog Awktvov Ydgopetoikwv-YdgoAoyikwv Xrtabuwv He xONon
texvikwv GIS: Avt 1 @aon eloayet pa pe@odoroyiac MCDM Baociopévn oto GIS
Ywx v tavtoroinon mbavwv Oéocewv yix XxwEoOETnom LVOQOUETOKWVY KAl
LOQOUETEWEOAOY KWV  OTABUWV  evtog ™G AEKAVIIG  TOU  TOTAHOU
Lagavtardtapov. Avtol ot otaOpotl etvatr onpavtikol ywx tn dxxeloon twv
LVOATIKWYV  TMOQWV KAl  TA  CLOTIHATA — TEOEWOTOIMoNS  MATUULOWY,
AVTATIOKQLVOULEVOL OTIC KOIOLES avAyKeS Yo akQLpr) oVAAOYN dedopévay Katl
éyxalon avtamokoon oe mAnuuvees. H pebodoAoyia, Baciopévn otoug
Theochari et al. 2019, 2021, yxonowomoiel mEOKADOQWOUEVA  OVUVOAX
YEWHOQPOAOYIKWY, TEXVIKWV KAL XWOKWOV KOLTNEIWwV yiax TV a&loAdynon g
KataAANAOTTAC TwVv Oéoewv. Ta kbox Bripata e avaAvong megrlapBavouvv
™V €AoY KQUTNOIWY Y TO OXEDAXOHUO dIKTVOV, TNV KAVOVIKOTOMOT TwV
TV TOVG HEOW TUTTOTIONOTG KAL TAELVOUTOT]G, TOV OXNHUATIONO TV KQLTNOlwV
oe megBaAAov GIS kat tov kaboplopd twv Pagwv yia kabe koutroto. I'ia touvg
LOQOUETEWQEOAOYIKOVG  otaOpovg,  xonowlomoteltatr | amAoTompévn
TEOCEYYLON OOV OAa T KQUTHowWx €xovv (oo Bagoc. ' Toug VOPOETOIKOVS
otaBuovg, ta Bdon TV kOUtNEiwv Kabopllovtal XoNoHoToLWVTAG T HéBodo
¢ AvaAvtiknig lepapxikng Awxdwkaoiag (AHP) émwg mpdtetve o Saaty to 1977,
kaOwg kat ™ nébodo Fuzzy AHP (FAHP). Avtd to koupdtt tng pnebodoAoying
ETUTQETEL Ut AeTTTOEQN, avAAvon g kataAAnAotntac kdbe Oéong pe Baon
OUYKEKQIUEVEG VOQOAOYIKES Kal Yewypapukeés amaltoels. Ta oo
OXEDATHOU dATLTIWVOVTAL EVTOS TOL TtAaoiov GIS Omwe megrypa@eTal otouvg
Theochari et al. 2019, 2021. To GIS etvatl antagaitnTo yix T daxelQLoTn XwOKWV
DedOHEVWY aTtd dLAPOPES TNYES KAL TN DLEVKOALVOT TV daAdIKATLWOV XWOIKNG
AMPng  anopacewv. Ta  KOUOWX  EVOWHATWVOVTAL Kal  avaAvovial
XONOHOTIOWWVTAS TNV TEXVIKT] TOU OTAOUIOHEVOL YOAHUIKOU OTLVOLACHOU
(WLC) yix v mapaywyr) AemTopeowv xaotwv kataAAnAomrtac. H duixdwkaoto
MCDM Baocwopévn oto GIS evromiCet apretéc wavucéc Oéoelg xwoobétnong,
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emAéyovtag ekelveg pe Tig vymAdtegec teAuwcéc PBabuporoyies (FS) yix v
EYKATAOTAOT TOL dIKTVOU.

Avantuén Tewpopgoloyikov Movadiaiov Ydgoyoapnuatos (GUH): To
peBodoAoYKo MAaloLo oToXEVEL OTNV EEALEN TNG VOQOAOYIKTG pHOVTEAOTIOMNOTG
otV EAAGda péow g avamtuéng GUH yia Aekaveg xwols petonoelc. Avt 1
@PAOT  ETMKEVIQWVETAL  OTNV  a&loToinon  Twv  YEWHOQPOAOYLKWV
XAQAKTNOLOTIKWY Yt akQBelc VOQOAOYIKEG EKTIUNOES O TEQLOXEG e
megloglopéva dedopéva. H  moooéyywon  megudapPdvel T OTATIOTIKN
enaAnOevon twv UH mov vmoAoyiCovtat péow g pebddov twv 1o0X0ovwyV
KATAQV, e@aguolopevn pe 1 xonon ArcPy oce meoipdAdovia GIS. O
mEoopateg TEoodoL ata epyaleiar GIS kat tao DEM emitoémovv tovg axifeis
VTTOAOYLOUOUG YEWHOQPOAOYIKWV KAl LOQOAOYIKWVY HETONOEWY, EVIOXVOVTAG
Vv akpifewx tov povrédov. H daxdikaoia meQAauBavel v eVOWUATWON
eumeRKwy  LOEOAOYIKWVY dedopévwy amo ) AEH g EAAGdag kol 1)
BeATioTOMOMOT TWV €VOWV TAXVTITWV EVTOS TOL LOROYEAPLKOV DIKTVOVL Yl Vo
tapudlovy  amotedeopatikd pe ta magatnoovpeva UH. H péBodog twv
L0OXQOVWV KAUTTVA@Y XONOLUOTIOLEITAL YIX TNV AVAALOT] TWV XAQAKTNQLOTIKWY
TwVv VOROYRAPNUATWY Ot 70 AEKAVEG ATIOQQOTIG €VTOG TNG TEQLOXNG HEAETNSG,
@tavovtac ovvoAka tig 100 Aekaves. O KUQELOG 0TOXOG elval 0O VTTOAOYLOHOS TOL
UH yiax k&0e Aexdvn. Avt 1 pébodoc meptAapPavel v e£ETAOT) dLAPOQETIKWV
XOQAKTIOOTIKWV — TwV  LOQOYQAPNUATWY  Hall  pe TG avtioTolxeg
YEWUOQPOAOYIKES UETENOELS Yix kADe Aegkavr. Avtol ot ovoxetiopot Bonbovv
O ONHULOLEYI CLVOETEWV HETAED TWV XAQAKTIOLOTIKWV TWV LOQOYQAPTUATWV
KAL TWV YEWHOQPOAOYIKWV dEKTWV, KOOV Yix tov kaBooiopo tov GUH vy
kaOe Aegkavr. L ovvéxewx datvmwvovial eEl0WOELS Tov ekpoalovv kaOe
XAQAKTNOLOTIKO — TOL  LOEOYQAPNUATOS C€  OX€ON HE TNV OoLVAPN
YEWHOQPOAOYIKT]  TAQAUETQO HE [PAon avtovg TOoug ovoxetiopovs. H
emaAnOevon oe 30 Aekaveg emBefalwvel TNV €YKLEOTNTA TOL HOVTEAOU,
TIEOOPEQOVTAG €V AELOTIOTO EQYAAEID VI TV KATAVONOT TwV LOEOAOY KWV
OUUTIEQLPOQWYV  O& dAPOQETIKEG AEKAVEC ATOQQEONC. AUuTI] 1 KAWWOTOMOG
npooéyyton GUH avtipetwniCet TNV mMEOKANOT TwV TEQLOQLOUEVWVY DedOLEVWY,
BeATiwvovtag T dxxelplon MANUULEWY KAt T LOEOAOYIKES TTEOPAEYELS oTNV
EAAGdA.

AvaAvon NBS: Avt 1 @4Ao1 emMIKEVTOWVETAL 0TIV £PAQUOYT] KAL AVAALOT) TWV
NBS, ewdwotepa g aAdayng kaAvdng yng, e Kataokevns  Alpveg
OUYKQATINOTG LOATWV KAL TWV OCLVOLACUWY TOUG OTN AEKAVT] TOV TOTAHOV

Zagavtamdtaplov, avavtn Tov olopnoL g MayovAag otnv EAAGda. H égevva
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avty afloAoyel v anoteAeopatkoTnTa avtwv twv NBS efetdloviac ta
TIAT|UHLQOYQAPNHATA YIX VA TIQOODLORI0EL AAAAYEC OTNV TAXQOXT] ALXUNG, TOV
OYKO KOl TN XQOVIKY] OTLYUT] TNG aLXHNS, TOOO LTO TIG TEEXOVOES OO0 KAl TIG
nooPAemopeves peAdovticés kApatikéc ovvOrkec. H épevva xonowuonotel Tig
avabewonuévee kapmvAeg IDF and toug Kourtis et al. 2023 yux peAdovrucéc
KAlHaTkéS TEOPOoAES kat xonoworotel T nébodo User-Specified UH ue to
Aoylopkd HEC-HMS yuix v vdgoAoywkr) povteAoroinon. Avtr) n avaAvon
otoxevel otnv afloAoynon twv NBS yix v evioxvon g avOektikdtnTag oTig
TATNUUVQES KAL OTNV TIEOOKQUOYN TOUG O€ dAPOQETIKEG KALUATIKES OLVOT)KEG,
TaéXovTag kploes mMEOPBAEYELS Yix TN BLooun daxx eloLoT Twv LOATWY Kol TN
peiworn tov kvdvvov mANuuLeac. H emideypévn megroxn pneAétng pe onuavtiko
LOTOQKO TMANUMLEWY Kat evtabela ToviCeL TN oNuAacia aUTIG TNG KALVOTOLOL
noooéyywong ot FRM, mooo@époviag moAvtun  kabodnynon vy
mteQBaAAOVTIKOUG (poQElg, ToALTIKOUS Kat kowvotntec. Katd tn pdor epagpoyng,
ue emikevroo tig NBS yix ) FRM, n éoevva diegevva emiong tn xonon twv
aAAayv kaAvpng yne ws NBS o€ meplox€c mov emnpedotnkav amo T coPaéc
mugkaylég ot Bopewx EvPowx tov Avyovotro touv 2021. KataAnyer oe
TQOTIOTIOMOELS NG KAALYNG YNG O¢ TévTte AgkAveS amoEEor)s. AvaAvovtag Tig
aAAayég oty kaAvym yng kat v vioBétnon twv NBS ot Bopeia EvBowx peta
TV TUEKAYLWX, avt] 1 é0evva cLUPBAAAeL otV TEOWOTNOTN NG VOPOAOYIKTS
HOVTEAOTIOMOTNG, TIEOOPEQOVTAS LA OTQATNYIKT] YIX TNV AVTIUETWTILON TWV

LOEOAOY KWV ETUTTWOEWV TTOL TIEOKAAOVVTAL ATIO TIG TTUOKAYLEG.

Amnotedéopata kot ZuCntnon

BéATiotn xwpoOétnon dixTUov VOPOUETPIKWV-VOPOUETEWPOAOYIKWY OTXOUWY

BéAtiotn xwpobétnon duxtvov vopouetpikwy otabuwv

To dikTLOo VOOUETOIKWY OTAB WY XENOooToLel TN nEBodo AHP yix tnv avaBeon Baowv
o€ KoL, Omws amewoviCetat otov IHivaka 2(a) péow mvakwv ovykelong Cevywv
Paoet g xkAlpakag tov Saaty touv 1977. Twx va avrpetwmotel 11 dLVNTIKY
UTIOKELEVIKOTNTA AUVTWV TWV OVYKQIOEWY, TTAQOLOLALETAL éva eVAAARKTIKO TEVAQLO
xonowomnowwvtag T pédodo FAHP otov Ilivaka 2(p), odnywvrac oe diagpooetiki
oevapta: «3a» yix AHP kat «3b» yia FAHP. H FAHP megilapfavel acagelc aglduovg
OTIC OUYKQLOEIS Kol TeoTelvel pundevika P& Yo koutrjolx mov Bewgovvtal Arydtepo
onuavtikg, ev avtibéoel pe v AHP 6mov ta Bdon etvat kovtd oto undév aAda oxt

anéAvta (Ozdagoglu kar Ozdagoglu 2007). TMagdAo mov 1 FAHP pewdver v
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UTTOKELEVIKOTNTA HE YAWOOWKES TIHEG, eVOEXETAL va UNV elvatl Waviky] yix Tov
oXedOHUO DIKTOWV VOQOUETOKWY OTAOUWV AOYw TNG M MEAKTIKNGAVENONG TwV
TMEOTELVOHEVWY Béoewv TOL amaltovV eKTeTAUéVN emutOma eoyaocia. Y& OAa ta
oevaow, N onpacia Twv Tonoypapkwyv kAloewv (Wer) toviCet Tov kQloo gOAo tov
€0APOLG OTNV KIVNOT TOL VEQOD KAl TNV aKQBelX TV LOQOAOYKWYV OEdOUEVWY,
ETUOTHALVOVTAG T ONHacia TNG KATAVONONG TWV dXPOQETIKWY OLVAUIKWOV TNG Q0NS
TOL VEQOU.

Yto Xevago 1, oL tonoypapucéc kAloelg (Wer) €XOoUV mMEOTEQALOTNTA, AVIAVAKAWVTAG
TOV KQIOWHO QOAO TOUG OTT HETQNOT] TNG ETUPAVELAKTG QOT]G, OTIOV OL ATIOTOMES KALTELS
avfAvouv Tov KivOuvo TANpUOUEAS kal oL 1MTieg kAloelc emiBoadvvovv T Qo1),
eMNEEALOVTAG TO OXEDATHO TOL DIKTVOL KAL TNV AKQ(PBELX TWV LOPOAOYIKWV DeDOEVWV.
Yto Levaglo 2, TOL EMKEVTQWVETAL OTNV TROOTACI aTtd TATUUVQEGS, 1) ONuacia Twv
kAloewv (Wa) pervetat eAapows aAA& mapapévet kolowun. H éupaon petatomiCetat
OTNV amooTACT] ATO TMEQLOXEG eVAAWTEG 08 MANUMLVEES (Waos), aviavakAwvtag tov
KkQloo EOAO TNg OtV peTolaoT] TWV TANUULEWY KAl TN OTOATIYIKT] ToTto0étnon
otaOuwv ywx ) PeAtiwon e duaxelEOoNg TANHULEWY KAL TWV TQOYVWOTIKWV
duvartot)twv. To Zevagio 3a delyvet 0tL to Bdog Y tic kAloewg (C1) evOvyoappiletat
otevd pe To Xevaoo 1, TtoviCoviag TOUG TOTIOYQAPLKOUG TIXQAYOVTEC O€ U
LO0QEOTMNUEVT TTEOOEYYLoT. 20TO00, TO A0S YIX TNV ATOCTAOT] ATO TOUG OLKLOHUOUG
(C4) pewdvetat ano 1o agx ko 0.060, LTTOdEKVVOVTAGS KX UIKQOTEQT TTQOTEQALOTNTA YLX
TNV €yYyVTNTA 0TOUG OKIOHOUG LTto TNV mEooéyylon) AHP oe ovykowon pe to agxiko
TEXVIKO 0gvaglo. Avt 1 aAdayr) deiyvel px petaBoAn OTIC TQOTEQALOTNTEG
a&loAoynong. To Zevaopro 3b, xonowonowwvtag FAHP, diatnpet vymAd Bagog yix tig
toroyoaikec kAloelg (Wei) aAAd avaBétel undevikd PAQOS OTIC ATIOOTATELS ATIO TO
001k0 d0lkTLO (We2), cupPBoAwv twv gepatwy (Wes), kat amtdotaot amo outopovs (W),
TOVICOVTAG TA QUOKA VOQOAOYIKA XAQAKTNOWOTIKA Kat Tov kivduvo mAnupvoag (Wes)
ot ANYm anopacewv. H ovykottikny avaAvon avadekvoel 0Tl €V OL TOTTOYQAPLKES
kAloelg diatnoovy otabepd To LYMAGTEQO PAQOC, 1) £UPACT) OTNV ATIOOTAOT] ATIO TOVG
OLKIOHOUG dlaépel avapeoa ota oevaolr. Avtd toviCet tic HebodoAoyikés dapoQEg
OTNV TEOTEQALOTOMOT] TV avOQWMOYEVWV TAQAYOVIWV KAl LTOYQAUMICeL TNV
TIOAVTTAOKOTITA TNG LOOEEOTIHAS DAPOQWY OTOXWV OTOV OXEDAXTHO dIKTVOL OTAOUWV.
O ITivaxag 3 magovotdlel ta VTTOAOYIOHEVA BAQT) KOLTNELWY YiX dLAPOQa OEVAQLX [LE

OKOTIO 1 BEATLOTN XWEOO£TNOT) LOPOUETOUKWY OTAOHWV.
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[Tivaxag 2: TTivakag ovykolong Cevywv Y kaBe 0evaQLo, OTws avapéQetat 0Tovg
Theochari et al. 2019.

a) Xevapro 1 Xevapuo 2 Xevapro 3 (3a)
C1 C2 3 €4 G C1 C2 C3 ¢4 G C1 C2 C3 ¢4 G5

¢t 1 5 9 7 5 1 7 9 5 3 1 5 7 9 3

c2 15 1 3 3 3 17 1 1 1/7 19 15 1 3 5 15
¢ag 19 13 1 3 3 19 1 1 17 19 17 13 1 3 1/7
¢ 1 13 13 1 1 15 7 7 1 13 19 15 13 1 1/9
G 15 13 13 1 1 13 9 9 3 1 13 5 7 9 1

b) Xevapro (3b)

C1 C2 C3 C4 C5

C1 1 1 1 4 5 6 6 7 8 9 9 9 2 3 4

c2 1/6 15 1/4 1 1 1 2 3 4 4 5 6 1/6 1/5 1/4
cGo18 17 1/6 14 13 1/2 1 1 1 2 3 4 18 1/7 1/6
c 19 19 19 16 15 1/4 14 13 12 1 1 1 19 19 1/9
Cs 14 13 12 4 5 6 6 7 8 9 9 9 1 1 1

ITivaxkag 3: Ta Bon kortnolwv Y kdOe oevaolo, 0ntws avagépetat otoug Theochari et

al. 2019
Xevapo 1 Xevapio 2 Levapio 3a Levapio 3b
Wa 0.566 0.474 0.476 0.565
We 0.183 0.039 0.118 0.000
Was 0.124 0.036 0.061 0.000
Wa 0.060 0.166 0.032 0.000
Wes 0.067 0.284 0.312 0.435

O oxeduxopog dkTvOL VOPOUETOKWY oTabuwv xonowornotel ™ pédodo WLC
EVOWUATOVOVTAG Baon ato Tic pebodovg AHP kat FAHP vy tnv magarywyr) evog x&otn)
eviaiov okoQ KataAANAOTNTAC. AUTO dloPaAilel OTL N XwEoOETNoN Twv oTaO WV elvat
OUMPWVN HE TG eWES avdykes Yia kaOe ogevapro. Xonowomnowvtag GIS kat Map
Algebra, ta kool TVTOTIOLOVVTAL Kol ovvOEéTovTal, eotialovtag TNV tomoOétnon
OTAOHWV KATA UTKOG TOL KUQLOL LIATOQREVHATOS TNG AEKAVTS TOL LaQavTamotapov. To
FS wvpatvetar and 0 éwg 1 kat Pond& otov evromopd wWavikwv Tomodeoiwy
XONOHOTIOLWOVTAS KaTw@Alx. Zopupwva pe toug Theochari et al. to 2019, ot tortoOeoieg
KATNYOQLOTIOLOUVTAL 0& dVO katryoples: avtég pe FS katw amod 0.90 1) 0.95, kat avtég pe
FS mdvow and avta ta katw@Ata. Avt n éO0dog dlarxweilel OMTIKA KAl TOTOTIKA TIG
TUO KATAAANAEG Ao TIg AtyoTeQo KatdAAnAeg tomoOeotec. O aplOuog twv kKatdAANAwy

tortofecwwv dapégel avaloya pe ta katweAlx FS, yia magaderypa, éva oevaglo

lii



| Extevrg ITeotAnyn |

avayvwiCet povo téooepls ViMAd katdAAnAeg tonoOeotec. H moooéyyion FAHP
ovvNOwg mapdyel meQloooteQec TBavEG TomoBeotes, kaBwg xonowomotel Arydtepa
TLEQLOQLOTLKA KQLTT)OLX ETUAOYT]G.

X1 peAétn twv Theochari et al. o 2021, ou tipég FS katnyoplomoovvtat oe dVo kAdoelg:
avtég pe FS kdtw amnd 0.90 kat avtéc pe FS mdvw and avto to katweAt To kortrjoo twv
"KAloewVv" elval To TO KEIOWO o0& OAx T Tevagy, evw 1 "amootaon and OKIoHoUS"
TMowiAAeL oe onuaocta, euodTeQa elval AtydTeQo ONUAVTIKY) OTO TEWTO KAl TE(TO
oevaplo. AvtiBeta, 1 "amoéotacn anod T oLUPOAN pe dAAo Qéua” elval 1 AryoteQo
OTNHAVTIKT) OTO 0EVTEQO TEVAQLO, EKTOS ATIO TA CLOTIHATA TIEOEDOTIOMNONG TATIUHULOWV
OToL 1] "amooTaon ano owkIopovs" etvat kolown. OAa ta oevagx eoTelvouy Tig (dLeg
O¢éoelc vYPNAOL duvapuoL Y Tés FS mdvw amo 90%, kvplwg 0to vOTlo TUHa Tov
ntotapov. To oevaopro 3a (AHP) evromiCet 59 0éoeig vymAov FS, evw to oevdoro 3b (FAHP)
evtomiCet 437 A0yw Arydteowv xortnelwv. Ot meglooodtepes katdAAnAeg tomoOeoteg
Polorkovtal ota VOt XaUnAd NG TEQLOXT)S KOVTA O& OUKLOUOUG KA L TTEQLOXEC EVAAWTEG
o€ TMANUUUQEES, EKTOG ATIO TO TOWTO OEVAQLO, TO OTIOI0 TEOTE(VEL BETEIS KATA KOG
OAOKANQOL TOL TOTAMOV, TOVICOVTAG TIG XAHUNAEG KALOELS Katl TNV £yyvTnTA OTOLG
dQOHOVG, eV aTo@eVYeL TIG OVUPOAEC pepatwy. H dakduavorn otig mootetvopeveg
Oéoelc ava oevdolo ToviCel TNV ETUOOAOT DAPOQETIKWV CLVOAWV dedOUEVWV KoL
KOUTNEIWV 0ToV OXedAOUO TOL dIKTVOL LOEOUETOKWV otabuwv Baolwouévo oto GIS,
voYQAMHICOVTAG TOV KOLOHO QOAO TG emAOYT|G dedopévwy otV eTEEon T AMng

ATIOPATEWV.

BéAtiotn xwpoBétnon diktvov vopouetewpodoykwv otaduwy

Ta koo Yo tov oxedlaotd Tov dKTVOL LOPOUETEWQOAOYIKWY OTAOUWV 0TN Agkdvn
TOL LaQavTanotapov kabollovy avotnod Tig KATAAANAES Kat pun katdAAnAec Oéoeig
Yoo ) xweoBétnon otabuwv. Avtr) 11 nébodog daopaAilet ot AapBavoviat voyn
povo ot 0éoeic mov mANEovV  OGAa T KOUTNOWX,  PBEATIOTOTIOLOVTIAG TNV
amoTeAeopaTIKOTNTA TOL diktvov. H dixtdmworn twv kQutnolwv wg mEQLOQLOUWY
kaBodnyel ™ dudwkaocia WLC, mapdyovtag évav AemTopeQr) XAt kKataAAnAotntag
miov aovotdletat oto Lxnua 3. O xaotne dwxpet to FS oe mévte loeg kAdoeic ano "0"
éwg "1":"0", "0.25", "0.50", "0.75", kat "1.00". H xatavoun oe 0An 11 Agkdvr TOv TOTAHOV
delxver 34% vywx FS= 0, vmodewvivovrag Cwveg oOmov 1 torobétnon otabuwv
amayopevetal,-39% ywx FS = 0.25; 16% vy FS = 0.50; 7% ywx FS = 0.75; ko 4% vy tnv
vymAdteon BabuoAoyia FS = 1.0, to omoto vmodekvoetal pe 0kovEO TMEACLVO Yl V&
tovioet TG BéATIOTEG Béoelc xwpoBetnong. Avt n talivounorn dtevkoAvvel T ANy
ATIOPACEWV KAL AVTAVAKAX TNV TOALTIAOKOTNTA TG avaryvwLlong B€ong xweobétnong

o€t AgkdvT amoEong, ToviCovtag T onUacia ¢ TEOOEKTIKNG ETAOYNS KOLTNEIWV
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KL XWOLKTG avAALONG O0TOoV OXEAOUO €VOG AmodOTIKOV Kol a&lOTIOTOL OKTUOV

otaOpwv.
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Zxnua 3: Ztabuopévog yoaputkoc ovvdvaopos (WLC) petald twv koutnoiwv yia to
oxedATHO DIKTVOL VOQOLETEWQOAOY KWV oTtaducv. ITnyn): (Theochari et al. 2021)

H xwpo0étnon twv vdOoHETEWEOAOYIKWY OTAOUWY 0T AEKAVI TOU LAQAVTIATIOTALLOV
EKTIUA TNV KATAVOUT] TwV OoTaOuwV pe BAon o VPOUETQO Y V& dxo@aAloTel OTL TO
dlkTvo elval TOOO EMOTNHOVIKA £YKLQO 000 Kol OKOVOUWKA aTtodoTiko. Avti) 1)
ddikaoia meQlapBavel T XENon €vog KOLTNEIOL TLUKVOTNTAG TIOL OXeTICeTAL e TO
VPOUETEO, YIX VA& LTOAOYLWOTEL 0 eAAXLOTOS amaQaltnTtog aQlOpos otabpwv yx
ATOTEAECUATIKY] TtapakoAovOnon oe k&Be Cwvn vpopétoov. Baoel tov kottnelov
nokvottag otabuwv, kaboplCovrat BéAtiota telg otabupol yia T Agkdvr Tov
Lagavtamdtapov. Avtr] 1 ano@aot] eVOWHATOVEL AELOAOYNOES KATaAANAdTNTAG,
TLEQLOQLOMOVG KAL TEQLOQLOUOUS AdyoL vpopétowy. Ot tegloxég mov dev kKaAvmTovTal
amd otabpovg A0yw LPOUETOOL elval eAAXLOTES, DIKALOAOYWVTAG TOV TEQLOQLOMEVO

aQlOuo oTaO V.

TortoOeoia BEATIOTWY VOPOUETPIKWV-VOpOUETEWPOAOYIKWY oTaOuwy

To oxnua 4 ameucoviCel TNV KATAVOUN] TWV VOQOUETEWQROAOYIKWY Kol LOQOUETOLKWY

otaOuwv ot Agkdvn amoor)c Tov Xagavtamotapov. To mEotewvopevo diktvo
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TeQUAQUPBAVEL  TEELG  VOQOUETEWQOAOYIKOUG  O0TaBpodc  kat  dV0  OTOATNYIKA
ToT00 eTNEVOUS LOQOUETOKOVS OTABpovS, eEaopalilovtag AemTopeQr] k&aAvym g
vdoAoyiag e Aekdvng.

23"150'E 23°2p'0°E 23°25'0"E 23°3p'0°E 23°35'0°E

N
& z
2 B
8 8
=
a &
YNOMNHMA -
A YOpopeTEWPoAoYIKGE oTaBPOC #1 (Zvn B)
o YOpopeTewpoAoyikog oTabuog #2 (Zwvn B)
A YOpoperewpohoyikég oTaduaog #3 (Zwvn C)
. YOpoUETPIKOC OTOBPOC #1 Yyoperpo
. YOpopETpIKOG OTABUGG #2  (m a!])g_}ff l?jr]SL)
g_ e KUpIO UBQTOpEUPQ = 2 0 5 10 s _g
& |[—— Ydpoypagiké Siktuo 0.0 L aa—JU b
23°15'0°E 23°2b'0"E 23°25'0"E 23°3h0'E 23°350°E

Zxnua 4: Eridoyn] Oéoewv dkTOoL VOQOUETEWQOAOY KWV Kal LOQOUETOUKWY oTaBpwv. IInyn:
(Theochari et al. 2021)

Ot vdpopetewpoAoyucol otabpol TomoBetovvtal Baoet kQLTNEIWV TOL OTOXEVOLY TNV
eTUTEVEN PEATIOTNG TULKVOTNTAG KAl XWOIKNG KATavoung oe OAn 1t Aekdvn,
KATAYQAPOVTAGS ULt TTOKIALX HETEWQOOAOYIKWY DEDOUEVWY OVOIAOTIKA YLX TNV AKOLPN
TIEOYVWOT KALQOV KAl TNV avAAvoT) tov kA{patog. [TapdAANAa, ot vdopetoucol otaduol
ETUAEYOVTAL YLt TNV TEXVIKI] TOUG aKQ(PBelx KAl TN OXETIKOTNTA TOUG UE TIC XVAYKEG
duxxelolong mANuULEwv Mg Aegkdvne. ' magaderypa, o Popelog otabuog, mov
PolokeTal kKatd UNKog g emaQx Lok yYépuoag Owonc-Tlavaktov, emiAéyetat v tnv
UKAVOTNTA TOL V& KATAYQA&PeL dedoéva QONG TOL OeV emEeAloVTaL ATO AVTIOTQOPES
Q0£G, BEATLOVOVTAG TNV TIOOTNTA TwV LOEOAOYIKWV HeTENoewv. O vOTIog otabuog,
Kkovtd otov dpopo Owong-MayovAa xat mAnoiov twv Mavdoag kat MayovAac,
avayvwolletat ovvexws oe dldpoa oevdowx ws onuelo vPnArNg kataAAnAotntag (FS >
0.9), oroatnywd ONUAVTIKO Yx TNV evioxvon twv meoonadewwyv mpootaciag amod

TATIUUV0EC KAL AELTOVQYWVTAS WG ONHEl0 TEOWENG TEOEWOTOIMONS Y TIS YVOW
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Kowotntes. Avt) 1 oteatnywkyy TomoOEéTNone EVOWHATWVEL TEXVIKY akQifel e
TIQAKTIKEG AVAYKESG, eEXOPAAILOVTAG OTL TO DIKTLO TIAQEXEL TTEQLEKTIKA DEDOUEVA Yo
amoteAeopatikn] dwxxelglon kat otoatnywkés petouopuov. H mpoocéyyion avt
avtavakAd pw wogpomia petall akpifelac kat eveAlllag, amagaitntn yix tnv
TIOOOAQUOYY) O dUVAUIKES TEQIBAAAOVTIKEG OLVONKES KAl TNV ATIOTEAETUATIKT)

Oy eloLom TV LAATIKWYV TTOQWV.

Avantoén I'ewpoppoAoyixov Movadiaiov Ydpoypagruatog

AvaAvon cvoTNUATOC TNC TAXVTNTAC EVTOC VOPOY PAPLKOV OLKTVOV

H avaAvon tov ocvotmuatog egevva tnv emidoaon g taxVLINTAc €vtog Tov
LOEOYEAPLKOV dIKTVOL O0TOV LTIOAOYIOUO Tov UH epapopodlovtag ) péBodo t pédodo
TWV 0OXEOVWYV KAUTIVA®Y, TAQAYOVTAS OKTW OLAKQLTA LIQOYQAPTHATA Yl V&
a&loAoyn0ein axpifeta tov povtéAov oe dudooa evon Taxvtitwy. 't TV a&loAdynon
MG amddOONG TOL HOVTEAOV, epapudéletal o delktng amoteAeopatikotntag Nash-
Sutcliffe (NSE). To yodenua oto Zxnua 5 epgpaviCet tig tinég NSE oe duxgpopetikd 0N
TAXVTNTWY, CVUPAAAOVTIAC OTNV avayv@Elon Tov PBEATIOTOV €0QOVG YiX akQUBELS
LOPOAOYIKES TTEOPAEYELS.

Yamn Aekavr tov Metoopitikov, ot tipég NSE kvpaivovtar amo 0.293 éwg -1.647, kavovtag
EUPOVT] T DLAXPOQOTIONLEVT] aTtddoon tov povtéAov. H vipnAdteon tiur) NSE, 0.293,
TopaTNEEITAL Y Héylotn TaxvtnTa 2 m/s, vrtodetkvvovtag otL taxvTnTeg evtog 0.1-2
m/s maedyovv To akQBeic meoPAéPelc. Avtiotoixa, otn Aekdvn g [oaudotrtoac, o
tipég NSE kvpaivovtat amd 0.37 éwg -0.234, pe v kaAvtepn anodoor), 0.37, emiong oto
evpog 0.1-2.0 m/s. X1n Aekavn tov MovCakiov, To povtéAo deiyxvel ovvenn axkpifewa pe
tiuég NSE petalv 0.73 kan 0.641, BéATioteg oo evpog 0.1-4.0 m/s, av kat to evog 0.1-2.0
m/s elvaw emiong amoteAeopatiko. H Aedvn tov BeABevtov eppaviCet kaAr anodoon
pe Tipéc NSE a6 0.599 €wg 0.243, ko otn Aekavn g ITOANG, ot tipéc NSE petalv 0.465
kat 0.561 vrodnAwvovv otabepd kaAn anddoon oto evog 0.1-4.0 m/s, pe Oetika
amoteAéopata akoun kot oto e0Eog 0.1-2.0 m/s. Xtn Aekavr tov KoaoomovAiov, ot tipég
NSE xkvpatvovtar and 0.496 éwg -0.301, deixyvoviag mio evvoikd amoteAéopata oe
XapnAdtegeg TaxvtnTeg, Wiaitepa evtog 0.1-2.0 m/s. H Aekdvn tov Aompogépatog éxet
tpég NSE a6 0.35 €wg -0.117, evvowvtag emiong XapnAdtepeg taxvtntes Yo kaAvten
amddoon tov povtéAov. TéAog, otn Aekavn g Ayudg, ot tinég NSE kvpatvovtat ano
0.405 éwg -4.614, pe v vpnAdteon oto 0.405 yia 0.1-2.0 m/s, magovoklovtag AoykT)
axpifewx tov povtéAov oe xapunAotepeg taxvtntes. QQotooo, ot tinég NSE pewwvovtat

ATOTOHA HE TNV av&non twv Taxuttwv éws -4.614, LTOdEWKVVOVTAC OTUAVTIKY
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eMWElvWOn NG amodOONC TOL HOVTEAOL Oe TaxUTeQeg QO0EC. Avty 1 avaAvon
eTuPePatwvel OTL oe AUVTEG TIC AEKAVES, Ol XaUNAOTEQES TaxXUTnTeG oLV OGS ouVvdEovTal
pe vPnAoTeQeg kat o a&lomoteg Tipég NSE, vmodnAdvovtag dtL to 000G TaXVTTWV

0.1-2.0 m/s etvat BEATIOTO Yix TNV emiTeLEN TWV TO AKOBWV LOPOAOY LKWV TIEOPAEPEWV.

NSE

2 3 4 5 6
Vimax (m/s)
—&®— MerooBimko —®— Avid 0~ TMpauépiToa MouZdar
=@ TuAn ~—@— BeApeviog —@— KpaoomrouM -—@— AOTIDOpEUO

1
|

NSE

2 2.2 24 26 2.8 3
Vimax (M/s)
—&— MeTOOBITKO  —8— Ayid —o— Mpapépiroa MouZaki
—0— [10An —@— BeABevio¢ —@= KpaooTTOUAl —@— AoTTpOpepd

Zxnua 5: Zuykottikr) avaAvon tng amodotikotntac Nash-Sutcliffe (NSE) yix dikgooa evon
TAXVTTWV.
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Regression analysis

H épevva oe 70 amo tig 100 Aekaveg amoQQor|g éxel PEATIOOEL ONUAVTIKA TNV KATAVON O™
¢ aAANAeTtidoaoNg peTal TV YEWHOQPOAOYIKWV DEIKTWV KAL TWV XAQAKTNOIOTIKWV
TWV LOPOYEAPNUATWYV. XONOHOTOWVTAG TN HED0DO TWV L0OXEOVWYV KAUTIVAWY, 1)
ntapovoa épevva voAoyiCet o UH yux k&Oe Aekdvn, mookeluévou va dLeQeLVIOEL TIG
LOPOAOYIKES dlepyaotieg oe dxogeTika edden. H épevva xonowomnotel lotoyQappata
Ywx va ovvopioel TG OXETELS HETALD TWV YEWHOQPOAOYIKWY XAQAKTNOLOTIKWV TWV
AEKAVOV KAL TWV XAQAKTNOLOTIKWV TV LOQOYQAPTUATWY TOUG. AUTA T& LOTOYQAMHATA
TIEXOVV EKOVES YL TO WG OLAPORETIKOL YEWHOQEPOAOYLKOL delkteg emnoealovy ta
XXQAKTNOOTIKA TV  LOQOYQAPNUATWY, amokaAvTTovtag poTiBa xat mbavég
ovoxetioelg péoa ota dedopéva. I'a mapaderypa, n eEétaon e atyUng s amooTr|s
(Qmax) o0& Ox€omn pe YewHoEPOAOYwoUg Oeikteg OmMws to Re kar to FF delyver
dlaopetikovs Baduovg ovoxétions. Eva to Re kat to FF epgaviCouv dlaokoQmopéveg
QABdOLS LOTOYRAHUUATWY TIOL LTTIOdNAWVOLY aoBevelc ovoxeTioels, evw aAAoL deikteg
eUPaVICOUV TIO OUVYKEVTQWHEVEG KATAVOMES, LTOOELKVVOVTAG HETOLEG CLOXETIOELS.
Avtd 1o potifo dxpopomoteltat kabwg N avaAvorn emexktelvetart oe  dAAx
XXQAKTNQLOTIKA TOL LOQOYQAPTIUATOG OTIWS TO tamax, TO tb, TO tasoL KoL TO tosir, delxvovTag
ovveTws OTL petaPAntéc Omws To Ce kat o Re vmodnAwvouvv 1oxveodtepes cvoxetioels.
[Tegattéow otatoTiKy]  avaAvor), ovumeglauPBavopévng e TaAvdeounong,
TIOOOTIKOTIOLEL  AVTEG TIG OXE0ELS, TAQEXOVTAS €EW0WOES TOL  ovvopilovy  TIg
AAANAETIOQAOELS UETAED TWV XAXQAKTNOLOTIKWV TwWV LIQOYQAPNUATWV KAl TwWV
YEWHOQPOAOYIKWY delkTwV. AUTA TA ELENUATA EVIOXVOLV TNV KATAVONOT TWV
LOEOAOY KWV dLEQYATIV, BonbwvTag otn daxXelpon TWV LOATIKWY TIOPWYV KAL OTNV
a&loAdynon Tov KIvOUVOL TANUUVAS, KaBLleQvovTac Ui TIOOOTIKT) BAOT Y TV
TEOPAEYN  TNG  CULUTEQUPOQAS TWV  LOQOYQAPNUATWY  ATO  YEWHUOQPOAOY LKA

XXQAKTNQLOTIKA.

Validation Regression analysis

H emaAnBevomn g avaAvong maAvdoounong amoteAel kQIOIHO 0TAdIO NG HeAETNG,
eotialovtag otig vroAownteg 30 Aekdveg amd to ovvoAo twv 100, yix va kaBogloet Tig
TIAEOV KATAAANAEG eELOWOELS TAALVOQOUNOTC Yot TNV TEOPAEYN TWV XAQAKTIOLOTIKWY
TWV LOOYQRAPNUATWY e PAOT TOVG YEWHOQEPOAOYIKOV delktec. AvTd TO OTAdIO
XONOHOTIOLEL OTATIOTIKEG HETENOELS OTIWS 0 XuvteAeotr)c ITpoodlogiopov (R?), to péoo
amtdAvto mooootnio opdApa (MAE), kat tn olla g HEOTNG TETQAYWVIKNG ATTOKALONG
(RMSE) yix va afodoynoet v amddoon kat v aflomotia kabe efloworng,
eEaopaAiCoviac axQpelc TEOPAEPEIS O DAPOQA XAQAKTNOLOTIKA TWV AEKAVWOV.

IMapakatw magovotdletal i CLVOTTIKY) TEQIANYN TV amoteAeoudtwy Y kaOe
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TIEOYOUEVT eEl0WOT MAALVOQOUNONG A0 TNV AVAALOT), e0TLAloVTAag OtV anddooT
TWV DEIKTWV KAl OTIG TIQAYOUEVES EELCWOES Ywx TNV TEOPAeY” dxpoowv
XAQAKTNOLOTIKWY TWV LOQOYQAPTUATWV:
T-Polynomial Model yiax To Qmax
Efiowomn: y = 8.6049x2 + 78.275x + 6.3238 (1)
¢ Omov:y (Qmax) avtimeoowmeveL TNV ayn e aropeor|s tov UH (m3/s), x (T) etva
0 YEWHOQPOAOYLKOG delkTNG OV OXeTICETAL LE TNV LPT] TNG XTIOQQOT|G.

e Amodoon: Exet to xaunAotepo MAE wkat RMSE, delyvovtac vmegoxn otnv

TIOOYVWOTIKN AKQ(BELX YIX TNV TTAQOXT ALXMT]G.
Cc-Linear Model yia toso
Efiowomn:y = 0.6835x (2)

e Omov: y (tos) avtimpoowmevel TOV XEOVO Yix T0 50% Ttov aveQxOuevov KAGdOL
oL LOEOYAPTHaTog, X(Cc) avtiotolyel 0N YewHoEPOAOY Ik Tagdpetoo Ce tov
ovoyetiCetal pe To delkTr CLUTIAYOUG.

e Amodoon: ITpoopépel pia woxver| wwogomia vYmAov R? kat xaunAwv dekTwv
OPAAUATOS, TEOPAEMOVTIAG ATOTEAEOUATIKA TOV XQOVO Yix T0 50% Tov
aveQXOHEVOL KA&DOU.

Cc-Linear Model yio tosor
ESicwomn: y = 2.4892x (3)

e Omov:y (tesr) avTIEOOWTEVEL TOV XOOVO Yix T0 50% TOL KATEQXOEVOL KAADOL
oL LOEOYEAPTLaTOG, X(Cc) avtiotolyel 0N YewHoe@oAoykn mtagapetoo Ce ov
ovoxetiCetal pe to delictn) cupTTaryoUC.

e Amodoon: Awxpivetar anod 1o xaunAotego RMSE kot MAE, vrtodnAwvovtag
efawpetikn axpifewx otnv mEOPAePn Tov xoovou Yix t0 50% ToL KATEQXOEVOL
KAG&OOU.

Cc-Linear Model yia torsr
Eélowon:y = 2.0333x 4)

e Omov:y (torsr) AVTITIQOOWTEVEL TOV XOOVO Yix TO 75% TOL KATEQXOHEVOL KAADOU
oL LOEOYEAPTLaTOG, X(Cc) avtiotolyel 0N YewHoe@oAoykn mtagapetoo Ce ov
ovoxetiCetal pe to delktn ovpTAYoUG.

e Amodoon: EpgpaviCet vynAdo R? pall pe 1o xaunAotego RMSE kat MAE,
delxvovtag woxver akolBewx otnv mEoPAedn Tov xoovov yix to 75% Tov
KATEQXOUEVOL KAADOUL.

Cc-Linear Model yia torst
Efiowon:y = 0.9958x (5)
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e Omouv:y (torsL) avTimEoowmeveL TOV XQOVO Y TO 75% oL aveQxOpevov KAGdOL
oL LVOOYAPNHaTOG, X(Cc) avtioTolyel 0T YewHoepoAoykn mapdpeto Cc mov
ovoxetiCetat pe to delktn ovpmayovg.

e Amodoomn: Acixvel Vv KaAvteQn mpooaguoyr] pe to vymnAdtego R? kat Tig
XAUNAOTEQES TIUES TPAAUATOC, TIOOPAETOVTAC ATIOTEAETUATIKA TO XQOVO YLt TO
75% oL aveQXOHEVOL KAADOUD.

Cc-Linear Model yia to t» (x06vog faonc)
Efiowomn:y = 9.0156x (6)

e Omouv: y (b ) avumpoowmevel tov XeOvo Pdong tov vdgoyoagnuatog, x(Cc)
avToTolx el 0T YewpHoQ@oAoy Kkt Tapdpetoo Cc ov ovoxetiCetal pe To delkTn
OUUTIAYOUG.

e Amodoon: Erutvyyxdvet to vipnAotepo R? kat tig xapunAotepeg Tipég opAApaTog
HeTalV TV HOVTEAWY, KAOLOTWVTAG TO TO TO AELOTILOTO TEOYVWOTIKO HOVTEAO
Y TO XQOVO BAOTG TOL LOQOYQAPTUATOG.

Cc-Linear Model yia tomax (x00VOG axurc)
Efiowon:y = 1.4738x (7)

e Omov: y (tamax ) aVTITEOOWTEVEL TO XQOVO aLXHNG Ttov vdEoYoagnatos, X(Cc)
avTiotolXel 0T YewHoo@oAoy ikt mapdpetoo Cc mov cvoxetiCetat pe To delkTn
OUUTIAYOUG.

e Amodoon: ITaga 1o vYMAS R?, avto to povtédo datnoel xapnAd MAE kat RMSE,
delxvovrac alomioteg MEOPAEPELS VIt TO XQOVO ALXLTIS TOL VOQOYQAPT|UATOG.

Ta povtéAda avtd emiAéyovtal pe BAoT TV IKAVOTNTA TOUS VA TIREXOLV TIG TILO
a&lomioteg mEoPAEYelc oe dikpopa oOvoAa dedouévwv. H avaAvon maAtvdodunong
delxvel i onpavtikry) eEdptnon amnd tov ovvteAeot) ovumayovg (Ce), toviCovtag tov
KkQLoLo QOAO Tov 01N BeAtiowon g axEiBelag Tov povtéAov.

