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Flood hazard assessment—together with vulnerability and risk analysis—is closely 
linked to flood resilience and has been extensively studied in densely populated 
areas, where the most catastrophic floods tend to occur. The need for a holistic 
and transferable methodology is critical considering that, different simulation 
approaches are often used, while key methodological phases are sometimes 
omitted. Within the framework of the Programming Agreement of the Prefecture 
of Attica, the BEYOND Centre (IAASARS/NOA), in cooperation with the NTUA 
research group have developed the methodology presented in this work. The 
methodology was implemented at high spatial resolution in five flood-affected 
river basins in Attica, with the Pikrodafni River basin being presented in detail in this 
study. Data acquisition constituted a core component of the methodology and 
involved targeted spatial datasets, Earth-observation imagery, time-series data, 
historical flood records, and relevant prior studies obtained from the competent 
authorities. Field visits were conducted to characterize site conditions and verify 
the collected datasets, identifying high-risk critical points, and measuring the 
dimensions of hydraulic structures (bridges, culverts) and channel properties. 
Regarding modeling, design-flood scenarios with typical return periods were 
analyzed in accordance with the Directive 2007/60/EC. HEC-HMS was used to 
generate hydrographs for each sub-basin, which were then imported into the 
quasi-2D LISFLOOD-FP model as a means to prepare and calibrate the HEC-RAS 
model, where a rain-on-grid methodology integrated the hydrologic and 
hydraulic flood processes at the area of interest. High spatial resolution was 
maintained throughout, with particular emphasis on uncertainty analysis and on 
the detailed representation of infrastructure and urban areas, given their strong 
influence on flood dynamics. Results indicate that overflow typically occurs in 
buried streams, along adjacent roads in the downstream reach of the river, at 
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stream confluences, and at the upstream inlet where natural streams enter the 
drainage pipe network. Up to 200 critical points were identified, of which up to 35% 
were classified as first-priority sites for intervention.

KEYWORDS

field surveys, flood hazard assessment framework, hydraulic dynamics, rainfall-runoff 

model, urban river management

1 Introduction

Natural hazards constitute a major global threat, with floods 
ranking among the most frequent and damaging events affecting 
both human systems and the natural environment. In 2024, floods 
remained one of the most impactful natural hazards worldwide 
(Centre for Research on the Epidemiology of Disasters, 2025), while 
flash floods are particularly destructive in the Mediterranean region 
(Diakakis et al., 2019). Flood-related mortality highlights the severity 
of these hazards and underscores the need for systematic flood-risk 
assessment that explicitly addresses short-duration extremes and 
urban exposure. This need is already well established within 
European and national policy frameworks.

Urban expansion has significantly amplified flood risk. 
Historically, cities avoided natural floodplains; however, rapid 
and largely uncontrolled urban growth increasingly encroached 
upon them without adequate flood-protection planning. As a 
result, extensive flood-defense infrastructure and river 
channelization became necessary to sustain urban functionality 
(Sargentis et al., 2025b). Such measures are typically designed for 
return periods of 25–50 years, leaving cities highly vulnerable to 
more extreme hydrological events.

In recent years, the European Union has prioritized pluvial 
flooding driven by short-duration, high-intensity rainfall, 
recognizing that its impacts often extend across entire 
catchments rather than being confined to river corridors 
(Ennouini et al., 2024). Compound pluvial–fluvial flooding, 
which can be more severe than either process alone, further 
intensifies flood impacts (Guan et al., 2023). These processes 
emphasize the necessity for advanced rainfall modeling and 
improved assessment of hydrometeorological impacts (Varra 
et al., 2025).

Flood risk is commonly defined as the combination of hazard, 
exposure, and vulnerability (Van Westen, 2013; Wannous and 
Velasquez, 2017). Flood-risk assessment approaches range from 
empirical and statistical methods to multi-criteria and index- 
based frameworks, which offer efficient tools for preliminary 
evaluations (de Moel et al., 2009; Merz et al., 2010; Kourgialas 
and Karatzas, 2013). Hazard assessment often relies on 
hydrodynamic modeling, with physically based models providing 
detailed representations of terrain, land cover, and hydraulic 
structures, albeit at the cost of increased data and computational 
demands (Rozos et al., 2023).

Hyper-resolution two-dimensional inundation models are 
increasingly applied for flood-hazard mapping (Wing et al., 
2024). The open-source LISFLOOD-FP model is widely used 
in Copernicus services such as the European Flood Awareness 
System (Zábori et al., 2024), often coupled with rainfall–runoff 
models such as HEC-HMS (Sargentis et al., 2025c). Similarly, the 
Rain-on-Grid methodology implemented in HEC-RAS enables 

simulation of pluvial and compound flooding using spatially 
distributed rainfall inputs from gauges, radar, satellites, and 
numerical forecasts (Ennouini et al., 2024; U.S. Army Corps 
of Engineers, Hydrologic Engineering Center, 2025). 
Continuous model development and calibration remain 
essential to improve accuracy and reduce uncertainty 
(Dimitriadis et al., 2016).

Urban areas particularly vulnerable to flooding due to high 
population density, asset concentration, impervious surfaces, and 
engineered drainage networks (European Parliament Council of the 
European Union, 2007; Loukas, 2015; Wang et al., 2023; Yan et al., 
2024). Urbanization increases runoff coefficients, shortens 
hydrological response times, and intensifies short-duration 
rainfall extremes, thereby elevating flood risk (Yan et al., 2024). 
Consequently, accurate identification of flood-prone urban areas is 
critical for effective risk assessment, planning, and resilience- 
building (Zhou et al., 2025).