H emaAn0evon e avaAvong maAtvdeopnong toviCel tn onuacio Twv vToAoITwV otV
a&LOAGYNON TG KAANG TTROOAQMOYTS TwV e£l0woewv aAvdpounone. Ta vmoAowna,
TIOLU  AVTITIQOCWTEVOLY TN dIAKUUAVOT]  HETAED  TWV  TQATNQOVUEVWY Kol
TEOPAETOUEVWV TIHUWYV, TIAQEXOLV KQIOES TMATNQ0QOQIES Vi TV akpifeiax katL v
a&lomotia Tov HOVTEAOL. ZOU@WVA HE TNV AVAALON TV LTOAOITIWV, Yt TO Qmax,
LTTAQXEL U AOYIKT) OLUPWVIX HETAED TWV TTAQATIQOVIEVWY KAL TWV TEOPAETOUEVWV
TIHWYV, HE KAToLEG drakvpavoels. Ta vmoAotma vTodeKVOOLV TIEOPAETITIKY] KAVOTN T
aAA& pe amokAloels. Ooov a@ood To tasr, magaTnEeitat kKaAn] cvp@via, pe N unv
tcavoTomn Tk mEOPAeYN v tig vimAdtegeg Tipéc. ' to tosoL, TapatnEeital Betikn
Yoappkr) oxéon, pe petaBAntotnta otic meoPAéPeis. I'a to tarst, elvat epgpavig po
Oetikt) YOAPUIKT] TAOT, HE KATOWX axkQalo onuelor ov vmodelkvoovy medix Yo

, ‘ s, . , , , , , .
eAtiowon. ' to t VTIAQXEL OeTIKT) OLOYXETION AAAX KAl KATIOWX DIXKVOV I'a to
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to7sr, TO HOVTEAO ATOTLTWVEL TNV TAOT Ue 1T vtegekTipmor). TéAog, yia to to, vTdQxeL
Oetkn) oxéon, aAAd ot mEoPAEPelg amtokAtvouy meQLoodtepo kabwgs to tb aviavetatr H
evoeAEXNG avaAvon Twv dekTV a&loAdyNnonS tov HovTéAov 0dnyel otnv emAoyn
akoBav  eflowoewv  maAwdounong,  PeAtwwvovtag TtV TEOPAeYn  Twv

XAQAKTNOLOTIKWV TWV LOQOYQAPNUATWY.

Avaldvon Twv Avoewv Paciouéves ot poon

H ovykortkr) avdAvon magovoialet tov avtiktuno twv NBS oty amopeiwon twv
TATUHLOWV 0T Agkdvn Tov Zagavtamotduov otnv EAAada. Ta agx ik amoteAéopata
dlvouv i magoxn atxprs ota 535.7 md/s vd Tic Teéxovoes kKAaTucés ovvOnkes. H
EPaQUOYT) aAAay@V otV KAALYT TOL €dAPOLS HEWDVEL TNV atxur] oe 465.8 m?¥/s, pe
kaOvotéonon Tov xedvou atxuns oTis 20 weeg Kat pia a&loonuelwt) pelwot) oTov 0YKo
e TANpuYEas. H kataokeur] Aluvav amoOrkevong DOATOS TEQALTEQW HELWVEL TNV
alxur) oe 383.3 m¥/s, He emITAXLVOT TOL XQOVOL alXUNiS oTic 15 e Kal onUavTIky
pelwor tov 0ykov g mMANuuvEas. H ovvdvaotkr| epaguoyn kat twv dvo NBS odnyetl
oe maoxn awxpng 318.5 md/s, delxvovtag pua pelwon katd 41% oe ovykQLON He TO
oevaglo mowv NV epagpoyr) NBS. O oykog g mAnuuvoag pewwvetal oe 99.7 hms,
Yeyovog mov avtiotolxel oe pelwon 15.3% oe ovykoon pe 1o Paocikd oevaolo.
A&loonueiwTo elvat OTL T eTUTELEN AVTWY TWV ATIOTEAETUATWY ATIALTEL TNV KATAOKELT)
250 Ayuvav amoOrjevonc. To Zxnua 6 amewoviCel ontika TIg emdpdoels Twv NBS ota
AN UULQOYQAPTIUATA, VTTOYQAUMICOVTAS TO DUVAUIKO TWV HETQWV TOL elival ovppata

LE T1N @UOM 01N KelwoT) TOL KIvOUVOUL TATIUHLEWV.
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500 -~ NBS ANyt kahuding yng
- NBS Alpveg ouykpdatnang
~ 400 Udatoc
,;;“3 Yuvbuaopog NBS
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o’
st 300
=
e
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0
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Zxnua 6: TIAnupvgoyoa@rpata moLwy Kat et TNV eQagpoyn @uotkav Avoewv (NBS) yia tig
TOEXOVOES KALUATIKEG TLVOTKEC.
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ApXka, N kKataryda oxedlaopov xapaktneiletal amo péyot Booxontwor) 61.6 mm, e
a0pootko VPog 219.5 mm kat évraon 9.1 mm/h. Xto avwteQo 0evAQLO, AVTA Tt VOULEQX
avEAVOVTAL, TIEQLMTAEKOVTAG TT LY E(QLON TWV TMANUULOWY, EVE TO KATWTEQO OEVAQLO
delyvel HeElwOoeLS, TEOOPEQOVTAC Ui To dlaxewpioun meoomtikr). To péoo oevalo
ATIOKAAVTITEL AVENOCT) 0TIV TTAQOXT ALXHT]S KL TOV OYKO TG TANUUVEAG, ToVICOVTAaG TNV
avdykn v NBS kat otoatnywéc mpooappoyrc oto kAlpa. Ewotepa, 1o avwtepo
oevaguo delyvel pa arxpn ota 4075 m3/s, kat avénon 600% otov 0yKo TG MANUUYEAC.
To péoo oevaoro magovotalet po arxur| 1107.4 m3/s, onAadr] 79.2% avénor). To katwteo
OEVAQLO, WOTOOO, TAQOLOLALEL HEWDOELS KAl ot dVo pétoa. Ontikég ovykploels oTo
Lxnua 7 toviCovv v aéia twv NBS o1n dixx e(Qlon Twv dLa@OQETIKWOV EMUMTTWIEWY TOV
KkAlpatog otig mAnuuvees. H vdpoAoykr) avaAvon emidéyel ta avwtega Kol péoa
oeVAQLX Yx Vo doKlAoel TNV amnoteAeopatikotnta twv NBS, e€epevvavtac tig
aAAayéc votepa amd TNV KAALYPN TOL €DAPOLEC KAl TNV KATAOKELN] TV ALUVOV
amofnKevong EeXWELOTA Kat o0& ovvdvaouo. Ot aAdayég otnv kKAAvYm Tov edd@oLg

Hewwvouy TNV atXur] oe 3945.5 m3/s, mtwon 3.7%, dlatnewvTag To Xo0Vo atuns ot 18

WOEG.
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Zxnua 7: TIANupvooyoa@niuata moLwy Kat et TNV e@aguoyn @uotkav AVoewv (NBS) yia
peAAovTiKéS KALHaTLES oUVONKEG.
Ot Afpveg amoOrkevone wg NBS pewwvouv onuavtikd tovg kivdvvovg mAnupvoas. H
EQPAQHOYT) TOUG HELWVEL TNV atxpr) o€ 2702.9 m3/s kat Tov xo0vo atxuns oe 14 woeg, pe
pelwon 75% amd v agxwr) awxun. H magépPaon amobnievel 29.4 hm3 vepov, xat o
OLVOAIKOG OYKOG TG MANUUVAS pelwvetat o€ 797.4 hm3. T va emitevxBovv oL otdyot
pelwong e mAnuuvoag, amattovvtat 2198 Atfuves amobnkevong. Ot ovvdvaoTikég
otoatnywéc NBS megattéow pewdvouv mnv atxpur] g ekpong oe 2567.4 md/s. Ou

avtovopes Alpveg amodnkevong BeAtiotonoovy v anoOnkevon vepov oe 30.2 hm3,
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HLELWVOVTAG TOV OLVOALKO OYKO TNG MANUUVOAS Kata 7.2% oe 767.55 hm3. ITepimtov 2258
Alpveg  amattovvtal, TovICOVTag TIC TEOKANCELS OTOV OXedopd TNg dlaxeloong
TATNUHV0AG. LT0 Hé€TO KALUATIKO 0eVAQLO, 1 atxur] pewwvetatl oe 999.8 m3/s, delxvovtag
peiwon 9.73% amo 1107.4 m3/s Adyw amoteAeopatikic dlaxelgong g kKdAvyng tov
edapovs. O xpdévoc atxune magapével ot 18 woeg, evw 0 OLVOAKOS OYKOG TG
TANUpVoaG petwvetat katk 9.25% oe 192.1 hm3. H epapopoyr) Aqpuvav amoOrikevong
TEQALTEQW HELWVEL TNV axur] oe 851.7 m3/s, pe tov XQOvVo atxuns va pewwvetat oe 15
wec. Ot Alpveg petwvouy t0oo to péyefog 000 Kat TNV TaXUTTA TNG ALXUTS TG QOT|S,
amoOnkevovtag 4.6 hmd vegov. O TeAwog OULVOAWKOS OYkOG NG TANUUVEAG
npooaguoCetat og 207.1 hm3 petd Vv kataokevr] Twv Alpvey, anattovtag 340 Alpveg
Ywx BéATIOTN petolaot). Mia ouvOduaoTiKY) TROTEYYLOT] TTEQALTEQW UELWVEL TNV ALXUT) O€
755.9 m3/s pe otaB@epd xoovo arxpurs 15 weeg kat xwontikdtnta antodnkevong 4.4 hm3,
He aTOTEAEOUA OLVOALKO OYKO AN UpVEac 207.3 hm3. ITepimov 327 Alpvec amoOrjkevong

7'(@0[5/\87’(8"[0“ V& VAL ATIXQALTITES YIx VA& ET(LTSUXGOUV OL OTOXOL HEwOoNS ng

TAT|UpOC.

H a&ioAdynon twv NBS avadetcviel 6tL 0 ouvdvaopog e duxx elotong g KAALYmg tov
€dAPOLC HE TNV KATAOKELY AUVOV aTOONKEVOTG HELWVEL ONHUAVTIKA TIG ALXMUES Kol
TOUG OYKOUG TwV TANUpvowyv. Ou BéAtioteg NBS moémer va AapPavouvv vmoyn
OUYKEKQUUEVA XAXQAKTNOLOTIKA TNG AEKAVTG ATOEEOMNGS, OTIWS T) LORPOAOY Lot kL 1) xonon
yns. H anotedeopatikny oxedlaon kat epaguoyn twv NBS amawtel tnv évraén
ETUOTNUOVIKQOV  YVWOOEWYV, TN OUVUMETOX!] TWV EVOLXPEQOUEVWV HEQWY KAL TNV

OLKOAOYIKT] evaloONoiR, EVIOXVOVTAGS TNV AVOEKTIKOTNTA OTIC TAT|UUVQEC.

AAdayn kaAvyng yne oav uotkn Aven katw and petafaAdouevec ovvOnkec (nmvpkayld)

H magovoa megumtwotoAoyikn) peAétn afloAoyel tic NBS yix tv avtipetwmnion twv
AAAQY@V TOL €dAPOLS HeTd amo Tvokaywd ot Bogewx EVPowa, 1 omolax emAnyn amd
ooPapéc daokéc muokayLég tov Avyovoto tov 2021. Ot muokaylés katékopav mavw
a6 507950 otoéppata, emnEelOVTAS OLKOTLOTIUATA, KOLVOTNTES KAL TV otkovopia. H
HEAETT) ETUKEVTQWVETAL OTIG AEKAVES ATIOQQOT|G TWV TTOTAMWYV Eneomotapos kat Knoéag
ot Bopewx EvBowa (Zxrua 8) kat eEetalet mwg ot NBS pmogovv va avtipetwnicovy toug
AVENUEVOLS KIVOUVOUG TTANUUUQAS HETA TIG TIVEKAYLEC. AEDOUEVOL TOV HECOYELXKOV
KAlpaTog g meQLoxns, To omoio xapaktnelletal and Ceotd kaAokaip Kot kQUOLS
XEMAWVES, Kat evog péoov etrjotov vetov 1200 mm, 1 épevva ToviCet Tov QOAO Twv NBS

TNV evioxvor ¢ avOekTIKOTNTAC ATEVAVTL OTIC TTEQRAAAOVTIKES AKQOTNTEC.
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Ot Theochari kat Baltas To 2022 xonoipontorovv MCDM kat GIS yia va evtomticovv Caveg
evmafelc oe MANUUVEES 0 dVO AeKAVES AMOQEEONG, €0TLALOVTAS OTOVSG ALENEVOLG
KvdUVOUG ATOEEONG OTIG avavtr meQloxés. EméAdeEav mévte onuela mpooopoiwong
(ZxNua 8) yix v avatAVOOLV TIG ETUTTWOELS TWV dACIKWY TTUEKAYLWV OTLG TANUUVQES
Kat va afloAoyroovv v amotedeopatikotnta twv NBS ot duwxyxelplon Ttwv
TANUHLOWV HEOW aAAQY@V otV KAAVYN ToL €dd@ovg o Kapéveg ektaoels. H peAém
eQUAaPAveL emioNG OLYKQIOEIS VOQOAOYIKWV ATOKQIOEWV  XONOLHOTOLWVTAS TO
Aoylwoukd HEC-HMS yix va vmoAoyloel TANUULOOYQX@TUATA IOV KAL HETA TIS
TUEKAYLEG. ALTO TO AOYWOHKO povieAomolel TG dudikaoies BEOXNS-ATTOQQONG
XONOLHOTIOLWOVTAS HOVTEAX AEKAVNG Kol HETEWQOAOYIKA HOVTEAQ, KAl ePaQpoleL
ueébodo Soil Conservation Service (SCS) CN vyia va vmoAoyiloel Tig amwAeleg
Pooxomtwoewv mov enmnEedlovtat amod aAAayég oTn XONoTN YNG Kol 0TOV TUTO TOU
€0APOVE HETA TNV TEKAYLd. Evowpatwvel ) ovvoAwr) anoggor] pe to UH yuax va
exTiunoet v artopeon]. H avdAvon deiyvet dtL oL mugkaytéc aAA&lovv onuavtikd ta
TAT|UpLOOYRaPN AT O KADe VTTIOAEKAVT), AVEAVOVTAC TNV ALY TNG ATTOQQEONG KAl
HELOVOVTAG TOVG XOOVOUS ALXHNG AOYW TNG HEYAAVTEQNGS AdATIEQATNG ETUPAVELAS TNG
Yns. Ot tpés CN petd v muokaylx auEAvovtaly auEAVOVTAS TIG TIHES TwV
TAT|UULOOYQAPNUATWY OTIS TTRooopolwaoels tov HEC-HMS. Inuewwtéov, ot atxpéc otig
vmoAexaves 2, 3, 4, kat 5 elvat 10e1c wg T€00€QIS PORESG LYPNAOTEQES ATIO TA TIQO-
TIVOKAYLAG €TUTTEdA, HE TO XQOVO AXLXHTNS VA HELWVETAL OTO OO OTIG VTTIOAEKAVES 2, 3, KAt
4. H peAétn katadeucvoel n onuacia twv NBS, ontwe n avaddowor), ot pelwon twv
avENUEVOV KIVOUVWV TANUHVoaG AdYw muokaywwv. Tt Bépewa EvBowa, mpokeuévov
va epagpootel 1 aAdayn kdAvyng yne oav NBS, ot egloxég evtog twv Agkavav mov
HEAETWVTAL KL ETANYNOAV ATO TN PWTIX €MAVAQLTEVTNKAV He ddomn "Kwvogpopa" kat
"OLAAOBOAR" Yix va amtokaTtaoTabovV T OIKOCLOTNUATA Kal V& pewwdel 1) artopeon.
Ydp0oA0YIKéG AVAAVOELS OTIC TEVTE VTTIOAEKAVES AELOAOYOVV TNV ATOTEAETHATIKOTTA
¢ avaddowons amo 3.26 km? éwc 60.52 km?, pe okomo ) BeAtiwon g duOnong tov
VEQOU Kal TNG dloxelplong g amoeEor]s. AETTOUEQELES YIX TO XAQAKTNOLOTIKA KAOe
LTTOAEKAVNG TIOLV Kol HETA TNV Muokaywk avagégovtal otov Ilivaxka 4. H avaAvon
TAEOLOLALeL V. TANUpLEOYRAPN AT oL AapBdvouvy vrtodn T aAdayéc oty
KAALYPN TOoL €dAPOLG HeTd TN Ptk ws NBS, emdencviovtag mws avtég Umogovy va
aAA&EOLVVY TIC LOEOAOYIKES amokpioels. Ot Mpooaguoopéves Tirés CN TEOOOHOLWVOLY
ovvOnkeg mov TANOLACOLVY éva ATOKATEOTNUEVO OKOAOYIKO OVOTNH, delxvovtag
PeAtiwpévn dmOnon katr pewwpévn dvvatotnta amoor)s petd ta NBS. Ta
amoteAéopata delxvouv ONUAVTIKEG HEWOELS OTNV At A0yw twv NBS, pe pewwoeig

TIOL Kvpatvovtat amo 5.3% otnv vroAekavn 1 éwg 17.8% otnv vroAekavn 2. Ta NBS
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emnopedlovuv emiong Betikd TO XOOVO aLXUrs, évav kQIOLo maQdyovta oTr dlaxeloon

TOL KLVOUVOL TANUUVOAC, delXVOVTAG P CUVOAKA BEATIWHEVT) LOROAOYIKT) ATIOKQLOT).

ITivaxkag 4: Ta yewHOQ@OAOY KA KAL VOQOAOY KA XAQAKTNOLOTIKA k&Oe vTTOAEKAVTC.

Ynolekdvn 1 2 3 4 S
Eppadov (km?) 103 14 55 104 160
Kapévn éktaon (km?) 76 14 55 103 155

Pre-fire 80 80 75 75 75
CN Pro-fire 88 90 85 85 84
NBS pro-fire 83 80 75 75 74
UH pre-fire 10 3 9.6 11 17
UH pro-fire 29.5 10 21 28 47
Imppopoypaenpa
Mapoyi avgi (m¥/s) pre-fire 192 31 84 180 261
Flood hydrograph
pro-fire 505 118 247 446 709
NBS
mppopoypaenpa
pro-fire 478 97 210 414 598
UH pre-fire 14 6.5 8.5 20 14
UH pro-fire 12 4 3.5 9 10
Iinppopoypaenpa
pre-fire 25 9 14 31 25
Xpovog arypiig (hr) Iinppopoypaenpa
pro-fire 23 6.5 11.5 21 21
NBS
mppopoypaenpa
pro-fire 23 6.5 10.5 22 21

Lvunegdopata kot MeAdovtikr) Egevva

Avt) n evotta maéxEL L oVLVTOUN TAEAD 0T TWV KUQLWYV EVONHATWY TG TTQOVOAG
dlTOIPT)C OXETIKA HE TIC OTEATNYIKEG OlXE(QONG TOL KIVOUVOL  TANUUVOAG.
[TeodauPaver 1o BéATIoOTO  OXedAOCUO TV  OIKTOWV — LOQOMUETQIKWY KAl
LOEOUETEWEOAOY KWV OTaBO WV, TNV avartuén evogc GUHue Baon ta yewpnoo@oAoyka
XAQAKTNOOTA TN KAOE AgkAVNG Yix TNV Oomolx O&v LTAQXOLV METONOELS, KAl
a&loAoynon dvo NBS yix ) duxxeigon twv mAnuuvowv. H megiAnyn megryodpet ta
dedopeva, tic uebodoAoyieg, T ATMOTEAEOUATA KAL T KUQLX OUUTIEQAROUATA YIX KAOe
TToXN.

Lxetk& pe 1O PBEATIOTO OXeDATUO OUKTUOL ULOQOUETOIKWV-VOQOUETEWQOAOYIKWVY
otaOuwv, 1 égevva ToviCel TNV ETUOEAOT TWV KOLTNEIWV KAt TNG evowpatwong GIS otov
OXEOLATHO, ETUONUALVOVTAG TH) ONUACIX TV aKBWV YewXwokwy dedopévwv. O WMO
ka0opilel TOV OLVIOTWHUEVO aQOpO otabuayv, emtpémovtac evéAlktee Oféoelg o€
negoxés evmabelc otic mAnuuvges. Evw 1 acagric Fussy AHP pewwover v

UTTOKELHEVIKOTITA, eVOEXETAL VA UNV elval 000 amoteAeopuatikn 6co 11 AHP oe oevdoua
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e avénuéves emdoyés Oéoewv. Qotooo, umogel va elval amoteAeopatiky) oe
TEQIMAOKEG KATAOTACES. LLVOAWKA, 1) peBodoAoylar elval KOOTOATIODOTIKY) Kol
ATIOTEAEOUATIKI] YLt TOV EVTOTUOUO KATAAANAwY Oéoewv XwpoBétnong otabuwv oe
HeyaAec Aekdvec amopQor]s, vmoypaupiCovtag v alla twv eoyalelwv GIS ot
dloryelQLom MANUHLEWV.

Oocov apopda otnv avarntvén tov GUHSs v Aekadveg XwoIg HETETOELS, Elval eUPAVES OTL
oL TaXVTNTEG £VTOC VOEOYEAPKOV dKTVOL peTalV 0.1-2.0 m/s cvvenayovtal otabepdk
Oetucéc tuéc otov delktry NSE oe dud@opeg Aekdves, vMOdeEkvVOOVTAS AKOLBELS
TIQOOOUOLWOELS 0& OUYKQLOT] HE T TAQATNQOVHEVA LOQOYQAPNUATA. AVTO TO €0QOG
TAXVTNTWV TEOTIHUATAL YIX TTEQALTEQW £0evva. H peAétn emiong epevva ) pébodo twv
LOOX0OVWYV  KAUTVAWV  oe 70 Aekdves, Tmoapdyoviag oOxéoelc  UETAED TV
XXQAKTNOLOTIKWY TV LOQOYQAPTUATWY KAL TWV YEWHOQPOAOYIKWV dEIKTWV, MUE
omtucég Porj0eteg OMWGS OTOYQAUUATA TOL €VIOXVOLV TNV KATAVONOT] AUTWOV TV
oxéoewv. Avtr) 1 mMEoeQyaoia dLEVKOAVVEL TNV avAALOT TAALVOQOUNOTS Yix TNV
mEOPAeYT  TWV  XAQAKTNOWOTIKWV — TWV  LOQOYQAPNUATWY  pe  BAon  TOULG
YeWHOEPOAOYIkoUG detkteg, edka to detktn Cc, 0 omolog emnEeAlel ONUAVTIKA TNV
axpiBelx avtwv Twv mEoPAéPewv. H éoevva divel mootepadtnTA 01N pElwon Twv
opaAuatwv mEoPAedns (MAE kat RMSE) kat ot peylotonoinon twv tipwv R? oty
aAVAALOT TTAALVOQOUNONG YIX Va eEao@adioel allOTIOTES KAl LOXVEES TEOPAEPELS.
MovtéAa 0Ttwg to T-Polynomial i 1o Qmax kat to Ce-Linear vy d1xooug xeOvoug Twv
LOPOYQAPTUATWY ETUDEIKVVOLV LOYXVEES TTQOPBAETITIKES IKAVOTNTEGS, LE TNV AVAALOT) TWV
LTTOAOITIWV VA eTUREPBALOVEL TNV €YKVQOTITA TOUG HEOW DAYQAUUATWY OLXOTIOQAS KoL
dLAYQAUUATWY LTIOAOITIWV 1oL ep@aviCovy otolxela evOLYPAUMIONG Kal TLXa(x
KATAvoun yVow amo to undév, delyvovtag v a&lomiot meoPAeYn Twv HOVTEAWY Yl
TA XAXQAKTNOLOTIKA TWV LOQOYQAPNUATWV.

Lxetd pe v anoteAeopatikotnta twv NBS otn pelwon g mapoxne atxuns, avt
KATADEIKVVETAL 0APS. YO TIG TEEXOVOES KAIUATIKEG oLVONKES, oL aAAayég otnv
KAALVYT TOL €dAPOLS OdONYOLV O¢ pelwon 9.3% amo ) PBaokn Tun, evw oL Alpuveg
aTOONKEVOTC ETUTVY XAVOLY UL TTO oNUAvTIKN pelwot) 28%. O ouvdvaouog NBS odnyetl
OTNV TO ONUavVTIKY] pelwon, meginov 40.5%. Opoliwg, ot ouvoAkol OyKoL TANUULEAS
naeoLatlovy afloonpelwtes pelwoels o OAa ta oevagwx NBS, pe pewwoeic 12.3%,
15.3% xat 15.7% yx tic aAAayég otnv k&dAvn g yng, T Alpveg amodnkevong kat tov
ovvdvaouo NBS, avtiotolxa. Ta oevdoia aAAaync kAlpatog egattéow vTToYyQappiCovy
™V enidoaon twv NBS, pe v eviatkomnoinon twv PEoOXOTMTWOEWY OTO AVWTEQO
OEVAQLO VOt AVEAVEL TNV ALXUT] KAL TOV OYKO TG TANUUVQAGS, EVE TO KATWTEQO TEVAQLO
delxvel pewwoets. ZuvoAkd, o ovvdvaouog NBS mapéxel ta mio anmoteAeopatika péoa

Yx T HElwon NG AXHNG KATW A0 dXPOQETUKES KAHATIKES ovvOnkes. H peAétn o
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Bopewx EvPowx efetalet Tic emdQATELS TwV aAAaywv otnv kKAALYPN TNG YNG HeTd TNV
TIUEKAYLA OTN OLVAUIKN TWV TANUHLOWYV Kat TNV amoteAeopatikot)ta twv NBS otnv
QVTIHLETWTILON AVTWV TV ETUNMTOOEWV. ALATIUOTWVEL ONUAVTIKEG AVENOELS OTNV AL Un
HETA TN QWTIX 0€ OAEG TIG VTIOAEKAVES, YEYOVOS TTOL OLVOEETAL e TIC VPNAOTEQES TILEG
CN otic ektetapéves kapéves megroxés. Ou mpooopowwoelg delyvouvv ottt NBS
HUTTOQOVV VA HELWOOLV TNV ALXUT] KAL VO €TITAXVVOUV TOUG XQOVOUS ATIOKQLONG OTLG
PBooxomtwoelc. Ta evgnuata toviCovv tov EdAo twv NBS omnv evioyxvon ng
avOEKTIKOTNTAG ATEVAVTL 08 LOQOAOYLKES AKQOTNTEG O TEQLOXEC ETIQQETEIS OF
TIUEKAY LEG.

Ot mpotdoelc yix peAAOVTIKN £€0EVVA TTOL TIEOKVTITOVV ATIO TOVG TTEQLOQLOUOVS AVTIG TNG
peAétng mepoAapBavouy TNy e£epevvnon MEONYHEVWY HeBOdWV Yix TNV eKTIUNON TV
Pagwv 010 OXedATUO dKTVOV VOQOUETOIKWV-VOQOUETEWQOAOYIKWY OTAOUV kabwg
KL epaguoyn TNnG magovoas HeDodOAOYIlaG Oe OXPOQETIKEG XWOUKES KAlHAKEG.
EmmAéov, 1 eVOWUATWOT] eVOAAAXKTIKWOV LOQOAOYIKWV dedopévwy, mbavws amod
doQLPOOLKES TapaTnENOELS, O PToEOVCE VA CUUTIATIOWOEL TA TTEQLOQLOEVA DEDOEVA
ntov tagéxovtat and v AEH g EAAGdac yix tnv avdntvén twv GUH. Ocov agopa
otV anoteAeopatikotnta Twv NBS, 0 kaOolopog koitnolwv oxedaxopov yix tig Alpveg
amoOnkevone amoutel  peAdoviikég mooomaOeleg  yux v kaOlEgwon  evog
tuTtomonuévou mAatolov mov va AapBaver vtoyn TNV ToTOYEAPLn, TIC KALOES TOL
€dAPOLC, KAl TNV TUKVOTITA TOL LOEOYEAPLKOV diktvov. ErimpooOeta, n épevva tng
ETOQAONG NG OABEWOTIC TOL  €DAPOVE OTNV ATOTEAEOCUATIKOTNTA TWV  ALUVQV

amoO1KELOTC €lval OLOLWONG VI P TEQLEKTIKT] KATtavonon xal BeAtiwon.
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1. Introduction

1.1 Floods

Floods are among the most severe natural disasters, especially in the Mediterranean region,
due to its unique geographical and climatic characteristics. They affect millions worldwide
annually and are classified as natural disasters as defined in Annex A-1-1 of Ministerial
Decision 1299/2003. Furthermore, insights from recent catastrophic flooding episodes in the
broader region, such as those in 2013, 2014, and 2015 in the plains, and the 2017 floods in
Mandra, alongside historical catastrophic flood events in the vicinity, including within the
broader Greek territory (e.g., the 2017 Samothrace flood, the 2020 Ianos flooding, and the
2023 Daniel-Elias flooding in the Karditsa region), underscore the urgent need for
comprehensive understanding and preparedness measures. The terms "floods" and
"flooding" are often confused when discussing high water levels or peak discharges. More
specifically, a flood is a temporary event where water levels or discharge exceed a specific
threshold, causing it to overflow from its usual boundaries. However, this only sometimes
results in flooding. However, flooding occurs when water overflows the regular limits of
rivers, streams, lakes, and seas or when heavy precipitation overwhelms drainage systems.
This affects areas that are not usually submerged (Douben 2006).

Floods can lead to injuries, loss of life, significant economic burdens, and damage to the
environment and cultural landmarks. Within Europe, severe flooding incidents are
becoming more frequent. Over the past few years, medium to large-scale flash floods have
more than doubled compared to the latter part of the 1980s. In 2020, floods emerged as the
predominant form of disaster on a global scale, comprising 62% of all reported incidents
(Peng et al. 2024). Their origins are varied, including intense rainfall, rapid snowmelt,
hurricane-induced storm surges, and the failure of artificial structures like dams and levees.
This diversity in origins underscores the need for a comprehensive understanding of
different types of floods, their consequences, and the strategic approaches necessary for
mitigating their impact. Their impacts range from disrupting urban transportation and daily
routines to damaging homes and infrastructure and causing various forms of pollution

(Elsadek et al., 2024). Between 1980 and 2017, hydrological events cost the European Union
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(EU) about 166 billion euros, roughly one-third of the total damage caused by climate-
related events. If things continue as they are, the yearly flood damage in the EU is predicted
to rise from 7 billion euros in the period from 1981 to 2010 to 20 billion euros in the 2020s,
46 billion euros in the 2050s, and 98 billion euros in the 2080s (Ciabatti et al. 2018). Climate
change is anticipated to amplify the severity and occurrence of weather-related disasters
like flash floods, riverine and coastal flooding, and pluvial floods due to altered
precipitation patterns. The Intergovernmental Panel on Climate Change (IPCC) forecasts a
rise in the frequency of climate-related extreme events across Europe, causing widespread
sectoral impacts and substantial economic losses, with climate change already influencing
the intensity and distribution of extreme weather occurrences (Allegri et al. 2024). Floods
are a focal point for multidisciplinary research and action, reflecting the urgent need for

integrated approaches to mitigate their impacts and enhance community resilience.

1.1.1 Types of floods

River floods or fluvial floods

Regardless of size, rainfall can prompt river floods, often combined with snowmelt (Bloschl
et al. 2015). A fluvial event, commonly known as a river flood, occurs when the water level
in rivers, lakes, or streams overflows beyond their banks onto adjacent lands. This increase
can be caused by excessive precipitation or snowmelt. The effects of a river flood can be
significant, affecting smaller rivers downstream and possibly causing dams and dikes to
break, flooding nearby areas. According to Zurich Insurance Group, the severity of such
floods depends on several factors, including the area's topography, the duration and
intensity of rainfall within the river's drainage basin, soil moisture levels, and the influence
of climate change on precipitation patterns. In flat terrains, floods tend to rise gradually and
persist for days. In contrast, floods can occur rapidly following intense rainfall in hilly or
mountainous regions, leading to swift drainage and potential damage from debris flow.
These floods, seen in significant rivers like the Danube, Rhine, or Elbe, might occur long

after rainfall and persist for months.

Coastal Floods

Coastal floods can arise from seismic activity in the ocean, leading to phenomena like
tsunamis, as seen in the 2004 Indonesian and 2011 Japanese events. Additionally, they can
result from powerful winds coinciding with exceptionally high tides (i.e. storm surge)
(Bloschl et al. 2015). Storm surge, driven by high winds, is the primary cause, posing
significant risks during hurricanes or typhoons, notably when coinciding with high tide.
These floods can be catastrophic, leading to loss of life and property. Various factors

determine the severity of coastal flooding, including the strength, size, speed, and direction

2
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of the windstorm and the local topography. Coastal flood models integrate this information
with data from past storms to assess the likelihood and scale of storm surges. With rising
sea levels due to climate change, coastal cities and communities face increasing vulnerability

to such flooding events (Zurich Insurance Group).

Flash Floods

Flash floods occur when there is a sudden, intense surge of water due to heavy rain over a
short period, either locally or in nearby elevated areas. Additionally, they can result from a
sudden water discharge from an upstream levee or dam. These floods are hazardous and
destructive, not only because of the force of the water but also because of the debris carried
along in the current. Flash floods have substantially harmed infrastructure such as road
networks, agricultural activities and residential areas and have threatened human lives
through pedestrian and vehicular accidents. Frequent and devastating flash floods occur
more frequently in specific areas of the Mediterranean than in other parts of Europe due to
the local climate, characterised by sudden and intense rainfall. The geographical features
surrounding the Mediterranean Sea, such as terrain, facilitate the convergence of
atmospheric flows at lower altitudes and the upward movement of warm, moisture-laden
air masses from the sea, resulting in active convection and an increased risk of flash floods

along the coastlines (Gaume et al. 2016).

1.1.2 The 2007/60/EC Flood Directive

After the destructive floods in Central Europe and southern France in 2002, the EU
implemented Directive 2007/60/EC of the European Parliament and of the Council on 23
October 2007 to assess and manage flood risks. The Floods Directive (2007/60/EC) aims to
create a structure for evaluating and handling flood risks to mitigate the adverse impacts of
flooding on human health, economic endeavours, the environment, and cultural heritage
within the EU. It involves evaluating flood risks in river basins and coastal areas, identifying
high-risk zones, and developing Flood Risk Management Plans (FRMPs) through
collaboration among EU member states. These plans are not static but dynamic documents
that adapt to new data, evolving climate conditions, and the effectiveness of implemented
measures. The assessments were initially published on December 22, 2011, and underwent
review by December 22, 2018, and will subsequently undergo review every six years. Since
many river basins across Europe span multiple countries, addressing this issue at the EU
level proves more effective. This approach enables improved risk evaluation and
coordinated actions among EU member states. This directive mandates the latter to evaluate
flood risks in coastal regions and river basins by gathering relevant data, including historical

flood occurrences and detailed maps depicting boundaries, land uses, and terrain features.
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The directive underscores a continuous improvement cycle, mandating updates every six
years to ensure that risk management plans remain pertinent and efficacious. Moreover, it
promotes a culture of collaboration and shared responsibility, urging member states to
cooperate, particularly in managing shared river basins, which are prevalent in Europe. This
cooperative approach is essential in a continent where rivers cross political boundaries and
flood hazards in one country can significantly affect neighbouring nations.

Members must assess the probability of future significant floods and their potential impacts.
More specifically, they are responsible for executing the Floods Directive, concentrating on
the comprehensive management of flood risks. This includes appointing local authorities at
the river basin level, conducting assessments of flood risks, mapping areas and populations
vulnerable to flooding, and implementing measures to reduce risks. Additionally, member
states are also responsible for coordinating flood risk management (FRM) across
transboundary river basins, avoiding actions that might worsen flood risks in neighbouring
countries. Implementation cycles, covering 2016-2021 and 2022-2027, provide guidance for
directive execution. The flood-risk maps and the management plans align with the Water
Framework Directive (WFD). The implementation of the WFD, alongside this directive and
other water-related directives, is guided by a standard implementation strategy aimed at
integrating water policies with other EU sectors such as agriculture, transportation,
research, and regional development. The Directorate-General for Environment within the
Commission holds a key position in supervising the implementation of the Floods Directive.
It ensures its incorporation into national laws and its enforcement. Other Directorates-
General, like Agriculture and Rural Development and Regional and Urban Policy,
contribute to flood-related endeavours, aligning with their duties under the European
Structural and Investment Funds (ESI). Concerning ESI Funds programs, member States
prepare programming documents for assessment and approval by the Commission. These
programs, co-financed by the ESI Funds, may support flood protection initiatives outlined
in the Rural Development Programme (RDPs).

EU nations are required to develop maps delineating areas prone to substantial flood risks
and outlining various flood occurrence scenarios categorised by probability levels (high,
medium, or low). These maps should be first issued by December 22, 2013, with subsequent
reviews scheduled every six years. Furthermore, member states must devise FRMPs
coordinated at the river basin or coastal district level. The deadline for completing these
plans was December 22, 2015, with subsequent reviews every six years. In Greece,
compliance with the EU Floods Directive is reflected in national laws and strategies that
outline a holistic approach to managing flood risks. The country has made significant
investments in conducting thorough flood risk assessments, enhancing infrastructure

resilience, and fostering community. Directive 2007/60/EC recognises floods' varied origins
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and consequences, advocating for a comprehensive approach to FRM. Integrating technical,
environmental, social, and economic considerations enhances resilience to floods and

mitigates their adverse effects on communities and ecosystems.

1.1.3 Flood risk management

Efforts to tackle flooding increasingly focused on protection and human capability. Physical
flood control, such as levees and dams, prevailed from the 1960s to the 1980s. Policies and
laws guide FRM across all government levels, often in response to international or national
policies. For instance, the US Congress passed the National Environmental Policy Act in
1969, mandating environmental impact assessments for major projects. Similarly, Australia
and New Zealand published "FRM in Australia: Best Practice Principles and Guidelines" in
2000. In the UK, Project Appraisal Guidance was issued in 1993, followed by Planning Policy
Statement 25 in 2006, both addressing FRM (Sayers et al. 2013). Aligned with European
legislation and international literature, FRM has evolved into a multidisciplinary field
integrating technical, strategic, and administrative measures to reduce flood impacts and
bolster societal resilience. These efforts occur at various scales, including national, regional
(basin), provincial (subbasin), and local (subbasin) levels, often in an iterative and
occasionally disorderly manner. European legislation towards FRM emphasises
collaborative approaches and integrated strategies. It aims to mitigate the impacts of
flooding through comprehensive planning, risk assessment, and the promotion of Nature-
Based Solutions (NBS). Additionally, it emphasises the importance of community
engagement, early warning systems, and sustainable land use practices to enhance resilience
against floods.

According to Directive 2007/60/EC of the European Parliament and of the Council of 23
October 2007 on the assessment and management of flood risks, EU countries must develop
FRMPs coordinated within river basins or coastal districts. These plans set out goals for
FRM, with a primary focus on prevention, such as avoiding construction in flood-prone
areas, protection through measures to minimise the likelihood of flooding in specific areas,
and preparedness by informing the public about flood risks and appropriate actions to take
in the event of a flood. Member States are responsible for developing FRMPs and
coordinating proactive measures at the river basin level. FRM comprises two main
components: flood risk analysis and assessment on one hand and risk mitigation on the
other. In essence, flood risk assessment aims to identify areas with unacceptably high risk
and determine where mitigation measures are necessary. Risk mitigation involves
suggesting, evaluating, and selecting measures to reduce risks in these identified areas.
Hence, conducting a thorough analysis and assessment of flood risk is crucial within the

broader risk management framework (Vojtek and Vojtekova 2016). FRM involves activities
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to recognise, evaluate, and alleviate potential flood hazards. The latter concerns the
likelihood of a potentially devastating flood event within a given period. FRM employs a
holistic approach encompassing (Radulescu et al. 2017):

1. Prevention: Activities aimed at decreasing the likelihood of floods and minimising their
consequences. This includes regulating land use in flood-prone areas, enhancing soil
absorption, and preserving natural waterways.

2. Protection: Physical barriers such as levees, floodwalls, and surge barriers are
implemented to shield vulnerable areas from inundation. Sustainable urban drainage
systems (SUDS) and green infrastructure like wetlands and permeable pavements also
contribute to managing surface water and mitigating runoff.

3. Preparedness: Emphasis on early warning systems, emergency planning, and public
education initiatives. Communities are educated about flood risks and response protocols,
ensuring prompt action by individuals and authorities when faced with flooding.

4. Response and Recovery: Focus on post-flood activities, including life-saving measures,
assistance to affected populations, and restoration of everyday life. This entails deploying
emergency services, conducting cleanup operations, and repairing damaged infrastructure

and ecosystems.

1.14 Floods and climate change

Climate change alters rainfall patterns and raises sea levels, leading to more frequent and
intense flooding events. Due to climate change, the EU experiences more frequent heavy
rainfall, storms, and rising sea levels. According to the European Environment Agency
(EEA), the overall impact of river floods, precipitation inundations, and coastal flooding
within Europe is anticipated to worsen due to increased frequency and intensity of floods
at local and regional scales. Current climate patterns and future forecasts indicate notable
regional discrepancies in European rainfall patterns. In certain European regions, winter
precipitation could increase by over 25% during the last two decades of this century.
Alteration in seasonal rainfall, as a percentage, spanning from 2071-2100, compared to the
period from 1961-1990 under a two °C global temperature increase.

Throughout Europe, there is an anticipation of increased rainfall intensity. Intense, localised
rainfall in specific areas could lead to sudden floods, causing casualties and significant
damage, especially in urban areas with insufficient drainage systems. These incidents,
becoming more frequent, especially in Mediterranean and mountainous regions, present
forecasting challenges due to their reliance on local meteorological dynamics such as
topography and wind patterns. Along the Mediterranean shores of the EU, there has been a

potential decrease of more than 50% in annual rainfall over the last two decades of this
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century. Prolonged dry periods may threaten land stability, leading to erosion and increased
runoff during storm events (Ciabatti et al., 2018).

As climate change escalates, observations of infrequent yet severe storms and devastating
flash floods underscore the urgent need for innovative FRM strategies. Adaptive
management strategies are essential, characterised by flexibility and the ability to adjust to
changing conditions. Incorporating traditional engineering methods and NBS, such as
restoring floodplains and wetlands, offers a promising approach to enhance resilience and
adapt to evolving climate conditions. International collaboration is crucial for tackling
global issues like climate change and water management, especially in addressing flood
challenges. Global frameworks, agreements, and local innovation are essential for

protecting communities and ecosystems from floods in a warming world.

1.2 Hydrometric-Hydrometeorological Stations

To ensure effective and equitable management of water resources and protection against
flood-related challenges, the optimal design of hydrometric and hydrometeorological
networks is essential. These networks play a crucial role in gathering comprehensive and
dependable data, which serves as the lifeblood of hydrological models and is central to the
simulation of river flow conditions, especially in rational water resource management
(Theochari et al. 2021). A comprehensive network design encompasses various aspects of
hydrological data collection. It addresses the hydrological variables requiring observation,
determines suitable locations for observations, specifies the frequency of observations,
establishes the duration of the observation program, and defines the necessary level of
observation accuracy (WMO 2008a). Figure 1-1 illustrates the conceptualisation of this
design process as a pyramid.

The precision of hydrometeorological measurements necessitates the establishment of well-
structured networks that include both hydrometeorological and hydrometric stations.
Interest in designing such networks has been significant since the 1970s (Mishra and
Coulibaly 2009). Various techniques have been devised for designing an optimal station
network tailored to specific objectives (e.g., Rodda et al. 1969; Fujioka 1986; Sestak 1989;
Moss and Tasker 1991; Shepherd et al. 2004; Barca et al. 2008; Baltas and Mimikou 2009;
Hong et al. 2016; Kemeridis et al. 2017; Feloni et al. 2018; Theochari et al. 2019; Nguyen et al.
2021; Theochari et al. 2021; Mazi et al 2023; Liu et al 2023; Brunet and Milbrandt 2023; Singhal
et al. 2024; Suri and Azad 2024). Moreover, the World Meteorological Organization (WMO)
(WMO 2008b; 2010) has thoroughly conducted investigations into developing and

disseminating technology for designing hydrometeorological data networks. Geographic
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Information Systems (GIS) are crucial in the design of an optimal network. GIS is essential
for handling spatial data, analysing it, creating extra thematic layers related to river basin
features, displaying data, outlining watersheds, and depicting stream networks (Baltas and
Mimikou 2009) through suitable algorithms (e.g., Maidment 2002).

Decision theory

Bayesian
analysis
Socio- Optimization : Corre-
economic Sampling .
: theory lation and
analysis theory :
regression
Probability
Hydrology

Figure 1-1: The design process of the network
Source: (WMO 2008a)

Unfortunately, the climate crisis extends beyond just a rise in the planet's average surface
temperature. The disruption of the atmosphere caused by this rise will result in more
frequent and severe extreme weather events, including floods, hurricanes, droughts, and
more. According to the United Nations, climate change is worsening natural disasters
worldwide. In the past twenty years, extreme weather events have doubled, causing nearly
three trillion dollars in total economic losses. Poorer countries are hit hardest, pushing
millions into extreme poverty. For example, in 2019, around eighteen million people were
forced from their homes due to severe weather linked to climate change.

The EU and the international community are working to tackle climate change and its
impacts. They often use satellite technology to manage and respond to crises
(https://sentinels.space.noa.gr/) effectively. The United Nations' 2030 Agenda, a global plan
for sustainable development, encompasses 17 Sustainable Development Goals (SDGs) to
end poverty and foster sustainable development worldwide by 2030. Alongside this agenda,
the Sendai Framework for Disaster Risk Reduction (DRR) (2015-2030) emphasises
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collaborative efforts among nations to mitigate disaster risks, recognising the government's
leading role and the involvement of various stakeholders, including businesses.
Additionally, the Paris Agreement on climate change underscores the necessity of
international cooperation in addressing climate issues and outlines a collective action plan
to mitigate global temperature rise. These agreements collectively highlight the need for
unified global efforts in tackling pressing environmental and developmental challenges. In
this context, the design and enhancement of hydrometeorological-hydrometric networks
play a crucial role. More specifically, establishing a dependable warning system requires
access to precise information, particularly real-time meteorological and river-level data.
With these data, experts can feed them into suitable hydrological and hydraulic models,
predicting regions at higher risk of flooding events.