Within this context, flood-risk reduction has become a priority 
under international and European frameworks, including the Sendai 
Framework for Disaster Risk Reduction 2015–2030 and the EU 
Floods Directive 2007/60/EC (European Parliament Council of the 
European Union, 2007; United Nations Office for Disaster Risk 
Reduction, 2015). In Greece, strategic flood-risk mitigation is 
essential for compliance with these directives and national water- 
management policies (Koutsoyiannis et al., 2008; Diakakis 
et al., 2019).

This study presents a flood-hazard assessment methodology 
applied to the Pikrodafni urban river basin in Attica in 2021. 
Pikrodafni is one of the few remaining open streams in the 
region, despite ongoing discussions regarding its resectioning or 
partial covering. The disappearance and culverting of urban streams 
have been widespread practices in Greece, often increasing flood risk 
(Koutsoyiannis et al., 2012). Nature-based solutions are increasingly 
proposed as alternatives to conventional grey infrastructure, offering 
flood-risk reduction alongside ecological and aesthetic benefits 
(Ourloglou et al., 2020).

Attica is characterized by extensive urbanization, high 
population density, critical infrastructure, and recurring flood 
events, despite relatively low average annual rainfall 
(Koutsoyiannis and Baloutsos, 2000; Hellenic Statistical 
Authority, 2021). Wildfires, floodplain narrowing, and 
widespread stream burial further exacerbate flood risk (Wyżga 
et al., 2018; Partington et al., 2022).

Within this framework, a Programming Agreement signed in 
March 2021 between the Region of Attica and NOA initiated a 
comprehensive assessment of earthquake, fire, and flood risks. The 
methodology introduced integrates hazard, vulnerability, and 
exposure analyses to identify critical flood-prone areas and 
propose mitigation measures across several high-risk river basins, 
including Pikrodafni (Tsouni et al., 2025).
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2 Materials and methods

2.1 Study area

The study area is the Pikrodafni River basin in the Water 
Department of Attica, a region officially designated as flood- 
prone under national and EU assessments. Part of the river basin 
is characterized as Areas of Potentially Significant Flood Risk 
according to the first Revision of the Preliminary Flood Risk 
Assessment (Ministry of Environment and Energy, 2023) and is 
exposed to flooding according to the Flood Risk Management Plan 
for Attica (Ministry of Environment and Energy, 2025). Both 
documentations constitute deliverables required by the EU 
Floods Directive (2007/60/EC) (European Parliament Council of 
the European Union, 2007), as implemented in Greece for Attica 
River Basin Districts (EL-06) and provide a robust basis for the 
selection of the study area as a representative case of high flood 
hazard and management challenges.

The Pikrodafni basin lies in southeastern Attica and traverses a 
densely urbanized landscape. This urbanization is reflected in both 
population and land cover. The most relevant municipalities host 
~41.7k–78.2k residents each (dominant ages 40–49 in Alimos, 
Palaio Faliro, Ilioupoli and 30–39 in Agios Dimitrios) (Hellenic 
Statistical Authority, 2021). Land-cover data, obtained by 
2018 Urban Atlas database from Copernicus Land Monitoring 
Service (European Environment Agency, 2021), show urban 
fabric 36.33%, herbaceous vegetation 12.93%, forest 7.44%, 
burned areas 19.81% (2015 & 2020), and road network 14.01%, a 
composition indicative of high imperviousness and wildfire impact 
that can increase peak runoff. Specifically, two significant wildfire 
events, from 2015 to 2020, were integrated into the LULC dataset to 
capture their lasting impacts. The stream rises on the western slopes 
of Mount Hymettus and discharges into Phaleron Bay near Alimos 
Marina (“EDEM”). A notable recent flood event occurred on 
22 February 2013, with most damages concentrated near the 
estuary. The basin covers 24.99 km2 (perimeter 30.94 km) and is 
oriented northeast–southwest. Most of its river network is artificial 
except for the downstream part of Pikrodafni river (Figure 1). It 

spans the municipalities of Palaio Faliro, Alimos, Agios Dimitrios, 
Nea Smyrni, Ilioupoli, Vyronas, Dafni-Ymittos, and Kaisariani. 
Elevations range from 0 m to 1,023.45 m (mean ≈267 m); steep 
slopes dominate the upstream, mountainous sector on Hymettus, 
while the lowland reach extends from Vouliagmenis Avenue to 
the outflow.

The climate is Mediterranean, with dry, hot summers and mild 
winters (Anagnostopoulos and Co, 2018). Records from the 
Nymphs’ Hill (Thissio, Athens) meteorological station for 
1983–2012 time period indicate an average annual precipitation 
of ~400 mm and mean monthly temperatures from 10.2 °C in 
January to 29.1 °C in July.

2.2 Data collection

For the successful implementation of this study, different types 
of data were collected to ensure a comprehensive understanding of 
all relevant parameters. These data serve multiple purposes, 
including the analysis of key variables and the development of 
accurate models.

The collected datasets cover a wide range of aspects, including 
spatial data, data gathered from field visits, and data from technical 
studies. The spatial data required for the study comprise 
comprehensive Earth observation datasets, ensuring a detailed 
and accurate representation of the study area. Specifically, the 
land use/land cover (LULC) (Figure 1) dataset is derived from 
the European Urban Atlas, produced under the Copernicus 
program. To enhance the accuracy of the LULC dataset, burnt 
areas were integrated using data from the Burnt Scar Mapping 
(BSM) service of the “FireHUB” system, developed by the 
Operational Unit BEYOND Centre IAASARS/NOA. Updating 
the land-cover layer to include burned areas is essential, given 
their significant impact on surface runoff, hydrological modeling, 
and consequently flood hazard assessment (Kyriakouli, 2022). 
Additionally, the spatial dataset of the Curve Number, utilized to 
enhance hydrological modeling and provided by the Ministry of the 
Environment and Energy, was also updated with the burnt areas. 
Moreover, a 2 m spatial resolution Digital Elevation Model (DEM), 

FIGURE 1 
Land use/land cover of pikrodafni river basin.
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derived by large scale orthoimagery LSO25 for the period 2014-2016, 
is used (Stathakis, 2022). This dataset serves as a fundamental 
component for the detailed and hydrological and hydraulic 
analyses, facilitating accurate terrain representation, watershed 
delineation, and flood modeling. Finally, data from Open Street 
Map (OSM), such as the road network, is utilized and integrated in 
the HEC-RAS model to enforce terrain discontinuities and improve 
the representation of the flow.

Complementary, in order to achieve a more comprehensive 
flood risk assessment for the region, data were collected both 
from past studies and from relevant public authorities. These 
datasets were systematically processed and integrated into a 
modern GIS-based framework, including textual descriptions, 
CAD drawings, and GIS files. Each data type requires careful pre- 
processing to resolve issues such as scale, format, and coordinate 
systems. The validity of older infrastructure (e.g., culverts, 
bridges, channel linings, embankments) and terrain 
information was assessed against current conditions, with 
targeted field verification and by addressing clarifications from 
the responsible authorities and implementing both backward 
checks to the source and forward on-site checks. Input from 
experienced staff at the authorities was incorporated to confirm 
interpretations and fill out missing attributes. All data were 
checked, completed, and organized to ensure the production 
of reliable datasets for robust hydrological and hydraulic 
modeling and flood risk assessment.

2.3 Field surveys

Throughout this work, the combination of engineering studies 
and on-site inspection was identified as an integral component of 
a comprehensive approach to infrastructure assessment and 
management (Mattas et al., 2023; Sigourou et al., 2023). 
Therefore, detailed field visits in the examined riverbed and 
the broader region, were implemented, and were combined 
with the utilization of modern mapping tools, including 
Google Earth, digital terrain models, satellite imagery and 
online geolocation services. Conventional methods for contact 
with local communities were also implemented, such as 
questionnaires for surveying public perceptions of flood 
hazards and relevant infrastructure works (Residents, 2025) 
and free-format interviews with locals.

The questionnaire was forwarded to groups in social media and 
acquaintances, so that it would be filled by randomly selected people 
in the Attica Region. The filling of the questionnaire was preferred to 
be anonymous, and people were asked beforehand whether their 
replies can be used for the research; two choices that facilitated even 
more the procedure. We believe that due to all the above reasons, a 
lot of data was finally acquired. People working in institutes were 
also asked to participate in this research by filling in the 
questionnaire. The experience of the latter is highly appreciated, 
since they usually occupy an academic position in engineering 
schools, which enables them to approach this study in a more 
technical manner.

With the aim to identify areas prone to high flood-risk, a direct 
contact through brief interviews with the public in each area was 
attempted during the in-site visits along the streams and rivers in the 
areas of interest, to ensure the viability of the responses. Particularly, 

besides the filling of the questionnaire, people were asked for their 
opinion on any past flooding incidents or upon specific locations 
prone to high-frequency flooding. Notably, people showed 
reluctance during the in-site filling of the questionnaires. Only a 
small percentage of the questionnaire was filled during in-site visits, 
since in most cases, people seemed to be skeptical when approached 
by scientists and asked questions related to flood-risk and possible 
future mitigation work.

Residents possess intimate knowledge of their neighborhoods, 
including drainage patterns, flood-prone areas, and past flood 
events. In particular, their contribution is important due to the 
identification of vulnerable areas, prioritizing projects, sense of 
ownership, proposing effective solutions for each area, 
maintaining the infrastructure, and spreading awareness.

Specialized engineering teams were organized, prepared, and 
split into groups of two to cover the broader area of the riverbeds, in 
areas with walking access.

A clearly developed methodology was implemented for field 
visits in the presented work in the streams of Attica Region, Greece 
including Pikrodafni river. This structured methodology ensured a 
comprehensive and systematic approach to on-site inspections, 
enabling accurate assessment of site conditions, proper 
documentation of critical infrastructure elements, and effective 
post-event analysis (Sigourou et al., 2022b; Sigourou et al., 
2022a). It consisted of the following three primary steps.

A. Pre-Inspection Preparation

Prior to fieldwork, a structured pre-processing phase was 
conducted to identify and document critical observation points 
within the study area. The desktop screening involved utilizing 
Google Earth Pro and satellite images to analyze hydrographic 
networks and integrating data from various sources (e.g., master 
plans, flood monitoring observatories, national statistics and 
national databases) in order to identify the critical points as a 
first step for clarification during field research and further 
enhance them with extras points. Following the analysis of 
satellite imagery and digital terrain models, engineers identified 
critical points, which are associated with the behavior of the 
riverbeds during flood events. To clarify those critical points, to 
locate them and analyze during field research, in order to verify the 
accuracy of the collected data.