The need to design and install an extensive network of measurement stations is particularly
significant in countries like Greece. This is due to the country's unique and complex
topography and disparate distribution of water resources resulting from distinct
geomorphological and climatic conditions in its eastern and western regions. Greece
generally experiences a Mediterranean climate, but it encompasses various climatic
variations, ranging from humidity in the northwestern areas to arid conditions in the east.
The diverse landscape contributes to the country's division into numerous hydrological
basins and several local station networks. Due to the differences in rainfall and water
resources across different areas and times in the country, it is essential to record
meteorological conditions accurately. This is necessary for effectively managing water
resources and sensibly planning infrastructure. Creating a representative network that
adequately captures the unique local characteristics is a pressing and challenging task.
Greece has multiple hydrometeorological networks managed by different government
agencies, totalling over 1000 stations. These agencies have a significant number of stations
under their purview. The Public Power Corporation (PPC) manages around 300 stations in
areas with high hydropower potential. The National Meteorological Service (NMS) operates
more than 100 stations for weather forecasting purposes. The Ministry of Rural
Development and Food oversees 357 stations dedicated to agricultural purposes. Lastly, the
Ministry of Environment and Energy is responsible for approximately 270 stations focused
on rational water management and network planning. Additionally, various research
institutions, universities, and municipalities operate smaller networks. The Department of
Water Resources, Hydraulic and Maritime Engineering at the School of Civil Engineering,
National Technical University of Athens (NTUA), has set up a network of meteorological
and flow measurement stations, along with a Joss-Walvogel RD-69 disdrometer (JWD), to
monitor the meteorological and hydrological conditions in Athens. Various organisations

also invest in costly infrastructure for meteorological, climatological, and hydrological
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observations. These entities include departments within the General Secretariat for Public
Works, the Academy of Athens, the National Observatory of Athens (NOA)- Institute of
Environmental Research and Sustainable Development, the Hellenic Center for
Meteorological Applications and Remote Sensing (HELMAS), the Institute of Forest
Research, the Center for Renewable Energy Sources and Saving (CRES), municipalities
throughout the country with their networks, as well as several research centres and
universities with smaller networks.

In the past, researchers like Baltas and Mimikou (2009) demonstrated the ability to optimise
the existing national network of about 1041 stations using GIS methods. Feloni et al. (2018)
proposed a multicriteria GIS-based approach to optimise a regional station network in
Northern Greece. They aimed to develop an up-to-date real-time flood warning system and
manage agricultural water resources. Additionally, Theochari et al. 2019, 2021 suggested a
method for evaluating suitable sites for installing hydrometric-hydrometeorological
stations for various scenarios in West Attica, depending on the network's purpose, whether
water resource management or flood warning systems.

In the late 1980s, efforts were made to document meteorological and rainfall stations in
Greece fully. At that time, 1613 stations were recorded, with 1066 operational. Today,
according to data from the Hydroscope website (http://www.hydroscope.gr/ geodata/), are
2313 stations recorded by central public sector entities producing climate data. Only 1321
stations have some basic time series data, meaning data without interruptions, gaps, or
missing observations. However, existing station networks in Greece have several
drawbacks, as pointed out by Baltas and Mimikou in 2009. Creating a representative
network that adequately captures the unique local characteristics is challenging. Stations are
not evenly distributed spatially because each service focuses on different fields for data
collection purposes. Consequently, the majority of stations (e.g. >30%) are situated in low-
altitude zones (e.g. 0-200 m), with many stations from different services located close to each
other. Conversely, only a few stations are positioned at high altitudes, above 1200 m, leading
to difficulties in estimating rainfall magnitude in mountainous areas.

The accuracy of available historical records varies due to unsuitable station positions.
Numerous criteria must be considered before installing a station in a specific location,
including terrain slope, as stations situated on steep slopes may be susceptible to local wind
effects. Moreover, the different types of instruments each service uses reduce the reliability
of measurements in the network. The wide variety of sensors with varying sensitivities
contributes to this issue. Maintaining individual networks for specific purposes increases
the cost of everyday activities across different entities. Joint planning and collaboration
among national agencies is necessary for effective network operation. These challenges have

resulted in establishing and maintaining costly, fragmented, and incompatible technological
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infrastructures. Many researchers, scientists, and technicians work independently across
various agencies, leading to duplication of efforts. Furthermore, there needs to be more
collaboration among public authorities, hindering Greece's representation in international
research and technological development organisations. Looking ahead, there is a need to
develop a unified and reliable national network of stations for sharing multiple data across
various applications.

European Directives such as Inspire and Law 3882/2010 aim to integrate observation and
recording networks for climate and meteorological data to achieve economies of scale. At
the European level, recent Directives for meteorological and environmental data aim to
create services that gather and share ecological information across national and European
levels while limiting market distortions. With these directives, Europe seeks to maximise
public sector information's economic and social benefits, making it available for commercial
reuse at minimal cost. The Inspire Directive, adopted in 2010 (Tsiavos 2010), addresses the
need for harmonised practices and rules for collecting, producing, and sharing geospatial
data. According to Article 18 of Law 3882/2010, the competent authority for the National
Infrastructure for Geospatial Information was previously the Cadastral and Mapping
Agency of Greece. However, following the enactment of Law 4164/2013, responsibilities
were transferred to the National Cadastral and Mapping Company S.A. Since then, the
Minister of Environment, Energy, and Climate Change has issued regulatory acts.
Collecting reliable hydrometeorological data is essential for water resource management
and flood protection. Well-organized networks of hydrometeorological and hydrometric
stations are required, especially in countries like Greece, which have rugged terrain and
uneven rainfall distribution.

Integrated monitoring networks are crucial in regions prone to flooding, such as the
Sarantapotamos River basin in the Attica region. In this context, according to the General
Secretariat for Research and Innovation of the Ministry of Development, on September 24,
2020, three telemetry meteorological stations were installed at three critical locations in the
Mandra-Magoula-Elefsina drainage basin. This was done as part of the ongoing research
activities of the FloodHub service at the Center for Earth Observation and Satellite Remote
Sensing (Beyond-EoCenter FloodHub) of the National Observatory of Athens (NOA),
funded by the European program SMURBS/ERA-PLANET and in collaboration with the
Attica Region and the company METRICA. The stations provide measurements for ten
parameters every 5-15 minutes: precipitation, water level, water flow, average surface water
velocity, wind direction, wind speed, air temperature, barometric pressure, relative
humidity, and solar radiation. The positions of the stations are at the entrance junction of
Mandra, at the bend of Agia Ekaterini/Katsimidi stream towards Sures stream, and Sures

stream (http://beyond-eocenter.eu/index.php/web-services/floodhub).
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To update and modernise the data collection network, the Action Plans of the FRMPs for
the country's river basins, formulated by the fourteen River Basin Districts, incorporate a
specific measure. This measure involves conducting a technical and economic evaluation to
restructure and modernise the current network of meteorological and hydrometeorological
stations managed by various entities such as the National Meteorological Service, the
Ministry of Environment and Energy, Regional Authorities, the Ministry of Rural
Development and Food, the Hellenic Agricultural Organization "DEMETER," and the Public
Power Corporation. The objective is to enhance available information, enabling more precise
estimation of hydrological parameters and updating rainfall curves/calibration of

hydrological models developed under FRMPs.

1.2.1 Hydrometeorological stations

Meteorological observations serve various purposes. They are utilised for real-time weather
analyses, forecasts, and severe weather warnings, studying climate patterns, facilitating
local weather-dependent operations, supporting hydrology and agricultural meteorology
efforts, and conducting research in meteorology and climatology (WMO 2008b). Among the
various data parameters, rainfall information is most significant in flood forecasting models
(Kar et al. 2015). Precise and reliable spatiotemporal precipitation estimation is
indispensable for accurately predicting how a catchment area responds hydrologically
(Volkmann et al. 2010). Hydrological data are vital for decision-making, water resource
planning, and management. A hydrological data network is a collection of activities to
achieve a specific goal or a set of related goals. Hence, the data collection process is essential
to provide hydrological information for various purposes, including spatial planning, water
resource design, and associated activities, all of which facilitate well-informed decision-
making (WMO 2008a).

It is common for a particular hydrological station or gauge to be part of multiple networks
if its data serve more than one purpose, which is often the case worldwide. Conversely, a
single network may comprise various types of stations or gauges if they all contribute to the
network's overarching objective. For instance, a flood forecasting network might
incorporate rain and stream gauges (WMO 2008a). Central to the mission is preserving the
historical archive of hydrological data, ensuring its continuous updating, and facilitating
accessibility for those who require it. This archive is a valuable resource for researchers,
policymakers, and experts, helping them understand past trends and patterns in
hydrological data. Lastly, by providing accurate and up-to-date information, decision-
makers and stakeholders can make informed choices that benefit society. Figure 1-2
illustrates the complete data measurement and transmission cycle, from observing a

physical phenomenon, in this case, air temperature, to the reception of data by a user.
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Subsequently, the hydrometeorological station network is not just a collection of
instruments; it is an essential component in the functioning of society, facilitating the
understanding, management, and sustainable use of water resources, thereby ensuring a
safer and more resilient future for all. Despite the growing demand for water management,
Greece still needs a unified network of such stations. As a result, there needs to be more
monitoring of hydrometeorological conditions, with different services using varying
measurement tools and not covering the entire country. Also, these services often focus

mainly on lower elevations.
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Figure 1-2: Overview of the Nine Principal Links in the Measurement and Transmission Chain for
weather information: Source: (WMO 1993)

At the Ministry of Environment and Energy's Directorate of Water Environmental
Protection and Management, the National Hydrological and Meteorological Data Bank
(NHMDB) is crucial. It serves national operational needs and helps implement relevant
European directives on water resources. Presidential Decree 132/2017 assigns the
responsibility for operating and updating NHMDB to the Risk Management for Flooding
and Droughts & Demand Management Division in collaboration with the Directorate of
Geospatial Information. Around three hundred hydrometeorological stations are spread
nationwide as mandated by Law 3027/1922. They collect data, which is then digitised and
added to NHMDB by the Risk Management for Flooding and Droughts & Demand
Management Division (http://www.hydroscope.gr/).
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Various techniques have been developed for designing an optimal network of
hydrometeorological stations. Sestak 1989 introduced a method to divide areas into smaller
parts, each with its weather station. Fujioka 1986 described how to design a meteorological
network to minimise analysis errors, especially when considering the risk of wildfires. This
way of designing networks uses the ideas from the Kuhn-Tucker theory (Kuhn and Tucker
1951), offering versatility for tackling various challenges. Shepherd et al. 2004 concentrated
their efforts on the urban sector of Atlanta, addressing the spatial variability of rainfall. Their
approach involved implementing an extensive network of rain gauges alongside satellite
data for rainfall estimation. To optimise the location of each station based on a set of criteria,
they developed a GIS with a spatial decision support system (DSS). Other scientific studies
also investigate the impact of specialised technical equipment. Melvin et al. 2008 propose a
network and examine the effect of sensor accuracy on its ability to cover specific areas'

spatial variability of surface rainfall.

1.2.2 Hydrometric stations

Stream gauging stations are monitoring devices designed to measure water flow rates in
streams and rivers. Streamflow records are vital for assessing surface water availability and
its fluctuations over time and space. They play a crucial role in the planning, designing, and
managing surface water projects. Additionally, these records are essential for calibrating
hydrological models used in flood forecasting. Given the shifting precipitation patterns due
to climate change, the role of stream gauge stations becomes increasingly vital for effective
water resource management (Joo et al. 2019). The IPCC has highlighted the inadequate
spatial accuracy of existing data for assessing recent climate trends and building reliable
climate models in developing nations. This limitation challenges watershed management
and developing effective prevention, warning, and mitigation strategies. Therefore, there is
an urgent need to enhance hydrometric monitoring in these countries to support the design
of appropriate water management plans (Pefia et al., 2019).

A stream gauging station's general location is contingent upon the hydrometric data
record's intended purpose (Hong et al. 2016). According to the WMO 2010, the primary data
required for regional flood frequency studies, crucial for designing dam spillways, bridges,
and culverts and delineating floodplains, consists mainly of records of annual peak
discharge at specific stream locations. Flood events resulting from excessive streamflow
pose significant hazards, causing extensive damage. Therefore, accurate records of flood
events are crucial for designing infrastructure like bridges, culverts, and flood control
systems, as well as for delineating floodplains and issuing flood warnings. Similarly,
documenting shallow flow and drought conditions is essential for designing water supply

systems. Continuous discharge records obtained from stream-gauging stations are the
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primary source of streamflow data. These stations are equipped to provide continuous
measurements of stage and discharge. Networks of such stations are designed to meet
various needs for streamflow information, including assessing total water resources in a
geographic area. Moreover, auxiliary networks of partial record stations are frequently
utilised to meet specific streamflow information needs at lower costs. However, regional
studies focusing on low flow magnitude and frequency are valuable for planning,
designing, and managing water supply facilities. A more comprehensive network of low-
flow partial record sites should be established to supplement low-flow data, encompassing
natural flow streams in the region and incorporating a wide array of drainage,
physiographic, and climatological characteristics.

The hydrological principles governing the selection of general station locations within the
network should be applied to optimise the cost-effectiveness of data collection (Hong et al.
2016). Once the general area of a stream gauging station has been determined, the next step
is to select a specific site for its installation, ensuring compliance with various criteria, many
of which are defined by ISO 1100-1:1996 (WMO 2010) and its revision, ISO 18365:2013.
Identifying suitable stream gauge locations necessitates an analysis to assess whether
potential sites meet specific criteria. Subsequently, a spatial DSS is required for a given set
of criteria, coupled with GIS, which offers powerful spatial analysis tools to capture, store,
query, analyse, display, and output geographic information (Rikalovic et al. 2014). In
particular, for the design of a stream gauging network, international literature recommends
various approaches, all of which contribute to identifying appropriate sites that can be
further evaluated on-site, thus eliminating the need for time-consuming field surveys for

site selection. Figure 1-3 presents an indicative stream gauge site.

Figure 1-3: A stream gauge station
Source: (WMO 2010)
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Hong et al. (2016) introduced a GIS-based method to establish an optimal meteo-
hydrological station network on the Vu Gia-Thu Bon River basin and develop an up-to-date
real-time flood warning system. Additionally, alternative methods involve applying graph
theory to optimise low-flow networks by identifying the shortest path (Cui et al. 2009),
employing entropy concepts to estimate regional hydrologic uncertainty and information at
both gauged and ungauged locations within a basin (Husain 1989), integrating technologies
like network analysis for regional information (NARI) and network analysis using
generalised least squares (Moss and Tasker 1991), utilising a combined regionalisation and
dual entropy-multiobjective optimisation (CRDEMO) approach (Samuel et al. 2013), and
following detailed guidelines for stream gauging network design provided by WMO 2010.
In conclusion, designing a stream-gauging network is typically a complex multi-criteria
analysis problem involving considering various criteria to meet technical, social, economic,
and environmental requirements.

In terms of network design, optimisation techniques are increasingly being employed.
Finding optimal locations for hydrometric stations can be viewed as a multiobjective
optimisation problem where several criteria must be simultaneously met (Li et al. 2012). The
advantage of multiobjective optimisation and multicriteria analysis (MCA) lies in their
ability to offer feasible solutions across different scenarios (Alfonso et al. 2010). This
capability is particularly significant for multiple applications, including soil erosion
estimation (e.g., Thomas et al. 2018; Roy 2019; Phinzi and Ngetar 2019) and, more broadly,
for surface characteristics and land use planning (e.g., Hill et al. 2009).

Regarding station network design studies, Volkmann et al. (2010) emphasised the need for
optimisation methods in regions where guidelines cannot be confidently applied in
advance. According to Huang et al. 2011, GIS as a complementary tool in MCA for network
design has gained traction in recent years due to advancements in GIS technology, making
it an ideal tool for managing extensive spatial data from diverse sources (Karimi et al. 2016).
GIS analysis offers a comprehensive set of feasible locations based on geographical criteria,
including user requirements, various distances, land use patterns, terrain slope, elevation,
and more. GIS's capacity to integrate spatial information makes it a suitable tool for
decision-making in problems that involve multiple factors (Shepherd et al. 2004).
Approaches to designing a stream gauging network to monitor river flow advocate for
utilising GIS capabilities to identify appropriate sites rather than relying on labour-intensive
field exploration. Although GIS-based analyses provide significant insights for the strategic
placement of hydrometric-hydrometeorological stations, they are complemented by in-situ
evaluations, which may be necessary to verify and refine the findings from remote

assessments.
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1.3 The Unit Hydrograph

1.3.1 Elements of a hydrograph
According to Subramanya 2008, the elements of a hydrograph are the following:

Rising Limb

The steep segment of the discharge line shows a positive slope, signifying a rise in discharge.
The increase in flow is signalled by the accumulation of water in channels and across the
catchment, initially affected by losses and significant infiltration during the early phases of
a storm. As rainfall continues, flow from distant areas gradually reaches the basin outlet
while infiltration losses diminish, resulting in a rapid acceleration of runoff during a

uniform storm across the catchment.

Lag time
It is the duration between the peak precipitation and peak discharge. A lengthy lag time
suggests a slow precipitation process entering the river, while a short lag time indicates a

rapid influx of rainfall into the river.

Crest Segment

The crest segment, crucial in hydrographs, contains the peak discharge, which happens
when runoff from different catchment areas combines to reach maximum flow at the basin
outlet. Peak discharge in large catchments typically follows rainfall cessation, with the time

to peak determined by basin and storm features.

Peak rainfall

It is the moment on a flood hydrograph when rainfall reaches its peak.

Falling Limb

It indicates a decrease in discharge. The falling limb, from the point of inflexion at the end
of the crest segment to the start of natural groundwater flow, shows water withdrawal from
the basin's stored water. It begins at the inflexion point, indicating maximum storage, and

is shaped by basin characteristics rather than storm properties.

Base flow
Baseflow refers to the standard volume of water present in a river, even in the absence of a
storm event. It fluctuates depending on factors such as the season and the prevailing climatic

and drainage basin conditions.

1.3.2 The geomorphological unit hydrograph
Hydrological basin analysis is pivotal in effective water resource management, particularly

in addressing hydrology-related challenges like natural hazards like floods. The necessity
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for innovative tools becomes increasingly apparent in the absence of hydrological
monitoring stations, especially in ungauged basins. Forecasting in ungauged basins is
indispensable for regions lacking measurement gauges, as emphasised by the research on
Prediction in ungauged basins (Singh et al. 2014). An emerging tool that has been attracting
considerable attention is the Geomorphological Unit Hydrograph (GUH), which
incorporates the geomorphological characteristics of the basin, thereby providing a valuable
instrument for comprehending the hydrological response of ungauged basins. Reliance on
satellite data and remote sensing technologies has revolutionised hydrological modelling in
ungauged basins. These technologies offer unprecedented access to data on precipitation,
land use, soil moisture, and evapotranspiration rates across vast and inaccessible areas,
providing a more comprehensive understanding of watershed dynamics. Integrating these
data sources with advanced computational models has enabled the development of more
accurate and reliable predictions for flood forecasting and water resource management,
even in the absence of traditional monitoring infrastructure.

In geomorphology, morphometry involves quantifying the form and structure of land
features. Metrics related to watershed morphometry offer insights into a river basin's shape
and hydrological attributes. Sukristiyanti et al. 2018 suggest that conducting morphometric
analysis on a watershed serves multiple purposes. It aids in understanding the watershed's
shape and hydrological attributes, enabling researchers to make meaningful comparisons
between various watersheds. Using geomorphological metrics in hydrological studies has
significantly advanced our understanding of watershed behaviour. These metrics, which
include parameters such as basin shape, relief ratio, drainage density, and stream frequency,
are crucial for assessing the potential for water accumulation and the rate of runoff in
various terrains. Specifically, the basin shape can indicate how quickly a watershed might
respond to rainfall events, with more circular basins typically experiencing faster response
times due to shorter flow paths. Relief ratio, a measure of the vertical elevation difference
within a basin, aids in understanding the potential energy available for driving water flow.
High relief ratios often correlate with rapid runoff and potentially higher erosion rates.
Drainage density and stream frequency offer insights into the watershed's permeability and
the likelihood of surface runoff versus infiltration. A higher drainage density suggests a
densely packed river network, leading to quicker runoff and reduced infiltration, impacting
flood risks and water availability. By integrating these geomorphological metrics into
hydrological models, researchers can more accurately predict flood events and design
effective water management strategies, especially in ungauged basins where direct
hydrological data is sparse. These metrics not only enhance the resolution of hydrological
predictions but also aid in comprehending the geomorphic processes that influence

watershed responses to hydrological events.
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The Unit Hydrograph (UH) theory, introduced by Sherman in 1932, has been widely utilised
in watershed hydrology for over 75 years. Sherman's innovative approach marked the
inception of recognising the potential for expanding UH theory, identifying crucial basin
characteristics essential for estimating streamflow in ungauged basins based on provided
rainfall data, including drainage area, size and shape, watercourse distribution, mainstream
slope, valley side slope, and bondage due to obstructions (Singh et al. 2014). GIS has
enhanced the ability to analyse and visualise watershed characteristics, facilitating a more
detailed and explainable understanding of hydrological processes. GIS technologies enable
researchers to overlay various data layers, such as topography, land use, and rainfall
distribution, to simulate and predict hydrological responses under different scenarios. This
spatial analysis capability is particularly beneficial for designing and implementing effective
flood management strategies in ungauged basins, where direct measurements are still being
determined.

Synthetic Unit Hydrograph (SUH) methods, particularly those that integrate
geomorphological characteristics, are widely utilised in modelling flood hydrographs for
ungauged basins. Sherman's groundbreaking concept laid the groundwork for various SUH
procedures, with the geomorphological category utilising basin geomorphology as the basis
for constructing Instantaneous UH(IUH) (Singh et al. 2014)—previous endeavours by
researchers aimed at establishing correlations between model parameters and physically
measurable watershed characteristics. In the 1960s, Shreve established a link between
geomorphology and flow concentration, underscoring the terrain's impact. This observation
suggested a causal relationship between geomorphology and the convergence of runoff
(Chen et al. 2019). Expanding upon these fundamental theories, the Geomorphological
Instantaneous Unit Hydrograph (GIUH) concept was initially proposed in 1979 by
Rodriguez-Iturbe and Valdes, who introduced the 'geomorphologic IUH' (GIUH). This
concept was later expanded by Gupta et al. in 1980 to achieve universality in hydrological
analysis. The GIUH, interpreted as the travel time probability density function to the basin
outlet, represented a groundbreaking integration of quantitative geomorphology and
hydrology. This approach, grounded in a geomorphological state transition derived from
Strahler’s ordering scheme and numerical experimentation, provided supporting evidence
for key assumptions in UH and GIUH theories (Cudennec et al. 2004). Their quantitative
understanding opened new avenues for hydrological analysis, particularly for ungauged
river basins (Khaleghi et al. 2014).

In enhancing FRM in ungauged basins, the GUH, specifically the GIUH model, have played
transformative roles. The GIUH model offers a straightforward and analytical approach to
predict the hydrograph's shape and variations in runoff overtime at the basin outlet

(Fleurant et al. 2006). Recent advancements in GIUH models, notably the analytical model
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proposed by Fleurant and colleagues in 2006, demonstrate its ability to accurately forecast
hydrograph shapes and runoff variations without requiring calibration. The evolution of
the GIUH, from its inception in 1932 by Sherman to the groundbreaking contributions of
Rodriguez-Iturbe, Valdés, and Gupta in the late 1970s and early 1980s, signifies a significant
shift in hydrological modelling, particularly for ungauged river basins. Integrating
information about land shape and climate characteristics has yielded valuable insights into
predicting water flow in various hydrological scenarios. Expanding on the fundamental
concepts introduced by Rodriguez-Iturbe and Valdes regarding the geomorphologic
approach, researchers have devoted efforts to refine outcomes, specifically focusing on
simplifying predictions related to the UH. Since the early 1990s, there has been a notable
surge in interest regarding the study of hydrology in ungauged basins. In 1992, Jin
formulated the Gridded UH utilising a gamma distribution and introduced a method for
parameterising the distribution. This method took into consideration various path types and
streamflow velocities. Subsequently, between 2003 and 2012, attention was significantly
increased towards the Predictions of the Ungauged Basins (PUB) concept, particularly
under the auspices of the International Association of Hydrological Sciences (Singh et al.
2014). Grimaldi et al. 2012 contributed to the advancement of GUH models by introducing
the Width Function Instantaneous UH with one parameter (WFIUH-1par), a concise model
incorporating the width function approach and considering river network flow velocity.

Over the years, research in GIUH development has progressed, as evidenced by several
notable studies. In 2012, Ghumman focused on generating direct surface runoff
hydrographs for a sizable catchment in the semi-arid region of Pakistan. The research
applied the concept of GIUH, dividing the catchment into linear cascades to compute
hydrologic parameters essential for Nash's conceptual model. Khaleghi et al. (2014) adopted
a spatially distributed strategy by formulating a UH model tailored to ungauged basins.
This innovative model relied on spatial analysis functions within a raster GIS, indicating a
significant advancement in incorporating spatial considerations into hydrograph
modelling. Another significant contribution was made by Kumar in 2015, addressing the
issue of inadequate rainfall-runoff data in India, specifically in the Himalayan region. To
overcome this challenge, Kumar utilised geomorphological parameters and developed two
models, GIUH-I and GIUH-II. These models were based on Horton's stream-order laws and
Nash's conceptual model. Bamufleh et al. (2020) contributed substantially to the field by
creating a GIUH to predict flash floods in arid regions. Their approach involved utilising
equivalent Horton-Strahler ratios, showcasing advancements in enhancing the flexibility
and applicability of GIUH concepts. In 2021, Wang et al. proposed a geomorphic UH based
on the principle of energy conversion, offering a unique perspective on the development of

GIUH. One of the most recent contributions comes from Niyazi et al. 2021, who focused on
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the Makkah Al-Mukarramah region in Saudi Arabia, aiming to establish connections
between morphological and morphological-hydrological parameters to address flood
mitigation. Their study was mainly focused on developing formulas and GIUH tailored to
the arid environment of Saudi Arabia, marking a departure from traditional equations
rooted in the Soil Conservation Service (SCS) UH theory.

The advancement of GUH is crucial for hydrological studies in ungauged basins.
Incorporating geomorphological features offers a valuable framework for comprehending
hydrological behaviours, particularly in varied terrains such as Greece, where numerous
basins face a shortage of comprehensive measurement data. The GIUH methodology,
grounded in theoretical principles and real-world implementations, emerges as a promising
approach for managing floods and making hydrological forecasts in areas where data
availability is limited.

Stream flow data sets play a pivotal role in understanding how watersheds respond to
heavy rainfall events, especially in scenarios where FRM is essential. However, the absence
of adequate stream flow records has led to the development of models primarily focused on
estimating peak stream flows and generating hydrographs based on rainfall events.
Utilising UH and IUH models, both gauged and ungauged watersheds can benefit from
flood risk assessment and management strategies (Beskow et al, 2018). In gauged
watersheds, these models rely on observed rainfall and stream flow data, employing
numerical or conceptual modelling techniques such as the Clark and Nash models.
Conversely, ungauged watersheds pose a challenge due to the need for more available data.
In such cases, geomorphological characteristics of the watershed offer a viable alternative
for determining appropriate parameters for synthetic models, known as geomorphological
approaches.

Conceptual IUH models traditionally depend on observed rainfall and stream flow records.
However, given the inherent difficulties in obtaining such data, geomorphological
approaches have been proposed to derive IUHs in watersheds. These approaches utilise the
geomorphological features of the watershed to estimate hydrological parameters, offering
valuable insights into FRM strategies, even in environments with limited data availability.
The production of the GUH for ungauged basins significantly enhances FRM. This
innovative approach utilises geomorphological characteristics to model basins' hydrological
response even without direct observational data. By synthesising geomorphological data
with rainfall events, GUH models can accurately simulate the timing, magnitude, and
distribution of runoff, facilitating the prediction of flood peaks and the overall hydrograph
shape. This capacity for accurate prediction is crucial for regions where traditional
hydrological data is lacking, enabling authorities and water resource managers to

implement pre-emptive measures and design effective flood mitigation strategies.
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Furthermore, the adaptability of GUH models to various climatic and topographic
conditions makes them invaluable tools in global efforts to reduce the impacts of flooding,
particularly in vulnerable communities that traditionally lack the infrastructure for
extensive hydrological monitoring. Integrating GUH models into FRM practices signifies a
significant transformation towards a more resilient and proactive approach to addressing

natural hazards in ungauged basins.

1.4 Nature-Based Solutions

The ongoing increase in global temperature is projected to alter the dynamics of the
worldwide water cycle, impacting precipitation patterns and the frequency of both wet and
dry weather extremes, as emphasised in the latest report by the IPCC (IPCC 2021). Over
time, the severity of climate change has intensified, resulting in more frequent and severe
natural disasters, such as floods, which pose significant risks to communities and the
environment globally. This escalating impact also exacerbates the strength and frequency of
severe storms, further heightening the threat of flooding and causing extensive damage to
property and ecosystems (Edamo et al., 2023). Floods are particularly notable among natural
hazards due to their profound effects on community development and economic stability
(Youssef et al. 2021).

In Europe, river floods rank among the most perilous natural disasters, causing billions of
Euros in economic losses annually (Tafel et al., 2022). Approximately 20% of European cities
are susceptible to riverine flooding (Santoro et al. 2019). Climate change is expected to
heighten the frequency and severity of extreme weather events in the Mediterranean region
(European Commission 2019), thereby amplifying the threat of flash floods. The latter, in
particular, represents a highly impactful form of natural disaster, resulting in significant
human and economic losses and causing widespread damage to infrastructure, residential
areas, agricultural lands, and livelihoods across various countries worldwide (Youssef et al.,
2015). Naturally occurring disasters like flooding have undeniable consequences,
necessitating a comprehensive understanding to develop effective strategies for mitigation
and adaptation (Mishra and Nagaraju 2021). Various measures are employed to prevent,
mitigate, and manage flood events, including traditional "grey" solutions like dam
construction and innovative "green" solutions like river diversions.

In recent decades, governments and investors primarily favoured "grey" solutions, such as
dams and embankments, to mitigate flood risks. However, past experiences have
demonstrated the limitations of relying solely on these infrastructures, as they often prove

inadequate and disruptive to natural processes (Santoro et al. 2019). Recognising that these
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measures can have significant economic and environmental impacts, prompting the
exploration of more natural treatment approaches, where NBS play a crucial role (European
Commission 2022). Applying NBS, such as retention ponds and land cover changes, has
shown promising results in FRM in the context of river basins. Retention ponds, for instance,
are designed to store floodwater temporarily and release it slowly, reducing the peak flow
downstream and mitigating flood risks. Similarly, changes in land cover, such as
reforestation or converting impermeable surfaces to permeable ones, can significantly
increase the soil's capacity to absorb rainfall, thereby reducing runoff and the potential for
flooding. These NBS approaches not only help manage flood risks but also contribute to
restoring natural habitats and enhancing biodiversity within river basins. Implementing
such strategies requires a comprehensive understanding of the local hydrology and
ecosystem dynamics, underscoring the importance of integrated water resources
management in achieving effective and sustainable flood mitigation outcomes. Recognising
the significance of NBS in water management, the European Water Association has
emphasised their role in addressing climate change, a prominent challenge across Europe
(Beceiro et al. 2022).

The contribution of NBS to FRM extends beyond individual projects to encompass broader
strategic planning and policy development. By integrating NBS into FRM frameworks,
policymakers can harness the multifunctional benefits of these solutions. This extends
beyond reducing flood risks to addressing water quality, climate change adaptation, and
enhancing community resilience. For example, the strategic placement of NBS can help
reconnect rivers with their floodplains, restore natural flood management (NFM) processes,
and reduce the reliance on complex engineering solutions. The transition towards a more
holistic approach to FRM underscores the importance of NBS in fostering resilient
ecosystems and communities. These can withstand and adapt to the growing challenges
posed by climate change.

Recently, NBS has gained traction in FRM as a promising and sustainable method to
mitigate vulnerability to and consequences of various types of floods, including riverine
floods, flash floods, and storm surges. Various global studies in the literature have explored
the implementation of NBS to mitigate flood risk (Potocki et al. 2021; Staccione et al. 2021;
Vojinovic et al. 2021; Spyrou et al. 2022; Mashiyi et al. 2023; Indcio et al. 2023; Penny et al.
2023; Unguendoli et al. 2023; Theochari and Baltas 2024 a). The relatively recent emergence
of NBS in governance introduces uncertainties regarding its effectiveness and safety,
thereby choosing between engineering-based approaches and NBS, a crucial concern in
contemporary environmental governance (Liao et al. 2024). The increasing threat of flooding

in natural basins necessitates efficient measures to protect downstream settlements.
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The European Commission has prioritised NBS as a method to safeguard vulnerable areas
by harnessing natural processes and the benefits of ecosystem services. These solutions
encompass various measures, such as riparian buffer zones, land cover changes, and
alterations to river roughness, aimed at enhancing infiltration and reducing peak discharge
while increasing time to peak and minimising the vulnerability of downstream settlements
to flooding. Despite advancements, uncertainties persist in implementing NBS effectively,
highlighting the importance of promoting their mainstreaming while addressing
challenges. This entails addressing the long-term effectiveness and the immediate impacts
after implementation and comprehending the role of existing technical knowledge in
conjunction with traditional grey infrastructure (Pagano et al. 2019).

Many indigenous populations have recognised the significance of ecosystems in human
well-being for centuries. However, utilising nature or ecosystems emerged in the scientific
literature in the 1970s. By the 1990s, a more systematic approach was widely adopted,
explicitly promoting ecosystem conservation, restoration, and sustainable management
(Millennium Ecosystem Assessment 2005). It was in the late 2000s that the term NBS first
appeared, marking a significant shift in perspective on how human society interacts with
nature. Humans have become agents in transforming and protecting natural ecosystems,
turning them into tools for addressing social issues (Cohen-Shacham et al. 2016). The
approach, known as NBS, encompasses various terms used interchangeably in
hydrometeorological risk reduction. NBS refers to innovative solutions that utilise natural
processes and ecosystems to address societal and environmental challenges, offering a
departure from traditional methods towards more environmentally sustainable, socially
acceptable, and economically viable outcomes (Vojinovic et al. 2021).

Efforts have been made by the Directorate-General for Research and Innovation of the EU
(DG RTD) and the International Union for Conservation of Nature (IUCN) to find the
appropriate description for NBS. Based on their programs and agendas, one potential
difference in their perspectives is that DG RTD approaches NBS to address significant social
challenges such as food security, DRR, and economic issues. IUCN views NBS as an
opportunity to study and design based on natural environments, exploring the most
fundamental functions of nature, such as how animal and plant organisms and their
communities cope with extreme natural conditions (Nesshover et al. 2017). Below are the
definitions from both perspectives for better comparison: IUCN Actions for the protection,
sustainable management, and restoration of natural and artificial ecosystems that effectively
address social challenges, benefiting both people and nature (Cohen-Shacham et al. 2016).
Directorate-General for Research and Innovation- DG RTD Solutions is inspired and
supported by nature and is economically efficient while providing environmental, social,

and economic benefits and helping build resilience. Such solutions increasingly integrate
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diverse and varied characteristics of nature into cities and landscapes through locally
adapted and systemic interventions (Horizon Europe 2021-2027). In the broader field of
NBS, studies indicate a lack of a complete definition, which means that the concept and
practical applications of NBS remain unclear (Sowiriska-Swierkosz and Garcia 2022).

There is a growing recognition of the global significance of NBS. Research and innovation
initiatives at the European level have been launched to tackle challenges and explore options
for NBS, particularly concerning climate change adaptation (CCA) and DRR. These
initiatives include several research projects under the Horizon 2020 program. NBS are
increasingly addressed in various European Commission policy frameworks (e.g., Water
Framework Directive, Floods Directive, Action Plan on the Sendai Framework for DRR
2015-2030, EU Strategy on Adaptation to Climate Change, etc.) to address climate change
mitigation and adaptation. Various international bodies and panels, such as the
Intergovernmental Panel on Climate Change, the Convention on Biological Diversity, the
Intergovernmental Panel on Biodiversity and Ecosystem Services, and the United Nations
Environmental Programme, also underscore their importance. An NBS coalition was
launched at the UN Climate Summit in New York City in September 2019 (Vojinovic et al.
2021). The 26th COP contributes to achieving the Paris Agreement's climate goals by
emphasising nature's critical role. Recognising nature's contribution is vital for maintaining
global warming below 1.5°C and enhancing resilience to climate impacts. NBS must be
central to the COP's official outcomes. Despite significant progress since the Paris
Agreement, crucial issues remain unresolved under the Paris Agreement Work Program
(PAWP). These include financing climate action and ensuring predictable funding for NBS
solutions. Parties need to agree on these matters to achieve climate targets effectively.
Limiting global warming to 1.5°C compared to pre-industrial levels is impossible without
the vital contribution of natural ecosystems to mitigation and adaptation efforts.
Establishing processes within the United Nations Framework Convention on Climate
Change (UNFCCC) framework is crucial for further action on nature's role in climate
negotiations.

According to the World Wildlife Fund 2021, Guiding relevant entities within the UNFCCC
and the Paris Agreement, including the Green Climate Fund (GCF), regarding the adequate
financing of NBS solutions is essential for addressing climate change. NBS offers multiple
benefits, encompassing environmental, socio-cultural, and economic advantages and
addressing challenges like CCA and DRR. These solutions mitigate damage from heavy
precipitation and flooding, combat drought, and alleviate heat stress. They also contribute
to biodiversity conservation, human health improvement, and climate change mitigation

(Figure 1-4) (European Environment Agency 2021).
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Over recent decades, various terms have emerged in policy and scientific circles to describe
approaches utilising nature to address societal challenges. These approaches, called NBS,
encompass ecosystem-based approaches, infrastructure-related strategies, and issue-
specific approaches like CCA and DRR (European Environment Agency 2021). Figure 1-5
illustrates the interconnections between these concepts and policy areas.

NBS encompass actions inspired by, supported, or copied from nature (European
Commission 2020). NBS, drawing inspiration from nature, offer a promising avenue to
address social challenges by harnessing natural principles to provide cost-effective solutions
that deliver societal, economic, and environmental benefits while enhancing resilience
against natural disasters (Unguendoli et al. 2023). These approaches for mitigating risk and
adapting in river catchments include Natural Water Retention Measures (NWRM), river
space preservation, and strategies for resilient urban areas, such as green infrastructure,
green roofs, and decentralised rainwater management (Hartmann et al. 2019). NFM and
NWRM fall under the umbrella of NBS. NFM involves modifying, restoring, or utilising
landscape features to mitigate flood risk. NWRM encompass various techniques, including
interception holding water in and on plants, enhancing plant transpiration, improving soil
infiltration, constructing ponds and wetlands, and reconnecting floodplains. These
measures aim to decrease the intensity of flow discharge extremes, thereby mitigating flood
impacts (Hartmann et al. 2019). NWRM are divided into two main categories by the
European Commission (European Commission 2014): direct modifications within
ecosystems, like restoring rivers and wetlands, and changes in land use and water
management practices in agriculture, forestry, and urban settings, such as afforestation and

green roofs, aimed at improving water quality and managing floods.
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Figure 1-4: Various advantages of nature-based Solutions (NBS)in tackling climate-related risks
within specific sectors and thematic domains. Source: (Castellari et al. 2021)

27



| Chapter 1 |Introduction

el &

EAUATATAN
Biodiversity Forests Land use Water Agriculture Climate change Disaster risk
and forestry adaptation reduction
- Biodiversity Forest Strategy LULUCF - Water Directive Common Strategy on Action Plan on
Strategy for Regulation Agricultural adaptation to the SFDRR
2030 - Floods directive Palicy climate change 2015-2030
- Strategy on
Green
Infrastructure
EA/EbApP 5FM 5FM NWRM NWRM GlI/EGI Eco-DRR
Ecosystemn Approachd  Sustainable Forest Sustainable Forest Natural Water Natural Water Green Infrastructure Ecosystermn-bazed
Ecosystemn-based hManagement Management Retention Measure Retention Measure and Disaster Risk
Approaches Blue-Green Reduction
Infrastructure
GI/BGI SM/EBM 5M
Green Sustainable Sustainable SM/EbM
Infrastructure and Management and Management Sustainable
Blue-Green Ecosystem-based Management and
Infrastructure Management Ecosystemn-based

Management
SM/EbM
Sustainable
bManagement and
Ecosystem-based
Management
Climate Change Adaptation and Disaster Risk Reduction

‘Umbrella concept’
NbS

MNature-based Solutions

Note: LULUCF, Land use, land use change and forestry; SFDRR 2015-2030, Sendai Framework for Disaster Risk Reduction 2015-2030.
Source: EEA.

Figure 1-5: Relationships between nature-based concepts and EU policy sectors for climate change
adaptation (CCA) and DRR. Source: (Castellari et al. 2021)

In flood risk management (FRM), various nature-based measures are consolidated into four
flood management practices: flood prevention, enhanced flood conveyance, floodwater
retention, riverbank erosion control, and flood impact reduction. These include retention
ponds, reforestation or conversion of areas into forested areas, wetland restoration,
embankment removal, river meander restoration, land cover change, and river roughness
alteration. The restoration of floodplains, in particular, stands out as a nature-based solution
(NBS) that has proven effective in mitigating water-related risks (European Commission
2020), providing a sense of security in our flood management strategies.

The concept of "making space for the rivers," introduced by the Dutch Government in
response to major floods in the 1990s, shifts from flood defence to flood management, urging
citizens to accommodate water. This approach aims to prevent flood damage and offers
environmental benefits. Additionally, the European Commission acknowledged in 1999,
through the European Spatial Development Programme, that river works and urban
development in floodplains exacerbated flood risk (Hartmann et al. 2019). In April 2013, the
European Commission approved the EU's CCA strategy. Its objectives include promoting
national CCA strategies, financing capacity-building measures through the LIFE program,
addressing knowledge gaps, enhancing the Climate-ADAPT online platform, and fortifying

existing and future infrastructure against climate change impacts. In December 2014, the
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Ministry of Environment and Energy issued a draft of a national adaptation strategy to align
with EU priorities in Greece. An assessment of the strategy in 2016, completed in 2018, led
to the issuance of Special Report-Directive 25/2018 on floods, observing an increase in
flooding intensity in Europe since 1985. Furthermore, on May 27, 2022, the Greek
government issued Government Gazette 105A, detailing Law 4936/2022, titled "National
Climate Law - Transition to Climate Neutrality and Adaptation to Climate Change, Urgent
Provisions for Addressing the Energy Crisis and Protecting the Environment." The law aims
to create a coherent framework for enhanced national adaptation and climate resilience,
ensuring a gradual transition to climate neutrality by 2050. It establishes interim emission
reduction targets for 2030 and 2040, focusing on measures to reduce carbon usage,
particularly in the energy production, building, and transportation sectors. Additionally, it
mandates the creation of a carbon budget mechanism for vital economic sectors and
governance systems, facilitating climate action. Finally, Article 10, paragraph 3, calls for

establishing green infrastructure, using NBS for CCA, and absorbing its impacts' costs.

1.5 Research Aim

Floods are one of the most prevalent natural disasters worldwide, affecting millions of
people yearly by threatening lives, damaging infrastructure, and disrupting economies. The
increasing frequency and severity of flooding events, exacerbated by climate change and
urban expansion, underscore the urgent need for advanced FRM strategies. This dissertation
is framed against this urgent need, focusing on developing and implementing a
comprehensive methodological framework to enhance FRM strategies. The research
encompasses various phases, each addressing critical aspects of FRM through integrating
innovative methodologies and solutions. It focuses on vulnerable regions, particularly the
Sarantapotamos River basin in West Attica, which faces recurrent flooding, posing threats
to public safety, infrastructure, and the environment. Unlike previous studies that may have
focused on specific aspects or details of flood management, this research adopts a holistic
approach that addresses the entire spectrum of FRM by integrating innovative technologies,
advanced hydrological models, and sustainable environmental practices.

The first phase introduces a novel methodology for assessing suitable sites for installing
hydrometric and hydrometeorological stations. This approach employs a GIS-based
multicriteria decision analysis detailed in Theochari et al. (2019, 2021). The methodology is
demonstrated through a case study in the Sarantapotamos River basin. This region,
characterised by high susceptibility to flooding, particularly in residential areas like

Mandra, necessitates establishing a stream flow data collection system and a
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hydrometeorological station network. The aim is to issue timely flood warnings crucial for
public health and socioeconomic well-being while building a comprehensive database for
water resource management and ecosystem protection. This research's core objectives
encompass utilising a GIS-based multi-criteria decision-making (MCDM) approach to
design a hydrometric-hydrometeorological network and assess location scores. Two distinct
methods for weighting calculation and diverse handling of hydrometric station criteria
underscore the versatility of this approach. Furthermore, the study investigates how
selected design criteria and weighting methods influence the identification of suitable
locations for hydrometric-hydrometeorological gauge installation. The emphasis on a GIS-
based approach for site assessment fills a critical gap in flood management research, where
the selection of monitoring locations often needs a more systematic, data-driven foundation.
The second phase proposes an innovative approach to hydrological modelling in Greece by
developing GUHs tailored for ungauged basins. This approach utilises geomorphological
metrics to establish relationships, offering a precise tool for hydrological assessments in
data-sparse regions. The research introduces a GUH development method designed
explicitly for ungauged basins in Greece, addressing challenges associated with limited data
availability. This methodology merges the time-area diagram method with validation
regression analysis, thoroughly comprehending hydrograph features and their correlation
with geomorphological parameters. By enhancing GUH's applicability and accessibility,
particularly in landscapes with scarce hydrological data, this approach holds promise for
flood management and hydrological predictions.