Before accessing them on-site, these critical points were 
supplemented with information derived from satellite imagery 
and historical studies. A standardized coding of the critical 
points was used in the marking of critical points, so that the 
engineer in the field would know what they would expect to see. 
Each critical point was marked with a pin that initially included: (a) 
The stream branch, e.g., R1.1; (b) The ascending pin number; e.g., 
P1; (c) The type of the needed observation and measures: e.g., G = 
Bridge, C = Culvert, O = Confluence of a stormwater pipe into a 
stream, D = Critical cross-section, K=Changes in riverbed, 
B=Buildings; (d) the critical point’s characteristics such as the 
shape and the dimensions. The standardized coding was 
presented in Table 1.

Critical points were marked with georeferenced pins following 
the previously mentioned standardized coding system and arranged 
sequentially from downstream to upstream. After that, .kmz files 
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were exported, containing the marked points, which were 
distributed to different fieldwork teams for site inspection 
assigned to predefined regions.

Before the fieldwork teams accessed the field, navigation tools 
were installed in the smart phones of the team members to facilitate 
access to the maps of the critical points and offline map services 
(MAPS.ME and Google Earth in particular). During the field work, 
additional critical points could also be identified and incorporated 
into the dataset.

B. Field Inspection Execution

The inspections followed a predefined methodology, which 
defined what the engineers expected to see, what needed to be 
measured, how to measure it, and potential issues they 
could encounter.

Initially, on the field, coordinated organization of the working 
teams was required to ensure that the inspections would be 
conducted safely, always during daylight hours, in groups of at 

TABLE 1 Standardized protocol for coding of the critical points in field surveys.

Stream 
branch

Ascending pin 
number

Type of point & information sources Characteristics

R1.1 P1 G = Bridge • Construction material MAT (e.g., Concrete = b, Iron = f, 
Wood = w)

• Bridge shape and dimensions DIM
• Channel bed material MANb and left bank MAN l (in the 

direction of flow) and right bank MANr (in the direction of 
flow) (e.g., Soil = p, Vegetation = f, Stones = s, Reinforced 
concrete = b)

C = culvert (below channel bed) or channel widening 
Opening area >1 m2 or Ø120 cm 

• Shape and dimensions of the culvert along the channel DIM

O = Outfall of stormwater pipe into stream • Shape and dimensions of stormwater outlet DIM

K = Change in channel cross-section (either widening or 
narrowing) 

• Shape and dimensions of the channel cross-section in regulated 
river sections DIM

• Channel bed material MANb and banks MANl (left) and MANr 
(right) (in the direction of flow) (Soil = p, Vegetation = f, 
Stones = s, Reinforced concrete = b) note: In compound 
channels, two width values will be recorded

D = channel bank failure or collapse • Irish crossing IRI
• Loose or eroded riverbanks, risk of slope failure/landslide PRA
• Constructions within the streambeds and stream slopes (likely 

illegal) CON
• Trees with exposed root systems that may be uprooted and 

carried downstream TRE
• Garbage and construction debris likely to block drainage 

systems and culverts BAZ
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least two engineers and within a specific duration (up to 8 h in the 
field per day, to prevent accidents due to fatigue or haste). 
Additionally, for site inspections in floodplains, rivers, and 
streams, it was initially necessary to plan visits during periods of 
minimal water flow and to monitor weather bulletins to protect the 
teams from the possibility of sudden flood events. It was important 
to ensure that the engineers in the field would not be exposed to any 
danger. In this regard, it was clarified to the teams to pay attention to 
the stability of the slopes when approaching the bed without risking 
their physical integrity under any circumstances. Emergency contact 
numbers were also available, and attention was given to 
communication methods to support the social acceptance of the 
engineers in the field, to ensure that no conflicts would arise 
(especially in the parts of the riverbed where it was possible that 
locals disapproved of detailed recording of their properties by public 
institutions). The primary method in this regard was description of 
the nature of the research with honesty and description of its intent 
and social-scientific contribution.

During on-site inspections, teams followed a systematic 
approach to collect and document spatial and structural data: (i) 
Enabling GPS tracking on mobile devices for precise geolocation; (ii) 
Using Google Earth and MAPS.ME to navigate through predefined 
observation points; (iii) The team would visit the critical point, 
capture photos, make the necessary measurements and 
observations, and immediately afterward recorded a short video 
in which they verbally stated the name of the critical point and then 
their observations and measurements, while also capturing the point 
in video. Since the engineers have all necessary information on their 
mobile devices, the absence of notebooks and writing materials was 
very helpful and increased the flexibility of movement and 
associated safety (iv) Recording unexpected findings such as 
unregistered drainage systems, constructions within the 
streambeds and stream slopes (likely illegal), or new structural 
vulnerabilities. When additional critical points emerged in the 
field (e.g., evidence of erosion, flood damage, or infrastructure 
instability), new pins were added in MAPS.ME. These additional 
pins were labeled with an intermediate numbering system (e.g., 
R1.2–P3a-C) and visually distinguished from pre-processed markers 
for verification at a later stage.

C. Data Processing and Integration

Upon returning from the field, all collected data was 
systematically processed to ensure consistency and accuracy. This 
included (i) Immediately transferring photographs and videos from 
mobile devices to a shared Google Photos folder designated for each 
inspection day, (ii) integrating additional pins created in MAPS.ME 
into the master.kmz file in Google Earth, (ii) linking photographic 
records to their corresponding georeferenced points in Google Earth 
using URL-based image embedding, (iv) and reviewing collected 
video footage to extract key site characteristics and updating the 
descriptive metadata of each observation point (measurements, 
roughness of the riverbeds, etc.). Finally, the deliverables were 
detailed technical reports for each critical point containing the 
code name, representative photos and detailed description, as 
presented in Figure 9 of the Results.

This repeatable, safety-aware, and data-rich protocol integrated 
multi-source desktop analysis with targeted field verification, 

producing decision-ready evidence for infrastructure assessment 
and flood-risk management of the study area of the 
Pikrodafni stream.

2.4 Design rainfall estimation

To derive the design rainfall intensity (x) for a certain timescale 
(k) and return period (T), we employed the design rainfall curves of 
the study area for 50, 100, 1000 years return periods according to the 
EU Flood Directive (European Parliament Council of the European 
Union, 2007). To this aim, we used the design rainfall curves 
developed by Iliopoulou and Koutsoyiannis (Iliopoulou and 
Koutsoyiannis, 2022) using rainfall data from local 
meteorological stations, and following the general methodology 
introduced by Koutsoyiannis et al. (Koutsoyiannis et al., 2024). 
Accordingly, the relationship between the rainfall intensity x (e.g., 
mm/h) for time scale k (e.g., h) and return period Τ (e.g., years) was 
given by: 

x � λ
T􏼎β( 􏼁

ξ − 1
1 + k􏼎α( 􏼁

η , ξ > 0 

where λ is an intensity scale parameter in units of rainfall intensity 
(here, mm/h), α is a timescale parameter in units of timescale (here, 
h), η is a dimensionless persistence parameter, ξ > 0 is a 
dimensionless parameter representing the upper tail-index of the 
process, and β is a scale parameter for the return period in units of 
return period (here, years).

For the Pikrodafni basin, α (h), η (−), ξ (−) and β (years) were 
estimated using a spatial pooling methodology for the Attica region, 
equal to, 0.1 h, 0.73, 0.07, and 0.07 years, while the scale parameter λ 
(mm/h) was estimated based on the spatial distribution of elevation 
in the Pikrodafni basin, equal to 489.22 mm/h (Iliopoulou and 
Koutsoyiannis, 2022). This yielded a total rainfall depth for 24 h 
equal to 108.64 mm, 123.29 mm, 177.39 mm, for 50, 100 and 
1000 years return period, respectively.

We note that a recent regionalization of the design rainfall 
relationships provided these parameters at a grid of 5 km × 5 km 
covering the entire Greek territory, thus eliminating the need for 
performing regional estimations for each study area (Iliopoulou 
et al., 2024).

For assigning a temporal distribution to the design rainfall event 
(hyetograph), we employed the established Alternating Block 
method (Chow et al., 1988). For a chosen storm duration and 
temporal resolution, cumulative rainfall depths for successive 
durations were first obtained from the design rainfall 
relationships for each return period, and the corresponding 
incremental (partial) block depths were derived by differencing 
consecutive cumulative values. The resulting blocks were then 
ranked in descending order, with the largest placed at the 
midpoint of the total duration and the remaining blocks 
arranged alternately to the left and right of the central one. The 
Alternating Block Method was used because it provided a simple, 
reproducible, and physically reasonable way to distribute the total 
design rainfall depth over time, producing hyetographs that reflect 
realistic storm structures while preserving the prescribed total depth. 
The hyetograph duration was set to 24 h, exceeding the basin’s time 
of concentration in order to ensure that the full runoff response and 
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the peak discharge at the outlet were captured in all scenarios. This 
conservative choice is appropriate for flood-hazard assessment and 
does not imply uniform rainfall intensity throughout the event, as 
short-duration extremes are incorporated through the rainfall 
intensity-timescale-return period relationships and the 
Alternating Block Method. The selected temporal resolution of 
the hyetograph (10 min), commonly used in hydrological 
simulations of flood events—particularly for small 
catchments—further ensures that high-intensity sub-hour rainfall 
peaks are adequately represented.

The point rainfall intensities obtained from the design rainfall 
relationships were converted to areal rainfall intensities by multiplying 
them by the surface reduction coefficient φ (Koutsoyiannis and 
Xanthopoulos, 1999), given by the following equation. 

φ � max 1 −
0.048A0.36−0.01 lnA

d0.35 , 0.25􏼨 􏼩

where A is the catchment area in km2 and k is the time scale in hours. 
It should be noted that the coefficient φ was applied both to the total 
rainfall depth corresponding to the overall duration of the design 
storm, and to the sectional rainfall depths corresponding to each 
individual time scale within the hyetograph.

Overall, applying the aforementioned equations, the design 
hyetographs of 24-h rainfall were derived for the entire drainage 
basin for return periods of 50, 100, and 1000 years, which are 
depicted in the following chart in grey, orange, and green color, 
respectively (Figure 2).

Differences are observed between the hyetographs, with the 
most significant ones found at the peak (12 h of rainfall), where the 
values reach 15.7 mm, 17.8 mm, and 25.6 mm for the three return 
periods, respectively.

2.5 Hydrologic analysis and modeling

The type of flood needs to be clarified in order to decide the 
approach in modeling and in flood hazard assessment, respectively. 

The fact that the Pikrodafni river basin is highly urbanized can lead 
to increased surface runoff and exacerbate pluvial flooding during 
storm events. Together with the fluvial flooding, compound pluvial- 
fluvial flooding can lead to more severe impacts and thus needs to be 
simulated, respectively.

The hydrological analysis of the basin needs to be preceded by 
hydrologic modeling. Runoff estimation was performed using the 
open-access software HEC-HMS (Hydrologic Engineering 
Center–Hydrologic Modeling System) (U.S. Army Corps of 
Engineers, Hydrologic Engineering Center, 2018), developed by 
the U.S. Army Corps of Engineers. The software was designed to 
comprehensively simulate hydrological processes in dendritic 
drainage basins. Flow hydrographs derived by rainfall-runoff 
model will be imported to LISFLOOD-FP model, as explained in 
the corresponding section.