The final phase focuses on implementing two NBS, specifically land cover change and
construction of retention ponds, within the Sarantapotamos River basin upstream of the
Magoula settlement. This stage focuses on evaluating the effectiveness of NBS by analysing
flood hydrographs at the basin outlet under present and future climate scenarios. This
analysis is pivotal in assessing the performance, efficiency, resilience, and adaptability of
NBS under various climate conditions. By assessing pre- and post-NBS conditions, the
research provides insights into NBS efficacy in enhancing flood resilience and mitigating
hazards to local populations and environments. Ultimately, this research informs decision-
makers on selecting and implementing suitable NBS measures to reduce future flood
impacts. In the implementation phase focusing on NBS for FRM, the research explores
explicitly the application of land cover change as an NBS in areas affected by the
catastrophic fire in North Evia in August 2021. It examines land cover alterations over five
watershed regions. By exploring land cover modifications and the deployment of NBS in
Northern Evia following the devastating fire, this research enriches the fields of
hydrological modelling and environmental stewardship, presenting a practical approach for

addressing the hydrological changes induced by wildfires.
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Finally, the proposed methodological framework aims to present a scalable and effective
FRM method tailored to the unique challenges faced by vulnerable regions like the
Sarantapotamos River basin. It combines technological advancements, hydrological
modelling, and sustainable environmental practices in response to climate change and data

scarcity.

1.6 Scientific Significance, Questions, and Originality

The scientific significance of this dissertation extends beyond its immediate application to
FRM. It represents a pioneering approach integrating advanced technologies, hydrological
modelling, and NBS within a comprehensive framework. This research not only addresses
the urgent challenges posed by climate change but also sets new benchmarks in the field of
environmental science and hydrology.

A methodology for placing hydrometric stations in Greece has yet to be developed. At its
core, the methods for the strategic optimal site selection of hydrometric and
hydrometeorological stations using GIS-based multicriteria decision analysis represent a
significant advancement in precision and relevance in data collection for flood risk
assessment. Unlike traditional methods that may rely on arbitrary or less targeted
approaches to station placement, this research ensures that data collection is systematically
aligned with the area most vulnerable to flooding. This precision in data gathering enhances
the reliability of flood forecasts and the effectiveness of early warning systems, directly
contributing to safeguarding lives, infrastructure, and ecosystems. Previous studies have
limitations, including the analysis scale and limited description of criteria handling in GIS.
In contrast, this analysis operates at a river basin scale, incorporates numerous spatial
criteria, and discusses various aspects of the methodology. As evident, many of the outlined
criteria require on-site evaluation, highlighting the importance of implementing GIS-based
methods for site selection. This process within a GIS environment can suggest potential
station locations by considering various criteria, thus minimising the fieldwork required for
site selection.

This research also makes a substantial scientific contribution to the development of GUHs
tailored for ungauged basins in Greece. The research addresses a critical gap in FRM for
regions needing more comprehensive hydrological data by employing geomorphological
metrics for hydrological modelling. The calibration and validation of these models with data
from the newly established stations improve the accuracy of flood predictions and

demonstrate the innovative integration of field data with advanced modelling techniques.
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This approach significantly advances the hydrological sciences, offering a replicable model
for other data-sparse regions worldwide.

Moreover, implementing NBS within the Sarantapotamos River basin underscores the
project's dedication to sustainable flood management practices. By evaluating the efficacy
of NBS through detailed hydrological analysis and modelling, this research evaluates the
effectiveness of NBS, highlighting their potential in mitigating flood risks while prioritising
environmental sustainability. This focus on sustainability represents a shift towards more
holistic flood management strategies that consider long-term ecological and social
outcomes. Moreover, this analysis is pivotal in assessing the performance, efficiency,
resilience, and adaptability of NBS across diverse climatic conditions. Notably, in Greece,
the impact of NBS under various climatic conditions remains underexplored, and a
methodology for their application has yet to be established. The scientific insights from this
analysis contribute to the expanding body of knowledge on NBS, providing valuable
guidance for policymakers, environmental agencies, and communities seeking to
implement similar strategies.

Overall, the scientific significance of this dissertation lies in its holistic approach to FRM,
which bridges the gap between traditional methods and the need for innovative, adaptable
solutions in an era of increasing environmental challenges. The research advances the field
of hydrological sciences through its methodical integration of data collection, modelling,
and application of sustainable solutions, offering a comprehensive framework that can be
adapted and applied to other vulnerable regions around the globe. Doing so contributes to
the academic discourse on FRM and provides practical insights and tools that can

potentially impact communities facing the threat of flooding.

This dissertation addresses three fundamental questions central to advancing FRM. Each
primary question is supported by two sub-questions that delve deeper into the specifics of

the methodology and its applications.

1. “Can optimal hydrometric-hydrometeorological station network design through GIS
techniques be achieved without on-site evaluation?”
*  “Does the formulation of station installation criteria within a GIS environment vary
depending on the researcher’s perspective, experience, and data availability?”

*  “How does the weight estimation method choice affect the resulting suitability map?”
2. “What is the significance of establishing empirical relationships between geomorphological

metrics and GIUH attributes in enhancing the applicability of hydrological models for FRM

in ungauged basins?”
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3.

e “How does the application of ArcPy and advanced GIS tools in hydrological modelling
contribute to the development of GUHs for ungauged basins?”

e “How do the geomorphological metrics derived from GIS tools and DEMs inform the
development and validation of GUH models?”

“What role do NBS play in mitigating flood risks, and how can their effectiveness be
quantitatively assessed within the framework of an integrated FRM strategy?”
e “How does implementing NBS, such as land cover change and the construction of
retention ponds, contribute effectively to FRM?”
o “In what ways can the assessment of NBS effectiveness in flood mitigation contribute to
the broader understanding of flood resilience and management in the context of climate

change?”

Finally, the originality of this research is demonstrated by the actions taken in this thesis,

which are presented in a list as follows:

The research introduces a pioneering approach for selecting sites for hydrometric
and hydrometeorological stations using GIS-based multicriteria decision analysis,
addressing a gap in methodology development in Greece, where no methodology
for the siting of hydrometric stations has been established.

It systematically incorporates a wide range of geomorphological, technical, and
spatial criteria in the network design process, showcasing a holistic approach to site
selection not extensively covered in previous studies.

The research introduces an innovative method for developing GUHs tailored to the
unique geomorphological characteristics of ungauged basins in Greece, filling a
critical gap in hydrological modelling.

It explores and establishes empirical relationships between various
geomorphological metrics and GIUH attributes, contributing to refining
hydrological models based on basin-specific characteristics.

The application of ArcPy for implementing the time-area diagram method
represents a significant advancement in utilising Python scripting within GIS for
precise hydrological analysis and model development.

This research emphasises statistical analysis to validate the hydrographs generated,
ensure the models' reliability for design purposes, and enhance their practical utility
in FRM.

The research outlines a detailed methodology for implementing NBS, integrating
hydrological data and geomorphological insights to assess and enhance flood

mitigation strategies' effectiveness under current and future climate change
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conditions. However, in Greece, the impact of NBS under various climatic conditions
has not been studied, nor has a methodology for their implementation been

demonstrated.

1.7 Limitations

Despite this dissertation's innovative approach and comprehensive methodology, it is
accompanied by several limitations that merit consideration. One of the limitations concerns
the spatial installation of hydrometric stations. The criteria guiding the suitability of
locations for hydrometric station installation can be divided into two main categories:
general and special criteria based on technical standards outlined in ISO 1100-1 (WMO-No.
1044 2010). These technical standards, as described by Hong et al. 2016, dictate specific
conditions for station placement. More specifically, the streambed should be relatively free
of aquatic vegetation, while the banks should be stable and of adequate height to withstand
flood events and free from brush. Furthermore, a "pool" should form upstream of the station
location to ensure accurate stage recording even during extremely low flow conditions and
to prevent high velocities at the stream ward end of recording instruments during high flow
periods. As evident, these criteria outlined necessitate on-site evaluation. Therefore,
selecting these criteria was challenging due to the large scale of the study, encompassing an
entire watershed, and as such, they were not chosen for network design.

Regarding the development of GUH tailored for ungauged basins, the calibration and
validation of GUHs tailored for ungauged basins rely heavily on the hydrometric data
collected. This aspect of the research is particularly challenged by the limited hydrological
data provided by the PPC of Greece. The scarcity of data necessitated a more focused system
analysis for applying the time-area diagram method, which, while innovative, means that
the research outcomes are based on a constrained dataset. This limitation underscores the
need to interpret the model outputs carefully and suggests a potential area for future
expansion as more comprehensive data becomes available. Moreover, the research needs to
be revised to the effectiveness of the NBS. In the loss method, achieving a more precise
estimation of the Curve Number (CN) parameter relies heavily on Greek data. Uncertainties
in data accuracy and environmental dynamics may limit the effectiveness of the CLC change
application as an NBS. Its single-criteria approach overlooks crucial ecological,
hydrological, and socioeconomic factors. Integrating these factors is necessary for the
application to accurately identify optimal areas for land cover modification, reducing its
effectiveness as an NBS. Additionally, one limitation regarding the determination of design

criteria for retention ponds is that they are ultimately reliant on the authors' discretion,
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based on factors such as the topography of the region, the slopes, the density of the river

network, and the study of the cross-sections.

1.8 Thesis Structure

This research work is divided into five chapters.

Chapter 1: Introduction

This chapter introduces the thesis. Specifically, it conducts a literature review on FRM,
including the design of hydrometric-hydrometeorological station networks, the
development of GUHSs, and the implementation of NBS. It also introduces the general aim,
research questions, and novelty of the thesis.

Chapter 2: Study Area and Data Used

This chapter details the study area, the west Attica region, and the data utilised in this
research. It delves explicitly into the area's geomorphological characteristics and
hydrometeorological conditions. Lastly, it describes the datasets collected and employed in
this study.

Chapter 3: Methodological Framework

This chapter presents the comprehensive methodological framework employed in this
thesis for FRM. It is structured into five primary subsections: a) the methodology for
designing the hydrometric-hydrometeorological station network, b) the development of
GUH, and c) the analysis of NBS implementation. Each subchapter plays a crucial role in
the overall methodological framework.

Chapter 4: Results and Discussion

This chapter showcases the outcomes of implementing the aforementioned methods. The
results are thoroughly examined, and the key findings are emphasised.

Chapter 5: Conclusions and Future Research

This chapter encapsulates the fundamental discoveries made in this PhD thesis. It
encompasses the findings of each subprocess individually, followed by the insights gained
from addressing the research questions posed. Additionally, recommendations for future

endeavours are provided within this chapter.
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2. Study Area and Data Used

2.1 The West Attica Region

This dissertation focuses on the Sarantapotamos River basin, located within the larger
region of Attica, specifically in its western part (Figure 2-1). Attica, which encompasses
Athens, the nation's capital, is a dynamic centre of cultural, economic, and political activity.
Within this dynamic region, West Attica distinguishes itself through a unique blend of
natural landscapes and industrial development, contrasting with Central Athens's urban
intensity. The Sarantapotamos river basin, spanning Mandra-Eidyllia, Elefsina, and
Tanagra, represents a significant hydrological catchment, demonstrating the fragile balance
between natural habitats and the expansion of urban development (Figure 2-2). This area,
covering 341 km?, is a significant catchment within West Attica, illustrating the intricate
balance between urban expansion and natural ecosystems.

The Sarantapotamos River is nourished by key tributaries like Saint Vlassis, Ksirorema, and
Grant Katerini, highlighting the hydrological importance of the basin. A comprehensive
stream-gauging network enhances this significance. Urban development is most apparent
in the downstream sections of Elefsina, Aspropyrgos, Mandra, and Magoula, where around
70000 people reside, highlighting the urban aspect of the area. In contrast, the upstream
regions retain a rural charm with dispersed villages, showcasing a significant difference in
settlement patterns. This spatial variation underscores the necessity of this research,
particularly in addressing the challenges posed by extreme rainfall events to flood
management and environmental sustainability. Additionally, this dissertation presents a
case study focusing on a subbasin covering an area of 226 km? within the Sarantapotamos
river basin, located upstream of the Magoula settlement. It represents a crucial component
of the natural infrastructure, integral to implementing NBS for enhancing flood
management and ecological sustainability. In Figure 2-1, the study area is depicted,

illustrating the boundaries of the studied basins and their location in Greece.

37



| Chapter 2 | Study Area and Data Used |

23°20'0"E 23°30'0"E 23°40'0"E

38°20'0"N
38°20"0"N

£
e
=
b
o
k3

38°10'0"N

Kineta

Mainstream

Stream network

|:| Magoula River basin

Sarantapotamos River basin ki

0 2 4 8 12 16

37°50'0"N
37°50'0"N

23°20'0"E 23°30'0"E 23°40'0"E

Figure 2-1: The Study area and its location in Greece (upper right panel) and Attica

Region (lower right panel)

West Attica presents a unique demographic and economic profile within the Athens
metropolitan area. While Attica's wider region houses a significant portion of Greece's
population and contributes substantially to its Gross Domestic Product (GDP), West Attica's
characteristics are distinctly marked by its industrial activity and population distribution
(Bournas 2024). According to the Hellenic Statistical Authority (ELSTAT 2023), the region's
economic fabric is particularly notable for its industrial vigour, especially in Aspropyrgos
and the Thriasion Plain municipalities. The area between Aspropyrgos and Elefsina is
densely populated with industrial facilities specialising in chemicals, metals, and plastics
and is home to Greece's largest refinery, the Aspropirgos refinery. Despite hosting only a
tiny fraction of Attica's population —1.6%—West Attica's industrial landscape significantly
contributes to the economic output. This highlights a contrast of industrial strength within
a predominantly urbanised and natural environment. The urbanisation in this area contrasts
the pastoral tranquillity of the upstream, where smaller villages punctuate the landscape,

demonstrating the diverse human settlement patterns of the region. Moreover, the basin's
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vulnerability to extreme rainfall events poses significant challenges, underscoring the
importance of this study in contributing to flood management and environmental

sustainability.
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Figure 2-2: Municipalities comprising the Sarantapotamos River Basin

21.1 Land cover

Within the Sarantapotamos River basin in West Attica, the 2018 CLC data illustrates a
landscape where nature and human activity coexist. The area is a mosaic of various land
covers highlighting the ongoing interaction between urban expansion and ecological
conservation. In West Attica, discontinuous urban fabric, represented by areas like
Aspropirgos and Eleusis, highlights the region's semi-urban character. Despite the
dominance of urbanisation in certain areas, West Attica remains predominantly natural,
with 89.4% of its territory comprised of agricultural land, grassland, and forests. This starkly
contrasts with the urban density in Athens and East Attica's more rural landscapes.

The Sarantapotamos basin itself serves as evidence of this diversity. The region
demonstrates a significant urban footprint, with discontinuous urban areas and industrial
or commercial zones marking the territory. Specifically, urban fabric covers approximately

8.7 km?, while industrial and commercial units spread over 19.45 km?. Infrastructure such
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as roads, railways, and even an airport contributes to the modified landscape, with areas of
1.48 km? and 5.39 km?, respectively. These features underscore the area's role as a hub of
human activity and economic development within West Attica. Contrasting sharply with
the urban and semi-urban sprawl are the vast tracts of agricultural and forested land,
reflecting the basin's rural essence. Agricultural lands, including non-irrigated arable land,
vineyards, and olive groves, account for a substantial portion of the region, emphasising the
prevalent traditional agricultural practices. These agricultural areas, alongside pastures and
complex cultivation patterns, occupy 12.64 km?, 1.95 km?, 3.36 km?, 13.8 km?, and 16.8 km?,
respectively, reflecting the diversity of crops and farming methods employed. Forests and
natural vegetation dominate the landscape, with coniferous and mixed forests, natural
grasslands, sclerophyllous vegetation, and transitional woodland/shrub covering vast areas
of 55.59 km? 9.71 km? 5.72 km?, 96.97 km?, and 70.37 km? respectively. This extensive
coverage of natural land cover types indicates the basin's rich biodiversity and the critical
role these areas play in maintaining ecological balance and supporting wildlife.
Additionally, sparsely vegetated areas and even burnt areas, spanning 4.94 km? and 0.75
km?, respectively, hint at the region's challenges, including the risk of wildfires and the
impact of human activities on the natural environment. The Sarantapotamos River basin,
with its blend of urban, agricultural, and natural landscapes, presents a complex picture of
land cover.

Within the Sarantapotamos River basin in West Attica, the CLC data for 2018 not only
illustrates the diverse landscape of the wider basin but also provides detailed insights into
the land cover within the subbasin upstream of the Magoula settlement. This area highlights
a dynamic interaction between human activities and the natural environment, underscoring
the subtle differences in land cover that occur within relatively small geographical areas.
The subbasin has discontinuous urban areas and industrial or commercial zones, though
they are on a smaller scale compared to the larger basin. These cover areas of 3.15 km? and
0.46 km?, respectively. This indicates a degree of urban and industrial activity, though less
intense than in other areas of West Attica. Additionally, mineral extraction sites cover 4.52
km?, pointing to specific industrial activities unique to this subbasin. Agricultural practices
continue to be a fundamental aspect of land cover, with non-irrigated arable land,
vineyards, pastures, complex cultivation patterns and lands principally occupied by
agriculture with significant areas of natural vegetation, accounting for 11.53 km?, 1.95 km?,
5.28 km?, 7.56 km?, and 6.86 km? respectively. These figures underline the importance of
agriculture in the subbasin, supporting the local economy and biodiversity. Forested and
natural areas dominate the landscape, with coniferous forests, mixed forests, natural
grasslands, sclerophyllous vegetation, and transitional woodland/shrub covering

substantial portions of the subbasin. Specifically, these areas measure 50.53 km?, 4.99 km?,
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2.93 km?, 64.84 km?, and 59.37 km? respectively. This extensive coverage highlights the rich
biodiversity of the area and the critical ecological roles these habitats play. Though relatively
minor at 1.46 km? and 0.26 km?, the presence of sparsely vegetated areas and burnt areas
hints at environmental challenges such as the risk of wildfires. The Sarantapotamos River
basin, particularly the subbasin upstream of Magoula, presents a complex tapestry of land
cover that balances human development with natural preservation. Figure 2-3 depicts the

land cover in the Sarantapotamos River basin.
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Figure 2-3: Land cover in Sarantapotamos river basin: Data Source: CORINE Land Cover (CLC)
2018

2.1.2 Hydrological scheme - climate

The hydrological scheme and climate of the Sarantapotamos river basin, including the
subbasin upstream of the Magoula settlement, are central to understanding the
environmental dynamics within this region of West Attica. Mirroring the broader climatic
patterns of Athens, the area is enveloped by a Mediterranean climate characterised by mild,
rainy winters and hot, dry summers. This climatic backdrop plays a pivotal role in shaping

the basin's water resources and ecological conditions.
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Athens, and by extension, the Attica region, falls under the Hot-Summer Mediterranean
climate classification according to Koppen's system, with exceptions at higher altitudes
where conditions verge into Humid continental (Bournas 2024). This classification captures
the essence of the region's weather patterns, where summer temperatures average around
30°C, and winter temperatures hover around 10°C. The proximity to the sea moderates the
climate, providing cooling breezes during the scorching summer months and contributing
to the winter rainfall. Historical records from Elefsina and Tatoi in 1977 mark the European
temperature record at 48°C, underscoring the intensity of the summer heat. Rainfall
distribution in the region, including the Sarantapotamos basin, varies significantly, with
annual averages ranging from 350 mm in lower areas to up to 1000 mm in mountainous
regions. The rainfall regime is characterised by convective and stratiform events, leading to
higher rainfall intensities during summer convective events, often precipitating flooding,
especially after dry periods.

Delving into the specifics of the Sarantapotamos river basin and the subbasin upstream of
Magoula, these areas are a testament to the unique Mediterranean climate, each with its own
distinct geographical features. The basin and its subbasin, spanning 341 km? and 226 km?
respectively, are embraced by the majestic Mount Pateras, Mount Parnitha, Mount
Kitheronas, and Mount Pastra, with elevations ranging from 0.07 to 1271 meters. These
mountains not only add to the region's scenic diversity but also significantly influence the
local climate and hydrological patterns. The average annual rainfall within the
Sarantapotamos basin is 300 to 400 mm, in line with the broader patterns observed in Attica.
The area's average annual temperature hovers between 17 and 19 °C (Baltas 2008), creating
a mild climate that nurtures a variety of land cover types, from coniferous forests to
transitional woodlands and shrub areas.

The hydrological network, enriched by streams such as Saint Vlassis, Ksirorema, and Grant
Katerini, is a testament to the basin's capacity to sustain a rich variety of ecological systems
(Theochari and Baltas, 2024). The Sarantapotamos River, a defining feature of the basin,
meanders through the valley of Inoi and the Thriassion basin, before finally emptying into
the bay of Elefsina. The river bifurcates before entering the Thriassion basin into the Pelkes
Stream, which crosses the valley of Inoi and the stream of Saint George. The study area
currently requires a uniform network of stations. However, in the wake of a devastating
flood, a telemetric system consisting of three hydrometeorological stations was established
as part of the research initiatives of the FloodHub service, located at the Center for Earth
Observation and Satellite Remote Sensing Sciences, NOA (Figure 2-4) (Beyond-eocenter

2021).
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Figure 2-4: Sarantapotamos River basin and existing hydrometeorological stations

Source: (Theochari et al. 2021)

The Sarantapotamos basin's climate and morphology present unique challenges,
particularly in managing flood risks. The combination of intense rainfall events and the
basin's varied topography frequently results in significant flooding, posing threats to life,
property, and infrastructure. This hydrological complexity necessitates a comprehensive
understanding and approach to water resource management, emphasising sustainable
practices to mitigate flood risks and protect the region's valuable ecological and water

resources.
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2.1.3 Historical flood events

Western Attica has witnessed several catastrophic flood events over the years. These

incidents have shaped the region's environmental management strategies and highlighted

the urgent need for advanced planning and infrastructure reinforcement to mitigate future

disasters. Here's an expanded overview of the significant flood events:

44

Flood Event on January 27, 1996, in Mandra: Despite the low amount of rainfall, totalling
17.30mm, the hydrological event led to an unusually high level of destruction. This
occurrence resulted in the tragic loss of two lives, highlighting the potential for
catastrophic consequences from even small amounts of rainfall The event
predominantly affected the Thriasio Plain, including Elefsina, Mandra, Magoula, and
Megara, causing substantial damage to agro-industrial resources and infrastructures. A
major contributing factor was the runoff from the slopes of the Geraneia Mountains,
which had been affected by wildfires. This highlights the increased risk associated with
changes in flood dynamics following wildfires in the landscape (Kopsida 2019).

Flood Incident on May 24, 2007, in Fyli: The Fyli municipality, particularly the Zefyri
area, experienced a devastating flood following heavy rainfall. Remarkably, the nearest
weather station in Tatoi recorded an unprecedented 57.3 mm of rainfall, significantly
exceeding records from nearby stations. This event led to widespread damage to
properties, flooding of streets, and significant interruptions to vehicular movement,
highlighting the region's susceptibility to severe meteorological phenomena (Tsergas
2021).

Other Significant Historical Floods in the municipality of Fyli: Notably, two other
significant floods occurred on January 16, 2013, and October 22, 2013, further
emphasising the area's exposure to flood risks and the essential need for strategic flood
management practices.

November 11, 2013, in Fyli: On November 11, 2013, Attica faced significant rainfall,
leading to disruptions and damages, especially within its basin, predominantly on the
western side. Kamatero, notably along Fyli Avenue between the streets of D. Gounari
and Kamatero, experienced considerable damage with road subsidence, causing a halt
in traffic. The Fire Brigade was mobilised extensively to rescue individuals from stuck
vehicles. The flooding incidents were mainly concentrated in the western regions, near
the Agios Georgios stream, with the municipality of Fyli experiencing the highest
frequency of these events, representing 36% of the occurrences (Tsergas 2021).

Severe Rainfall on October 24, 2014, in Mandra and Aspropyrgos: This date marks
another intense rainfall event, with the meteorological station in Mandra recording

67mm of rainfall. The deluge led to severe water accumulation on major highways
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around Mandra, causing significant traffic issues and highlighting the need for better
water management and infrastructure planning.

Historic Flood on February 27, 2015, in Mandra and Elefsina: This event is remembered
for the catastrophic night-time flood that caused significant damage to residential and
commercial properties. Unfortunately, the streams surrounding the Kiapha and Agia
Aikaterini areas couldn't handle the pressure, leading to water overflowing onto the
streets and beginning to traverse the city. The force of the floodwaters was so powerful
that it moved vehicles and caused widespread material losses. The community's
response included a significant emergency operation focusing on vulnerable individuals
and managing the flood's aftermath, which included prolonged power outages. Nearly

all recorded incidents (80%) were concentrated in the municipality of Mandra, with a

small percentage (12%) in Elefsina. According to the Meteo website (www.meteo.gr),
rainfall in Mandra on that specific date reached 26.8 mm.

November 2017 Floods in Mandra-FEidyllia, Elefsina, and Megara: Over three days, from
November 15 to 18, a series of storms triggered by high atmospheric instability caused
unprecedented flooding across the region. The storms hit the Mandra area early on
November 15th. Meteorological and satellite data analysis revealed that the storms were
concentrated around Mount Pateras, causing significant rainfall in the early hours and
into the afternoon of that day. This event is particularly noteworthy for the flash floods
that affected the hydrological basins of Nea Peramos and Mandra, leading to 25
fatalities. The storm, known for its short duration and highly localised heavy rainfall, is
characteristic of Mediterranean flash floods. NASA's IMERG data captured the spatial
and temporal aspects of the storm well, indicating that the Mandra area received about
150 mm of rainfall within approximately 7 hours on November 15th, 2017. This amount
represents roughly 40% of the area's annual rainfall. The floods resulted in 25 fatalities
and extensive material damage, marking it as the third deadliest flood in Attica based
on the number of deaths. Approximately 49% of the recorded incidents were in Mandra-
Eidyllia, with 27% in the Megara municipality and 7% in Eleusina (Tsergas 2021). Radar
measurements from the NOA showed that the "Soures" basin accumulated 194 mm of
rainfall, while the "Agia Aikaterini" basin received 153 mm. This phenomenon was so
extreme that it suggests a return period of over 500 years (Diakakis et al. 2019). The
construction of residential areas and infrastructure along natural water paths
significantly exacerbated the flooding, marking this event as a tragic reminder of the
critical need for strategic urban planning in flood-prone areas.

June 26-27, 2018, Floods in Mandra-Eidyllia, Elefsina, and Megara: Just months after the
devastating 2017 floods, the area was again hit by intense rainfall, causing significant

flooding in Mandra and Nea Peramos. The event prompted over 83 calls for emergency
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water pumping, with some areas reporting water levels of up to 2 m. Regarding the
distribution of flood incidents across the municipalities of Attica, Mandra-Eidyllia
accounted for 68% of the total incidents. Significant percentages were also recorded in
the municipalities of Eleusina and Megara, located in western Attica, with 20% and 6%,
respectively. As for the rainfall amounts recorded during this flood event, the closest
meteorological station in Eleusina measured a total rainfall of 45.8 mm (Tsergas 2021).
The repeated occurrence of such floods within a short period emphasises Western
Attica's ongoing challenges in flood management and the urgent need for
comprehensive, sustainable solutions to reduce future risks.

These historical flood events in Western Attica serve as critical case studies for enhanced

environmental management, urban planning, and disaster preparedness strategies. They

highlight the region's vulnerability to climatic anomalies and the profound impacts of such

events on human life and property, emphasising the urgent need for FRM. The Greek

Ministry of Environment, Energy and Climate Change website (http://floods.ypeka.gr) hosts
a compilation of historical flood events, where significant flooding incidents in Western
Attica are spatially mapped out. According to the information provided by the Ministry of
Environment and Energy in Figure 2-5, these pivotal floods are represented, showcasing

their geographical distribution across the region.
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Figure 2-5: Historical flood events in Western Attica
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2.2 Data Used

2.2.1 Unit hydrographs and drainage basin boundaries

This section emphasises collecting and preparing hydrological data essential for
constructing GUHs. Specifically, the research utilised a set of individuals UH procured from
the Greek PPC. These hydrographs represent a crucial dataset for the study, providing a
foundation for analysing and modelling hydrological behaviours in ungauged basins across
the Greek landscape.

A total of 14 UH were initially acquired from the PPC, covering a range of durations,
including half-hour, one-hour, and two-hour intervals. The variability in the formats of
these hydrographs presented a unique challenge; some were available in formats with ready
coordinates, while others required digitisation from hard copies. This necessitated a
meticulous approach to data conversion, employing GIS technology to digitise watershed
basin boundaries supplied by the PPC. This conversion process was vital for digitally
representing the basins, ensuring the hydrographs' geographical context and basin
characteristics were well-defined and reliable for subsequent analysis.

Out of the original 14 hydrographs, data from 8 basins were deemed complete and usable
for the research objectives. These selected basins were subject to a rigorous analysis, where
their hydrographs were standardised based on basin size criteria; smaller basins under 40
km? were assigned half-hour hydrographs, while larger basins received one-hour
hydrographs. This standardisation was critical for ensuring a uniform analytical framework
across all basins, facilitating the accurate development of GUH models. Figure 2-6 illustrates
the 8 UHs utilised in the development of the GUH. Chapter 3.3 of the dissertation
thoroughly presents the detailed process of data preprocessing, essential for constructing
and analysing GUHs from the collected hydrological data. Furthermore, the boundaries of
catchment areas across Greece were acquired from the flood management plans developed
for the country. These boundaries were georeferenced and digitised in a GIS environment,

enabling their use in the development of the GUH.
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Figure 2-6: Unit Hydrographs (UHs) obtained from PPC

2.2.2 Roughness coefficient data

Another critical component discussed is the determination of the roughness coefficient,

which is essential for accurately calculating velocities within hydrological modelling. This

coefficient plays a crucial role in integrating various velocities—overland and within
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channels—offering a holistic perspective on the movement of water across the landscape.
Overland velocities are computed by incorporating land cover and topographical slope
data, whereas channel velocities consider the stream order.

For this research, the values for the roughness coefficient were meticulously chosen from
established literature, drawing on tables proposed by Haan et al. 1994 and McCuen 1997.
These tables provide a range of roughness coefficient values, crucial for determining
overland flow velocity considering soil cover and slope information. This emphasis on the
roughness coefficient underscores the thorough preparation and analysis of data pivotal for

enhancing the precision of the GUHs developed in the research.

2.2.3 Rain gauge datasets

This dataset focuses on the hyetographs employed to calculate the design storm in the
drainage basin upstream of the Magoula settlement. The design precipitation hyetographs
are computed using the Alternating Block Method, informed by the Intensity-Duration-
Frequency (IDF) curves specific to the Mandra hydrometeorological station.

The revised IDF curves are not just applied, but they are the key, updated from Kourtis et
al. 2023, to model design storms across four climate scenarios: current, mean, upper, and
lower, maintaining a return period of 100 years for consistency. These adjustments are not
just important, they are crucial for predicting future flood hydrographs and assessing the
efficacy of NBS under varying climate conditions. The IDF data in this research is derived
from the FRMPs for Greece by the Ministry of Environment, Energy and Climate Change.
The IDF evaluation utilised a Log Pearson Type III distribution, a 5-parameter GEV model,
which comprehensively assesses the rainfall intensities expected for the 100-year return
period.

Table 2-1 Presents the specific parameters for the station and the calculated accumulative
rainfall height, H, rainfall instensity, i, time of concentration, t., through Giandotti's formula,
for the selected duration for each scenario and return period of 100 years. This detailed
preparation of IDF data under different climate scenarios is critical for estimating the design
of storm hyetograph, providing a foundation for the hydrological analysis and modelling

efforts that follow in this dissertation.
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Table 2-1: IDF parameters of Mandra station and calculated rainfall characteristics

Station Mandra
ID 292
Elevation 258
n 0.622
K 0.125
IDE A 213.4
Parameters
P 0.641
0 0.124
Scenario Current | Mean | Upper | Lower
te(h) 6.5 6.5 6.5 6.5
d(h) 24 24 24 24
T(y) 100 100 100 100
i(mm/h) 9.15 13.54 40.09 6.43
H (mm) 219.53 325.02 | 962.27 | 154.23

2.24 GIS datasets

In complement to the hydrological measurements integral to this research, a detailed suite

of GIS datasets was curated to enrich the analysis, offering a multi-dimensional perspective

on the study area's environment, infrastructure, and socio-economic landscape. These

datasets, outlined below, were pivotal in delineating the geographical and physical contours

of FRM, facilitating a detailed understanding of the interaction between natural and human-

made systems:
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Digital Elevation Model (DEM): Sourced from the National Cadastre & Mapping
Agency S.A., this high-resolution DEM provided the foundational layer for all spatial
analyses. With a spatial resolution of 5 m x 5 m, it offered precise elevation data crucial
for watershed delineation and surface water flow modelling. The DEM's accuracy is
characterised by a Root Mean Square Error (RMSE) of < 2.00 m and an absolute
accuracy of less than 3.92 m at a 95% confidence level. The data is formatted in ERDAS
Imaging (IMG) and aligned with the Hellenic Geodetic Reference System 1987
(GGRS87 or EPSG:2100), ensuring high fidelity in elevation data for the study area.

CORINE Land Cover (CLC, 2018): To capture the land cover diversity within the
European context, the CLC 2018 dataset was employed, detailing land cover across 44
distinct European classes. This granular land cover mapping, enriched with data from
Sentinel-2 and Landsat-8 satellites, covering the period between 2017-2018, and
achieved a geometric precision of under 10 meters, thanks to the high-resolution
images from Sentinel-2, enhancing the final product's accuracy to better than 100
meters. It provided a vital layer for assessing how variations in land cover influence
hydrological processes and, by extension, flood dynamics. Initiated in 1990 and

updated every six years from 2000 onwards, the CLC's latest release is from 2018. It
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specifies a minimum mapping unit (MMU) of 25 hectares for area features and 100
meters for linear features. The dataset's improved geometric accuracy, courtesy of the
high-resolution satellite imagery, significantly enhanced the precision of land cover
analysis.

Road Network Data: Comprehensive road network information, sourced from the
OpenStreetMap (OSM) project, accessible through the Geofabrik website
(https://www.geofabrik.de/data/), was integrated into the analysis. This dataset was
indispensable in hydrometric-hydrometeorological network design.

Borehole data layer: was developed using information from the National Register of

Water Intake Points, available on the website of the Greek Ministry of Environment,

Energy and Climate Change (http://Imt.ypeka.gr/public view.html). This resource
facilitated the creation of a detailed map of boreholes, reflecting the distribution and
characteristics of water intake points throughout the study area.

Historical Flood Event Records: An archive of historical flood events was compiled
from the Ministry of Environment and Energy website (http://floods.ypeka.gr). This
website serves as a repository for a collection of historical flood events, spatially
documenting significant flooding occurrences in Greece.

Flood-vulnerable areas: First, it is essential to identify flood-prone zones to establish
criteria for station installations upstream from areas vulnerable to flooding. To this
end, information was derived from the outcomes of a GIS-based MCDM analysis
focused on flood vulnerability assessment within the Attica region, encompassing the
Sarantapotamos basin. This comprehensive study, conducted by Feloni et al. (2020),
provides critical insights into the spatial distribution of flood vulnerability, informing
the strategic placement of monitoring stations to effectively enhance FRM and
mitigation efforts.

Municipal Boundaries: Administrative boundaries, derived from open-access GIS
resources like the geodata.gov.gr website, facilitated a localised analysis of flood risks
and management policies.

Geological information: This information was sourced from the official website of the
Hellenic Geological Survey (EAGME) at https://www.eagme.gr/site/services. This
website provides comprehensive geological datasets, including detailed maps and
regional geological features, essential for analysing the study area's soil composition,
rock formations, and structural geology.

IDF stations: An inventory of IDF stations along with their corresponding fitted
parameters, as developed during the formulation of the FRMPs for Greece by the
Ministry of Environment, Energy and Climate Change (SSW-MEECC 2017), is
available in a shapefile (.shp) format.
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3. Methodological Framework

3.1 General Overview

Acknowledging the urgency for innovative FRM strategies due to the growing challenges
of climate change, this dissertation introduces a novel, comprehensive methodological
framework. This is designed to tackle the complexities of FRM cohesively and
systematically, mainly focusing on the Sarantapotamos River basin in West Attica. This
region has historically faced significant flooding challenges. The core of this framework is
most effectively conveyed through a detailed flowchart (Figure 3-1), illustrating the
sequential and interconnected stages of the methodology and their overall impact on
enhancing FRM.

The process begins with a novel methodology for strategically placing hydrometric and
hydrometeorological stations. Using a GIS-based multicriteria decision analysis, optimal
locations within the Sarantapotamos River basin are identified for these stations. The
selection process, guided by criteria detailed in Theochari et al. 2019, 2021, considers factors
such as flood susceptibility, residential density, and environmental significance. This initial
step is critical as it lays the groundwork for all subsequent analyses, ensuring that the data
collection is targeted and relevant to the flood-prone areas of interest, especially in regions
like Mandra that are highly susceptible to flooding. The criteria for site selection are
comprehensive, ensuring that the subsequent data supports not only immediate flood
warning needs but also long-term hydrological studies and environmental monitoring.
Establishing these stations is pivotal, as it lays the foundational data infrastructure necessary
for the subsequent phases of the framework.

Following the establishment of these monitoring stations, building on the data gathered
from the strategically placed stations, the second stage focuses on developing GUH tailored
for ungauged basins. This innovative approach utilises geomorphological metrics to
establish relationships between rainfall and runoff, specifically designed for the Greek
landscape's unique characteristics. The collected hydrometric data are pivotal to calibrating
and validating the GUH models at this stage. This ensures that the hydrological models

developed are accurate and reflective of the real-world conditions of the Sarantapotamos
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River basin. This development marks a significant advancement in hydrological modelling,
offering a precise tool for flood prediction in areas where traditional data might be lacking.
The final step in this methodological framework involves the implementation of NBS, such
as land cover changes and the construction of retention ponds. This stage evaluates the
effectiveness of NBS in mitigating flood risks. The hydrological analysis required for this
phase relies on the data collected from the hydrometeorological stations and the refined
GUHs. By transforming rainfall data into runoff models, this stage generates flood
hydrographs that are instrumental in understanding and managing flood risks. The
implementation of NBS is closely linked to the initial site assessment and hydrological
modelling, as the effectiveness of these solutions is predicated on the accuracy and depth of
the foundational data and models.

Finally, this methodological framework represents a holistic approach to FRM, emphasising
the seamless integration of data collection, hydrological modelling, and the application of
sustainable flood mitigation strategies. By establishing a data-driven foundation through
the strategic placement of monitoring stations, the framework enables the development of
advanced hydrological models that can predict flood events with greater precision. The
subsequent application of NBS, informed by accurate data and models, offers a sustainable
approach to reducing flood risks, ultimately contributing to safer, more resilient
communities. Through this comprehensive approach, the research aims to bridge the gap
between traditional flood management practices and the need for innovative, adaptable
solutions in the face of climate change. Utilising technological advancements, hydrological
modelling, and environmental sustainability practices, the framework provides a scalable
and effective strategy for managing flood risks tailored to the unique challenges of

vulnerable regions like the Sarantapotamos River basin.
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Figure 3-1: Flowchart of the methodological framework towards FRM
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3.2 Hydrometric-Hydrometeorological Station Network Design

3.2.1 Multi-Criteria decision making (MCDM) analysis

The purpose of this phase of the methodological framework is to introduce a methodology
for assessing potential sites for installing hydrometric and hydrometeorological stations by
employing a GIS-based multicriteria decision analysis approach, considering various
purposes such as water resources management and flood warning systems, as described in
Theochari et al. 2019, 2021. The methodology is illustrated through a case study focusing on
the Sarantapotamos River basin in West Attica. This area is selected due to its high
susceptibility to flooding, especially in residential areas. The Mandra settlement, in
particular, has a history of severe floods, often caused by intense rainfall events occurring
over short periods. These events, coupled with its location at the confluence of two small
watersheds and urban infrastructure in low-lying areas, contribute to its vulnerability. In
recent years, the region has experienced significant floods, including a devastating event on
November 15, 2017, which resulted in the loss of 25 lives. Establishing a stream flow data
collection system in this basin is crucial for issuing timely flood warnings, which is essential
for public health and socioeconomic well-being. Additionally, it will help build a
comprehensive database for monitoring and safeguarding available water resources and the
ecosystem.

The primary objectives are to utilise a GIS-based MCDM approach to design an optimal
hydrometric-hydrometeorological network and evaluate location scores, addressing a
spatial decision problem. As outlined by Malczewski 1999, 2004, decision problems
incorporating geographic data are termed geographic or spatial decision problems. These
typically entail evaluating various alternatives against multiple criteria. Consequently,
integrating MCDA and GIS tools can address many real-world spatial challenges. In this
context, decision-makers, such as station network designers, utilise MCDA analysis, which
establishes standardised procedures for problem-solving by integrating factors such as
geomorphological, technical, spatial, and flood control considerations. Additionally, the aim
is to investigate how the formulation of selected design criteria and the choice of weighting
method influence the identification of appropriate locations for hydrometric-
hydrometeorological gauge installation. MCDA is a process that transforms geographic data
inputs into a resulting decision output, representing a defined relationship between input
and output maps. Geographic information is data referenced to specific locations and
processed in a manner meaningful to users. Within a GIS, data is typically organised into
thematic layers.

The initial step of decision-makers involves identifying the overarching problem and

individual objectives, followed by selecting criteria and alternatives. Criteria encompass
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factors and constraints pertinent to the problem under examination. Subsequently, criteria
values are standardised, and any enforced constraints are determined. Decision-makers
then select the method for combining criteria and determining relevant weights to generate
final results and potential alternatives. Ultimately, proposed solutions are derived from
evaluating alternative options, as Drobne and Lisec (2009) emphasised. The critical steps of
the analysis involve selecting criteria for network design, standardising their values, and
calculating criterion weights using the Analytic Hierarchy Process (AHP) method proposed
by Saaty 1977. AHP is chosen due to its application in various studies involving MCDM for
site selection and its ability to estimate weights by establishing a hierarchy among criteria.
More specifically, three weighting scenarios are explored using AHP for the hydrometric
station network, as detailed in Theochari et al. 2019. Additionally, weights are estimated
using the Fuzzy Analytic Hierarchy Process (FAHP) proposed by Chang in 1996. This
method demonstrates how the choice of weighting technique can significantly impact the
results, incorporating fuzzy logic to enhance decision-making precision. In the design of the
hydrometeorological station network, equal weights are allocated to criteria. The design
criteria are formulated within the GIS environment as described in Theochari et al. 2019,
2021. GISis crucial in managing spatial data from diverse sources and executing commands
to solve spatial decision-making problems. The criteria are then combined using the
weighted linear combination (WLC) technique to produce suitability maps for the network.
The GIS-based MCDM identifies several suitable locations, from which those with the
highest final score (FS) are selected for network establishment. Figure 3-2 provides an
overview of the MCDA application process.

Previous studies' limitations include the analysis scale and limited description of criteria
handling in GIS, whereas this analysis operates at a river basin scale, incorporates numerous

spatial criteria, and discusses various aspects of the methodology.
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Figure 3-2: Methodology flowchart for assessing suitable locations for hydrometric-
hydrometeorological gauges installation using a GIS-Based Approach
Source: (Theochari et al. 2021)

3.2.2 Standardization and classification of criteria

Standardisation is a crucial step within MCDM, as it aligns criteria onto a unified grading
scale, typically ranging between 0 and 1. This process simplifies comparison by ensuring
consistency, with the simplest method involving linear transformation as depicted in
Equation (3.1) when the maximum criterion value represents the best-case scenario, and
Equation (3.2) when it describes the worst-case scenario, a determination dependent on the
MCDM problem at hand (Voogd 1983).

xX; = (FVi — FVmin) . SR (3.1)
(FVmax - FVmin)
X = (FVi = FVinin) SR (3.2)

(FVmax - FVmin)
where FVmin and FVmax denote the minimum and maximum criterion values, respectively,

FVi represents the value of each raster cell standardised to xi, and SR indicates the

standardised range (0-1).
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The ArcGIS software (ESRI 2010) executes the standardisation process using the Raster
Calculator and Map Algebra expressions.

Additionally, classification is utilised alongside standardisation in the current analysis for
all criteria involved in hydrometeorological station design. Regarding hydrometric stations,
the topographic slope criterion is classified into five classes. This classification utilised the
Jenks natural breaks classification method (Jenks 1967) within the spatial analyst tool of
ArcGIS (ESRI 2004). The Jenks method optimally arranges values into different classes by
minimising each class's average deviation from its while maximising deviation from the
means of other classes. This approach aims to reduce variance within classes while

maximising variance between them.

3.2.3 Selection and formulation of criteria for hydrometric station network design

The criteria guiding the suitability of locations for hydrometric station installation can be
divided into two main categories: general criteria, often represented in raster datasets (e.g.,
proximity, density), and special criteria based on technical standards outlined in ISO 1100-
1 (WMO-No. 1044 2010). As described by Hong et al. 2016, these technical standards specify
that a stream gauge should be situated where the river's course is predominantly straight
for approximately ten times the stream width, both upstream and downstream.
Additionally, it should be positioned sufficiently far from confluences with other streams to
avoid potential influences and from areas vulnerable to tidal effects. Ideal sites should
ensure that the total flow remains confined to a single channel at all stages without
bypassing subsurface flow. Moreover, the streambed should be relatively free of aquatic
vegetation, while the banks should be stable and of adequate height to withstand flood
events and free from brush. According to WMO 2010, a "pool" should form upstream of the
station location to ensure accurate stage recording even during extremely low flow
conditions and to prevent high velocities at the stream ward end of recording instruments
during high flow periods. Furthermore, the chosen installation site must remain unaffected
by intense scour and fill. This is achieved by maintaining a consistent slope upstream and
downstream of the site, particularly in regions where the course is sufficiently straight;
locations with very low stream slopes are preferred.

As evident, many of the criteria outlined necessitate on-site evaluation, emphasising the
importance of implementing a GIS-based methodology for site selection. This process
within a GIS environment can suggest potential station locations by considering various
criteria, thus minimising the fieldwork required for site selection. The proposed
methodology incorporates seven criteria, five of which can be effectively expressed using

GIS techniques according to Theochari et al. 2021: slopes (C1), distance from road networks
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(C2), distance from confluences with other streams (C3), distance from settlements (C4), and

distance from flood-prone areas (C5) as shown in Table 3-1.