Subbasins were delineated according to the hydrographic 
network and major land-cover differences. When a subbasin 
includes a transition from rural to urban land cover, it was 
further subdivided to better represent the land cover changes. 
Land use/land cover parameter is considered as a key factor in 
rainfall-runoff simulation having significant impact on runoff 
(Sajikumar and Remya, 2015). Thus, increased accuracy of the 
hydrologic model should be achieved by designing catchments 
with similar characteristics.

The river basin was divided into 40 subbasins, as presented in 
the following Figure, covering almost 25 km2 area. The geometry of 
the hydrologic basin including the substreams and the subbasins was 
imported in the rainfall-runoff model with the form of a schematic 
diagram (Figure 3).

Regarding the hydrologic analysis procedures, the selected 
methods were based on the application of i) the Soil 
Conservation Service’s Runoff Curve Number and ii) the SCS 
Unit Hydrograph.

i. The SCS-CN (Soil Conservation Service (SCS), 1972) was 
implemented for the estimation of precipitation excess 
(maximum precipitation excess he [mm]) for the separation 

FIGURE 2 
Design hyetographs for Pikrodafni river basin for 50, 100 and 1000-year return period.
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of hydrological losses from the total hyetograph according to 
the following empirical equations.

he � 0 h ≤ 0.2S
h− 0.2S( )

2

h + 0, 8S
h> 0.2S􏼨 􏼩

S � 254
100
CN

− 1􏼒 􏼓

where, S: maximum potential retention [mm]
CN: Curve Number CN.
The hydrologic analysis was conducted for dry (CN I), 

average (CN II) and wet (CN III) antecedent soil moisture 
conditions. The values for the average antecedent soil 
moisture conditions (type II, CN II) were provided in 
polygon format by the Department of Flood and Drought 
Risk Management & Demand Management of the General 
Directorate for Water of the Ministry of Environment and 
Energy. The area - weighted average CN value was estimated 
for each subbasin by running a built-up workflow in Model 
Builder application in GIS. Next, the dry (CN I) and the wet (CN 
III) antecedent soil moisture conditions were also estimated 
regarding the reference values of average antecedent soil 
moisture conditions (CN II) according to the equations below. 

CNI �
0.42CNII

1 − 0.0058CNII

CNIII �
2.3CNII

1 + 0.013CNII

ii. Regarding the Synthetic Unit Hydrograph (SUH) method, SCS 
method (Soil Conservation Service (Soil Conservation Service 
(SCS), 1972) was chosen for transforming the precipitation 
excess into runoff (hydrograph), where lag time (tL) needs to be 
imported. Specifically, the spatiotemporal transformation of 
the contributed precipitation excess into runoff (design flood 
hydrographs) was achieved by implementing the SUI method 
(Koukouvinos, 2014).

For each subbasin, lag time was assessed regarding the time of 
concentration tc. Lag time represents the time between the center of 

mass of the effective rainfall hyetograph and the center of mass of the 
direct runoff hydrograph (time of peak of discharge). 

tL � 0.6tc

where tc: time of concentration of the basin [min]
The time of concentration was estimated by applying two 

empirical equations, Giandotti and Kirpich formulas. The 
Giandotti formula is generally well applied to the Greek territory 
according to Tsakiri (Loukas, 2015), for plain hydrological basins 
with natural deformed riverbed, as established within the 
Presidential Decree 696/1974 of the Hellenic Republic 
(Presidential Decree, 1974). Also, Giandotti formula is considered 
to assess more accurately the time of concentration in large basins 
with high surface runoff and collected runoff water inside the 
watercourse (Region of Thessaly, 2020). Therefore, for the 
aforementioned reasons, Giandotti method was chosen to be 
applied for the upstream rural subbasins of the study area 
(Giandotti, 1934). 

tc �
4
��
A
√
+ 1.5L

0.8
���
Δz
√

where A: area of the basin [km2]
L: length of the main watercourse [km]
Δz: Difference in elevation between the average elevation of the 

basin and the elevation of the outlet [m]
On the other hand, Kirpich formula (Kirpich, 1940) is suggested 

to be applied in small rural river basins covering from 0.003 to 
0.5 km2. Also, together with the fact that the time of concentration is 
overestimated using Giandotti formula, Kirpich method was 
considered as the most suitable for the small urban river basins 
of the study area. 

tc � 0.0667L0.77􏼎S0.385 

where L: length of the main watercourse [km]
S: average slope [m/m]
Apart from the rainfall-runoff model, the SCS method was also 

used in the hydraulic model HEC-RAS to account for hydrologic 
losses from the total hyetograph and to calculate the direct rainfall, 
which was uniformly distributed across the basin area and converted 

FIGURE 3 
(A) Sub-basins of Pikrodafni river basin. (B) Schematic of river basin in HEC-HMS.
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into runoff. A detailed description of this process is provided in the 
corresponding chapter.

In HEC-HMS, the meteorological model was developed for each 
scenario, assigning each subbasin a design hyetograph derived from 
ombrian curves for a 24-h rainfall event corresponding to return 
periods of 50, 100 and 1000 years. All design hyetographs 
(timeseries) were organized and stored using the HEC-DSS 
(Hydrologic Engineering Center - Data Storage System) software. 
Additionally, the average antecedent soil moisture conditions (CN 
II) were chosen as the most representative conditions for 
Pikrodafni’s river basin, thus three scenarios were created 
according to the chosen return periods.