Table 3-1: Criteria for optimal site selection of hydrometric stations, as cited in Theochari et al. 2019

Criteria Description

C1 Topographic slopes

C2 Distance from the road network

C3 Distance from confluence with another stream
C4 Distance from settlements

C5 Distance from the flood-prone area

The first criterion, “station density”, aligns with recommendations from WMO 2010, which
prescribe the density of hydrometric station networks based on the geographic area type,
such as "plain.” The density of stream flow stations plays a significant role in data collection
within a basin, necessitating careful site selection to align with data demand and installation
budget constraints. The recommended density of a stream gauging network, as illustrated
in Table 3-2 It is provided by WMO 2010. Although the required number of stream gauges
is typically one, two locations are ultimately proposed to ensure comprehensive data
collection, particularly for early flood warning purposes.

Table 3-2: Stream flow station density based on surface characteristics: Data adopted by WMO 2010,
as cited in Theochari et al. 2019, 2021

Type Density

Coastal 1 station per 2750km?
Mountainous 1 station per 1000km?
Hilly 1 station per 1875km?
Plains 1 station per 1875km?
Small island (area<500km?) 1 station per 1985km?
Polar, arid 1 station per 20000km?

Consistent with WMO recommendations, the "slope” criterion advocates for station
placement on gently sloping terrain, with lower slopes receiving higher scores. To create the
slope criterion, slopes are calculated for the watershed and classified into five classes, each
standardised according to Equation (3.2). This specific equation is used because the best
slope values for locating hydrological stations are those with the lowest value. As a result,
five classes with values from 0 to 1 are derived, and then these five raster files are merged

into one raster to create the topographic slope criterion.
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The criterion "distance from the confluence with another stream" aims to ensure that stream
gauges are positioned sufficiently far from stream junctions to prevent interference from
adjacent streams during flow recording. For this purpose, nodes are identified at the
junction points and digitised. Subsequently, a 250-meter buffer zone is generated around
these points. A Boolean map is then created, with zero values denoting the area within the
buffer zone that should be avoided. This zone is where it would not be advisable to install
a hydrological station to ensure that recordings are not affected by the actions of other
streams. Subsequently, Euclidean distances are calculated from the outer perimeter of the
buffer zones of the confluences. The resulting dataset is standardised in the subsequent step
of the methodology, yielding a raster dataset with zero values within the buffer zones and
standardised distance values from the nodes across the remaining part of the mainstream
using Equation (3.2).

The criterion "distance from road network" relates to the location's accessibility. The road
network utilised is extracted from the OpenStreet Maps geospatial database, including
thematic layers up to the second order of rural roads (grade 2 track road), i.e., roads with
asphalt or coarse gravel pavement, to ensure access at all times by conventional vehicles.
Positions within a total distance of up to 50 m from the road network are selected as
proposed sites by calculating Euclidean distances within this zone and along the main
watercourse. Finally, these values are standardised based on Equation (3.2).

Introducing the criterion "distance from settlements" is crucial as the proximity of stations
to settlements is significant for flood early warning systems and facilitates accessibility to
the recording site. For this purpose, the boundaries of settlements are initially determined
based on the CLC dataset 2018, which classifies land cover into 44 categories. Specifically,
the urban fabric category corresponding to code 112 (discontinuous urban fabric) is selected,
and digitisation of smaller settlements not included in the dataset due to a limited extent is
performed. Then, a file for the adjacency of each settlement to the main watercourse is
created, and, similar to the previous criterion, Euclidean distances are calculated for each
point. Then, the ArcGIS geoprocessing tool “Times” compares the upstream Euclidean
distance and the upstream mainstream part of each neighbouring settlement to isolate the
Euclidean values along each upstream segment of the main watercourse. These Euclidean
distances are standardised according to Equation (3.2). Finally, these standardised files are
merged to produce the final standardised criterion for distance from settlements, as shown

in Figure 3-3.
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Figure 3-3: Representation of the 'Distance from Settlements' criterion in ArcGIS environment

The criterion "distance from flood-prone areas" ensures that the network can function
operationally within the early warning framework besides monitoring the river's
hydrology. Therefore, knowledge of flood history is required for siting hydrometric stations
when they are placed for flood warning purposes, and positions near areas more affected
by floods and upstream of vulnerable areas are preferred. This involves a GIS process to
derive standardised values along the mainstream and upstream of flood-prone areas. The
highest value is attributed to the outer margin of the vulnerable area, which is gradually
decreasing upstream. This criterion utilises flood susceptibility zones defined in a Feloni et
al. 2020 study. This aimed to find the optimal technique for determining flood-vulnerable
areas, with a case study of the Attica region and, by extension, the watershed under
consideration. The analysis of Feloni et al. 2020 includes the evaluation of individual
scenarios, where the urban flood events dataset was utilised for this purpose. Through the
evaluation, it was found that using the Fuzzy AHP method for weighting the criteria and
the K-means algorithm for clustering these values (i.e., scenario "FAHP.3K") leads to the
optimal result concerning the determination of the high and very high-risk zones,
incorporating the highest number of recorded urban flood events. Therefore, for this specific
siting criterion, the implementation of a process in ArcGIS that assigns normalised values
along the watercourse and upstream of the flood-prone area is required. This is done so that
the maximum value is given at the boundary of the flood-prone area and gradually
decreases as the distance upstream increases. For this purpose, initially, the shapefile of the
flood-vulnerable area is created based on the available scenario "FAHP.3K" to determine the

position of the boundary on the main watercourse. Subsequently, the Euclidean distance
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upstream of this point and along the main watercourse is calculated. These values are then
standardised according to Equation (3.2) to produce the flood-prone area criterion, as shown

in Figure 3-4.
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Figure 3-4: The criterion of distance “from flood-prone areas” for the design of hydrometric station
networks. Source: (Theochari et al. 2021)

It is worth noting that the way criteria are formulated within a GIS environment may vary
depending on the researcher's perspective and experience and the available data. Therefore,
the final suitability map of site locations may differ regarding the final score. Specifically,
two of the criteria mentioned above, namely "distance from settlements" and "distance from
flood-prone areas," have been formulated differently in Theochari et al. 2019 and 2021.
Theochari et al. 2019 followed the following procedure for their formation:

The criterion "distance from settlements.”

Installing hydrometric stations near settlements is particularly important for flood warning
purposes. To identify settlements within the basins under consideration, the urban
development category containing code 112 for continuous urban fabric and discontinuous
urban fabric, respectively, is selected from the Corine 2018 dataset in ArcGIS. As a result,
the settlements appeared as polygons, and subsequently, using the buffer command, a 500-
meter zone was created around the perimeter of the settlements with a value of 0. This zone
signifies areas where installing a hydrometric station would not be advisable, as a flood

warning would not be meaningful. Therefore, this zone will be a constraint to exclude site
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placement. Next, Euclidean distances from the settlement buffers are calculated to apply the
criterion that the hydrometric station should be located at the closest distance from the
settlement polygons but outside the 500-meter zone created. These distances are then used
to create a file where standardisation is performed through operations in the Raster
Calculator using Equation (3.2). This ensures that the best sitting location has values closer
to zero. Consequently, a standardised file with values (0,1) based on distances from
settlements criterion is generated.

Subsequently, to define the upstream of the settlements and obtain the final standardised
criterion containing the minimum distance and the upstream of the settlements, the
following procedure is followed. Initially, the vector file of the main watercourses is
selected, and a new field is created, where the value one is assigned using the Field
Calculator. Using the Feature to Raster command, the vector file of the main watercourses,
with the field set to have the value 1, is converted into a raster file with a value of 1.
Therefore, using the two raster files of the basin and the main watercourse obtained, the
"Mosaic to New Raster" command is utilised to merge them and create a unified mosaic
containing the two files mentioned above. After making this unified file with values ranging
from 0 to 1 is multiplied by the flow accumulation file. After the multiplication result, a
condition is applied using the Raster Calculator command to isolate the main watercourse.
Then, the result of the contraction is standardised according to Equation (3.2) so that the
best siting location would have values closer to zero. Therefore, a standardised file with
values (0,1) based on the upstream of settlements criterion is obtained. Consequently, after
creating the two standardised criteria, with optimal values closer to zero, these two criteria
are multiplied for the minimum distance from settlements and the minimum distance from

the upstream of settlements.

The criterion "distance from flood-prone areas.”

Knowledge of flood history is essential for siting hydrometric stations for flood warnings.
According to historical data, positions near areas most affected by floods are preferred as
locations opposite these areas. To apply the proximity criterion, the shapefile of historical
floods is imported into ArcGIS as point data under study. Then, for these points, using the
buffer command, a zone of 1000 m is created with a value of 0, where it would not be suitable
to install a hydrometric station, as it would not make sense for flood warnings. Therefore,
this zone will be used as a constraint for exclusion. Then, the Euclidean distances from the
flood buffers are calculated to apply the upstream criterion so that the hydrometric station
is located closest to the floods but also outside the 1000 m zone created. The exact process
for the distance criterion from settlements is followed, and the final result of forming the

criterion is derived.
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The criteria mentioned above are integrated to produce a suitability map with varied scores
across the mainstream of the Sarantapotamos River. This map, representing the output of
the MCDM process for the network, incorporates site scoring data. The creation of the
drainage line, river basin layers, and basin slopes utilises a DEM with the assistance of the
Geospatial Hydrologic Modelling Extension (HEC-GeoHMS; HEC 2013), a software
package compatible with ArcGIS (ESRI 2010).

Finally, in addition to the criteria mentioned above, the selection process is influenced by a
seventh criterion concerning the presence of bridges perpendicular to the mainstream
direction. It concerns the criterion for technical site adequacy. Hydrometric stations that
monitor water level or flow velocity at a specific section are desirable, for technical reasons,
to be placed on passing bridges with a vertical orientation to the watercourse. This
arrangement technically facilitates the placement of equipment and also ensures
accessibility to the site. The constraints considered in this analysis revolve around installing
stream gauges along the main course of the river network and within a distance of less than
50 m from roads. Additionally, adherence to the density of stations outlined in the WMO

2010 guidelines is a crucial constraint.

3.24 Selection and formulation of criteria for hydrometeorological station network
design

Various criteria, such as geomorphological, administrative, technical, and geometric factors,
are considered in the design of hydrometeorological station networks, as documented in the
detailed analysis by Baltas and Mimikou 2009. The optimal design depends on determining
the appropriate number of stations and their specific locations. This optimisation ensures
that hydrometeorological stations yield highly accurate and reliable data at minimal
expense, as Feloni et al. (2018) outlined.

According to recommendations from the WMO in 2008b, station density can be estimated
based on elevation classification and spatial distribution within administrative regions.
Consequently, the primary criterion for density is tied to altitude categorisation, as per the
specifications of the Soil and Terrain Digital Database SOTER (Dobos et al. 2005) of the
United Nations Environment Programme (UNEP). Specifically, altitude categorisation
includes five zones: A (0-200 m), B (200-500 m), C (500-800 m), D (800-1200 m), and E (1200-
1900 m). Although this initial criterion is not integrated into the WLC, it is utilised in the
final step of selecting suitable sites among those with high suitability factors.

The second criterion involves considering the terrain slope as a constraint, with guidelines
specifying an optimal slope ranging from 0 to 5%, per the SOTER Service specifications.

Areas with slopes up to 2% are classified as flat, while those between 2 and 5% are
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considered gently undulating. Accordingly, stations are positioned within these two
categories to adhere to this constraint. A Boolean map is generated to facilitate this,
assigning a value of "1" where the slope is less than 5% and "0" where the slope exceeds this
threshold. Thus, the "slope" criterion is represented as a restriction through a Boolean map
derived from reclassifying the "slope" layer created using the DEM mentioned earlier.

The third criterion for selecting hydrometeorological station sites pertains to land cover
types, aiming to ensure the presence of at least one station within each main category.
Utilising CLC data, four primary categories are identified, corresponding to the following
land cover types: (1) Artificial surfaces; (2) Agricultural areas; (3) Forests and Semi-natural
areas; and (4) Water surfaces - Water collections. In the study area, only three categories are
observed (Figure 3-5). Notably, while there are typically four land cover type categories, in
some instances, such as this area, the required number of stations (per the first criterion)
may be lower than four.

Additionally, three criteria related to proximity —distance from settlements, distance from
roads, and proximity to boreholes—are integrated into the design, recognised as technical
criteria in the global literature (e.g., Baltas and Mimikou 2009; Feloni et al. 2018). The
"distance from settlements" criterion aids in monitoring recording stations and controlling
instruments, with optimal sites selected at distances of 1 km from large settlements and 500
m from small settlements. This criterion is formulated using settlement data obtained from
the CLC 2018 dataset, focusing on areas classified as "Discontinuous urban fabric" and
refined as needed using satellite imagery. Buffer zones are delineated, and the layer is
converted into a Boolean map (raster format) to establish the criterion.

The "proximity of stations to the road network" is the fifth criterion, essential for assessing
accessibility. The OSM layer provides relevant road network information, encompassing all
thematic levels of roads. For analysis, only roads up to the second class of rural roads (grade
2: track road) are considered to ensure year-round accessibility via conventional vehicles.
This criterion is represented as a Boolean map with a 200 m buffer zone from the road
network, facilitating easy access on foot under various weather conditions.

The next criterion is the presence of "boreholes." To facilitate integrated water resource
management, stations are recommended to be established where clusters of boreholes exist.
The corresponding buffer zone from these clusters extends 500 m.

Finally, additional criteria denote the spatial extent of the analysis, such as conducting it
within the river basin scale. The spatial distribution of stations across the study area is
considered concerning the final selection of station positions based on suitability map
results. This ensures that each station represents an almost equal percentage of the total area.
Table 3-3 outlines the decision criteria for both networks and the method employed for

standardising (S) or classifying (C) values.
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Figure 3-5: The three main CLC class categories utilised in the design of the hydrometeorological
station network Source: (Theochari et al. 2021)

Table 3-3: Summary of decision criteria for designing the hydrometeorological (HM) and
hydrometric (HY) station network Source: Theochari et al. 2021

Criterion Standardisation/ Constraints Remarks
Classification
Estimation of the required
(C)Five number of stations (density) per
(HM) Density (predefined) - elevation zone. The criterion is
Elevation zones applied to the suitability map for
the final sites’ selection.
Terrain slope calculation using
(©O)Two Boolean Map the available DEM -
(HM)Terrain slope (predefined) “17 (£5%); Classification in two classes and
classes “0” (>5%) Reclassification for the Boolean
Map creation
Classification of CLC in four
(HM)CLC classes (C)Four‘ main i categories. The Cl‘*iter.i(')n is
categories applied to the suitability map for
the final sites’ selection.
Bool
¥ o’(’) ean Map Buffer zones of two sizes
. (©)Two 1”7 (£1 km from . i
(HM) Distance from . depending on a settlement’s
(predefined) large settlements .o
settlements categorisation - Boolean map
classes or <500 m from

small settlements);

creation (“1” for Buffer zones)
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“0” (>1 km or >500
m, respectively)

Road network classification to

(O)Two Boolean Map extract specific categories
(HM) Distance from . “1” (2200 m from p &
(predefined) Buffer zones of 200 m from the
the road network the road network);
classes s road network - Boolean map
0 (>200 m) . “uqrnr
creation (“1” for Buffer zones)
i Boolean Map
(HM)The existence  (C)Two 1n Buffer zones of 500 m from the
. 1”7 (<500 m from .
of clusters of (predefined) boreholes - Boolean map creation
boreholes classes boreholes); (“1” for Buffer zones)
“0” (>500 m)
(HM)Administrative The analysis is performed within the administrative boundaries of a
boundaries Municipality or at a river basin scale.
(HM)Spatial Each station may represent an almost equal percentage of the total area.
distribution of the The criterion is applied to the suitability map for the final sites” selection.
stations

(HY)River channel
slope

(C©)Two
(predefined)
classes and
(S)with equation
(3.2) in the class
of low slopes

The slope is classified into two
classes, and then values of the
class of low slope (<5%) are
standardised using equation (2)

Euclidean distance from road
network calculation (Con<50) —
“Times” ArcGIS geoprocessing
tool to create a raster with values

(HY) Distance from  (S)with equation .
- along the mainstream -
the road network (3.2) .. . .
Standardization using equation
(2) - ‘Mosaic to new raster’ to
combine the latter layer with that
of the whole mainstream (“0”)
. Creation of a feature class (type
(HY) Distance from . . Boolean Map . . . . (typ
) (Sywith equation point) with the intersection of
confluence with 17 (>250m); Y . Y
(3.2) i streams — “Mosaic to new raster
another stream 0”7 (d<250) o . . .
with “Euclidean distance” layer
Upstream mainstream part
determination when close to a
settlement — “Euclidean
distance” — “Times” between the
HY)Upstream upstream Euclidean distance and
( . )Up (S)with equation P i
distance from (32) - the upstream mainstream part of
settlements ’ each neighbouring settlement -

Standardization using equation
(2) and “Mosaic to new raster” to
combine the latter layer with that
of the whole mainstream (“0”)
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“Euclidean distance” from flood-
prone areas determination -
Definition of the upstream
mainstream for each vulnerable

(HY) Distance from  (S)with equation area — ‘Times’ between

flood-prone areas (3.2) ‘Euclidean distance’” and
‘“upstream’ — Standardization —
“Mosaic to new raster” to
combine the latter layer with that
of the whole mainstream

Boolean Map
“1” (along the
(HY) Drainage line - mainstream), To define the processing area
“0” (outside the
mainstream)

Estimating the required number of stations (density) according to the
(HY) Density area’s categorisation. The criterion is applied to the suitability map for the
final sites” selection.

3.25 Determination of criteria weights using AHP and FAHP methods

The pivotal stage in the process involving MCDM on GIS is the selection of criteria and their
expression, followed by their standardisation or classification to obtain design criteria scaled
within (0,1) ultimately. This step is crucial for subsequent combinations to determine the FS.
In MCDM analysis, decision criteria can be combined in various ways, including the WLC
and its variants, necessitating aggregating weighted criteria. In this analysis, criteria weight
estimation is conducted using the AHP method (Saaty 1977). In the present analysis, equal
weights are allocated (i.e., 0.25) for each criterion for hydrometeorological station design.
Conversely, for the hydrometric station network design, the relative importance of each
factor influences the suitability (FS) of the positions. Each design scenario exhibits a range
of values across the spectrum, reflecting the varying significance of individual factors.

To investigate this further, three factor weighting scenarios are explored, as detailed in
Theochari et al. 2019. In the first scenario (scenario 1), greater emphasis is placed on technical
criteria such as slopes, distance from the road network, and distance from confluence with
another stream. In the second scenario (scenario 2), which prioritises flood protection, the
criterion regarding distance from flood-prone areas holds significant importance. The third
scenario (scenario 3a) strikes a moderate balance between technical and flood-related
factors. In this scenario, neither technical nor flood protection criteria are prioritised
exclusively; their importance is alternated in the hierarchy. For all scenarios, the topographic
slope stands out as the most preferred criterion, as the feasibility of establishment is limited

to areas with very low slopes.
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AHP is an analytical technique employed to weigh criteria and organise the problem into a
hierarchy, aiming to simplify complexity by breaking it down into subproblems.
Furthermore, AHP is grounded on the principle that decision-makers experience and
knowledge are as crucial as the available data. While this technique was initially developed
with various analytical tools, the integration of GIS techniques was pioneered by Rao et al.
1991. This method has been extensively applied in numerous studies incorporating MCDM
for various site selection issues (e.g., Sestak 1989; Chung and Lee 2009; Van Aken et al. 2014;
Feloni et al. 2018; Deng and Deng 2019; Theochari et al. 2019; Ikram et al. 2020; Bertsiou et
al. 2020; Matomela et al. 2020). The implementation of this method starts with decomposing
the problem into a hierarchical model comprising its fundamental components, enabling
pairwise comparisons using Saaty's 1977 fundamental scale as illustrated in Table
3-4Pairwise comparisons of different criteria are based on the researcher's subjective
perspective (e.g., personal, empirical, bibliographic, field research, etc.). The relative
significance is determined by comparing each criterion pair. In each comparison between
two design criteria, relative significance is assigned a score ranging from 1 (equally
significant) to 9 (absolutely more significant). At the same time, the other option in the

pairing receives a rating equal to the reciprocal of this value.

Table 3-4: Scale for pairwise comparison Source: Saaty 1977

Numerical value Description of importance
equal
equal to moderate
moderate
moderate to strong
strong
strong to very strong
very strong

—_

very strong to extremely strong
extremely strong

O 0 NI O Ul b= W DN

In Saaty's 1977 technique, weights are derived through a series of operations on a matrix of
comparable pairs among the criteria. These comparisons assess the relative importance of
two criteria concerning the suitability for the intended objective. To evaluate the weight of
each criterion, the following procedure is followed:

1. Assumption of column values for each matrix of comparable pairs.

2. Division of each matrix element by the sum of its corresponding column.

3. Calculation of the average of the data for each matrix sequence obtained in the

previous step.
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The resulting averages represent the criteria weights (Drobne and Lisec 2009). Saaty 1977
suggests that altering elements should reassess weights if the consistency ratio (CR) < 0.10

limit is not met. The CR is calculated as follows:

CI

CR =—
RI

(3.3)
Where,

RI: Random Index, a consistency index of a randomly generated comparable pair matrix
depending on the number of elements being compared,

CI: Consistency Index providing a measure of deviation from consistency. It is calculated

by Equation (3.4):

_(A-n)
(-1

cl (3.4)

Where,
A: Eigenvalue of the matrix,

n: Number of criteria.

Additionally, weights for the third scenario (scenario 3b) are estimated using the FAHP
proposed by Chang 1996, demonstrating the influence of the chosen method on weight
estimation in the resulting suitability map. Fuzzy logic is a flexible and straightforward
approach that bridges quantitative and qualitative information (Pourmeidani et al., 2020).
Specifically, the extended FAHP method (Chang 1996) utilises triangular fuzzy sets of
numbers, aligning them with Saaty's 1977 crisp set of numbers and linguistic scale. Various
linguistic transformation functions have been examined for fuzzy numbers (Bulut et al.
2012; Lee 2010). Here, the transformed linguistic scale of significance is applied to triangular
fuzzy numbers (TFN), as depicted in Table 3-5. The correspondence of Table 3-5 It is directly
utilised to convert the crisp set of pairwise comparison tables generated in the AHP process
into TFN ones.

According to Chang 1996 and Junior et al. 2014 and Charilas 2012, the weighting process
begins with computing the value of the fuzzy synthetic extent (Si). Subsequently, the vector
of fuzzy numbers of weights Si is transformed into the corresponding real-number vector
(V). Finally, the actual weight vector W is obtained by normalising the vector V such that its
terms sum to 1. It is crucial to note that the CR should be at most 10% to consider the
hierarchy and comparison between the primary factors and to accept the resulting

weighting factors.
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Table 3-5: Linguistic scale of significance convert Source: Data adopted by Zhou 2012 and Junior et
al. 2014 with changes as cited in Theochari et al. 2019

FAHP scale
Linguistic Scale TFN scale TFN reciprocal scale
Equally Important (1,1,1) (1,1,1)
Intermediate 1 (1,2,3) (1/3,1/2,1)
Moderately Important (2,3,4) (1/4,1/3,1/2)
Intermediate 2 (3,4,5) (1/5,1/4,1/3)
Important (4,5,6) (1/6,1/5,1/4)
Intermediate 3 (5,6,7) (1/7,1/6,1/5)
Very Important (6,7,8) (1/8,1/7,1/6)
Intermediate 4 (7,8,9) (1/9,1/8,1/7)
Absolutely Important (9,9,9) (1/9,1/9,1/9)

3.2.6 Combination of criteria for suitability map

The final stage of the MCDM entails the production of a suitability map, which evaluates
the appropriateness of various regions for the optimal placement of a hydrometric-
hydrometeorological station network within the study area. In an MCDM analysis, decision
criteria can be combined in multiple ways. The WLC method is integrated into the GIS
environment using the Raster Calculator (Map Algebra Toolset). The FS is then calculated
using Equation (3.5). If constraints are applicable, Equation (3.6) is used by multiplying the
FS value with the constraint layer (ci). FS layers are generated for all alternatives based on

factor weighting, and the most suitable sites are selected from positions with the highest FS.
FS = Z W;X; (35)

FS = Yw;x; * Il¢; (3.6)

Here, FS represents the final value for each cell, where wi is the weight of criterion i

calculated using the AHP method, and xi is the standardised value of criterion i.

The WLC method is applied separately for each station network to determine the FS for site
suitability, using the weights calculated according to the method mentioned above. Since all
criteria are expressed using standardised values on the same scale, the resulting suitability

map assigns scores ranging from zero to one.
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3.3 Geomorphological Unit Hydrograph TB Development

3.3.1 Introduction

The objective of this phase in the methodological framework is to advance hydrological
modelling in Greece by proposing an innovative approach centred on developing GUH,
named GUHTB for ungauged basins. The aim is to establish relationships based on the
geomorphological features of the basin and to provide a valuable tool for precise
hydrological assessments in regions where data is sparse. This endeavour involves a
statistical analysis that serves as a validation check for the UH computed through the
detailed time-area diagram method, ensuring reliability for design purposes. Utilising
readily computable indices enhances the practical utility of the approach for design
applications. The time-area diagram method is implemented using ArcPy, a Python 2.7.3
scripting language module, to initiate this process. This method, which calculates
hydrographs by distributing partial watershed areas contributing to runoff at the watershed
outlet relative to travel time, is well-established in hydrological analysis (Theochari and
Baltas 2022).

Recent advancements in GIS tools, DEMs, and ArcPy have opened up new possibilities in
hydrological research. These tools enable precise determination of hydrological and
watershed geomorphological metrics, providing us with a level of accuracy and detail that
was previously unimaginable. ArcPy, in particular, proves invaluable in facilitating the
processing and analysis of geospatial data, seamlessly integrating the time-area diagram
method into a comprehensive and geographically accurate hydrological study.
Additionally, GIS tools further enhance the development of SUH models by providing
detailed hydrological and geomorphological parameters. GIS facilitates the integration of
land cover data with topographic data, thereby enhancing model development.
Furthermore, hydrological data provided by the PPC of Greece mainly observed UH from
various watersheds, which inform the determination of optimal channel velocity ranges in
the time-area diagram method. System analysis is conducted to optimise the fitting of the
time-area diagram model to observed UH, involving simulations at different channel
velocity differentiation levels. Concurrently, ArcPy is employed to program
geomorphological parameters, further enhancing the efficiency and functionality of the
implementation.

This comprehensive approach enables precise hydrograph estimation, even in areas with
limited traditional data sources. Morphometric analysis of watersheds assists in interpreting
their shape and hydrological characteristics, enabling comparative analyses among different
watersheds. Various geomorphological metrics are examined for each basin, and

correlations are established with specific GIUH attributes. These empirical relationships
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establish relationships for each GIUH attribute through regression analysis for 70 drainage
basins, shaping the GUH based on the geomorphological metrics of the respective basin.
Subsequently, validation regression analysis is performed for 30 drainage basins using the
derived equations to ensure the robustness and utility of the developed models in capturing
diverse watershed hydrological behaviours.

This dissertation introduces an innovative GUH development method tailored for
ungauged basins in Greece. It addresses the challenge of limited data in hydrological studies
by offering a more precise alternative to traditional parameter determination. The model
enhances GUH's applicability to regions without extensive data, ensuring wide accessibility
with its user-friendly nature and basic GIS knowledge requirement. Integrating
geomorphological characteristics enhances understanding of hydrological responses,
particularly in data-scarce landscapes like Greece. The GIUH approach holds promise for

flood management and hydrological predictions in regions with limited data.

3.3.2 Data preprocessing and analysis

The methodology employed in this PhD research involves detailed data preprocessing and
analysis to enhance the hydrological modelling of GUHs for ungauged basins in Greece.
The initial step in this process is the acquisition of 14 individual UHs from Greece's PPC.
These hydrographs vary in duration, including half-hour, one-hour, and two-hour intervals,
and are available in different formats. Some come with pre-defined coordinates, while
others are only accessible as hard-copy diagrams. In addition to the hydrographs, the PPC
provided the watershed basins' boundaries in hard copy form. This supplementary data is
crucial for accurately defining the geographical context of each hydrograph and
understanding the specific characteristics of the basins they represented. The process of
digitising these basin boundaries is detailed, involving using GIS technology to scan and
accurately convert the complex copy maps into digital format. This step is crucial to ensure
that the digital models of the basins match their real-world counterparts, providing a solid
foundation for subsequent hydrological analysis.

A two-pronged approach addresses the challenge of converting hard-copy hydrograph
diagrams into a usable digital format. For diagrams without ready coordinates, a
digitisation process is employed. This involves scanning the diagrams and using optical
character recognition (OCR) technology, complemented by manual tracing of the
hydrograph curves. This detailed process ensures the accurate capture of hydrograph data
in digital format, which is then systematically entered into Excel for further analysis. The
data is directly inputted into analytical tools for hydrographs that are provided with ready

coordinates, streamlining the preprocessing phase.
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The watershed basin maps provided in hard copy are digitised using GIS technology. This
digitisation is critical for accurately representing the basin areas and boundaries within the
GIS environment. It involves a careful georeferencing process, where the hard copy maps
are aligned with digital maps using common reference points. This ensures that the digital
representations of the basins are as accurate as possible, facilitating the precise assessment
of basin characteristics and the development of GUHs.

From the initial set of 14 hydrographs, complete and usable data is obtained for eight basins.
These selected basins undergo a detailed analysis process, where the hydrographs are
standardised to durations corresponding to the size of the basin. Specifically, basins smaller
than 40 km? are assigned half-hour hydrographs, while larger basins receive one-hour
hydrographs. This standardisation process is crucial for creating a uniform basis for analysis
and developing the GUH models. The data preprocessing and analysis phase lays the
groundwork for an innovative hydrological modelling approach in Greece's ungauged
basins. This phase ensures that the GUH models developed are based on accurate and
reliable data by effectively converting varied data into a consistent and analysable digital

format.

3.3.3 ArcPy Automation: Time-area diagram method

The development of time-area diagram methods aimed to distribute rainfall temporally into
a runoff, necessitating data on soil roughness, terrain slope, and the distribution of flow
directions and velocities across the watershed (Theochari and Baltas, 2022). A time-area
histogram illustrates the portions of a watershed contributing to direct runoff within a
specified timeframe. It is derived from a cumulative travel time map featuring isochrones
connecting areas within the same travel time zone, reflecting hydrologic and hydraulic
characteristics. Travel time is computed from flow velocity based on runoff volume, surface
roughness, slope, and stream network (Her and Heatwole 2016).

This dissertation implements the time-area diagram method using ArcPy within ESRI
ArcGIS 10.5. ArcPy, a Python site package, extends Python's capabilities, granting access to
geoprocessing tools and functions for manipulating GIS data. Integrating Python scripts
proves pivotal in significantly enhancing map production efficiency and data quality (Cho
2020). Through ArcPy, users can script and automate tasks encompassing data conversion,
georeferencing, feature extraction, and more. It has become widely adopted for diverse
general-purpose applications as a high-level programming language (Ryu et al. 2018).
ArcPy sees extensive utilisation in developing GIS interfaces for various hydrology
applications (Hu et al. 2016, Ali et al. 2019, Ramirez-Cuesta et al. 2020, Mello et al. 2022).
The ArcPy code outlined in this section performs thorough geospatial analysis within the

ArcGIS environment, primarily emphasising hydrological parameters within a predefined
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study area. This area corresponds to the eight basins for which UHs are acquired via the
PPC. The script begins by importing essential libraries, such as ArcPy for geospatial
processing, NumPy for numerical operations, and others for geospatial processing, data
manipulation, visualisation, configuring the environment, and specifying input and output
paths. It then configures the script environment by enabling overwrite mode and defining
paths for input and output folders and files. This setup ensures the script can update existing
data without manual intervention and efficiently organises file storage. Paths to critical
datasets, such as DEM and land cover, are specified. Acquiring a Spatial Analyst extension
license is crucial for unlocking advanced spatial analysis capabilities. The subsequent step
involves using the ExtractByMask tool to extract the DEM within the defined study area,
serving as the foundation for subsequent analyses, including flow direction and
accumulation calculations. Stream delineation follows, employing the Strahler method to
determine stream order. Parameters for stream definition can be adjusted based on the
characteristics of the basin. The slope and the square root of the slope are then computed for
terrain characterisation. Beyond topographical analyses, land cover assessment utilises the
CLC dataset. This process involves clipping the Corine Land Cover (CLC) vector data for
Greece to match the extent of the study area and converting it into a raster format for
compatibility with other geospatial analyses.

Calculating velocities, both overland and within the channel plays a pivotal role in
hydrological modelling. Merging these velocities into a mosaic provides a comprehensive
view of hydrological dynamics. Overland velocity integrates land cover and slope
information, while channel velocity is determined based on stream order. Various empirical
methods, including those linked to Manning’s roughness coefficient, have been explored for

computing overland velocity. For instance, equation (3.7) represents one such formula:
Voverland = k V] (3.7)

Where k is a roughness coefficient primarily associated with soil cover (m/s), and ] denotes

the mean slope of the watercourse (m/m).

The roughness coefficient is dependent on the physiographic characteristics of the study
area, reflecting the inherent uncertainty in its determination. The literature often presents a
wide range of values for this parameter in overland flow, indicating variability based on
different environmental conditions. The values for the roughness coefficient are extracted
from tables proposed by Haan et al., 1994, and McCuen, 1997.

A system analysis employing simulation methodology is conducted to analyse the impact
of channel velocity on UH generation via the time-area diagram method. This approach
allows for the differentiation of velocities within the range of 0.1-2.0 m/s to 0.1-6.0 m/s, while

other parameters remain constant. The time-area diagram method is applied to the eight
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hydrographs, and the Nash-Sutcliffe Efficiency (NSE) is calculated to identify the channel
velocity range that best fits these hydrographs. The simulation varies velocities
incrementally, ranging from 0.1 m/s to 2.0 m/s and extending up to 0.1-6.0 m/s. This
methodical variation helps to determine the optimal velocity settings for accurate
hydrograph modelling precisely.

The selected channel velocity range is justified for Greek conditions based on hydraulic
simulations conducted across various drainage basins in the country. Maximum velocities
observed within Greek hydrographic networks have reached up to 6 m/s, particularly in
mountainous basins with steep slopes, characteristic of Greece's topography. This
comprehensive approach aims to capture the variability in velocity that aligns with
observed hydrographs across diverse hydrological conditions in Greece, ensuring the
model's relevance and accuracy in predicting water movement.

After calculating overland and channel velocities, the two sets are combined using the
"Mosaic to New Raster" tool to generate a comprehensive velocity raster. This raster is then
utilised in subsequent calculations. A weight raster, indicating the reciprocal of velocity, is
produced to further refine the analysis by dividing 1.0 by each cell value in the velocity
raster. This technique effectively inverses the velocity, facilitating calculations where slower
velocities carry more weight, such as in the accumulation of flow or retention time
assessments. This step is designed to facilitate flow accumulation calculations. The resulting
weight raster holds values inversely proportional to velocity, effectively representing areas
where flow is slower as having higher weight.

Utilising the FlowLength tool, flow length is then computed based on the downstream
direction, incorporating the weight raster. This produces the accumulation raster, which
indicates the accumulated distance travelled by flow from each cell. The flow accumulation
values are converted from seconds to hours to introduce temporal considerations into the
model. This conversion is crucial for rendering the data suitable for temporal analysis,
allowing for a more nuanced understanding of how water flows and accumulates over time
within the watershed. This process involves dividing each cell value by 3600 to convert the
accumulation raster from meters to hours, ensuring the representation of flow duration
rather than just distance. Reclassification of the accumulation raster then allows for dynamic
adjustments based on the specific characteristics of different basins, tailoring the analysis to
the unique hydrological behaviour of each area. Subsequent data processing and analysis
include extracting values from a table or feature class, manipulating this data, and plotting
a line graph to represent the findings visually. Additionally, a function calculates the NSE
for each hydrograph, measuring model accuracy.

The script offers a systematic approach to hydrological analysis that is adaptable to a variety

of scenarios. The results of this analysis contribute to the development of the GIUH for each
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basin. These steps prepare the data for comparative analysis, enhancing the potential for
further insights and visualisations. In this process, the script includes a function to calculate
the NSE, which is crucial for assessing hydrological models' predictive accuracy and
reliability. This function takes two lists as inputs: 'observed’, which contains measured
values, specifically UH values for each of the eight drainage basins, and 'simulated’, which
represents predicted values based on the model. The function then calculates and returns
the NSE, providing a quantitative measure of how well the simulated hydrographs match
the observed data, thus validating the effectiveness of the hydrological models developed.
This comprehensive approach significantly enhances the script's functionality, enabling it
to assess not only the spatial characteristics of the basins but also to correlate these findings
with the corresponding hydrograph information.

By integrating spatial data with hydrological dynamics, the script facilitates a deeper
understanding of how geographical features influence water flow and retention. This
integration allows for more precise predictions and assessments, crucial for effective water
resource management and planning in diverse hydrological environments. The NSE results
are printed and can be utilised for further analysis, providing a quantitative basis to evaluate
the performance of the hydrological models.

Figure 3-6 depicts the flowchart of the ArcPy code developed for the time-area diagram
method. Careful attention to detail throughout the script ensures a comprehensive and
systematic approach to hydrological analysis. In summary, this ArcPy script offers a step-
by-step methodology for hydrological analysis, integrating diverse geospatial operations to
derive meaningful insights from the landscape. Using conditional logic enhances the
analysis's flexibility and reliability, enabling its applicability across various locations and
scenarios. This approach not only facilitates accurate hydrological modelling but also adapts
to the unique conditions of each study area, thus proving indispensable for effective water

resource managernent.
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Figure 3-6: Flowchart illustrating the ArcPy code developed for the time-area diagram method.

3.3.4 Geomorphological metrics computation through ArcPy programming

A fundamental aspect of this phase of the methodological framework involves the detailed
calculation of GIUH attributes. These measurements are determined through complex
calculations that rely on the geomorphological metrics characterising the specific basin
under consideration. Morphometry measures and mathematically analyses the

configuration, shape, and dimensions of the Earth's surface and landforms. Morphometric
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analysis includes the assessment of linear, areal, and relief aspects of a basin, as well as
contributions from slope (Rudraiah et al. 2008).

This dissertation investigates seven key geomorphological metrics to provide a
comprehensive understanding of basin characteristics. ArcPy programming is crucial for
performing these detailed calculations and establishing a robust and efficient framework for
computing geomorphological metrics essential for hydrological modelling. Leveraging
ArcPy's capabilities can automate complex spatial analyses, streamline data processing
tasks, and enhance the accuracy and reproducibility of the resulting hydrological models.
Integrating advanced programming within the GIS environment facilitates a more dynamic
and precise approach to understanding watershed behaviour under various hydrological
conditions.

One such metric, elongation ratio (Re), quantifies the relationship between the diameter of
a circle with the same area as the drainage basin and the maximum length of the basin. In
the context of subbasins, elongation ratio values typically range from 0.45 to 1.12. These
values exhibit variation between 0.6 and 1.0 across diverse climatic and geological types
(Rudraiah et al. 2008).

Another metric, drainage density (DD), influenced by climate, rock type, relief, infiltration,
vegetation, surface roughness, and runoff intensity, represents the total stream length per
drainage area. Surface roughness shows no significant correlation with DD (Rudraiah et al.,
2008). DD varies based on factors such as soil resistance, vegetation density, and relief. Smith
1950 categorised drainage density into five texture classes: very coarse (< 2), coarse (2 to 4),
moderate (4 to 6), fine (6 to 8), and very fine (> 8).

Regarding drainage texture (T), according to Horton 1945, it represents the total number of
stream segments of all orders per perimeter of a specific area. Horton also emphasises the
crucial role of infiltration capacity in affecting T, incorporating DD and stream frequency
(FS). Smith 1950 further classifies drainage texture into five categories based on drainage
density, with values less than 2 indicating very coarse texture, 2 to 4 as coarse, 4 to 6 as
moderate, 6 to 8 as acceptable, and values greater than 8 signifying very fine drainage
texture. As defined by Horton 1932, FS refers to the total number of stream segments of all
stream orders per unit area. There is optimism that basins sharing the same drainage density
may exhibit differences in stream frequency, and basins with identical stream frequency
could display variations in drainage density (Rudraiah et al., 2008).

Circularity Ratio (Rc), defined by Miller in 1953, represents the ratio of the watershed area
to the area of a circle with an equivalent perimeter. The Rc typically ranges from 0.2 to 0.8
or < 1. Values above 0.5 indicate increased circularity and homogeneity in geological
material. In contrast, values below 0.5 suggest an elongated watershed shape (Malik et al.

2019). Form factor (FF), defined as the ratio of the basin area to the square of the basin length,
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was introduced by Horton in 1932. The FF, which consistently exceeds 0.78 for a perfectly
circular basin, indicates that a smaller FF value corresponds to a more elongated basin shape
(Rudraiah et al., 2008). Finally, the compactness coefficient (Cc), introduced by Strahler 1964,
represents the ratio of a watershed's perimeter to that of its equivalent circular area. Cc
consistently exceeds 1, indicating the presence of more compact sub-watersheds when its

value is greater than 1 (Malik et al. 2019).

3.3.5 Geomorphological unit hydrograph derivation

In the current dissertation, the time-area diagram method is applied to analyse the
hydrograph attributes, as mentioned earlier, of 70 drainage basins within the selected study
area, comprising a total of 100 basins as depicted in Figure 3-7. The primary objective is to
compute the UH for each basin. This method involves correlating various hydrograph
attributes with corresponding geomorphological metrics for each basin. Such correlations
establish relationships between hydrograph attributes and morphometric metrics, essential
for defining the GUH for each basin.

The relationships derived from these correlations are then used to formulate equations that
express each hydrograph attribute in terms of the associated morphometric parameter.
Subsequently, a validation regression analysis is conducted using the remaining 30 basins
out of the total 100. This analysis aims to identify the most suitable regression equation for
each hydrograph attribute based on calculated statistical measures, including Coefficient of
Determination (R?), Mean Absolute Error (MAE), and RMSE. These indices are crucial for
assessing the regression models' accuracy and effectiveness, aiding in identifying the most
reliable equations for predicting hydrograph behaviour within the studied watershed.
Combining the time-area diagram method with validation regression analysis, this
integrated approach provides a comprehensive understanding of hydrograph
characteristics and their relationship with geomorphological metrics. It contributes valuable
insights to watershed management and hydrological modelling endeavours, enhancing the
capability to effectively predict and manage hydrological responses in various basins. This
methodology not only aids in the direct application within the study area but also serves as

a model for similar hydrological studies in other regions.
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Figure 3-7: The selected basins for GUH development. Source: (Theochari and Baltas 2024 b)
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3.4 Nature -Based Solutions Analysis

3.4.1 Introduction

The aim of this stage within the methodological framework is to introduce the
implementation of two NBS—specifically, land cover change and the construction of
retention ponds, as well as a combination of the two—within the Sarantapotamos river basin
upstream of the Magoula settlement in Greece. Furthermore, the efficiency of these NBS is
evaluated by analysing flood hydrographs at the basin outlet through detailed hydrological
analysis. This stage investigates both pre- and post-NBS conditions under current climate
scenarios and anticipates the implications of future climate change scenarios. By doing so,
it assesses the potential modifications in hydrograph characteristics such as peak discharge,
volume, and time to peak discharge, providing a comprehensive understanding of how
these interventions could mitigate flood risks. The evaluation focuses on immediate
hydrological responses and integrates long-term climate resilience into the planning and
implementation of NBS, ensuring sustainable water management practices that align with
environmental conservation and flood risk reduction objectives. The scenario before the
implementation of NBS serves as a baseline for comparison, encompassing current and
projected future climate conditions.

IDF curve equations, crucial for projecting future design precipitations, are adapted from
Kourtis et al. 2023. This adaptation allows for assessing NBS within the context of both
average and worst-case climate scenarios. The hydrological analysis employs the User-
Specified (US) Unit Hydrograph (UH) method as a rainfall-to-runoff transformation
technique, utilising Hydrologic Modeling System (HEC-HMS) software to compare
different scenarios. This analysis is pivotal in evaluating the performance, efficiency,
resilience, and adaptability of the NBS under various climatic conditions.

The study area is chosen due to its susceptibility to floods and significant flood history, with
recurrent flooding events posing considerable hazards to the local population and
environment. The innovation is valuable to the growing knowledge of NBS, particularly in
how they enhance flood resilience and safeguard settlements downstream of a basin outlet.
In this context, this dissertation outlines a practical methodology for NBS implementation
and extensively assesses resulting flood hydrographs under current and future climate
conditions. Such evaluations are essential for determining the effectiveness of NBS in FRM,
providing valuable insights for environmental agencies, policymakers, and local

communities in developing and refining flood mitigation strategies.
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3.4.2 Hydrological analysis

Flood hydrograph computation before and after NBS

A hydrological analysis uses the HEC-HMS software to compute the flood hydrographs at
the basin outlet and compare them before and after implementing NBS. This analysis
involves several components for simulation, including a basin model, a meteorological
model, control specifications, and a time-series data manager (USACE 2018). Each
component employs specific methods to calculate runoff volume, direct runoff, channel
flow, and base flow. Specifically, the US UH method converts rainfall into runoff, requiring
a UH input in HEC-HMS. Furthermore, the time-area diagram method is implemented
within a GIS environment, where a sequence of commands computes the UH, considering
the basin's physical attributes like the DEM and the vector CLC file. The core concept of this
approach is depicted by the time-area diagram histogram, illustrating the distribution of
partial watershed areas contributing to runoff at the watershed outlet based on travel time
(Theochari and Baltas, 2022).

For the HEC-HMS simulation, rainfall data is a crucial input where a precipitation design
corresponding to a specific return period of 100 years is determined. To ascertain the rainfall
intensity for this return period, a rainfall duration of 24 hours is considered. The process
involves computing the distribution of rainfall depths and the design of the precipitation
hyetograph using the Alternating Block Method, which utilises the IDF curve from the
Mandra hydrometeorological station. This method applies the IDF curve to establish the
temporal distribution of rainfall, strategically placing the rainfall peak at the centre.
Following the Mononobe model discussed by Na and Yoo 2018, significant rainfall
intensities are alternately positioned to the right and left of the peak.

Furthermore, the SCS CN method is selected to estimate losses in hydrological modelling
using HEC-HMS. This method involves assigning CN values based on the types of land
cover and geology present within the basin. To facilitate this, a spatially distributed vector
file of the CN is created within a GIS environment, adhering to the methodology outlined
by Wanielista et al. 1996. The CN value ranges from 0 to 100, indicating the runoff potential
of specific land cover and soil types. Lower CN values signify a higher infiltration capacity,
reflecting less potential for runoff and more for absorption (Viji et al. 2015). An average CN
value of 67 is calculated based on the basin's composite land cover and soil characteristics
and is then input as a parameter into HEC-HMS. This CN value plays a critical role in the
model, significantly influencing the estimation of runoff volumes from rainfall events.
Subsequently, the flood hydrograph is computed by integrating this loss estimation with
the rainfall input and other hydrological processes modelled in HEC-HMS. This
comprehensive approach allows for a nuanced analysis of how different land covers and

soil types within the basin contribute to flood dynamics, providing valuable insights for

84



| Chapter 3 | Methodological Framework |

flood risk management and mitigation strategies. Once the NBS for implementation has
been determined, the hydrological analysis is repeated using HEC-HMS to assess the
effectiveness of these interventions. Specifically, to compute the post-land cover change
flood hydrograph, a new Curve Number (CN) value is calculated to reflect changes in land
cover within the basin's polygons. These changes result in varied CN values, as illustrated
in Figure 3-8. Due to the alterations in land cover polygons, a new average CN value of 62
is computed and then input into HEC-HMS, while all other data remains unchanged. This
updated CN value is crucial because it directly affects the runoff calculation, reflecting the
increased infiltration and reduced runoff potential due to the implemented land cover
changes.

The new flood hydrographs are then compared with those from the pre-NBS scenarios. This
comparison is instrumental in evaluating the effectiveness of the NBS by observing the
reduction in peak discharge and overall runoff volumes. Such insights are valuable for
understanding the potential flood risks and the effectiveness of the implemented measures
in mitigating those risks, contributing to a more resilient and sustainable management of
the watershed. This process highlights the importance of adaptive management strategies
in flood risk reduction and underscores the role of strategic land cover management in
enhancing hydrological responses to rain events.

In the case of implementing NBS, such as the construction of retention ponds, the initial
hydrological analysis plays a crucial role. This analysis, conducted before the installation of
retention ponds, indicates that it's necessary to decrease the volume of the initial flood
hydrograph by approximately 75% of the ascending limb's volume to manage flood risks
effectively. The design of the retention ponds is then formulated based on the surplus
volume determined above the expected peak discharge, as identified through the
hydrological analysis. By achieving a 75% reduction in the ascending limb of the flood
hydrograph via NBS implementation, the peak discharge is kept at a manageable level and
remains within safe limits. This protects the local infrastructure and communities from the
immediate dangers of flooding and contributes to the long-term sustainability and resilience
of the watershed.
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Figure 3-8: Comparison of Distributed Curve Number (CN) Values, a) Before and b) After Land
Cover Changes. Source: (Theochari and Baltas 2024 a)

Flood hydrograph computation under climate changes
Following the previous hydrological analysis outlined, an additional examination is

conducted to account for the effects of climate change. This analysis is crucial as it aims to
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predict the flood hydrograph for various future scenarios and assesses the efficacy of NBS
under both mean and extreme climate conditions. Consequently, to accurately model these
future conditions, necessary adjustments are made to the design precipitation inputs and
the IDF curves traditionally used. The updated IDF curves are derived from the work of
Kourtis et al. 2023. This research updated the IDF curves based on rainfall data collected
from the Thissio meteorological station. Kourtis and colleagues employed bias-corrected
and temporally disaggregated climate projections, utilising an empirical model initially
proposed by Sherman in 1931. Specifically, they used the Generalized Extreme Value (GEV)
distribution method without scaling to analyse the 1-hour annual maxima series, providing
a refined tool for understanding and predicting rainfall intensities under future climate
scenarios.

The development of future IDF curves by Kourtis et al. 2023 is a comprehensive approach
designed to accommodate the projected climate changes spanning the hydrological years
from 2021-2022 to 2099-2100. These curves are crucial for updating the understanding of
rainfall patterns under changing climatic conditions with an acceptable spatial resolution of
0.11° and a daily temporal resolution. Three distinct future IDF curves have been produced
to capture the breadth of climate variability and potential future scenarios. Each curve
corresponds to different climate scenarios, encapsulating a broad uncertainty spectrum.
This is achieved through the use of bootstraps for all climate models, including General
Circulation Models (GCMs) and Regional Climate Models (RCMs), as well as for various
climate scenarios, mainly focusing on Representative Concentration Pathways (RCPs) 4.5
and 8.5. Additionally, various bias correction methods are employed for spatial
downscaling and bias correction to ensure the reliability and applicability of the projected
data. Kourtis et al. 2023 have thoroughly examined the climatic aspects involved in
developing these IDF curves. Their methodology incorporated two general circulation
models, four regional climate models, two representative concentration pathways, five bias
correction techniques, two temporal disaggregation approaches, and two probability
distributions.

This extensive range of models and methodologies underlines the complexity and
variability inherent in climate modelling and emphasises the need for robust techniques to
predict future climate scenarios accurately. Using these future IDF curves is critical for
assessing the impact of climate change on hydrological patterns and for updating current
infrastructure and planning practices to better handle anticipated changes in precipitation
intensity and frequency. The reliance on projections from GCMs is pivotal, as these models
provide the fundamental data necessary for simulating the interactions of the atmosphere,
oceans, land surface, and ice. These models are essential for understanding global climate

dynamics and making regional predictions that inform local climate adaptation strategies.
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Recognising the limitations of GCMs, particularly their coarse spatiotemporal resolution,
there is a recognised need for refinement through dynamic and/or statistical downscaling
techniques. This refinement is crucial as it addresses the scale mismatch between global
projections provided by GCMs and the regional or local scales required for practical climate
impact assessments.

As detailed by Kourtis et al. 2023, dynamic downscaling involves using RCMs driven by
GCM outputs under various climate scenarios, including RCPs or the earlier Special Report
on Emissions Scenarios (SRES). This method provides a more detailed and regionally
specific understanding of climate phenomena by enhancing the resolution of the climate
data. In their study, Kourtis et al. 2023 utilised empirical bootstrapping methods to handle
the uncertainty inherent in climate modelling. This involves generating an ensemble mean
representing the future mean intensity, calculated across multiple model runs and scenarios.
Furthermore, upper and lower intensity bounds have been established at + 95% confidence
intervals to capture the range of possible outcomes, also derived using the bootstrapping
approach. This methodology provides a mean estimate and quantifies the uncertainty
around this mean, presenting a more comprehensive view of potential future climate
conditions.

Integrating dynamic downscaling with bootstrapping techniques allows for a robust
analysis that can accommodate the variability and uncertainty of climate projections. This
approach is instrumental in translating the coarse-scale information provided by GCMs into
actionable insights at a regional level, thereby enhancing the reliability and applicability of
climate data for planning and decision-making in the context of climate adaptation and risk
management.

Integrating future IDF curves into the hydrological analysis enhances understanding of
potential changes in rainfall patterns and intensities due to climate change, providing a
comprehensive view of the future hydrological responses within the study area. The choice
to use IDF data from Thissio station instead of the closer Mandras station is justified by
several reasons. Thissio station offers a long-spanning, comprehensive dataset crucial for
historical data analysis and the development of rainfall models within the Attica region,
unlike Mandras station which has limited recent data. Additionally, the similarity in
elevation and climate conditions between Thissio and the study area ensures the
applicability of the data; the proximity in elevations supports that rainfall patterns observed
at Thissio station accurately represent those in the study area. Furthermore, the spatial
resolution of Thissio station’s rainfall data at 12 km effectively covers the region of interest,
providing a reasonable representation of rainfall patterns and variations in the study area.
Following the updated hydrological analysis, three flood hydrographs are calculated for

future upper, mean, and lower intensities based on design precipitations from mean and
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worst-case climate scenarios. This new hydrological analysis evaluates the effectiveness of
NBS. The NBS measures are aimed at reducing peak discharge and mitigating flood impacts.
The analysis offers valuable insights into flood risk mitigation by applying NBS to the
hydrological model and comparing the resulting flood hydrographs with the baseline
scenario. This comprehensive approach informs decision-makers on selecting and

implementing suitable NBS measures to reduce future flood impacts effectively.

3.4.3 Implementation of NBS

Land cover changes

Following the hydrological analysis, the appropriate NBS are chosen and integrated into the
basin. A systematic methodology is employed to implement NBS related to land cover
change. Initially, a thorough analysis of land cover patterns within the basin is conducted
using the CLC dataset 2018. The advanced spatial analysis capabilities of the ArcGIS (ESRI
2010) environment are used to comprehensively assess the distribution and characteristics
of various land cover types. Identifying areas suitable for land cover modification involves
examining regions with low human utilisation or those deemed non-essential for human
survival. Special attention is also given to areas with limited capacity to absorb runoff water
effectively. This typically includes transitional woodland/shrub, sparsely vegetated areas,
and regions affected by burns. Such areas are considered prime candidates for land cover
change due to their low ecological functionality and high potential for improvement.

A strategic decision is made to replace these less effective land cover types with broad-
leaved forests. This choice is based on the multiple benefits that broad-leaved forests bring
to flood management and ecological enhancement. Broad-leaved forests are known for their
exceptional water retention capabilities, which can significantly mitigate flood risks by
reducing runoff and increasing water infiltration. Additionally, these forests enhance
biodiversity, providing habitat for various wildlife species and supporting overall
ecosystem health and resilience. This approach not only aims to reduce the immediate and
direct impacts of floods but also contributes to the long-term sustainability and resilience of
the watershed. By enhancing the natural landscape through strategic land cover changes,
the implemented NBS foster a more balanced and healthier watershed that can better
withstand climatic variations and extreme weather events.

Once suitable areas are identified within the basin, detailed attention is given to selecting
appropriate broad-leaved forest species and sourcing suitable plant material. This process
involves assessing the species' adaptability to local weather, soil conditions, and water
patterns, ensuring they are well-suited for successful growth. In the study area, oak and

plane tree forests are recommended as the preferred broad-leaved species.
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A significant landscape transformation occurs by converting 61 km? to broad-leaved forest,
marking a notable change in land cover. Specifically, this includes replacing 59.4 km? of
transitional woodland/shrub, 1.5 km? of sparsely vegetated areas, and 0.25 km? of burnt
areas with broad-leaved forest. This strategic selection of species and regions enhances the
basin's resilience and sustainability, contributing to better flood management and ecosystem
stability. Figure 3-9 illustrates the land cover before and after the change, with intervention

areas highlighted in fuchsia pink to depict the extent of this transformation.

(a)

10

12

Km

LEGEND
[JCLC (2018) I Pastures [ Matural grassland
[ Discontinuous urban fabric [ ]Complex cultvation patterns I Sclerophyllous vegetation
[ Industrial or commercial units Land principally occupied by I Transitional woodland/shrub
[ Mineral extraction sites I agriculture, with significant areas — Sparsely vegetated areas

e ey of natural vegetation e
[ IMon-irrigated arable lan B Coniferous forest B Burnt areas
[1Vineyards

B Wixed fore st

LEGEND
CLC (2018) after NBS = Mineral extraction B Complex cultivation  [[7] Broad-leaved forest
] e Pcrns B Coniferous forest
Discontinuous urban MNon-irrigated arable Land principally -
I:lfahric L] land occupied by J s
-Industrial ca [ Vineyards -:gﬁciflfgr:fﬂ:]s of [ 1Matural grassland
i i Sclerophyllous
Emmes cat s [ Pastures natural vegetation -vegeta?jo!;;

Figure 3-9: Corine Land Cover (CLC), a) before and b) after the implementation of Nature-Based
Solutions (NBS) Source: (Theochari and Baltas 2024 a)
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Additionally, the study extends its investigation to the particular case of land use changes
in the fire-affected regions of Northern Evia following the catastrophic blaze of August 2021.
This inclusion aims to assess the efficacy of NBS tailored for areas devastated by wildfires,
marking a significant expansion of the project's scope. This broader approach addresses the
immediate needs of flood prevention and ecological enhancement. It explores the potential
for NBS to contribute to long-term recovery and resilience in areas impacted by severe

environmental disturbances.

Retention ponds construction

Retention ponds significantly enhance the resilience of residential areas by mitigating the
impacts of extreme weather events, such as heavy rainfall and increased flood risks,
exacerbated by climate change. These ponds serve as natural buffers, absorbing and
retaining excess water and thus reducing communities' vulnerability to flooding. Typically
constructed alongside flood-prone rivers, retention ponds redirect and retain excess river
discharge during high flows, utilising low-lying river areas as adequate storage spaces
(Chan et al., 2020).

Various methods are employed to establish retention ponds. These include utilising pre-
existing natural depressions in the landscape, excavating new depressions, or constructing
embankments to create the necessary storage space for excess water (European Commission
2013). Each method is chosen based on the area's specific environmental and geographical
conditions, aiming to maximise the efficiency and sustainability of the water management
system.

In this stage of methodological framework, an extensive review of existing literature (e.g.,
Mardjono et al. 2022; Munfarida and Rizal 2022; Ferk et al. 2020; Staccione et al. 2021;
Collentine and Futter 2018) is conducted to gather insights and evaluate the effectiveness of
retention ponds in flood risk management. However, the author ultimately determines the
design criteria for retention ponds based on the region's topography, the slopes, the river
network's density, and the cross-section study. While the number of ponds directly
influences the overall cost of the integrated design, this analysis primarily focuses on
assessing the effectiveness of the number of retention ponds in managing flood risks. The
central concept of designing these retention ponds involves establishing a system of ponds
along the mainstream on both sides, strategically using non-exploitable land areas. Given
their shallow depth and placement on relatively flat terrains, the construction of these
retention ponds primarily requires small-scale earthworks, distinguishing them from more
intensive "grey" infrastructure projects. The soil excavated during the pond construction is
repurposed for perimeter reinforcement, often forming earthen embankments that help

contain the water.

91



| Chapter 3 | Methodological Framework |

Based on the hydrological analysis conducted before implementing NBS and assuming a
targeted 75% reduction in the volume of the initial flood hydrograph, the peak discharge
post-NBS implementation is anticipated to decrease substantially. This reduction aims to
maintain the peak discharge at approximately 75% of the ascending limb's volume, roughly
383 m?, following a horizontal line. This 75% value is an indicative maximum flow rate to
reduce the flow dictated by the necessary technical work based on the hydrograph shape
derived from a small catchment. Consequently, the volume encompassed by the initial flood
hydrograph above the horizontal line representing the desired new peak discharge
corresponds to the total volume targeted for the design of the retention ponds, calculated to
be 3.3 hm? according to the diagram. This volume represents the excess water above the
desired peak discharge, effectively managed by the constructed ponds. The shape of the
retention ponds is selected to be elliptical, with a major axis of 80 m, a minor axis of 20 m,
and a depth of 2 m, based on sound engineering principles aimed at avoiding excessive
earthworks that would incur ecological and economic costs. The distance between the ponds
is deemed suitable and designed to be 10 m. Additionally, it is assumed that each retention
pond will have an area of 5024 m?, resulting in a volume of 13.397 m3. Considering all these
factors, it is concluded that the total number of ponds to be designed is 245. These ponds
will be strategically positioned on both sides of the river in areas covered with
sclerophyllous vegetation, coniferous forest, and mixed forest, which are not exploitable for
other human uses.

The detailed pond designs are created using AutoCAD Civil 3D 2023, as depicted in Figure
3-10. However, implementing this NBS involves specific challenges, particularly concerning
maintenance costs. As the ponds are designed to receive surface water runoff, sediment
accumulation at the bottom is inevitable. Regular maintenance is required to ensure
effective operation, including removing accumulated materials. Additionally, preventive
measures can be implemented upstream of the ponds to serve as sediment retention works,
further enhancing their functionality and reducing maintenance needs. This comprehensive
approach not only mitigates flood risks but also incorporates considerations for long-term

sustainability and cost-effectiveness.
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Figure 3-10: The retention ponds along the mainstream

Source: (Theochari and Baltas 2024 a)
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4. Results and Discussion

4.1 Optimal Hydrometric-Hydrometeorological Station Network Design

4.1.1 Optimal hydrometric station network design

According to the methodology outlined in Section 3.2, two methods are employed for GIS-
based MCDM in station network design. The first method concentrates on hydrometric
stations and adopts an integrated approach considering various criteria with differing
weights. The second method, applied to hydrometeorological stations, uses equally
weighted criteria as constraints.

Concerning the hydrometric station network, The AHP method determines the criteria
weights. Specifically, as depicted in Table 4-1(a), pairwise comparison matrices are
constructed for each scenario by assessing the relative importance of each pair of criteria
using Saaty's pairwise comparison scale 1977. Acknowledging the potential subjectivity in
these comparisons, an additional scenario is presented where weighting values are obtained
from an FAHP approach, as shown in Table 4-1(b). Consequently, “Scenario 3” is denoted
as “3a” under the AHP method and “3b” under the FAHP approach. The pairwise
comparison using FAHP also incorporates the TFN for each comparison. Fuzzy pairwise
comparisons suggest that if a criterion is significantly less critical than others, its weight is
practically zero. This means that even if a criterion is included in the decision-making
process, it holds no importance relative to others and is assigned a zero weight.

In contrast, the AHP method does not allow for criteria to have zero weights due to its
deterministic nature, but weights for less important criteria are close to zero (Ozdagoglu
and Ozdagoglu 2007). Fuzzy logic employs linguistic values to describe the relative
significance of criteria, reducing subjectivity and potentially leading to less risky decisions.
However, for the specific MCDM problem of stream-gauging network design, FAHP might
be less suitable. This is because reducing the number of criteria assumed in FAHP leads to
a high number of suggested locations, which is impractical and requires extensive
tieldwork.

Table 4-2 delineates the calculated criteria weights across different scenarios, providing

critical insight into prioritising criteria for the optimal placement of hydrometric stations.
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This table, derived from data from Theochari et al. (2019), lays the groundwork for a
comprehensive understanding of the varied factors influencing hydrometric station
placement, each shaped by the specific objectives of the respective scenarios. This detailed
analysis is crucial for tailoring station deployment to meet precise environmental
monitoring needs. In every scenario assessed, the weight of topographic slopes (Wc1)
emerges as paramount, confirming the universal significance of terrain in influencing water
movement and measurement. The consistency observed across scenarios highlights the
significant impact of terrain on the accuracy of hydrological data, underscoring the critical

importance of understanding water flow dynamics in diverse landscapes.

Table 4-1: Pairwise comparison matrix for each scenario as cited in Theochari et al. 2019

a) Scenario 1 Scenario 2 Scenario 3 (3a)
Cl C2 C3 ¢4 G C1 C2 C3 ¢4 G5 C1 C2 C3 ¢4 G5

c1 1 5 9 7 5 1 7 9 5 3 1 5 7 9 3

c2 15 1 3 3 3 17 1 1 17 19 15 1 3 5 1/5
c3 19 1/3 1 3 3 19 1 1 17 19 17 13 1 3 1/7
c 17 13 13 1 1 1 7 7 1 13 19 15 13 1 1/9
GG 15 13 13 1 1 13 9 9 3 1 13 5 7 9 1

b) Scenario 3 (3b)

C1 C2 C3 C4 C5

C1 1 1 1 4 5 6 6 7 8 9 9 9 2 3 4

c2 1/6 15 1/4 1 1 1 2 3 4 4 5 6 1/6 1/5 1/4
co18 17 1/6 14 1/3 172 1 1 1 2 3 4 1/8 1/7 1/6
¢ 19 19 19 16 15 14 14 13 12 1 1 1 19 1/9 1/9
cG 174 13 12 4 5 6 6 7 8 9 9 9 1 1 1

In Scenario 1, the weight assigned to topographical slopes (Wci) is the highest, indicating
that the land's inclination is the most critical factor in the network's design for this scenario.
This emphasis on slope consideration likely stems from the need to ensure accurate runoff
measurement, which heavily depends on slope gradients. Steep slopes can cause rapid
surface runoff, potentially increasing flood risk, whereas gentle slopes might lead to a more
gradual flow, significantly influencing the hydrological data collected. This differentiation
is essential for designing precise and effective hydrometric stations tailored to specific
environmental conditions.

In Scenario 2, which is aimed at flood protection, slopes (WC1) are slightly less important;
however, they remain the most critical criterion. Given its substantial weighting, the
significance of the distance from flood-prone areas (WC5) is emphasised. This adjustment

highlights a shift in focus towards mitigating the impacts of floods and prioritising locations
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that can provide predictive data for flood events, underscoring the need for strategic station
placement to enhance flood management capabilities.

Scenario 3a demonstrates that the weight for slopes (C1) is closely aligned with Scenario 1,
reinforcing the importance of topographic factors in a balanced approach that integrates
various considerations. However, the weight for the distance from settlements (C4)
decreases from Scenario 1's weight of 0.060, contrary to an initial assessment. This indicates
that, although still considered, the proximity to settlements carries less weight under the
AHP approach than the initial technical scenario, suggesting a shift in priority within the
assessment criteria.

Scenario 3b, approached via FAHP, presents an intriguing contrast. Similar to Scenario 1,
the topographic slopes (WC1) continue to hold the highest weight, reinforcing the crucial
role of physical geography in station placement. However, it completely removes the weight
for the distance from road networks (Wc), confluences (Wes), and settlements (W),
assigning them zero weights. This underscores a methodological inclination to concentrate
solely on natural hydrological characteristics and flood-prone areas (Wcs) in the decision-
making process.

These comparative perspectives show that while topographic slopes universally retain the
highest weight, emphasising their unquestionable importance, the treatment of the distance
from settlements varies. This variability indicates a methodological difference in prioritising
factors related to human settlements. Such analysis underscores the customised
prioritisation within each scenario, showcasing the multifaceted nature of decision-making
in station network design. It also highlights the intricate considerations that must be
balanced to optimise the network for diverse objectives, reflecting a complex interplay of

environmental and anthropogenic factors.

Table 4-2: Criteria weights for each scenario as cited in Theochari et al. 2019

Scenario 1 Scenario 2 Scenario 3a Scenario 3b
Wa 0.566 0.474 0.476 0.565
We 0.183 0.039 0.118 0.000
Waes 0.124 0.036 0.061 0.000
Wes 0.060 0.166 0.032 0.000
Wes 0.067 0.284 0.312 0.435

To further clarify the hydrometric station network design process, the WLC method is
crucial, incorporating the weights obtained from AHP and FAHP to integrate multiple
criteria into a single suitability score. This approach allows for a comprehensive evaluation

of various factors, ensuring that the placement of stations optimally reflects the diverse
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needs and conditions specific to each scenario. The process involves a detailed
standardisation of criteria, each normalised on a scale from 0 to 1, which allows for direct
comparison and combination. Employing GIS tools enables the practical application of Map
Algebra, which facilitates the detailed overlay and synthesis of raster datasets representing
each criterion. For the station network design in the Sarantapotamos basin, station locations
are recommended along the mainstream only. Therefore, the suitability assessment is
conducted exclusively for the mainstream. This focused assessment ensures that the
selection of stations aligns with the primary hydrological flow of the basin, thereby
enhancing the network's capacity to capture comprehensive water resource data. The FS,
ranging from 0 to 1, allows various thresholds to focus on optimal results. Two clusters are
created according to Theochari et al. 2019, as depicted in Figure 4-1: black dots represent FS
lower than either 0.90 (Figure 4-1(a)) or 0.95 (Figure 4-1(b)), while white circles indicate sites
with higher FS. The demarcation into two clusters based on FS thresholds—a common
practice in suitability studies—allows for a clear visual and quantitative distinction between
highly suitable locations and those with lower suitability scores.

The number of eligible locations varies significantly with different FS cluster thresholds,
with the second scenario resulting in the fewest potentially eligible locations: only four sites
in the 90%-100% FS cluster. A spatial comparison between the two FS clusters is shown in
Figure 4-1(a) and Figure 4-1(b), where grey rectangles highlight areas with reduced optimal
locations among the two FS clusters (above 0.90 and 0.95 for Figure 4-1(a) and Figure 4-1(b),
respectively). Regarding the AHP application, results indicate that Scenario 1 yields the
most significant number of eligible locations, followed by Scenario 3. Moreover, Scenario 1
identifies at least four sites with FS over 98%, while Scenario 3 only identifies two sites
within the same range. The fuzzy approach of AHP results in an increased number of
suitable locations, as only two criteria are ultimately used to identify eligible locations,
imposing fewer restrictions (e.g., proximity is not considered in WLC). All suggested
locations, according to FAHP, achieve an FS in the range of 95%-100%, leading to identical
results for Scenario 3b in both cases (Figure 4-1(a) and Figure 4-1(b)). The histogram
depicted in Figure 4-2 offers a visual representation of the distribution of station locations
across FS classes, providing a detailed view of the frequency distribution that forms the
basis of station suitability. Each histogram corresponds to one scenario and displays the
relative frequency of station locations across various FS classes (< 50%, 50%—60%, 60%-70%,
70%-80%, 80%—-90%, 90%—-95%, > 95%). According to the MCDM results, among the three
scenarios of AHP, there are numerous locations with a score close to 80%, with the relative
frequency decreasing as FS values increase (e.g., 80%-90%). In contrast, Scenario 3b,
resulting from FAHP, exhibits an increased number of suitable stations with FS between

80% and 90%. The absence of frequency in this scenario's 90%—-95% class is attributed to the
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number of criteria (only two criteria assumed) and particularly to the transformation of C1
to a 0-1 scale as classified value. Especially for this last scenario, the absolute number of

suitable locations differs, as criteria that act as restrictions (e.g., C2) are not considered.
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Figure 4-1: FS across the mainstream depicted in two clusters of (a) (0.0-0.9) > FS > (0.9-1.0)
(b) (0.0-0.95) > FS > (0.95-1.0). Source: (Theochari et al. 2019)
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Figure 4-2: Relative frequency (%) of locations for various FS classes for a. Scenario 1; b. Scenario 2;
c. Scenario 3a; d. Scenario 3b. Source: (Theochari et al. 2019)

Additionally, two FS clusters are delineated according to Theochari et al. 2021 (Figure 4-3):
The first comprises small black dots representing FS values below 0.90, while the second
consists of large red circles indicating sites with higher FS. When comparing the three
scenarios based on weighting, it becomes apparent that the "slopes" criterion holds the
highest significance across all scenarios. Conversely, the criterion "distance from
settlements" ranks the least important in the first and third scenarios. However, in the
second scenario, the criterion "distance from the confluence with another stream" emerges
as the least significant. Notably, the "distance from settlements” criterion is deemed highly
important when the design objective involves developing a flood early warning system. For
FS values exceeding 90%, all scenarios recommend the same optimal sites, with the highest

FS and the second-best case typically situated in the southern part of the river.
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In Scenario 3a (Figure 4-3c), where weights are determined using AHP, there are 59
positions with high FS, whereas in Scenario 3b (Figure 4-3d) utilising FAHP, the resulting
map indicates 437 potentially suitable positions. This increase in appropriate locations is
attributed to the FAHP approach, which considers only two criteria to identify optimal sites,
resulting in fewer constraints. This observation aligns with the findings of Theochari et al.
2019. In all scenarios except the first one, suitable locations with FS>90% are predominantly
observed in the southern part of the river (lowlands), closer to settlements and flood-prone
areas. In contrast, the first scenario suggests suitable locations across the entire length of the
mainstream. The distinct feature of the first scenario is its emphasis on low slopes, proximity
to the road network, and avoiding junctions to minimise the influence of other streams
during flow recording. Hence, this scenario is preferable when decision-makers prioritise
this hierarchy of criteria.

The design criteria are established along the entire mainstream length and then combined
to derive the distribution of optimal locations. When considering findings from related
research by Theochari et al. 2019, it becomes apparent that the distribution of suggested
positions for identical scenarios within the same study area, criteria, and criteria weighting
may vary. This discrepancy can be attributed to differences in the datasets utilised and the
formulation of criteria between the two approaches.

It is important to note that the distribution of optimal locations, although based on the same
criteria and weights, may differ due to variations in the datasets and the formulation of
criteria between different studies. This underscores the significance of the GIS
environmental setup and dataset selection, which are integral to the station network design
process. Therefore, the detailed delineation of criteria within a GIS framework and the
thoughtful selection of datasets for analysis represent additional variables that can

significantly influence decision-making in station network design.
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Figure 4-3: FS across the mainstream depicted in two clusters of (0.0< FS 0.9, 0.9< FS <1.0)

Source: (Theochari et al. 2021)

41.2 Optimal hydrometeorological station network design

The criteria selected for hydrometeorological station network design within the

Sarantapotamos basin function as pivotal constraints that delineate the spatial domain of

suitable and unsuitable locations for station placement. This rigorous approach ensures that

only areas meeting all predetermined criteria are considered, optimising the network's

effectiveness and relevance. Combining these criteria ultimately determines the suitable

locations, with all design criteria being met when the FS reaches one. This methodological

precision guarantees that each station is strategically placed to provide accurate and

valuable data for comprehensive hydrological analysis. Boolean maps, as depicted in Figure

4-4, serve as a foundational tool in this process, providing a clear binary visual

representation of the suitability of each location.
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Figure 4-4: Boolean maps of criteria for hydrometeorological station network design Source:
(Theochari et al. 2021)

These maps are fundamental in eliminating unsuitable locations, ensuring that any location
deemed fit for a station is optimal according to all specified criteria. In these maps, cells with
a value of "1" indicate potential suitability, while those with a value of "0" are flagged as
unsuitable and are visually demarcated in light grey. This effectively illustrates areas that
do not meet the design constraints and are thus excluded from further consideration,
streamlining the selection process.

Formulating the criteria as constraints regulates the WLC results by ensuring their exclusion
during WLC application, culminating in the suitability map shown in Figure 4-5. To
visualise the spatial distribution of FS more effectively, five equal classes are created,
representing possible values between "0" and "1": "0", "0.25", "0.50", "0.75", and "1.00". The
tirst class (FS = 0) covers 34% of the river basin's total area, indicating areas where
hydrometeorological stations are not permitted. The second class (FS = 0.25) encompasses
39% of the area, FS = 0.50 covers 16%, FS = 0.75 covers 7% and only 4% of the basin reaches
the highest score, FS = 1.0. Candidate positions that achieve the pinnacle of suitability, FS =
1, are prominently displayed in dark green on the suitability map (Figure 4-5), drawing

immediate attention to these prime locations.
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Figure 4-5: WLC among criteria for hydrometeorological station network design Source: (Theochari
et al. 2021)

These are the areas where the hydrometeorological stations could be most effective and
where their installation is most justified, given the multifaceted constraints of the design
criteria. This thorough classification establishes a solid foundation for decision-making and
captures the complexity of identifying optimal sites for hydrometeorological stations in a
diverse and dynamic river basin environment. Such detailed visualisation of FS classes
underscores the importance of rigorous criteria selection and spatial analysis in designing a
station network that is both efficient and reliable, ensuring that each station contributes
effectively to the overall monitoring objectives.

The final step in determining the placement of hydrometeorological stations within the
Sarantapotamos basin involves assessing how many stations are located at different
elevations across the terrain. This method ensures that the spatial coverage of the network
is scientifically valid and cost-effective, striking a delicate balance between geographical
requirements and resource efficiency. The density criterion, intricately connected to
elevation as demonstrated in Figure 4-6, offers a systematic approach to determine the

minimum number of stations needed to monitor each elevation zone within the basin
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effectively. This approach enables thorough coverage and follows an economical approach
to minimising redundant data collection points. The calculation of the minimum necessary
number of stations for each elevation zone is outlined in Table 4-3. Zone B, spanning the
largest area of 163 km?, necessitates the installation of two stations to ensure representative
data sampling, considering its size and anticipated hydrological variability, whereas one

station suffices for Zone C.
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Figure 4-6: Altitude categorisation for the Sarantapotamos river basin.
Source: (Theochari et al. 2021)

Table 4-3: Grouping altitudes and calculating the desired number of hydrometeorological stations
as cited in Theochari et al. 2019

Zone Altitudes (m) Station density =~ Area (km?) Density Final stations

A 0-200 600 71 0.1 0
B 200-500 100 163 1.6 2
C 500-800 75 90 1.2 1
D 800-1,200 50 17 0.3 0

1,200-1,900 50 0 0.0 0
Total - - 341 - 3
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Consequently, based on the station density criterion, the optimal number of stations is
determined to be three. The chosen locations represent the intersection of multiple decision-
making factors, including suitability assessments, Boolean constraints, and the
aforementioned elevation-related density criterion. Significantly, the methodology
employed reflects a practical approach adopted by decision-makers to limit the number of
stations. This approach is mainly justified by recognising that areas lacking station coverage
due to elevation considerations represent a relatively small portion of the total area. In cases
where decision-making on the number of stations might lead to fractional results, the
Ceiling method offers a clear guideline: round up to guarantee coverage, thereby
prioritising caution to prevent data gaps. Implicit in this strategy is the understanding that
the ideal distribution of stations should be thorough yet reasonable and comprehensive
enough to capture the hydrometeorological dynamics across the elevation gradient of the
river basin. This judicious strategy underscores the critical role of elevation in informing the
density and distribution of monitoring stations, ultimately guiding a network design that is

robust, representative, and attuned to the basin's topographic and environmental intricacies.

4.1.3 The location of optimal hydrometric-hydrometeorological stations

The mapping in Figure 4-7 carefully outlines the distribution of hydrometric-
hydrometeorological stations, which are essential for thoroughly understanding the
Sarantapotamos basin's hydrological patterns. The proposed network comprises three
hydrometeorological stations, coupled with the strategic placement of one primary and one
additional hydrometric station. This design is intended to provide a robust assessment of
the basin's hydrological response, ensuring comprehensive coverage and detailed insights
into water dynamics across different basin sections. This strategic configuration optimises
gathering crucial data, facilitating effective management and monitoring of the basin’s
hydrological environment.

The placement of hydrometeorological stations follows a systematic approach based on
specific criteria, aiming to achieve an optimal density and spatial distribution across the
entire basin. By adhering to these international standards, the proposed locations for these
stations are strategically positioned to capture a diverse range of meteorological data
essential for precise weather forecasting, climate analysis, and water resource management.
In the hydrometric station network design context, the selection of positions is rooted in
technical precision and the basin's flood management needs. The northern proposed
hydrometric station site, situated along the bridge on the provincial road Oinois-Panaktou,
is identified as optimal in Scenario 1. This location is deemed technically adequate because
it can capture flow data unaffected by backwater effects or other anomalies that can impact

the quality of hydrological measurements. Conversely, the southern location for the second
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hydrometric station consistently appears as a high-suitability site (FS > 0.9) across all
examined scenarios, highlighting its reliability as a monitoring point. Its proximity to the
provincial road Oinoi-Magoula and nearby settlements like Mandra and Magoula
underscores its strategic importance. This station fulfils technical hydrological monitoring
needs and is ideally positioned to enhance flood protection efforts. As a dual-purpose
station, it can provide critical data to inform flood risk mitigation strategies and act as an
early warning point to safeguard the surrounding communities.

By integrating density and spatial distribution criteria with the technical and functional
needs of hydrometric and hydrometeorological monitoring, the proposed station network
is positioned to deliver comprehensive data. This data will facilitate a thorough
understanding of the Sarantapotamos basin's hydrology, leading to effective water
management, reduction of flood risks, and the protection of ecosystems and human
communities within and surrounding the basin.

Finally, one more observation from the above analysis is how criteria are expressed in a GIS
environment and decision-makers' perspectives heavily influence the data utilised for the
entire analysis. This influence is particularly pronounced in the design approach for
hydrometric station networks, which tends to be more flexible in criteria formulation and
hierarchy compared to hydrometeorological networks. When designing hydrometric
station networks, there is more flexibility in how criteria are articulated and applied.
Normalised values enable a more detailed and sophisticated data analysis, where variables
can overlap and integrate in ways that capture the complexity and variability of the
hydrological environment. This adaptability can be crucial when dealing with the dynamic
flow of watercourses, as rigid binary conditions may not adequately capture the intricacies
required for precise monitoring and assessment. On the other hand, the design of
hydrometeorological networks often involves stricter constraints, possibly due to the
broader range of variables that influence meteorological phenomena and the critical
importance of capturing data that accurately reflects these variables. Boolean maps are
especially effective in such cases as they offer clear, unmistakable distinctions between
suitable and unsuitable locations. These binary maps are vital for ensuring that stations are
only placed in areas that meet all necessary conditions for reliable data collection, given the
significant impact that meteorological data can have on weather prediction, climate studies,
and emergency planning.

The selection process for hydrometeorological station placement and its underlying criteria
are not merely technical exercises but also reflections of strategic choices made by those
responsible for designing these networks. These decisions have extensive implications for
the capacity of the resulting infrastructure to provide the data essential for understanding

and managing the basin's hydrological and meteorological processes. Decision-makers must
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balance precision, flexibility, and practicality while also considering the long-term
implications of their choices on resource management and disaster mitigation.

This intricate interplay among decision-maker perspectives, the expression of GIS criteria,
and data selection highlight environmental monitoring network design's often complex and
subjective nature. It underscores the necessity for a comprehensive understanding of both
the technological tools available and the ecological phenomena under study. By ensuring
that the resulting network is resilient, adaptable, and capable of facilitating informed
decision-making, planners can effectively address the numerous challenges inherent in
water resource management. This approach not only enhances the functionality of the
network but also contributes to a more sustainable and effective management of

environmental resources.
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Figure 4-7: Hydrometeorological and hydrometric station network site selection.
Source: (Theochari et al. 2021)
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4.2 Implementation of the Geomorphological Unit Hydrograph

4.2.1 System analysis of channel velocity

The system analysis delves into the impact of channel velocity on the UH by utilising the
time-area diagram method. This approach involves a methodical examination through
simulation, which allows for the differentiation of various velocities. Specifically, the
simulation applies the time-area diagram method to generate eight distinct hydrographs.
The primary aim is to evaluate the model's accuracy across different channel velocities and
identify the velocity range that matches the closest to observed hydrographs.

The NSE, a widely accepted metric in hydrological modelling, is utilised to quantify the
goodness-of-fit between the simulated and observed hydrographs. Figure 4-8 presents line
graphs depicting NSE values across different velocity ranges, where the x-axis represents
varying velocities (Vmax) and the y-axis likely indicates the NSE values. This visual
representation helps assess how well the model performs under varying flow conditions
and supports the identification of an optimal velocity range for accurate hydrological
predictions.

In the Metsovitiko basin, the NSE values range from 0.293 to -1.647, providing insights into
the model's performance. Positive values indicate a relatively good fit between simulated
and observed hydrographs, while negative values suggest areas for improvement. Among
these values, the NSE corresponding to a Vmaxof 2 m/s stands out with the highest value of
0.293, indicating relatively better model performance than other velocity ranges. This
suggests the model performs better within the velocity range of 0.1-2 m/s, showing a closer
alignment between observed and predicted values and a more precise capture of
hydrological dynamics. Similarly, in the Pramoritsa basin, the model's performance varies
with NSE values ranging from 0.37 to -0.234. Notably, the highest NSE value of 0.37 is
observed for the velocity range of 0.1-2.0 m/s, indicating relatively better model
performance than other velocity ranges.

Moving on to the Mouzaki basin, NSE values ranging from 0.73 to 0.641 suggest consistently
good model performance, with a reliable fit between observed and predicted values across
different channel velocity ranges. The optimal velocity range appears to be 0.1-4.0 m/s,
although the 0.1-2.0 m/s velocity range demonstrates a high NSE, indicating its potential
utility in hydrological modelling applications. In the Velventos basin, NSE values range
from 0.599 to 0.243, indicating a good fit between simulated and observed hydrographs
across various channel velocity ranges.

In the Pyli basin, NSE values ranging from 0.465 to 0.561 indicate a relatively good fit across
various channel velocity ranges. The optimal range is 0.1-4.0, consistently showing positive

NSE values. However, even the 0.1-2.0 range yields positive NSE values, suggesting its
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effectiveness for this basin. In the Krasopouli basin, NSE values exhibit variations across
channel velocity ranges, ranging from 0.496 to -0.301. Positive values are observed at lower
velocities, declining into negative values at higher velocities. Despite these variations, the
0.1-2.0 range consistently yields positive NSE values. Concerning the Asprorema basin, NSE
values display variations across velocity ranges, ranging from 0.35 to -0.117. The model
performs relatively better at lower velocity ranges but struggles as velocity increases.
Nevertheless, the 0.1-2.0 range consistently yields positive NSE values, indicating its
effectiveness for this basin.

In analysing the Agia basin, the NSE values range from 0.405 to -4.614. The highest NSE
value is observed at the 0.1-2.0 m/s velocity range, which is 0.405. This positive NSE value
indicates a reasonable fit between the simulated and observed hydrographs, suggesting the
model captures the hydrological behaviour of the basin reasonably well at this lower
velocity range. However, as the velocity increases from 3 to 6 m/s, the NSE values sharply
decrease, moving into the negative range and reaching as low as -4.614. This negative trend
signifies that the model's performance deteriorates significantly with higher velocities,
indicating a less accurate representation of the hydrological processes occurring within the
basin. This pattern of decreasing NSE with increasing Vmax suggests that the model is more
reliable for predicting slower flow scenarios. This is consistent with findings for the other
basins, where lower velocities also correspond to higher NSE values.

Based on the analysis of the provided graphs and the understanding that a higher NSE
indicates better model performance, with values closer to 1 being ideal, it is evident that the
velocity range associated with the highest NSE should be selected. The top graph displays
relatively consistent NSE values across different velocities, with a slight advantage observed
for lower velocities, which generally have higher NSE scores across most variables. The
bottom graph, providing a closer look at the lower velocity range, confirms this observation
by demonstrating that the highest NSE values are typically found at the lower end of the
velocity spectrum. Therefore, the velocity range of 0.1-2.0 is chosen as it consistently yields
higher NSE values, indicating a more accurate model performance for most of the observed
hydrographs. This decision aligns with achieving the highest possible model accuracy. The
consistency of higher NSE values across datasets represented in the graphs further supports

selecting this velocity range for subsequent stages of the research's procedures.
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Figure 4-8: Analysis of Nash-Sutcliffe Efficiency (NSE) comparison across different velocity ranges.

4.2.2 Regression analysis
The investigation into the hydrological dynamics of 70 drainage basins, as part of a broader
analysis encompassing 100 basins, marks a significant advance in understanding the

interplay between geomorphological metrics and hydrograph attributes. Using the time-
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area diagram method as the primary analytical tool, this research carefully calculates UH
for each basin, preparing for an in-depth look into the hydrological processes involved. This
analysis aims to uncover the intricate relationships that determine how water moves
through different types of terrain.

As the analysis progresses, it uses histograms to visually summarise how the basins'
geomorphological metrics relate to the features of the resulting hydrographs. Figure 4-9
emerges as a pivotal visual aid, presenting these histograms in a structured grid format.
This visual representation is instrumental in delineating the detailed coherence between UH
attributes and the geomorphological metrics across the examined basins. Each histogram,
by plotting the distribution of a specific y-axis variable against varied values of x-axis
variables, offers a window into the intricate patterns and correlations embedded within the
dataset. This method makes it easier to closely examine how various geomorphological
traits affect hydrograph features, shedding light on the underlying patterns in the data. Each
bar represents a specific value range in this visualisation, indicating correlation
concentration within distinct intervals. Correlation strength is inferred from the distribution
pattern: clear peaks denote stronger correlations, while flat or multi-peaked histograms
suggest weaker or complex relationships. While histograms provide valuable insights into
variable pair frequency and spread, it's important to note that they alone cannot definitively
confirm correlations. They serve as a preliminary visualisation tool, necessitating further
statistical or multivariate analysis to quantify and interpret the observed relationships
accurately.

Looking closer at the histograms shows clear distribution patterns, which helps spot
possible connections between different variables on the y-axis and their related variables on
the x-axis. For example, the early examination of the maximum flow rate (Qmax) variable
about various geomorphological metrics reveals various distribution patterns. Variables
such as Rc and FF exhibit a dispersed nature, indicative of weak correlations, whereas other
variables showcase a more concentrated distribution of histogram bars, hinting at moderate
correlations. As the analysis transitioned towards examining the tomax variable, a parallel
pattern emerged with weak correlations observed in Rc and FF, where bars are scattered.
Conversely, other variables present a more focused distribution, implying potential
moderate correlations. This contrast highlights the variation in the landscape's physical
traits and shows how these features affect hydrograph behaviour.

Going further, exploring the t» variable more closely highlights the differences in how
strongly it correlates with other factors. The noticeable spread in the histograms for Rc and
FF variables indicates a weak connection to hydrograph attributes, suggesting that a broader
range of factors influences these relationships. Conversely, the emergence of denser

clustering among histogram bars for variables such as Cc signals the presence of more
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definitive, moderate correlations. This distribution pattern provides insight into the
complex interaction between water movement and landscape features, hinting at
underlying geomorphological processes that could significantly affect hydrological
responses. The narrative continues as attention shifts to the toso. and tosor variables, where
similar trends persist. The wide dispersion of histogram bars for Rc and FF indicates weak
correlations, reflecting a complex interplay of factors that defy simple characterisation.
Meanwhile, the tighter clusters observed in Cc and Re suggest potential moderate to solid
correlations and pave the way for a deeper understanding of the mechanisms governing
water flow dynamics.

The torse variable's histograms in Rc and FF are spread out, indicating weak correlations,
while Cc and Re show concentrated bars, suggesting moderate correlations. Regarding the
tarsr y-axis variable, histograms suggest a meaningful relationship with x-axis variables. In
Rc, bars are spread, indicating a weak correlation. Moving to Cc, a slight concentration
suggests a potential moderate correlation. The Re variable reveals a complex distribution
with multiple peaks, possibly indicating a multimodal relationship or interactions with
other variables not directly analysed. DD displays a reasonably uniform spread, suggesting
a weak correlation.