2.6 Hydraulic modeling

For the hydraulic analysis and flood inundation maps, HEC- 
RAS 6.0 (Hydrologic Engineering Center (CEIWR-HEC) River 
Analysis System) (U.S. Army Corps of Engineers, 2020) and 
LISFLOOD-FP (Bates and De Roo, 2000) software were chosen 
to be utilized for modeling of the river basin of Pikrodafni river. The 
accurate but computationally demanding 2D HEC-RAS model was 
prepared and calibrated based on the results of the quasi-2D 
LISFLOOD-FP model, which exhibits significantly lower 
computational costs. Generally, the 2D hydraulic simulation 
provides greater flexibility in modeling diverse hydraulic 
scenarios, including urban and riverine flooding as well as 
hydraulic structure adaptations, making it ideal for various 
applications, alternative solutions, and improved resilience 
planning (Siakara et al., 2024). The main advantage of a 2D 
model is that it allows water to flow in a different direction, and 
the grid creates a denser network for the representation of the 
ground surface (Mattas et al., 2023).

The use of multiple flood simulation models, each employing a 
different mathematical solution approach aims to constrain the 
inherent uncertainties of the flood process and improve the 
reliability of key outputs (such as flow velocity and depth).

The selection of these particular hydraulic models was primarily 
driven by LISFLOOD-FP’s quasi-2D nature, which allows for faster 
simulations. Specifically, running multiple simulations with 
different combinations of hydraulic parameters has proven 
valuable for identifying isolated flood-prone areas that typically 
form outside the main river channel; areas that might not be 
detected when relying on a single parameter combination. 
Examples of hydraulic parameters with high inherent uncertainty 
include local topographic slope (Cook and Merwade, 2009) and 
Manning’s roughness coefficient (Manning, 1891) for both the main 
channel and the floodplain (Pappenberger et al., 2005; Papaioannou 
et al., 2017). These uncertainties may arise due to factors such as 
sediment erosion or deposition. Additionally, uncertainties stem 
from how buildings are represented in the hydraulic model (Bellos 
and Tsakiris, 2015), the resolution of computational grid cells, and 
the temporal step of the numerical solution scheme (Dimitriadis 
et al., 2016).

To conclude, the computationally intensive HEC-RAS 2D, 
which can solve the full 2D Saint-Venant equations (Chow, 
1959) was calibrated based on LISFLOOD-FP results and was 
expected to improve the accuracy of flood inundation simulations.

2.6.1 LISFLOOD-FP

LISFLOOD-FP is a quasi-2d, raster-based model appropriate for 
various flow conditions. Its main advantage is that it allows using a 
high-resolution grid-based topographic terrain, and can process up 
to 106 grid cells, thus, being suitable for implementing probabilistic 
investigations based on Monte Carlo approaches. The main 
limitation is that it considers only rectangular channel cross- 
sections, which makes it more suitable for large basins with wide 
and shallow channels. The diffusive wave scheme was used for lateral 
floodplain inundation, where the 1d channel and floodplain routings 
were linked via a quasi, two-dimensional continuity equation (Bates 
et al., 2013).

The model setup for the Pikrodafni stream and its wider 
surrounding area involved the development of the following 
input files: (a) stream csv containing coordinate data, elevation, 
Manning roughness coefficients, and rectangular channel widths; 
(b) DEM providing elevations for all grid cells expected to be 
affected by flood inundation; (c) corresponding DEM assigning 
Manning roughness coefficients for the same grid cell resolution 
used in the elevation DEM; (d) boundary conditions, specifying the 
hydraulic conditions at the limits of the computational domain 
(typically using a kinematic wave boundary condition); (e) inflow 
hydrographs imposed at the stream channel or over the broader 
floodplain; and (f) control file, listing the names of the 
aforementioned inputs as well as the produced file for storing the 
simulated depth and velocity outputs.

The simulations conducted covered hydraulic conditions 
associated with return periods of 50, 100, and 1000 years; 
computational grid resolutions of 20 m, 10 m, and 5.6 m across 
the extended floodplain; and two channel-modification scenarios, 
one representing excavation (favorable scenario) and the other 
embankment (unfavorable scenario), implemented to ensure a 
negative longitudinal slope along the channel. The latter 
configuration was required for solving the kinematic wave in the 
main channel, as opposed to the dynamic wave, which can be solved 
even under positive slopes but incurs substantially higher 
computational costs. With the kinematic-wave approach, 
computational time was reduced to approximately 3.5 h for a 
5.6 m grid, 1.0 h for a 10 m grid, and 0.5 h for a 20 m grid. 
Conversely, dynamic-wave simulations were rejected due to 
excessive computational demands, exceeding 1 day of processing 
time. For all scenarios, the computational time step was set to the 
automatic mode, allowing it to vary adaptively to satisfy the Courant 
stability criterion. The LISFLOOD model was first calibrated and 
validated using qualitative and semi-quantitative approaches. The 
calibration of key parameters such as Manning’s roughness 
coefficient was based on field observations and the validation of 
the results based on reported past flood events (e.g., from 
questionnaires) at the area of interest.

2.6.2 HEC-RAS

HEC-RAS 6.0 version (Hydrologic Engineering Center’s 
(CEIWR-HEC) River Analysis System) (U.S. Army Corps of 
Engineers, 2020) is an open-source software designed by the US 
Army Corps of Engineers. From all the provided types of 

Frontiers in Built Environment frontiersin.org09

Sigourou et al. 10.3389/fbuil.2026.1768439

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2026.1768439


simulations, HEC-RAS was used to perform two-dimensional 
unsteady flow calculations.