The histogram analysis provides valuable insights into potential correlations between
hydrograph behaviour and underlying geomorphological characteristics. By examining the
distribution patterns across different variables, it becomes possible to infer the strength and
nature of these connections. Further in-depth examination of the histograms will unveil
crucial insights into the complex relationships influencing UH behaviour within the
analysed drainage basins. This thorough analysis sheds light on the fundamental
mechanisms that control hydrological processes and how they interact with
geomorphological characteristics.

To explore these relationships further, a detailed regression analysis is performed. This
statistical technique identifies specific equations summarising the relationships between
hydrograph attributes and various geomorphological metrics. These regression equations
and relevant statistical measures assessing model strength provide a quantitative
understanding of the connections observed in the histogram analysis. Ultimately, the
obtained regression equations serve as predictive tools, enabling the anticipation of
hydrograph attributes based on selected geomorphological metric values. This predictive
capability enhances understanding of hydrological processes and supports informed

decision-making in water resource management and flood risk assessment.
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Figure 4-9: Histogram analysis of correlations between hydrograph attributes and
geomorphological metrics.

4.2.3 Validation regression analysis

The validation regression analysis represents a critical phase in the study, aiming to identify
the most appropriate regression equation for predicting each hydrograph attribute about
geomorphological metrics. This analysis involves the remaining 30 basins from the total
dataset of 100, providing a robust sample for statistical evaluation. Key statistical measures
such as R?2, MAE, and RMSE serve as the litmus test for assessing the performance and
reliability of each regression equation. The selection of optimal regression equations is
paramount to ensure accurate prediction of hydrograph attributes across a diverse range of
basin characteristics. Figure 4-10 visually depicts these relationships and provides an

overview of the vital statistical metrics for model evaluation. Additionally, Table 4-4
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presents detailed statistical measures for the entire set of examined UH attributes, offering

a comprehensive understanding of the regression analysis results.
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Figure 4-10: Visual representation of model evaluation metrics for selected UH attributes.

The first chart on the left in Figure 4-10 visually represents R? (R-squared) values for
different types of equations corresponding to each hydrograph attribute. Higher R? values
indicate a stronger fit of the model to the data, suggesting better predictive performance,
which is crucial for reliable hydrograph analysis. Transitioning to the right side of Figure
4-10, the second chart combines a bar graph and a line graph to illustrate the relationship
between RMSE, MAE, and the values of each hydrograph attribute across various equation
types. The line graph, plotting RMSE values, is aligned with the left y-axis, providing
insights into the model’s prediction errors. Simultaneously, the bar graph represents MAE

values, measured on the right y-axis, highlighting the average magnitude of the prediction

116



| Chapter 4 | Results and Discussion |

errors. This dual-axis visualisation enables a comprehensive exploration of the relationships

between hydrograph attributes, geomorphological metrics, and the accuracy of different

equation types in capturing these connections. By presenting both error metrics alongside

R? values, the visualisation effectively demonstrates how each model performs, facilitating

a deeper understanding of which regression equations are most effective for predicting

hydrograph characteristics in diverse basin conditions.

Table 4-4: Statistical measures for the evaluated Unit Hydrograph (UH) attributes

Ii:;’ri":s’rph(’log“al Re Cc Re FF T T T T
Equation Linear Linear Linear Linear Linear Logarithmic Polynomial Power
UH attribute tomax

R? 0.736  0.820 0.843 0.807 - - - -
MAE 1.270 0.729 0.837 0.889 - - - -
RMSE 1.713  1.082 1.088 1.148 - - - -
UH attribute tosoL

R? 0.631 0734 0.745 0.713 - - - -
MAE 0.547 0391 0424 0.466 - - - -
RMSE 0.770 0544 0574 0.642 - - - -
UH attribute tosor

R? 0.776  0.858 0.871 0.817 - - - -
MAE 1.851 1.077 1215 1.262 - - - -
RMSE 2337 1322 1396 1.646 - - - -
UH attribute torsr

R? 0778 0.864 0.878 0.831 - - - -
MAE 1.561 0931 1.015 1.088 - - - -
RMSE 2.032 1.212 1240 1.420 - - - -
UH attribute torsL

R? 0.689 0.775 0.792  0.756 - - - -
MAE 0.846 0567 0.642 0.712 - - - -
RMSE 1245 0.865 0.886 0.933 - - - -
UH attribute to

R? 0.740 0.875 0.859  0.802 - - - -
MAE 6.611 4767 5.383 5.720 - - - -
RMSE 8330 5708 6547 7.477 - - - -
UH attribute Qmax

R? 0.650 0.725 0.712 0.646 0.624 0.538 0.625 0.622
MAE 60.559 39.988 40.645 42.264 32.000 36.888 31.205 32.648
RMSE 92918 78.010 79.392 82305 51.040 61.240 49.217 56.507

Concerning the Qmax attribute, the graph indicates that the T-Polynomial model exhibits the

lowest MAE and RMSE values among the models presented. This suggests superior

predictive performance with minimised prediction errors. The bar representing the T-

Polynomial model is notably lower than others, indicating more minor errors on average
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and squared errors. Lower MAE and RMSE values are generally preferred as they signify a
model that closely aligns with observed values, thus providing more accurate and reliable
predictions. Despite the compelling R? value of 0.725 associated with the Cc-Linear
equation, which traditionally would suggest a solid fit for the data by accounting for a
significant proportion of the variance in Qmax values, the decision leaned towards the T-
Polynomial model. This choice prioritises predictive accuracy and error minimisation over
the variance explained. It underscores a detailed understanding that a model's ability to
explain the variance, while important, is secondary to its precision and reliability in practical
applications, particularly in hydrological forecasting, where the stakes of prediction errors
can be high.

The T-Polynomial equation, chosen for its superior performance, is outlined below for
reference. This equation accurately captures the complex, nonlinear relationships between
the Qmax attribute and geomorphological metrics with its polynomial components. It offers
a more sophisticated method for predicting hydrographs, outperforming linear models'
accuracy and dependability. The precise coefficients and the formula's structure are
meticulously designed to reflect the observed complex dynamics, ensuring its success in
predicting water flow characteristics with reduced errors. This advanced approach
enhances the equation's ability to provide precise forecasts, making it a strong foundation
for advancing predictive hydrology and improving decision-making processes in water
resource management. The formula for the T-Polynomial equation, chosen for its

effectiveness in hydrological modelling, is illustrated below:

y = 8.6049x2 + 78.275x + 6.3238 4.1)
where:
y= Qmax represents the peak discharge of the UH (m?/s)

x=T is the geomorphological parameter associated with the drainage texture

For the toso. hydrograph attribute, a nuanced analysis of the regression models reveals an
exciting interplay between R?, MAE, and RMSE values. The Re-Linear model stands out
initially with the highest R? value of 0.745, suggesting a solid goodness of fit, indicating that
this model can explain a substantial portion of the variance in toso. values across the dataset.
Typically, a higher R? value would be interpreted as a sign of a model's effectiveness in
capturing the underlying pattern within the data. However, the analysis takes a turn when
evaluating the model's predictive performance through the lenses of MAE and RMSE.
Despite its high R? value, the Re-Linear model registers the highest values for both MAE
and RMSE, indicating a less favourable predictive performance. This discrepancy
underscores a critical insight: while R? measures the proportion of variance explained by the

model, it may not always translate to the most accurate predictions, especially in the context
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of individual predictions. In contrast, the Cc-Linear model emerges as a more balanced and
reliable predictor for the toso. attribute. It boasts a high R? value of 0.7343, which, while
slightly lower than that of the Re-Linear model, still indicates a robust ability to explain the
variance within the toso. data. More importantly, the Cc-Linear model demonstrates lower
MAE and RMSE values than its Re-Linear counterpart. This combination of high R? with
lower MAE and RMSE signifies intense goodness of fit and superior predictive accuracy,
making the Cc-Linear model a preferred choice for forecasting toso values.

The distinction between R? and predictive errors (MAE and RMSE) is pivotal in this analysis.
While R? gives a broad overview of the model's fit to the data, MAE and RMSE provide a
more granular view of its predictive accuracy, with MAE offering an average magnitude of
errors and RMSE amplifying the impact of more significant errors due to its squaring effect.
MAE's lower sensitivity to outliers makes it a valuable metric for assessing model
performance. The Cc-Linear equation, identified as the most reliable predictor for the taso
dataset, is illustrated below. This equation captures the linear relationship between the taso
attribute and the Cc geomorphological metric, embodying a refined tool that balances
explanatory power and predictive precision. By leveraging the strengths of the Cc-Linear
model, researchers and practitioners can achieve more accurate and reliable predictions for
tosor, enhancing the application of hydrological models in water resource management and

planning. The Cc-Linear equation can be represented as follows:

y = 0.6835x (4.2)
where:
y= tosoL represents the time to 50% of the rising limb of the hydrograph

x= Cc is the geomorphological parameter associated with the compactness coefficient

Specifically, concerning the tosor hydrograph attribute, the Re-Linear model exhibits the
highest R? value, indicating the best fit to the data among the considered models. However,
despite the attractive high R? value of the Re-Linear model, examining its predictive
accuracy with the RMSE offers a contrasting view. The Cc-Linear model distinguishes itself
by registering the lowest RMSE, indicating more minor average squared errors. This
suggests that, on average, the Cc-Linear model's predictions are closer to actual observed
values, especially in minimising the impact of significant errors, which RMSE is particularly
sensitive to. The analysis of MAE values corroborates this finding, mirroring the trend
observed with RMSE. RMSE and MAE are critical in evaluating a model's predictive
accuracy, offering insights into the average magnitude of errors in predictions (MAE) and
the square root of the average of squared differences between predicted and observed
values (RMSE). A model that exhibits low values for both these metrics is generally

considered to provide reliable and accurate predictions. Despite the Re-Linear model's
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higher R? value, the Cc-Linear model emerges as the superior choice based on its lower
RMSE and MAE values. It's essential to understand what these metrics mean properly. A
high R? indicates a good fit of the model to past data, but it doesn't necessarily guarantee
accurate predictions. This is where the significance of RMSE and MAE comes in, as they are
essential for assessing predictive accuracy. For reference, below is the representation of the
Cc-Linear equation.

y = 2.4892x (4.3)
where:
y= tosor represents the time to 50% of the falling limb of the hydrograph

x= Cc is the geomorphological parameter associated with the compactness coefficient

All four models show relatively high R? values for the torsr hydrograph attribute,
demonstrating a solid fit for the data across the board. However, the Re-Linear and Cc-
Linear models slightly outperform the Rc-Linear and FF-Linear models with marginally
higher R? values, suggesting a better fit. Notably, the Cc-Linear model has the lowest RMSE
value, implying more minor average squared errors and suggesting its potential for more
accurate predictions, particularly with fewer significant deviations. The MAE mirrors the
RMSE trend, with the Cc-Linear model demonstrating the lowest MAE, indicating its
predictions are, on average, closer to the actual values. A combination of a high R? and low
RMSE and MAE typically signifies a model that fits well with historical data and accurately
predicts new data with minimal errors. In this comparison, the Cc-Linear model balances a
firm fit (high R?) and accurate prediction (low RMSE and MAE) for the tossr attribute. For
reference, below is the representation of the Cc-Linear equation.

y = 2.0333x (4.4)
where:
y= tarsk represents the time to 75% of the falling limb of the hydrograph

x= Ccis the geomorphological parameter associated with the compactness coefficient

For the tors. hydrograph attribute, both the Re-Linear and Cc-Linear models demonstrate
the highest R? values, indicating superior fits to the data compared to the Rc-Linear and FF-
Linear models. Notably, the Cc-Linear model boasts the lowest RMSE, implying more minor
average squared prediction errors than the other models. Furthermore, the Cc-Linear model
exhibits the lowest MAE, suggesting its predictions are closer, on average, to the outputs of
the time-area diagram model. Considering these metrics collectively, the Cc-Linear model
appears to strike a balance between a firm fit (high R?) and accurate prediction (low RMSE
and MAE) for the tQ75L attribute. For reference, below is the representation of the Cc-Linear
equation.

y = 0.9958x (4.5)
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where:
y= tarsL represents the time to 75% of the rising limb of the hydrograph

x= Cc is the geomorphological parameter associated with the compactness coefficient

When examining the tb hydrograph attribute, the Cc-Linear model is the most robust among
the models assessed. It boasts the highest R? value and the lowest values for both RMSE and
MAE. These characteristics indicate that the Cc-Linear model aligns closely with the output
of the time-area diagram method and delivers precise predictions for tb with minimal errors.
Below is the expression of the Cc-Linear equation:

y =9.0156x 4.6)
where:
y=to represents the base time of the hydrograph

x= Cc is the geomorphological parameter associated with the compactness coefficient

For the tomax hydrograph attribute, the Re-Linear model boasts the highest R? value.
However, this model also exhibits the highest RMSE and MAE, indicating inferior
predictive performance. Considering both metrics, the charts suggest that the Cc-Linear
model may offer the most dependable predictions for the tomax dataset, as it achieves a high
R? alongside low MAE and RMSE values. MAE and RMSE are more adept at capturing
actual prediction errors, with MAE being less influenced by outliers than RMSE. The Cc-
Linear equation is represented as follows:

y = 1.4738x 4.7)
where:
y= tomax represents the time to peak of the hydrograph

x= Cc is the geomorphological parameter associated with the compactness coefficient

The findings from the regression analysis reveal a pronounced dependence on the
geomorphological metric Cc across a spectrum of hydrograph attributes when determining
the most effective regression equations. This metric heavily influences the determination of
the optimal regression equations across various hydrograph attributes. This pattern
emphasises the pivotal role of Cc in shaping the predictive accuracy of the models.
Moreover, the validation regression analysis extends to the calculation of residuals, a pivotal
aspect in assessing the goodness of fit for each regression equation.

Residuals, the differences between the observed values obtained through the time-area
diagram method and the values predicted by the regression models, offer invaluable
insights into the precision and reliability of the models. By examining the distribution and
patterns of these residuals, researchers can gauge the extent to which a model accurately
captures the underlying hydrological dynamics of the catchment area. The analysis of

residuals is paramount for several reasons. First, it directly measures the prediction error,
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allowing for a detailed evaluation of a model's performance. A tightly clustered distribution
of residuals around zero would indicate a model consistently producing accurate
predictions across the dataset. Conversely, a wide spread of residuals could signal potential
issues with the model's fit, suggesting that it may only partially account for some influential
factors or be overly simplified. Second, the pattern of residuals can reveal biases in the
predictions. For instance, if the residuals show a systematic pattern, such as consistently
overestimating or underestimating the hydrograph attributes at specific ranges of Cc, this
could indicate a model's inability to capture the nonlinear relationships or interactions
between variables effectively. Such insights are critical for refining the models and selecting
more complex or differently structured equations that better encapsulate the dynamics.
For illustrative purposes, Figure 4-11 provides a visual depiction of this analysis. The scatter
plot (Left Image) directly compares observed and predicted values generated by the
regression models, facilitating a visual assessment of model performance. Meanwhile, the
residual plot (Right Image) is a diagnostic tool to identify potential shortcomings in the
model, such as changing variance, non-linearity, or the presence of outliers. Both plots play
crucial roles in regression diagnostics.

In the scatter plot, the x-axis represents the observed values of each hydrograph attribute,
calculated through the time-area diagram method. The y-axis indicates the corresponding
predicted values of each hydrograph attribute, derived from the regression model R. A well-
fitted model would exhibit points in the scatter plot that closely align with the diagonal line,
indicating a solid agreement between observed and predicted values. Conversely, the
residual plot enables the detection of any patterns or systematic deviations in the
distribution of residuals. If the residuals are randomly scattered around the horizontal axis
with no discernible pattern, it suggests that the model adequately captures the variability in
the data. However, suppose clear patterns or systematic deviations are observed in the
residual plot. In that case, it may indicate issues such as non-linearity, non-constant variance
of residuals, or the presence of influential outliers that could affect the model's performance.
The diagonal line in the scatter plot represents a perfect prediction, where the predicted
values match the observed values. Each blue circular marker on the plot corresponds to an
individual data point, indicating each hydrograph attribute's observed and predicted
values. In the residual plot, the x-axis mirrors the scatter plot, displaying the observed
values of each hydrograph attribute. The y-axis represents the residuals, which are the
differences between the observed values and the predictions made by the model. A
horizontal line at zero indicates perfect prediction, where the model's predictions align
precisely with the observed values. The orange triangular markers on the residual plot
represent the residuals for each data point. Ideally, these residuals should be randomly

scattered around the horizontal zero line, indicating that the model's predictions are
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unbiased and have consistent accuracy across different values of each hydrograph attribute.

Any discernible pattern or trend in the residuals could suggest systematic errors in the

model's predictions that must be addressed.
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Figure 4-11: Residual analysis visualization in the validation regression analysis for UH attributes.

For Qmax, the scatter plot shows a reasonable agreement between the observed and predicted

values, with data points clustered around the line of perfect prediction. However, some
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variations indicate that the model's predictions may only partially match the observed data
for all points. The residual plot's spread of residuals around the zero line suggests that the
model has some predictive capability. However, there are still some discrepancies between
the observed and predicted values.

Regarding tosr, the scatter plot indicates good agreement between the observed and
predicted values, with data points closely distributed around the line of perfect prediction.
This suggests the model has predictive validity, although some deviations from an ideal fit
exist. The residuals are reasonably evenly distributed around the zero line, but there is a
slight trend where they become more positive as tosr increases. This indicates that the model
tends to under-predict for higher values of tosor. Similarly, for tesor, the scatter plot illustrates
a linear relationship between the observed and predicted values, with the regression line
showing a positive slope. This indicates a positive correlation between the variables: as taso
increases, tosor R also tends to increase. This suggests that the model captures the overall
trend in the data, although there may be some variability in the predictions compared to the
observed values.

The scatter plot for torse illustrates a positive linear relationship between the observed and
predicted values, as indicated by the upward slope of the trend line. This suggests that as
torsL increases, torse R also tends to increase, indicating a correlation between these variables.
The data points are closely clustered around the trend line, indicating a robust linear
relationship with some variability. In the residual plot, the residuals are randomly scattered
around the zero line, suggesting that the linear model suits the data. There is no discernible
pattern or systematic deviation from the zero line, indicating consistent variances of the
residuals across different values of torse. However, there are a few outliers where the
residuals deviate significantly from the zero line, suggesting potential anomalies or areas
where the model may not capture all the variability in the data. Overall, this analysis
suggests that the linear regression model has some predictive power for torst, as indicated
by the agreement between observed and predicted values and the consistency of residuals.
However, outliers indicate potential areas for further investigation or model refinement.
For the variable tomax, the scatter plot reveals a positive correlation between the observed
values (temax) and the predicted values (tomax R), as the data points tend to rise alongside the
line of perfect prediction. This suggests that the model captures the trend in the data to a
reasonable degree. The spread of the data points indicates that while the model predicts the
trend, there is some variance, with most data points falling close to the line but some
scattered more widely. This variance suggests that the model may be less accurate at specific
points. The residual plot for tomax shows the differences between the observed and predicted
values. Residuals are scattered on both sides of the zero line, indicating that the model

overpredicts and underpredicts with no apparent bias towards one direction. However, a
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cluster of residuals with higher positive values suggests that the model significantly
underpredicts the observed values for several points. Overall, the analysis of the tomax
variable indicates that the model has predictive validity and captures the general trend. Yet,
the spread of the residuals and outliers points to areas where the model might be improved
for more precise predictions, particularly where it underpredicts the actual values.

The positive linear trend is evident in the scatter plot for tQ75R, indicating a reasonable
correlation between the observed and predicted values. Most data points are distributed
around the line of perfect prediction, suggesting that as tosr increases, the model's
predictions also increase in a manner that aligns with this trend. The residual plot for taorsr
illustrates that the residuals are predominantly above the zero line, yet there's no distinct
pattern suggesting any systematic deviation in the model’s predictions. This distribution of
residuals implies that the model tends to overestimate the observed values slightly. The lack
of any clear trend in the residuals, other than a slight skew towards positive values, suggests
that the model's predictions generally maintain a consistent level of variance concerning the
observed values. Overall, the scatter and residual plots for tosk convey that the model
captures the overall trend in the observed data with a natural degree of variability. The
model seems to robustly reflect the system's behaviour when simulated, with the data points
and residuals demonstrating the model's dynamic range and predictive strength.

The scatter plot for tb shows a clear positive relationship between the observed to values and
the predicted t» R. While not tightly clustered, the data points follow the line of perfect
prediction, suggesting that the model predictions generally increase with the observed
values, albeit with some scatter representing the complexity of the phenomenon being
modelled. The residuals plot for tb reveals that as the observed tb values increase, the
residuals become more varied and tend to be positive. This indicates that for higher tb
values, the model's predictions are often higher than the observed values. While the
distribution of residuals suggests that the model is entirely consistent at lower values of tb,
at higher values, the model prediction does not track as closely to the observed data, which
is indicated by the increasing spread of residuals. Together, these plots indicate that the
model has an excellent foundational relationship with the observed data but also suggest an
area where the model's predictions deviate more as tb increases. This deviation does not
detract from the model's usefulness; instead, it highlights the natural variability in
predicting complex systems and the robustness of the model across the range of tb values.
A well-informed choice of the best regression equations is achieved through careful analysis
of the statistical measures and visual interpretation of the model evaluation metrics. These
equations are celebrated for their accuracy and set a new standard for predicting
hydrograph attributes, improving the usefulness of predictive models in both hydrological

research and real-world applications. This thorough validation process strengthens the
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research's methodological base and notably contributes to hydrological modelling. It
provides essential insights for managing water resources, planning environmental

initiatives and FRM.

424 Comparison of observed and computed GUH

In this section, a comparative analysis is conducted between the UH provided by the PPC
for four representative basins—Metsovitiko, Puli, Agia, and Mouzaki—and the GUH
calculated using the empirical equations developed through this dissertation (Figure 4-12).
The goal of this comparison is to evaluate the accuracy and performance of the derived GUH

models in replicating the hydrological behaviour observed in these basins.
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Figure 4-12: Comparison of observed and computed (GUH) unit hydrographs for Metsovitiko, Puli,
Agia, and Mouzaki basins.

In the Metsovitiko basin, the observed UH shows a sharp peak followed by a gradual
recession. The GUH, derived using the empirical equations based on geomorphological
metrics, captures the overall shape of the hydrograph with a similar recession pattern.
However, a slight overestimation in peak discharge is evident, along with a marginally
earlier occurrence of the peak. Despite these differences, the alignment of the recession limbs
in both hydrographs is noteworthy, suggesting that the model performs well in simulating
the post-peak runoff process.

For the Puli basin, the GUH exhibits a very close fit to the observed UH, particularly in the
recession phase. While the observed UH shows a sharp and steep peak, the GUH has a
smoother peak with only a slight delay. The magnitude of the peak discharge is slightly
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underestimated, but this does not significantly affect the overall hydrograph shape. The
strong agreement between the observed and calculated hydrographs in the recession limb
suggests that the empirical equations effectively account for the basin's geomorphological
characteristics. This result reinforces the reliability of the derived model in capturing both
the timing and magnitude of baseflow processes in the basin.

In the Agia basin, the agreement between the observed UH and the calculated GUH is
particularly strong. Both hydrographs peak at the same time, with the GUH almost perfectly
replicating the observed peak discharge. The recession limbs of the two hydrographs also
show remarkable similarity, indicating that the model has successfully captured the key
hydrological processes governing runoff generation and dissipation in this basin. The
accurate prediction of both the peak and the recession phase suggests that the empirical
relationships are highly suited to this basin's geomorphological structure. This high degree
of fit highlights the robustness of the GUH model in accurately representing runoff
behaviour in basins with well-defined hydrological characteristics.

The Mouzaki basin presents a more complex case, with the observed UH displaying a sharp
and pronounced peak, indicative of a fast-response system with steep slopes and rapid
runoff. In contrast, the GUH exhibits a smoother peak with slightly lower magnitude. While
the timing of the peak is well aligned between the two hydrographs, the discrepancy in peak
magnitude suggests that the empirical model underestimates the rapidity and intensity of
runoff concentration in this basin. Nevertheless, the alignment of the recession limbs
indicates that, despite the peak differences, the model performs adequately in simulating
the overall hydrograph shape, particularly in terms of runoff recession and flow duration.
The comparative analysis between the observed and calculated unit hydrographs reveals
that the GUH models derived through geomorphological analysis provide a robust and
reliable approximation of hydrological behaviour across diverse basin types. The empirical
equations developed in this dissertation have proven effective in capturing the key
characteristics of hydrographs, particularly in terms of recession dynamics and overall
shape, although further refinements may be needed to improve peak discharge accuracy in
more complex basins. The methodology developed here provides a solid framework for
future applications in flood forecasting and water resource management, offering a practical
and scientifically grounded solution for understanding and predicting hydrological

responses in ungauged basins.
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4.3 Implementation of Nature-Based Solutions

4.3.1 Application of land cover change and construction of retention ponds

This section presents a comparative analysis of flood hydrographs derived from a
hydrological analysis conducted in the Sarantapotamos river basin upstream of the
settlement of Magoula, Greece. The main objective is to assess the effectiveness of various
NBS in flood mitigation, highlighting their respective roles in reducing peak discharge. The
comparison involves the initial flood hydrograph, which represents the current climate
conditions, and the hydrographs resulting from implementing two proposed NBS
measures. Additionally, the analysis involves a comparative review between the baseline
scenario and hydrographs generated from three future climate scenarios—encompassing
both mean and worst-case projections—after implementing these two NBS measures. This
comprehensive approach enables a clearer understanding of how NBS can enhance flood
resilience under varying climatic conditions and helps identify robust flood risk
management strategies in the Sarantapotamos River basin.

The analysis establishes a baseline scenario, simulating a peak discharge under current
climatic conditions. This scenario is pivotal as it sets the standard against which the efficacy
of NBS measures is measured. The examination of the baseline scenario reveals a peak
discharge of 535.7 m3/s occurring at 19 h. The deployment of land cover change as a strategic
NBS measure yields noteworthy results. By modifying land cover to increase water
absorption, the peak discharge is noticeably decreased to 465.8 m?/s, delaying the time to
peak to 20 h. This intervention slows the rush of water and lowers the overall flood volume
from 118 hm? to 103 hm?. Decreased peak discharge can be credited to changes in land cover
patterns, which enhance stormwater infiltration, reduce surface runoff and lower flood
volumes. Similarly, the construction of retention ponds contributes to a substantial
reduction in peak discharge, reaching 383.3 m%/s, with the time to peak accelerated to 15 h,
assuming the peak occurs at approximately 75% of the ascending limb post-NBS
implementation. A total of 245 retention ponds are estimated to be constructed, with a
combined flood volume capacity of 3.3 hm?. Consequently, the flood hydrograph following
this NBS implementation indicates a total flood volume of 115 hm3. Additionally, a
combination of both NBS results in an even lower peak discharge of 318.5 m?%/s, representing
a reduction of about 41% compared to the pre-NBS scenario, with the time to peak
remaining constant at 15 h. This suggests that the combined NBS does not significantly affect
the timing of the peak discharge compared to the retention ponds scenario. Notably, the
flood volume significantly decreases to 99.7 hm?, attributed to the retention ponds' capacity
to withhold 3.4 hm? of floodwater. Relative to the total flood volume in the baseline scenario,

this reduction corresponds to a significant decrease of approximately 15.3%. Moreover, it's
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important to note that achieving these results will require the construction of a total of 250
retention ponds. Figure 4-13 acts as a visual guide to these findings, showing the before-
and-after effects of implementing NBS under current climate conditions. It provides a clear
picture of how nature-based measures can significantly transform the narrative depicted by

the hydrograph, proposing a sustainable route towards reducing the risk of flooding.
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Figure 4-13: Flood hydrographs before and after NBS for current climate conditions.

Furthermore, the influence of climate change scenarios on the design precipitation used for
calculating rainfall depths and, consequently, flood hydrographs is evaluated, as depicted
in Figure 4-14. It looks closely at three climate scenarios: an upper-end scenario with much
more rain, a mean scenario representing an average increase, and a lower-end scenario that
might even bring less rainfall than today. Before considering climate change, the peak
rainfall of the design storm is 61.6 mm, with a cumulative rainfall depth of 219.5 mm and an
intensity of 9.1 mm/h.

However, under the upper climate change scenario, both the cumulative rainfall depth and
rainfall intensity increase significantly to 962.3 mm and 40 mm/h, respectively. Additionally,
the peak rainfall intensifies to 312.8 mm. This heightened design precipitation presents
further challenges for flood management, underscoring the critical need for implementing
effective NBS to mitigate the potential impacts of climate change. In contrast, the lower
climate change scenario leads to a reduction in both cumulative rainfall depth and rainfall
peak. The cumulative rainfall depth decreases to 154.2 mm, marking a decrease of
approximately 30 % compared to the baseline scenario. Similarly, the rainfall peak is
reduced to 63 mm, indicating a lower intensity of the design precipitation, which decreases

to 6.4 mm/h. This scenario offers a more optimistic view regarding the risk of flooding.
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In the mean climate change scenario, the cumulative rainfall depth reaches 325 mm, while
the rainfall peak measures 130.6 mm, with the rainfall intensity increasing to 13.5 mm/h.
Hydrological simulations conducted to assess the impact of these climatic scenarios on flood
hydrographs underscore the importance of combining NBS with CCA strategies.
Specifically, in the upper climate change scenario, the peak discharge increases to 4075 m%/s,
occurring at 19 h. The flood volume is also calculated to be 826.8 hm?, indicating a significant
increase compared to the initial volume of 118 hm?. This represents a substantial percentage
increase of approximately 600%. The observed rise in flood volume and peak discharge
emphasises the necessity of implementing measures to enhance resilience against the
potential risks and impacts of extreme weather events resulting from climate change. In the
mean climate change scenario, the peak discharge reaches 1107.4 m?/s, one hour earlier at 18
h. Furthermore, the flood volume increases to 211.7 hm?, indicating a percentage increase of
approximately 79.2% compared to the initial volume of 118 hm?. The observed escalation in
flood volume and peak discharge in the mean climate change scenario further underscores
the need for effective adaptation measures to address flood risk.

Conversely, the lower scenario results in a peak discharge of 337.9 m?/s, with no change in
the time to peak at 19 h, while the total flood volume decreases to 65.6 hm?. Figure 4-14
Showcases the changes in flood patterns as depicted in the hydrographs for each climate
change scenario, providing a straightforward visual comparison of possible future river
behaviour. This graphical representation highlights the differences in flood behaviour and
emphasises the need to combine NBS with adaptive strategies to address the risks posed by
various climate change outcomes.

The upper and mean scenarios are specifically chosen based on hydrological analyses
conducted to calculate flood hydrographs under three climate change scenarios. These
scenarios serve as the basis for evaluating the effectiveness of implementing NBS under
these particular climate conditions. In the upper scenario, a focused investigation is
conducted on the efficacy of two distinct NBS measures: land cover change and the strategic
implementation of retention ponds. These measures are evaluated independently and in
synergy to discern their cumulative impact on flood management.

Land cover modification, which aims to increase permeability and enhance the soil's water
retention capacity, leads to a notable decrease in peak discharge rates. Specifically, the
implementation of this measure results in a peak discharge of 3945.5 m?s, indicating a
reduction of approximately 3.7 % from the baseline scenario of 4075 m?s. This outcome
underscores the significance of land cover as a critical factor in hydrological responses to
storm events. Remarkably, the time to peak discharge remained constant at 19 h, indicating
that while the peak flow rate is mitigated, the overall temporal dynamics of the flood
hydrograph are unaffected.
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Figure 4-14: Flood hydrographs for future climate conditions.

Furthermore, investigating the use of retention ponds as an NBS for flood mitigation reveals
remarkable outcomes in the context of climate change-induced hydrological extremes.
Implementing retention ponds has significantly reduced peak discharge, with a new value
recorded at 2702.9 m3/s. Moreover, the time to peak decreases to 14 hours, considering the
assumption of a 75 % decrease in the initial peak discharge. The presence of retention ponds
provides valuable storage capacity during flood events and effectively mitigates the
downstream impacts of flooding. Additionally, the calculated volume of these ponds, at 29.4
hm?, further indicates the scale of intervention required to achieve such mitigation effects.
The resultant final total flood volume, at 797.4 hm3, provides a quantitative measure of the
overall flood reduction achieved through this NBS. These results underscore the substantial
effectiveness of retention ponds in mitigating flood impacts. Additionally, it is determined
that 2198 retention ponds are required to achieve the desired flood mitigation goals. The
findings illuminate the dual role of retention ponds in flood management: reducing peak
discharge to mitigate immediate flood risks and contributing to the longer-term resilience
of water systems against climate variability. This dual functionality enhances their appeal
as a sustainable and adaptable solution to FRM in uncertain future climate conditions.

Finally, through the combined implementation of both NBS, the peak discharge is reduced
to 2567.4 m®s while maintaining a constant time to peak of 14 h. This holistic strategy
enhances the unique advantages of each NBS while showcasing their collective strength in
improving flood readiness and resilience to climate fluctuations. Implementing retention
ponds alone brings their water storage capacity to 30.2 hm?, reflecting an optimised design
to maximise flood storage without compromising ecological stability or land use priorities.

The total flood volume at the basin's outlet, which stands at 767.55 hm?3, shows a 7.2%
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decrease from the baseline scenario's 826.8 hm?3 This demonstrates the real-world
advantages of using NBS in managing flood volumes. Furthermore, it is estimated that 2258
retention ponds will need to be constructed to achieve the desired flood mitigation
objectives. It indicates the physical changes required within the landscape and presents a
planning challenge that demands careful consideration of local topography, hydrology, and
community impact. Figure 4-15 presents the flood hydrographs for the upper climate
scenario before and after implementing NBS. The visual decrease in peak discharge and the
maintenance of peak time offers a clear and concise depiction of the outcomes of these
measures. The chart provides a compelling narrative of the impact of NBS, effectively

communicating the significance of these interventions to stakeholders and decision-makers.

5000
= Upper climate scenario

4000 ——NBS Land cover change (upper)
@ NBS Retention ponds (upper)
':’% 3000 —— Combination NBS (upper)
Z
= 2000
E
S 1000

0

0:00 6:00 12:0018:00 0:00 6:00 12:0018:00 0:00 6:00 12:0018:00 0:00
Time (hh:mm)

Figure 4-15: Flood hydrographs before and after NBS for the upper climate scenario.

In the context of the mean climate change scenario, notable transformations are observed
following modifications in land cover. The peak discharge experiences a noteworthy
decrease to 999.8 m%/s, representing a reduction of 9.73 % from the pre-intervention scenario
of 1107.4 m?3/s. This decrease is direct evidence of the effectiveness of land cover
management strategies in improving the watershed's natural capacity to absorb and retain
water. Interestingly, the time to peak remains unchanged at 18 h, while the total flood
volume is decreased to 192.1 hm?, representing a reduction of approximately 9.25 % from
the initial volume of 211.7 hm?. Moreover, implementing retention ponds leads to further
reductions in peak discharge. The recorded value decreased to 851.7 m?/s, with a shortened
time to peak of 15 h. The ability of retention ponds to reduce peak flow's magnitude and
speed highlights their role in re-shaping the flood hydrograph to mitigate flood risks. The
calculated volume of these ponds, at 4.6 hm?, shows a strategic and effective implementation

of these features within the watershed. Consequently, accounting for the reduced volume
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due to the implementation of these ponds, the final total flood volume amounts to 207.1
hm?. This underscores the significant impact of these ponds in minimising the intensity of
flood events. It is determined that a total of 340 retention ponds will be necessary to achieve
the desired flood mitigation goals. This network would represent a strategic investment into
the region’s hydrological infrastructure, with the dual purpose of flood mitigation and
potentially creating additional environmental benefits such as habitat creation and
enhanced biodiversity.

By adopting a combined approach, the peak discharge is further reduced to 755.9 m3/s while
maintaining a consistent time to peak of 15 h. Additionally, the estimated water storage
capacity of the retention ponds is 4.4 hm?®. Thus, considering the reduced volume, the total
flood volume at the basin outlet is 207.3 hm?. It is estimated that 327 retention ponds must
be constructed to achieve the desired flood mitigation objectives. These findings emphasise
the comprehensive efforts required to effectively address flood risks and enhance the overall
resilience of the basin. Figure 4-16 provides a graphical representation of these impacts,
clearly delineating the hydrograph shifts pre- and post-NBS implementation. The figure's
visual representation is both a compelling and informative resource, showcasing the
quantifiable alterations in flow properties due to NBS initiatives.

The thorough assessment of NBS across different climate conditions has clearly shown that
a holistic approach, combining land cover management and the construction of retention
ponds, results in the most significant decrease in both the maximum flow rates and overall
flood volume. This integrated strategy is in harmony with the multi-faceted goals of
sustainable watershed management, leveraging the landscape's natural buffering ability to
minimise flood risks. In particular, the creation of retention ponds emerges as an incredibly
effective measure, leading to the most noticeable reductions in peak discharge rates. These
structures act as essential hydrological modifiers in the watershed, offering temporary
storage and regulated discharge of floodwaters. This directly results in lowered risks of
flooding downstream. Conversely, land cover change is instrumental in influencing the

hydrological response times of the basin.
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Figure 4-16: Flood hydrographs before and after NBS for the mean climate scenario.

Prolonging the time to peak spreads the flood wave over a more extended period. This
reduces the chances of peak flows co-occurring, easing the pressure on river systems and
flood defence infrastructure. Nonetheless, the optimal selection and design of NBS must be
carefully customised to fit the specific characteristics of each catchment area actor like the
landscape's shape and structure, current land use patterns, the density of waterways, and
topographical details are crucial in determining how suitable and effective NBS can be. The
interaction among these factors can affect not just the water management performance of
NBS but also their ecological and socio-economic outcomes. This customised understanding
ensures that NBS is not perceived as a universally applicable solution but rather as a set of
adaptable strategies that demand careful consideration of local conditions. Therefore, it's
crucial that watershed managers and decision-makers adopt a detailed and thoughtful
approach to planning and implementing NBS, combining scientific understanding with
stakeholder involvement and ecological awareness. In conclusion, the findings from this
analysis contribute significantly to the body of knowledge on NBS and its role in climate-
adaptive FRM. Demonstrating the effectiveness of combined NBS approaches supports their
broader application. It emphasises the need for a strategic, informed, and localised
application of these techniques to enhance flood resilience in vulnerable basins.

The effectiveness of NBS is highly dependent on its strategic location within a watershed,
as noted by Reaney in 2022. Four key factors are critical to this effectiveness: the generation
of local floodwaters, hydrological connectivity with the river network, the time for
floodwaters to reach essential points, and the spatial distribution of rainfall events. In the
context of the current analysis, preliminary investigations suggest that a combination of

NBS, especially given the gentle terrain and accessible areas within the study region, results
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in the most significant reduction in peak discharge for all climate change scenarios.
Retention ponds, in particular, emerge as an auspicious approach. Unlike land cover
changes, which depend on variable soil permeability, retention ponds provide a more
immediate and controllable intervention for flood mitigation. Due to their relatively simple
design and construction requirements, retention ponds can be implemented quickly, which
is essential for reducing flood risks and protecting vulnerable communities. When
considering the cost implications of implementing the two proposed NBS, it's necessary to
consider different methods and requirements. Land cover alteration may entail land
procurement, infrastructure adjustments, and personnel training expenses. Conversely,
constructing retention ponds could involve materials, labour, and ongoing maintenance
costs. In the present study, given the substantial costs associated with land cover
modifications and their related projects, the construction of retention ponds emerges as a
more economically viable solution. However, conducting a thorough analysis of the specific

area is crucial to understand its unique features and determine the best NBS to apply.

4.3.2 Land cover changes as NBS under changing conditions (Fire)

Building upon the foundational analysis detailed in the previous sections, this case study
extends the investigation to the effectiveness of NBS under post-fire land cover changes in
Northern Evia, located in Central Greece (Figure 4-17). Wildfires are a significant natural
hazard, impacting human lives, ecosystems, and economies with catastrophic
consequences. They alter the soil's surface condition by removing vegetation cover, which
decreases the soil's ability to absorb water (Nalbantis and Lymperopoulos 2012; Folton et al.
2015). This degradation in soil conditions can modify the hydrological characteristics of a
burned catchment area, leading to an increase in peak water flow and a decrease in the time
it takes for water to concentrate during rain events (Diakakis et al. 2017). Such changes
heighten the risk of severe flooding in areas downstream, posing risks of widespread harm
to people and significant environmental, physical, and financial damages. Forest fires are
notably prevalent in Mediterranean regions, particularly in the summer months, and are
attributed to the area's Mediterranean climate. This susceptibility is potentially exacerbated
by global warming and diminished rainfall.

The catastrophic fire event in August 2021, which devastated extensive areas of Northern
Evia, serves as a critical case study for understanding the dynamics of hydrological
responses under severe environmental stress and the role of NBS in mitigating these
impacts. The fire spread rapidly, driven by harsh weather conditions, including extended
periods of extreme heat, powerful winds, and low humidity, proving to be uncontrollable

for eight days. The area affected was measured at 507950 acres based on data from the EFFIS
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satellite (Copernicus 2021). The consequences of the blaze included the loss of wildlife and
the complete obliteration of small villages, homes, natural landscapes, and businesses.

The case study focuses on two primary river basins in the northern region of Evia Island.
Basin 1 encompasses an area of 115 km?, of which 76 km? was affected by the catastrophic
fire. Basin 2, covering 386 km?, experienced burning across 164 km? of land. In basin 1, all
precipitation flows into the Xiropotamos River, while the Kireas River drains basin 2. The
research area is characterised by a typical Mediterranean climate, featuring hot summers
and cold winters (Rozos et al. 2013), making it particularly vulnerable to devastating natural
events like wildfires and floods. Wildfires are most common in the summer, driven by dry
conditions and strong northerly winds. In terms of flooding, the area is prone to extreme
high-intensity rainfall events, with a history of severe floods. The average annual rainfall is
reported to be 1200 mm, based on measurements from weather stations in the northern part
of Evia. The region's elevation ranges from sea level to 1349 m, with broad-leaved and mixed

forests being the dominant vegetation types (CLC 2018).
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Figure 4-17: The study area. Source: (Theochari and Baltas 2022)

Theochari and Baltas 2022 applied a methodology deployed to ascertain flood-prone areas
across two river basins in this area, incorporating MCDA and GIS techniques. Ordinarily,

the upper parts of a basin experience increased runoff, posing a flood risk to downstream
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urban zones (Skilodimou et al. 2021). Following this principle, the study conducted by
Theochari and Baltas 2022 pinpointed 27 settlements at risk using the MCDA approach and
established five simulation points along the primary river course. This process led to the
creation of five subbasins, each upstream of a simulation point, where hydrological analysis
is conducted to assess the impact of a specific forest fire event on flood generation. This
assessment evaluates fire-affected basins' hydrological response (Figure 4-18). Furthermore,
the effectiveness of NBS is estimated through land cover changes in the portions of the

subbasins that have been burnt, aimed at FRM.
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Figure 4-18: Determination of simulation points and calculation of their respective upstream
subbasins. Source: (Theochari and Baltas 2022)

The selection of Northern Evia as an additional study area, alongside the Sarantapotamos
basin, is motivated by the extensive damage caused by the fire in this region. This expansion
of the study area allows for a comparative analysis of hydrological responses under varied
ecological and geographical conditions, thereby enriching the research framework with
diverse data points. The aim of identifying subbasins is to predict flood hydrographs at the
outlets, both before and after wildfire incidents, by employing the HEC-HMS software. This
tool enables a comparative analysis of the hydrological responses of fire-related subbasins.

Developed by the US Army Corps of Engineers' Hydrologic Engineering Center, HEC-HMS
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is a semi-distributed model that blends physical and conceptual elements to model the
rainfall-runoff dynamics across various terrains (USACE 2018).

For executing HEC-HMS simulations, essential elements include a basin model,
meteorological model, control specifications, time-series data management, and paired data
management, each responsible for calculating aspects such as runoff volume, direct runoff,
channel flow, and baseflow based on data availability, methodological constraints, and
general acceptability. Specifically, the basin model integrates basin characteristics,
infiltration loss methods (USACE 2005), and transformation methods. While baseflow can
be considered, it is excluded from this study due to minimal contributions to streamflow.
The SCS CN method calculates precipitation losses, reflecting an empirical correlation with
factors like location, soil type, land use, and prior moisture conditions affecting runoff. Each
subbasin's CN distribution is assigned based on land cover and soil types, with average CN
values for each subbasin calculated and inputted into HEC-HMS. Notably, CN values pre-
fire significantly diverge from post-fire values due to changes in land cover linked to the
burned areas. To estimate the distribution of runoff over time, it's necessary to integrate the
total runoff volume ascertained by the CN method with the UH. The User-Specified UH has
been chosen as the transformation method for converting excess precipitation into direct
surface runoff. This UH calculation is carried out within a GIS setting, utilising the time—
area diagram method for its execution. The UHs derived are integrated into the HEC-HMS
software via its paired data manager feature.

Rainfall information is another critical piece of data for calculating discharge at the subbasin
outlets. In this study, a design hyetograph is developed using the alternative block method,
supported by the IDF curve from the Evia hydrometeorological stations, considering a
return period of 100 years. These results facilitate the construction of the meteorological
model within HEC-HMS, employing the gage weights method for this purpose. Following
this, a control specification model is established to define the simulation's temporal pattern,
with the simulation time step being set to match the interval used in the alternative block
method. Ultimately, each simulation run merges these elements with specific run
configurations to compute the flood hydrograph.

Analysing the UHs before and after fire incidents for each subbasin (referenced in Table 4-5)
reveals that wildfires significantly influence the timing of peak discharge and the magnitude
of the peak discharge itself by shortening the former and increasing the latter, respectively.
The CN associated with the infiltration loss method, as displayed in Table 4-5, noticeably
increases following a wildfire due to land use modifications. Specifically, Subbasins 2, 3, and
4 exhibit the highest CN values, with the first two completely burned and the third nearly
so. These elevated CN values and the UH analysis significantly contribute to the enhanced

flood hydrographs generated by the HEC-HMS model. Table 4-5 shows that an increase in
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CN value correlates with a rise in peak discharge and a decrease in time to peak during
rainfall events. For example, the peak discharge in subbasin 2 following the fire is four times
higher than the estimate before the fire. Similarly, subbasins 1, 3, 4, and 5 show peak
discharges that are three times higher than what was estimated before the fire. This trend is
attributed to the extensive burn areas in these subbasins, which directly lead to higher CN
values. Concurrently, the reduction in time to peak across all subbasins post-fire is
attributed to increased land imperviousness, with subbasins 2, 3, and 4 seeing a decrease of
approximately 30%, and subbasins 1 and 5 experiencing reductions of 8% and 16%,
respectively. This variation is due to the differing extents of burnt areas across the subbasins,
influencing the extent of increased imperviousness and the subsequent adjustments in CN
values for the loss method.

The observed patterns in flood hydrographs concerning peak discharge and time to peak
are similarly reflected in the UHs derived through the time-area diagram method. Post-fire,
the peak discharge in UHs for subbasins 1, 2, 4, and 5 is three times higher, whereas, in
subbasin 3, it is double that of the period before the fire. Furthermore, the post-fire UH time
to peak is half of the pre-fire duration in subbasins 2, 3, and 4, indicating a faster response.
In contrast, in subbasins 1 and 5, the reduction is less pronounced due to their smaller burnt
area ratios. These detailed findings, outlined in Table 2, suggest that wildfire-induced
changes in land cover significantly alter flood hydrograph characteristics, thereby
increasing flood risks for entire communities. The significant alteration in land cover due to
the fire in Northern Evia presents a unique opportunity to assess the applicability and
effectiveness of NBS in the context of drastic environmental change.

In response to the increased surface runoff, decreased infiltration rates, and disruption of
the hydrological equilibrium that escalated flood risks, large sections of the burnt area,
primarily those not used for habitation or human activities, are replaced with two specific
land cover categories: "Coniferous forest" and "Broad-leaved forest." This strategic choice
capitalises on the inherent advantages of these forest types to rehabilitate ecological
functions, enhance water absorption into the soil, and slow down runoff velocities. To
address these challenges, the study employs NBS by integrating changes in land cover post-
fire into the hydrological analysis to investigate their capacity to restore ecological functions,
improve water infiltration, and diminish runoff speeds. Specifically, in Subbasin 1, an area
of 3.26 km? is reforested with broad-leaved forests alongside 41.4 km? with coniferous
forests. Subbasin 2 is replenished with 1.47 km? of broad-leaved forests and 8.41 km? of
coniferous forests. In Subbasin 3, 19.27 km?2 are reforested with broad-leaved forests and 22.1
km? with coniferous forests. Subbasin 4 introduced 28.05 km? of broad-leaved forests and
40.73 km? of coniferous forests. Finally, Subbasin 5, the most significant area affected, is

reforested with 37.71 km? of broad-leaved forests and 60.52 km? of coniferous forests. This
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examination utilises the generation of new flood hydrographs that incorporate post-fire
land cover changes as NBS. Such an approach comprehensively evaluates how NBS can
modify hydrological responses under altered land cover due to the fire.

To assess the effectiveness of land cover as NBS in the burned extents within the examined
basins, the study re-applied the hydrological analysis previously described. However, this
time, it maintains the post-fire UHs and adjusts the CN values to a more realistic figure
reflective of the NBS's potential impact. This alteration of CN values, postulated as a
measure of NBS effectiveness, aimed to simulate conditions closer to a restored ecological
state, thereby potentially reducing flood risks by enhancing the landscape's capacity to
manage rainfall more effectively. The results of this hydrological analysis for all scenarios,
reflecting the integration of NBS into post-fire land cover conditions, are presented in the
subsequent table. This table showcases the outcomes under various scenarios, comparing
the hydrological behaviours pre- and post-NBS implementation, thereby providing insights
into the efficacy of land cover changes as NBS within the context of the fire-affected basins.
The effectiveness of the NBS post-fire is quantitatively evident in the reduced CN values,
which have been logically decreased to an order that reflects the potential impact of the NBS
implementation. For Subbasin 1, the CN value decreased from a post-fire high of 88 to 83,
indicating improved infiltration and reduced runoff potential. Subbasin 2's CN value is
returned to its pre-fire state of 80 from a pro-fire value of 90, subbasin 3 showed a restoration
from 85 to 75, subbasin 4 from 85 to 75, and subbasin 5 from 84 to 74. These adjusted CN
values post-NBS signify a reversion towards pre-fire conditions, suggesting that the NBS
could substantially mitigate the increased flood risk brought about by the wildfires.
Implementing NBS post-fire has demonstrated concrete advantages, as evidenced by the
significant reductions in peak discharge values compared to the pro-fire scenarios. In
Subbasin 1, the peak discharge reduction is approximately 5.3%, decreasing from 505 m?/s
post-fire to 478 m3/s with NBS. Subbasin 2 observes a more substantial decrease of about
17.8%, with peak discharge values falling from 118 m3/s to 97 m?/s. For subbasin 3, the
introduction of NBS reduces peak discharge by approximately 15%, from 247 m3/s to 210
m?/s. In subbasin 4, peak discharge values are reduced by around 7.2%, from 446 m?/s to 414
m?/s, and in subbasin 5, a notable reduction of approximately 15.6% is achieved, with values
decreasing from 709 m3/s to 598 m3/s post-NBS implementation. These percentage
reductions underscore the NBS's efficacy in moderating hydrological extremes. The
reduction in peak discharge directly results in a decreased chance of flood events hitting
critical levels, thus boosting the watershed's resilience to hydrological stress. The NBS
strategy reinforces the landscape's natural defences and acts as a buffer that provides

communities downstream with a measure of security against sudden flood events.
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The time to peak, which is a critical factor in FRM, also shows a positive trend due to NBS
implementation. While the reductions in time to peak are less pronounced than those for
peak discharge, they still reflect an improved hydrological response, with subbasin 1
maintaining its post-fire time to peak of 23 hours, subbasin 2 at 6.5 hours, subbasin 3
showing a slight decrease from 11.5 to 10.5 hours, subbasin 4 with an increase from 21 to 22
hours that may indicate slower runoff and subbasin 5 maintaining at 21 hours. These subtle
changes indicate that the NBS moderates the runoff response times, providing a temporal

buffer in flood event management.

Table 4-5: The geomorphological and hydrological characteristics of each subbasin

Subbasin 1 2 3 4 5
Area (km?) 103 14 55 104 160
Burnt area (km?) 76 14 55 103 155

Pre-fire 80 80 75 75 75
CN Pro-fire 88 90 85 85 84
NBS pro-fire 83 80 75 75 74
UH pre-fire 10 3 9.6 11 17
UH pro-fire 29.5 10 21 28 47
. Flood hydrograph
Efl‘}/l;)d‘“h”ge pre-fire 192 31 84 180 261
Flood hydrograph
pro-fire 505 118 247 446 709
NBS Flood
hydrograph pro-fire 478 97 210 414 598
UH pre-fire 14 6.5 8.5 20 14
UH pro-fire 12 4 3.5 9 10
Flood hydrograph
. re-fire 25 9 14 31 25
Time to peak (hr) glood hydrograph
pro-fire 23 6.5 11.5 21 21
NBS Flood
hydrograph pro-fire 23 6.5 10.5 22 21

By comparing hydrological data from before and after the fire with the scenarios involving
newly implemented NBS, the study clarifies how NBS can reduce flood risks and aid in the
ecological recovery of areas affected by fire. Moreover, the choice of Northern Evia as a focal
point for this case study is justified by the real-world implications of the fire, which
necessitated an urgent evaluation of NBS in promoting sustainable watershed management
and DRR. The insights gained from this analysis are pivotal in guiding future NBS
implementation strategies, particularly in Mediterranean regions susceptible to wildfires
and subsequent hydrological alterations. In conclusion, this case study underscores the
critical role of NBS in enhancing landscape resilience against hydrological extremes post-
fire. Through a comprehensive evaluation of land cover changes and the implementation of

NBS in Northern Evia, this case study contributes valuable knowledge to hydrological
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modelling and environmental management. It provides a practical framework for tackling

the issues arising from hydrological alterations caused by fires.
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5. Conclusions and Future Research

The principal objective of this PhD dissertation is to enhance FRM strategies by developing
and applying a comprehensive methodological framework. In contrast to prior studies that
may have narrowly focused on individual elements of flood management, this research
adopts a holistic approach. It combines the latest technology, advanced hydrological
modelling, and eco-friendly practices to create a comprehensive approach for FRM. Initially,
the research delineates a novel GIS-based multicriteria decision analysis for strategically
placing hydrometric and hydrometeorological stations. The dissertation further advances
into hydrological modelling tailored for Greece's ungauged basins by developing GUH.
This innovative approach addresses the issue of limited data challenge by merging the time-
area diagram technique with regression analysis, thereby offering a detailed understanding
of hydrograph characteristics and their interrelation with geomorphological metrics. In its
concluding phase, the dissertation evaluates the application of two NBS — land cover
change and the construction of retention ponds — specifically within the Sarantapotamos
River basin, upstream of the Magoula settlement. This evaluation is critical for discerning
the efficacy, efficiency, resilience, and adaptability of NBS in mitigating flood risks under
diverse climatic scenarios. Particularly noteworthy is the investigation of land cover change
as an NBS in the post-wildfire scenario of North Evia, offering insights into hydrological
and environmental recovery strategies. In summary, this dissertation presents a flexible and
practical approach to FRM, tailored to the unique challenges of vulnerable regions like the
Sarantapotamos River basin. It marks a significant step forward in combining technological
innovation, hydrological expertise, and environmental sustainability to address the urgent
challenge of FRM.

This dissertation is structured into three main parts, directly aligning with the pivotal
questions it seeks to address regarding FRM strategies. The first examines the possibility of
creating an optimal network for monitoring stations without on-site checks, considering the
impact of different perspectives, data availability, and weighting methods on station
placement. The second section explores the enhancement of hydrological models for
ungauged basins through geomorphological metrics and GIS tools. The final part assesses

the impact of NBS on flood mitigation, focusing on their effectiveness and contribution to
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flood management in the context of climate change. The initial primary question addressed

by this thesis is formulated as follows:

"Can optimal hydrometric-hydrometeorological station network design through GIS techniques be

achieved without on-site evaluation?”

Designing an optimal network for hydrometric-hydrometeorological stations poses
significant challenges, notably considering on-site evaluations. Utilising GIS-based MCDM,
this dissertation suggests that such a network design is feasible without direct physical
assessments. By incorporating various criteria, including topographical, hydrological, and
infrastructural factors, and employing analytical methods like the AHP and the FAHP, this
study provides a detailed methodology for selecting station locations. Specifically, it
demonstrates that through sophisticated GIS techniques and detailed criteria evaluation,
one can identify suitable station locations that align with strategic flood management and
water resource monitoring objectives. However, while the GIS-based methodologies can
significantly reduce the need for in-situ evaluations, some criteria may still require physical
site inspections to ensure the environmental and logistical feasibility of the locations. Before
finalising the network design, conducting on-site visits to verify the suitability of the
selected locations with the highest final scores might be necessary. These site visits can
validate the GIS and MCDM findings by assessing aspects that are difficult to gauge
remotely, such as land accessibility, local microclimatic conditions, or specific
environmental protections, ensuring that the proposed locations are practical for
establishing stations.

The research findings indicate that the criteria formulation and weight estimation
significantly influence the resulting network design, underscoring the importance of a
comprehensive and flexible approach to criteria selection and prioritisation. For instance,
the distinction between the AHP and FAHP methods reveals how the subjective nature of
weight assignments can affect the spatial distribution and number of recommended
stations. Moreover, the study highlights the practicality of GIS-based methodologies in
overcoming the limitations of physical site surveys, mainly through integrating detailed
environmental data and advanced spatial analysis techniques. The integration of GIS in this
process plays a pivotal role in managing spatial data from diverse sources and executing
spatial decision-making tasks efficiently. The GIS-based MCDM approach identifies several
suitable locations, from which those with the highest final scores are selected for network
establishment, illustrating the practicality of GIS methodologies in overcoming the
limitations of physical site surveys. This MCDA process transforms geographic data inputs
into a decision output that delineates a clear relationship between the input data and the

resulting map outputs. This process efficiently organises data into thematic categories
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within a GIS, simplifying and streamlining the decision-making process. The initial steps
involve defining the main problem and objectives and selecting criteria and alternatives
based on a deep understanding of the basin's environmental characteristics. This expanded
analysis not only proves the feasibility of designing an effective hydrometric-
hydrometeorological station network without on-site evaluations but also showcases the
indispensable role of GIS in contemporary FRM. Using GIS for spatial analysis and decision-
making, this dissertation introduces a progressive strategy combining technological
advances with strategic environmental management. This sets a new standard for planning

flood management infrastructure. The following questions are raised:

"Does the formulation of station installation criteria within a GIS environment vary depending on
the researcher’s perspective, experience, and data availability?”

"How does the choice of weight estimation method affect the resulting suitability map?”

This inquiry delves into the subjective aspects of GIS-based MCDM, acknowledging that the
selection and prioritisation of criteria vary according to the researcher's perspective,
experience, and data accessibility. The analysis within this dissertation highlights the
importance of integrating local knowledge and empirical data into the decision-making
process, acknowledging that the effectiveness of a hydrometric-hydrometeorological
network design depends not just on the advanced tools used but also on the depth of
understanding of the local environment and flood dynamics. This emphasises the need for
a holistic view, combining technical precision with a thorough knowledge of the regional
situation, ensuring that the designed network is scientifically robust and practically
relevant. Differences in how criteria are set within a GIS framework can lead to variations
in the final suitability map of site locations, influenced by the decision-makers viewpoint
and the available data. For instance, criteria such as "distance from settlements" and
"distance from flood-prone areas" are interpreted differently in studies by Theochari et al.
across different years, demonstrating how perspectives on criteria importance and
formulation can evolve even within the same research team. This evolution reflects the
deeper insight that comes with increased familiarity with a study area or advances in GIS
and data analysis technologies. The distribution of suggested station locations, even based
on identical scenarios, criteria, and weights, may remain the same due to the datasets
utilised, and the specific way criteria are defined. This divergence highlights the critical role
of GIS environmental setup and dataset selection in the design process of station networks.
The detailed delineation of criteria and careful selection of datasets for analysis represent
key variables that significantly impact decision-making. Moreover, the flexibility in criteria
expression and the selection of data for analysis are notably influenced by the perspective

of the decision-makers. This influence is particularly evident in the design of hydrometric
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station networks, which tend to allow more flexibility in criteria formulation and hierarchy
than hydrometeorological networks. Using normalised values instead of strict binary
conditions allows for a more detailed data analysis, reflecting the complexity and variability
typical of hydrological settings. This adaptability is vital for addressing the dynamic nature
of watercourses effectively. Conversely, the design of hydrometeorological networks often
entails stricter constraints. In such contexts, Boolean maps provide clear delineations
between suitable and unsuitable locations, which is crucial for placing stations in areas that
fulfil all conditions for reliable data collection. Formulating station installation criteria
within a GIS environment and the subsequent design of a hydrometric-hydrometeorological
station network is a complex, multifaceted process deeply influenced by individual
perspectives, technological capabilities, and an intimate understanding of the study area.
This process demonstrates the intricate interplay between technological tools and
environmental insights, emphasising the need for a holistic approach that ensures the
network's resilience, adaptability, and effectiveness in managing water resources and
mitigating flood risks.

The choice between AHP and FAHP methods for weight estimation plays a pivotal role in
shaping the suitability maps for hydrometric station locations. This crucial choice impacts
the entire strategic framework for station placement, fundamentally influencing the
network's configuration and capacity to manage flood risks efficiently. This dissertation
illustrates that while AHP provides a more deterministic and perhaps inflexible framework
for criteria weighting, FAHP introduces flexibility and adaptability through its use of fuzzy
logic. This flexibility is beneficial in accommodating the inherent uncertainties and
variabilities within hydrological and meteorological data. More specifically, AHP, with its
structured and deterministic approach, simplifies complex decision-making into a series of
hierarchical, manageable components. It breaks down decision-making into pairwise
comparisons, systematically quantifying both qualitative and quantitative factors, thereby
facilitating a transparent and rational selection process. AHP’s strength lies in its ability to
bring order and clarity to the decision-making process, ensuring that each criterion's
importance is carefully considered and appropriately weighted according to a predefined
scale. Conversely, FAHP introduces a flexible and detailed aspect by using fuzzy logic in
determining weights. This approach is particularly effective in addressing the inherent
uncertainties and variabilities associated with hydrological and meteorological data. By
utilising triangular fuzzy sets, FAHP allows for a range of values to represent each
criterion's importance, offering a more flexible interpretation that can accommodate the
complex realities of environmental assessments. This approach improves the decision-
making process by connecting the dots between strict numerical data and the qualitative

assessments commonly found in environmental planning and management. The
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comparison of suitability maps generated under different weighting scenarios reveals how
these methodological choices can lead to diverse network configurations, affecting the
distribution and number of stations deemed optimal. While AHP tends to produce more
defined and constrained options for station placement, FAHP allows for greater flexibility,
potentially identifying a more comprehensive array of suitable locations by accommodating
data variability and uncertainty. This flexibility can be particularly advantageous in
environments where data are sparse or highly variable, as it allows for a broader
consideration of potential sites that might be missed with more strict analytical methods.
The findings suggest that the methodological approach to weight estimation can
significantly influence the strategic planning of hydrometric-hydrometeorological
networks, with implications for FRM and water resource monitoring strategies.

The second main question raised in this dissertation is the following:

"What is the significance of establishing empirical relationships between geomorphological metrics
and GIUH attributes in enhancing the applicability of hydrological models for FRM in ungauged

basins?”

This dissertation reveals the critical role of integrating geomorphological metrics with GUH
attributes to significantly enhance hydrological models, particularly for ungauged basins in
Greece. Through an innovative approach that utilises GIS tools and ArcPy programming,
this dissertation has successfully developed a method for deriving GUHs that relies on the
geomorphological features of the basins. This method stands out by providing a robust and
precise tool for hydrological assessments in areas where traditional data might be sparse or
lacking. The core of this advancement lies in establishing empirical relationships between a
basin's geomorphological characteristics and the attributes of GIUHs. These relationships
facilitate the creation of hydrographs that reflect the unique hydrological responses of each
basin to rainfall events. Consequently, this approach offers a detailed insight into flood risks,
allowing for more accurate predictions and effective management strategies in ungauged
basins. GIS-based methods are used to systematically analyse and establish a way to
develop GUHs focusing on the basins' geomorphological features. This approach
successfully addresses the usual difficulties of hydrological modelling in areas lacking data,
offering a groundbreaking and applicable method in real-world scenarios. Integrating
geomorphological metrics into the GIUH framework enhances the scientific robustness of
hydrological models but also makes these models more accessible and applicable for FRM
and water resource monitoring. This tailored understanding of flood risks, enabled by the
precise modelling of hydrological responses based on geomorphological metrics, marks a
significant advancement in managing flood risks more effectively, particularly in regions

like Greece, where such data limitations have historically posed considerable challenges.
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Moreover, the dissertation's approach to system analysis, focusing on the impact of channel
velocity on hydrograph generation, further refines the model's accuracy. Utilising
simulations to vary velocities and employing metrics such as the NSE for model validation
underscores the meticulousness and depth of analysis undertaken. Such detailed
examination ensures that the developed GUH models are theoretically robust and
practically applicable, accurately mirroring hydrological dynamics in ungauged basins. The

following questions are raised:

"How does the application of ArcPy and advanced GIS tools in hydrological modelling contribute to
the development of GUHSs for ungauged basins?”

"How do the geomorphological metrics derived from GIS tools and DEMs inform the development
and validation of GUH models?”

The application of ArcPy alongside advanced GIS tools has been instrumental in developing
GUHs for ungauged basins. By automating the process of generating time-area diagrams
and computing geomorphological metrics, these technologies have significantly
streamlined and enhanced the accuracy of hydrological modelling. This automation reduces
the potential for human error and allows for the processing of large datasets, enabling a
comprehensive analysis across numerous basins. The precision and efficiency provided by
these tools have paved the way for the innovative approach presented in this dissertation,
showcasing the potential for advanced GIS technologies to revolutionise hydrological
studies. By employing these advanced GIS capabilities, intricate processes traditionally
requiring extensive manual effort and prone to human error have been automated. This
automation facilitates handling vast datasets, permitting an exhaustive examination across
a wide array of basins. Such capability is indispensable for studying ungauged basins,
where data scarcity often poses significant challenges to accurate hydrological modelling.
The application of ArcPy and advanced GIS tools extends beyond simply enhancing data
processing efficiency. It introduces a level of precision in modelling that was previously
difficult to achieve. By accurately calculating geomorphological metrics and integrating
them seamlessly into the hydrological models, these tools have enabled the creation of
GUHs that closely mirror the real-world hydrological processes of ungauged basins.
Furthermore, the capacity to process large datasets with these technologies means that the
models developed are more accurate and comprehensive. They encapsulate a broader
spectrum of scenarios and conditions, enhancing the models' applicability and relevance to
real-world FRM. The insights gained from this extensive analysis facilitate a deeper
understanding of the hydrological behaviour of ungauged basins, offering a solid

foundation for predicting flood events and formulating effective management strategies.
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The geomorphological metrics derived from GIS tools and DEMs are foundational to
developing and validating GUH models. These metrics offer a detailed quantification of the
basin's physical characteristics, such as slope, area, and shape, which are critical in
understanding and predicting hydrological responses. The empirical relationships
established between these metrics and GIUH attributes enable the formulation of GUHs that
accurately reflect the hydrological behaviour of specific basins. Furthermore, validating
these models through comparison with observed hydrographs from selected basins ensures
their reliability and applicability in real-world scenarios. The thorough development and
validation process underscores the value of geomorphological metrics in enhancing the
predictive capability of hydrological models for ungauged basins, contributing significantly
to the field of hydrology and FRM. This comprehensive approach to model development
and validation, rooted in the detailed analysis of geomorphological metrics, contributes
considerably to the advancement of hydrology and FRM. It underscores the potential of GIS
tools and DEMs in transforming hydrological studies, offering a pathway to more informed
and effective water resource management practices. The findings highlight the
transformative impact of integrating geomorphological insights into hydrological
modelling, marking a significant leap forward in predicting and managing flood risks in
ungauged basins with greater accuracy and confidence.

The third main question raised in this thesis is the following:

"What role do Nature-Based Solutions (NBS) play in mitigating flood risks, and how can their

effectiveness be quantitatively assessed within the framework of an integrated FRM strategy?”

This phase of the dissertation underscores the critical role of NBS in mitigating flood risks
within the Sarantapotamos River basin and the burned areas in Northern Evia, Greece.
Through the strategic implementation of land cover changes and the construction of
retention ponds, the efficacy of NBS is evaluated by analysing pre- and post-implementation
flood hydrographs. The analysis extends to assessing the resilience and adaptability of these
solutions under current and future climate scenarios, revealing their significant potential to
reduce peak discharge and modify flood volume, thereby enhancing flood resilience. The
quantitative assessment of NBS effectiveness employs advanced hydrological modelling
techniques using the HEC-HMS software, demonstrating that land cover changes and
retention ponds can significantly mitigate flood impacts. This approach provides a tangible
measure of the NBS's impact on flood dynamics, illustrating a reduction in peak discharge
and a delay in peak times. These are crucial for managing flood risks and enhancing the
basin's overall resilience to flooding. Furthermore, the dissertation delves into the
effectiveness of NBS under varying climate scenarios, encompassing mean and worst-case

scenarios. This analysis is pivotal, revealing how NBS can adapt and mitigate flood risks
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even under the threat of climate change. The strategic implementation of land cover changes
and retention ponds showcases a marked decrease in peak discharge and modifications in
flood volume, underlining the adaptability and resilience of these solutions across different
climate conditions. A case study is also conducted to evaluate NBS in the context of post-
wildfire land cover in Northern Evia, reflecting on the exacerbated flood risks due to altered
soil and vegetation conditions. In this context, NBS, especially the restoration of burned
areas with certain types of forests, demonstrate a notable capability in restoring hydrological
balance and reducing flood risks. This aspect not only extends the applicability of NBS to
areas affected by wildfires but also underscores the necessity of integrating NBS within a
broader climate adaptation and FRM strategy. This dissertation assesses the effects of NBS
on flood risks through detailed hydrological modelling, taking into account the complex
issues caused by climate change and environmental harm. It provides valuable perspectives
on strategically planning and applying NBS, making a solid argument for incorporating
NBS into FRM strategies. It promotes a comprehensive method that merges technical

accuracy with environmental awareness. The following questions are raised:

"How does implementing NBS, such as land cover change and the construction of retention ponds,
contribute effectively to FRM?"”
"How can the assessment of NBS effectiveness in flood mitigation contribute to the broader

understanding of flood resilience and management in the context of climate change?”

Implementing land cover changes, including reforestation with broad-leaved and
coniferous forests, effectively increases the basin's water absorption capacity, reducing
surface runoff and flood volume. This NBS showcases the importance of ecological
restoration in FRM by harnessing the natural landscape's ability to regulate water flow and
enhance infiltration. The strategic reintroduction of native vegetation cover acts as a
bioengineering tactic, restoring the ecological balance and, in turn, fortifying the landscape's
defences against floods. This underlines the vital importance of ecological restoration in
managing flood risks, showcasing how reviving natural systems can be a powerful tool for
flood prevention. On the other hand, the construction of retention ponds represents a direct
and tangible intervention in floodwater management. These structures significantly reduce
peak discharge rates and provide a temporary reservoir for excess runoff, effectively
mitigating immediate flood threats. Beyond their immediate utility in flood management,
retention ponds contribute to the broader landscape's hydrological stability and resilience.
By controlling the flow and volume of runoff, these ponds act as a buffer during extreme
weather events, reducing the stress on natural watercourses and lowering the risk of
overflow and subsequent flooding. Furthermore, they enhance the sustainability of flood

management practices by offering a controlled mechanism to manage excess water during
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flood events, making them an indispensable tool in the FRM. The dual implementation of
these NBS—ecological restoration through land cover change and engineered solutions via
retention ponds— presents a holistic strategy in FRM. It addresses the immediate challenges
posed by flooding and contributes to the long-term resilience and sustainability of water
resource management practices. Through the detailed case studies of the Sarantapotamos
River basin and Northern Evia, this research illuminates the multifaceted benefits of NBS in
flood mitigation, showcasing their potential to transform FRM strategies by harmonising
ecological restoration with engineering interventions. Conversely, the construction of
retention ponds is a direct intervention to control floodwaters, demonstrating a substantial
reduction in peak discharge and providing temporary storage for excess runoff. This NBS
mitigates immediate flood risks and contributes to the long-term sustainability of flood
management practices by offering a controlled mechanism to manage excess water during
flood events.

Assessing NBS effectiveness, especially under varying climate change scenarios, contributes
significantly to the broader understanding of flood resilience and management. By
evaluating the performance of NBS under different climatic conditions, this research
highlights the adaptability and resilience of these solutions to future climate uncertainties.
The findings suggest that NBS, mainly when combined, can substantially reduce flood risks,
underscoring the necessity for integrated FRM strategies that incorporate ecological and
sustainable practices.

This analysis validates the effectiveness of NBS in enhancing flood resilience and sets a
precedent for future studies and implementations, advocating for an environmentally
sensitive approach to FRM. By demonstrating the quantitative benefits of NBS, this
dissertation provides valuable insights for policymakers, environmental agencies, and local
communities, encouraging adopting sustainable practices that align with climate adaptation
and resilience objectives.

Reflecting on the comprehensive insights and methodologies established throughout this
research, key highlights underscore the significant contributions and innovations,
structured as follows: a) For the first time in Greece, it employs GIS-based multicriteria
decision analysis for optimal hydrometric and hydrometeorological station placement,
significantly improving data collection for flood management; b) it introduces innovative
modelling of GUHs for ungauged basins, using geomorphological metrics to enhance
hydrological predictions in areas lacking data; c) the study pioneers the evaluation of NBS
within the Sarantapotamos River basin, demonstrating their effectiveness in flood
mitigation under varying climate scenarios; d) it presents a holistic approach to FRM,
combining cutting-edge technologies, advanced hydrological models, and environmental

sustainability practices, setting new standards for the field. Overall, by merging innovative
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technologies, hydrological modelling, and sustainable practices, this dissertation advances

the academic field and provides actionable insights for effective FRM worldwide.

5.1 Overview of Main Findings

This section provides a concise summary of the key findings across the distinct segments of
the dissertation dedicated to advancing FRM strategies: a) Optimal hydrometric-
hydrometeorological- station network design, b) Development of GUH for Ungauged
Basins, c) Implementation and Assessment of NBS. A detailed summary is provided for each
component, outlining the data and methodologies employed, the outcomes achieved, and

the key conclusions drawn.

Optimal hydrometric-hydrometeorological- station network design

This dissertation segment explores the innovative application of GIS-based multicriteria
decision analysis for optimally locating hydrometric and hydrometeorological stations
within Greece's flood-prone areas. A GIS-based approach is utilised for multicriteria
decision-making to optimise the design and implementation of a network of hydrometric-
hydrometeorological stations. The analysis focuses on the Sarantapotamos River basin in
Central Greece. The findings emphasise the significant influence of chosen criteria, their
hierarchical arrangement, and their integration within a GIS framework on the suitability
assessment of station locations. Additionally, the analysis underscores the critical role of
geospatial data resolution and accuracy in determining final suitability scores and selecting
appropriate station locations. Notably, the study reveals that the recommended number of
stations is dictated solely by the WMO rather than decision-makers. The proposed network
design approach offers flexibility in station location suggestions, with scenarios
demonstrating varying allocations along the mainstream or southern areas of the river
basin, mainly influenced by criteria related to flood-prone areas. Furthermore, the analysis
indicates that while fuzzy logic can somewhat mitigate subjectivity, it may not be preferable
to the standard version of AHP for specific applications. This is because FAHP tends to yield
more potentially suitable locations, increasing the workload for final location selection.
However, fuzzy logic could yield technically feasible results in scenarios involving a more
comprehensive station network design with additional criteria. Overall, the methodology
presented, requiring minimal spatial data, proves advantageous for identifying suitable
station locations in expansive watersheds, offering a cost-effective and time-efficient

solution.
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Through a detailed examination of a wide range of spatial and environmental factors, the
analysis has outlined a strategy for strategically placing stations, significantly improving the
efficiency of data collection for predicting floods. The methodology's strength lies in its
ability to provide a systematic approach to station placement, thereby increasing the
reliability and relevance of the data gathered for FRM. The insights derived from this
analysis underscore the pivotal role of precise data in flood prediction and highlight the
transformative potential of GIS tools in refining flood management practices. This approach
represents a significant shift from conventional station placement tactics, providing a model

for implementing technology and data-focused approaches to flood management.

Development of GUHs for Ungauged Basins

The dissertation takes a significant step forward in hydrological modelling by developing
GUHs specifically designed for Greece's ungauged basins. A novel approach is presented to
developing a GUH tailored for ungauged basins in Greece. The methodology introduced
aims to establish hydrological relationships based on geomorphological metrics, employing
the time-area diagram method and ArcPy in the Python scripting language. By integrating
hydrological data from the PPC of Greece and conducting detailed system analysis, the
precision of hydrograph estimations in data-scarce regions is significantly improved.
Furthermore, the correlation of morphometric parameters with GUH attributes facilitates
the derivation of empirical relationships, thereby enhancing the understanding of
hydrological behaviours across diverse basins. It is noted that across multiple basins
examined, the 0.1-2.0 range of channel velocity consistently yields positive NSE values,
indicating substantial agreement between simulated and observed hydrograph values and
thus making it a preferable choice for subsequent stages of the research. The in-depth
examination of the time-area diagram method across 70 drainage basins sheds light on the
relationships between hydrograph attributes and geomorphological metrics. Visual
representations, such as histograms, offer valuable insights into these correlations, aiding in
understanding the connections between hydrograph behaviour and geomorphological
characteristics. These findings are a basis for subsequent detailed regression analysis to
develop equations to predict hydrograph features based on specific geomorphological
metrics. The results underscore the significance of the geomorphological metric Cc in
determining the predictive accuracy of linear relationships across various hydrograph
attributes, guiding the selection of optimal regression equations. Additionally, the
validation regression analysis prioritises minimising prediction errors (MAE and RMSE)
alongside maximising R? values to ensure robustness and reliability. Significantly, through
a methodical evaluation of regression equations for various hydrograph attributes, models
like the T-Polynomial for Qmax and Cc-Linear for tosor, tosor, torsr, and torse exhibit robust

predictive capabilities, achieving a balance between fit quality and accuracy. The thorough
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examination of residuals, including scatter plots and residual plots, further contributes to
assessing the validity of the models. These analyses indicate that the developed models
possess reliable predictive power for hydrograph attributes, as demonstrated by the
proximity of data points to the line of equality in scatter plots and the random distribution
of residuals around the zero line.

This research addresses a notable absence in hydrological science, utilising
geomorphological measurements and advanced modelling techniques, especially in regions
needing comprehensive hydrological data. The custom GUHSs proved exceptionally skilled
in predicting flood risks with high accuracy, showcasing their invaluable utility in
enhancing flood management capabilities. The success of this endeavour highlights the
critical importance of incorporating geomorphological insights into hydrological models,
thereby improving model accuracy and reliability. This innovative methodology paves the
way for advanced flood prediction in Greece and sets a precedent for hydrological studies

in other regions facing similar challenges.
Effectiveness of Nature-Based Solutions (NBS)

In evaluating NBS within the Sarantapotamos River basin, the dissertation provides a
compelling case for integrating sustainable, eco-friendly solutions in FRM. This research
underscores the importance of integrating NBS into FRM strategies for the Sarantapotamos
river basin upstream of the Magoula settlement in Greece. A methodology is presented for
effectively implementing NBS, including strategies such as land cover change and retention
pond construction. Through hydrological modelling and analysis, the impacts of these NBS
on flood dynamics are assessed. Specifically, a comprehensive evaluation of resulting flood
hydrographs is conducted, considering current and future climate conditions. These
conditions are represented by three climate change scenarios: lower, mean, and upper,
which correspond to + 95% confidence intervals.

NBS implementations are applied for both the mean and upper climate scenarios. This
analysis yields a detailed understanding of the impacts and effectiveness of each NBS and
their respective contributions to reducing peak discharge and mitigating floods. Findings
concerning NBS implementation under current climate conditions reveal a significant
reduction in peak discharge through land cover changes, with a decrease of approximately
9.3% compared to the baseline scenario. Furthermore, constructing retention ponds proves
to be an effective NBS, leading to a substantial reduction in peak discharge of approximately
28%. The integration of multiple NBS presents the most significant reduction in peak
discharge, approximately 40.5% compared to the pre-NBS scenario. Analysis of total flood
volumes shows notable reductions across all NBS scenarios. The land cover change NBS

decreases by approximately 12.3%, while the retention ponds scenario achieves a reduction
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of approximately 15.3%. The combined NBS yields the most substantial decrease in flood
volume, reducing it by approximately 15.7%. Moreover, considering climate change
scenarios in this study reveals significant impacts on design precipitation, subsequently
affecting flood hydrographs.

The upper climate change scenario demonstrates intensified design precipitation,
characterised by notable increases in cumulative rainfall depth, rainfall intensity, and
rainfall peak, resulting in a peak discharge increase of approximately 3348% compared to
the initial peak discharge. The total flood volume observed undergoes a significant increase
of roughly 600% compared to the initial volume. In contrast, the lower climate change
scenario demonstrates a decrease in cumulative rainfall depth and peak. The total flood
volume diminishes to 65.6 hm?, indicating a reduction of approximately 44.6% compared to
the initial volume. In the mean climate change scenario, the observed rainfall intensity of
13.5 mm/h suggests an intermediate flood risk level compared to other examined climate
change scenarios. The peak discharge increases by approximately 838% compared to the
initial value, while the calculated total flood volume rises by approximately 79.2% compared
to the initial volume. Under the upper climate change scenario, implementing land cover
change and retention ponds leads to substantial reductions in peak discharge. Land cover
change alone reduces the peak discharge by approximately 3.7%, while retention ponds
decrease it by approximately 33.6%. These NBS measures also reduced the total flood
volume by approximately 3.5% and 3.6%, respectively.

Similarly, in the mean climate change scenario, land cover change and retention ponds
effectively decreased peak discharge by approximately 9.73% and 23.11%, respectively. The
total flood volume was reduced by approximately 9.25% and 2.17%, respectively. In
summary, among the evaluated NBS approaches, the construction of retention ponds has
demonstrated the most significant decrease in peak discharge. Conversely, land cover
changes have shown promise in regulating the timing of flood events by extending the time
to peak. This research preliminary investigation suggests that the combined use of NBS

results in the lowest peak discharge across all climate scenarios.

Additionally, the case study in Northern Evia that evaluates NBS in the context of post-
wildfire land cover investigates the impact of land cover changes post-wildfire on flood
dynamics. It explores the effectiveness of NBS in mitigating flood risks. The study area
experienced a catastrophic wildfire event in August 2021, leading to significant alterations
in land cover and heightened flood risks due to increased surface runoff and reduced
infiltration rates. The research employs hydrological modelling techniques, including
MCDA and GIS, to assess flood-prone areas and simulate hydrological responses before and
after the fire incident. It focuses on two river basins in Northern Evia: Basin 1, covering 115
km? with 76 km? affected by the fire, and Basin 2, covering 386 km? with 164 km? burnt, and
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five subbasins within each basin to further analyse the hydrological impacts. The analysis
of UH before and after fire incidents across all subbasins highlights significant alterations in
flood dynamics. Following wildfires, there is a marked increase in the magnitude of peak
discharge and the speed at which it occurs. For instance, in Subbasin 2, peak discharge
escalates by a factor of four compared to pre-fire estimates, with similar trends observed in
subbasins 1, 3, 4, and 5, where peak discharges surge to three times their pre-fire levels.
These increases in peak discharge are directly linked to elevated CN values post-fire, which
are particularly pronounced in subbasins 2, 3, and 4, experiencing complete or near-
complete burn areas. The heightened CN values and UH analysis significantly contribute to
the amplified flood hydrographs generated by the HEC-HMS model. Moreover, the
reduction in time to peak discharge post-fire is evident across all subbasins, attributed to
increased land imperviousness caused by the wildfire. Subbasins 2, 3, and 4 witness
substantial reductions of approximately 30%, while subbasins 1 and 5 experience more
moderate reductions of 8% and 16%, respectively. These variations in time to peak reflect
the varying extents of burnt areas across the subbasins, influencing the degree of increased
imperviousness and subsequent adjustments in CN values. Furthermore, the observed
patterns in flood hydrographs are mirrored in the UHs derived through the time-area
diagram method. Post-fire, peak discharge in UHs for subbasins 1, 2, 4, and 5 triples, while
in subbasin 3, it doubles compared to pre-fire levels. Moreover, post-fire UH time to peak is
halved in subbasins 2, 3, and 4, indicating a faster response to rainfall events. These findings
underscore the significant impact of wildfire-induced changes in land use on flood
hydrograph characteristics, amplifying flood risks for entire communities.

The substantial alteration in land cover due to the fire in Northern Evia presents a unique
opportunity to assess the applicability and effectiveness of NBS in mitigating flood risks
amidst drastic environmental changes. To address these challenges, the study proposes
reforesting burnt areas with specific land cover types, such as coniferous and broad-leaved
forests, as NBS to restore ecological functions and mitigate flood risks. The reforestation
plan includes allocating 3.26 km? for broad-leaved forests and 41.4 km? for coniferous forests
in subbasin 1. Similar allocations are made for the other subbasins within the study area,
with specific areas designated for reforestation efforts based on the extent of fire damage
and the ecological characteristics of each subbasin. Specifically, in subbasin 2, 1.47 km? are
allocated for broad-leaved forests and 8.41 km? for coniferous forests. Similarly, in subbasin
3,19.27 km? are designated for broad-leaved forests and 22.1 km? for coniferous forests. This
pattern continued for Subbasins 4 and 5, with 28.05 km? and 37.71 km? allocated for broad-
leaved forests and 40.73 km? and 60.52 km? allocated for coniferous forests, respectively.
Hydrological simulations incorporating post-fire land cover changes as NBS demonstrated

reductions in peak discharge and improved time to peak compared to pre-NBS scenarios.
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For instance, in subbasin 2, peak discharge has reduced by approximately 17.8%, and time
to peak has decreased to 6.5 hours post-NBS implementation. Overall, the study highlights
the critical role of NBS in enhancing landscape resilience against hydrological extremes
post-fire and provides valuable insights for sustainable watershed management and DRR
in wildfire-prone Mediterranean regions. The quantitative findings from this study
elucidate the significant potential of NBS in reducing flood peak discharges and volumes,
affirming their effectiveness in mitigating flood risks under various climatic scenarios. This
component demonstrates the adaptability and resilience of NBS as a flood mitigation
strategy and advocates for a holistic approach to flood management that harmonises with
ecological conservation goals. The thorough study of NBS effectiveness highlights the
importance of creative management approaches that combine hydrology knowledge with
environmental sustainability. This offers a guide for future flood prevention efforts focusing

on people's and nature's well-being.

By dissecting these components in greater detail, this dissertation illuminates the
multifaceted nature of FRM, offering insightful conclusions that bridge theoretical research
with practical applications. The depth of analysis presented in this research contributes
significantly to the field of hydrological sciences, setting a benchmark for future research in

FRM and sustainability.

5.2 Future Research

The primary recommendations for future research are directly derived from the limitations
of this study. The first set of recommendations centres on deepening the investigation, given
the broad scope for advancement in this field. Other suggestions relate to enhancing the
methodologies applied in this study. A concise list of recommendations for future research
is provided below:

e Regarding criteria selection and integrating remote sensing data for the hydrometric-
hydrometeorological station network design, the difficulties in on-site evaluations
across extensive watershed areas necessitate exploring remote sensing technologies.
This approach can significantly enhance the evaluation of technical standards required
for station placement, such as streambed conditions and bank stability. Future research
should focus on developing a methodology incorporating remote sensing data to
accurately identify suitable locations for station installation, thereby addressing the
large-scale evaluation challenge and ensuring compliance with ISO standards.

e Exploration of Advanced Factor Weighting Methods: Given the complexity of selecting

and weighting criteria for station placement, future research should explore modifying
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applied factor weighting methods. This entails a comparative analysis among different
approaches to weighting and standardising criteria, aiming to identify methodologies
that enhance the precision and reliability of station network design. Investigating
various weighting techniques, including statistical and machine learning methods,
could offer insights into optimising network configurations for enhanced flood warning
and water resource management capabilities.

Implementation Across Diverse Catchment Characteristics: Implementing the
hydrometric-hydrometeorological station network design methodology at different
spatial scales and in catchments with varied characteristics represents a critical area for
future research. This approach would validate the proposed framework's adaptability
and scalability and provide valuable data on its applicability in diverse geographical
and environmental contexts. Such research should aim to document the effectiveness of
the network design in achieving accurate flood predictions and efficient water resource
management across a range of catchment types, further informing the refinement of
design criteria and methodologies.

Regarding the calibration and validation of GUHs, the reliance on limited hydrometric
data necessitates the exploration of additional data sources to enhance the robustness
of GUHs tailored for ungauged basins. Future research should prioritise integrating
alternative hydrological data, possibly from satellite observations, to supplement the
scarce data provided by the PPC of Greece. This approach could mitigate the constraints
of the current dataset, enabling a more comprehensive analysis and application of the
time-area diagram method.

Future investigations into machine learning methodologies, including neural networks,
are recommended to enhance predictive accuracy with machine learning. These
advanced computational techniques could more effectively utilise the limited data
available, enhancing the predictive accuracy of hydrological modelling for ungauged
basins. Implementing these methodologies could transform how hydrological
predictions are made, especially in regions where conventional data collection is
challenging.

Concerning incorporating climate change scenarios into GUH modelling, future
research should integrate them to assess their impact on flood risk and water resource
management. This includes exploring how the GUH methodology can be adapted to
reflect changes in land use patterns over time, ensuring that the models remain relevant
and accurate as environmental conditions evolve. The recalibration of models to
account for these changes will be an essential step in maintaining the efficacy of GUHs

in predicting hydrological responses.
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Exploring the Adaptability of GUH Methodology to Land Use Changes, it is essential
to investigate the GUH methodology's responsiveness to alterations in land use and
climatic conditions. This research should focus on recalibrating the GUH models to
accommodate such changes, ensuring their applicability and accuracy in predicting
hydrological responses in ungauged basins under varying environmental scenarios.
The ability to adapt the GUH methodology to these changes will significantly enhance
its utility for effective water resource management and flood risk mitigation.
Regarding the effectiveness of the NBS and the CN estimation, future research should
explore developing a multi-criteria approach that integrates ecological, hydrological,
and socio-economic data specific to Greece. This approach aims to enhance the accuracy
of CN estimation, overcoming the limitations posed by reliance on singular data
sources. Integrating diverse datasets will allow for a more comprehensive
understanding and application of NBS, particularly in assessing the impacts of land
cover change.

Concerning determining design criteria for retention ponds, future efforts should
establish a standardised framework for regional topography, slope gradients, river
network density, and cross-sectional studies. This framework should aim to move
beyond the discretion of individual researchers, incorporating a systematic approach to
criteria determination that uses both empirical data and advanced simulation models.
This research direction seeks to standardise retention pond design across different
landscapes, enhancing their effectiveness in water retention and flood mitigation.
Future research is suggested to explore the impact of soil erosion on retention ponds'
effectiveness and assess how soil erosion influences the sedimentation rates and
capacity of retention ponds. Additionally, the performance of hydraulic simulations
downstream of the basin, both before and after the application of NBS, should be
examined. This includes evaluating changes in hydrological responses and flood risk
reduction and providing insights into the resilience and adaptability of NBS under

various environmental conditions.
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