2D rain-on-grid (RoG) methodologies or direct rainfall methods 
can be particularly beneficial for pluvial and compound fluvial and 
pluvial floods (Ennouini et al., 2024), since the rainfall was applied 
spatially and temporarily distributed over the river basin, 
represented as a 2-dimensional domain. The RoG method 
constitutes a novel implementation that spatially distributes 
rainfall over the study area and integrates hydrological loss 
estimation directly into HEC-RAS.

Thus, hyetographs for each return period were imported as 
boundary conditions without pre-subtracting losses, which were 
estimated internally using the SCS Curve Number method to derive 
effective rainfall (precipitation excess). Accordingly, the downstream 
channel slope was specified via the normal-depth condition.

At first, terrain was created using a modified DEM of 2 m spatial 
resolution and following a two-dimensional mesh of varied spatial 
resolution – 2D Flow Area - was produced containing the simulation 
area. Additionally, roads, river banks and streamline were imported as 
Break Lines from shapefiles in order to align the mesh faces along. 
Manning values were inserted into the model as well by associating each 
land cover type with its corresponding Manning value for the study area.

A 2-m spatial resolution Digital Elevation Model from Greek 
Cadastre was used as terrain and was analytically checked and locally 
modified by properly incorporating the river network into the DEM 
in order to enforce the flow. Specifically, the main river network was 
modeled comprehensively, including both open and buried stream 
sections, in order to achieve high simulation accuracy. For the open 
segments of the hydrographic network, the terrain was appropriately 
modified in locations where the riverbed was poorly represented. 
Conversely, buried stream segments were represented as open 
channels rather than as culverts, since explicitly importing a large 
number of culverts into HEC-RAS was impractical due to the 
complexity of the high-resolution computational mesh and the 
need to also incorporate stormwater grates within the model. 
Geometric characteristics of the riverbeds, culverted streams, and 
hydraulic structures (e.g., bridges) were derived from field surveys 
and relevant technical studies. The following Figure illustrates the 
incorporation of two critical buried tributaries into the terrain 
within the downstream confluence area of the river basin (Figure 4).

In addition, two new spatial information layers were created: the 
polygons of land cover (land cover layer) and the polygons of the Curve 

Number (CN II) under average antecedent soil moisture conditions for 
calculating hydrological losses due to infiltration (infiltration layer). 
For each CORINE land cover class, a Manning roughness coefficient 
value corresponded according to the specifications of the Flood Risk 
Management Plans under the Floods Directive 2007/60/EC (European 
Parliament Council of the European Union, 2007). Consequently, the 
land cover classes from Urban Atlas were matched with the 
corresponding CORINE Land Cover classes, so that the Manning 
coefficient value can be assigned subsequently.

There are various methods that simulate the influence of 
buildings on flood inundation (Bellos and Tsakiris, 2015; Beretta 
et al., 2018). In this study, increased roughness coefficient was 
applied in land cover classes corresponding to buildings (11100, 
11200, and 11300), effectively representing their impact on flooding 
at the building block level.

With regard to initial losses, their percentage may vary depending 
on the storm event and the type of catchment (Woodward et al., 2003). 
In this study, the following assumption was adopted: for Curve 
Number values below 77, the initial losses are set at 20%, 
representing agricultural and forest areas, while for values above 77, 
the initial losses are assumed to be 5%, a value commonly applied for 
urban areas, as reported by Liam et al. (Patel, 2009). In the post-fire 
areas (CN > 77), the assumption is that the initial losses are set to 5% 
for safety reasons. The land cover and infiltration layers, together with 
the terrain, were associated with the generated geometry.

The creation of the geometry of the model is essential. The 
basin geometry consists of a two-dimensional mesh, slightly 
expanded beyond the watershed boundary, which serves as the 
computational grid for the hydraulic simulation. The mesh spatial 
resolution varies with areas of interest. A base cell size of 25 m was 
used over most of the domain, whereas higher resolution is 
applied near the channel. The stream centerlines were encoded 
as 2d breaklines, with local refinement around these lines to cell 
sizes of 1–10 m and 3–10 m, in order to better resolve channel 
hydraulics and enhance numerical accuracy. Additionally, a mesh 
refinement region (refinement tool) was defined, encompassing a 
100 m buffer zone on both sides of the channel along its entire 
length, with a target cell size of 5–10 m.

The HEC-RAS 2D model has a new type of numerical scheme 
that permits efficiencies, whereby a relatively coarse numerical grid 
can be used (e.g., 10 m), for which the sub grid topography (2 m) is 
taken into account. This is achieved through precomputing 

FIGURE 4 
(A) Pre-modification DEM representation (B) and Post-modification DEM representation in the downstream area of Pikrodafni river basin.
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hydraulic tables for each coarse numerical grid cell, comprising the 
conveyance across each face as a function of sub grid geometry, and 
then also a table of storage volume in the cell as a function of water 
elevation. This permits the modeling of channels that pass through 
the numerical cells if they are represented in the sub grid topography 
(Hankin et al., 2019).

Numerous trials were performed to stabilize the model geometry 
and determine the optimal spatial resolution, given the large extent 
of the catchment and the model’s capabilities. Therefore, an 
automated procedure was developed to reduce the time of 
creating the model’s geometry, which is transferable and 
applicable to any study areas.

To generate the computational mesh, a novel workflow was 
implemented in which a two-dimensional grid with enforced 
breaklines is precomputed within a database management system 
(DBMS). At each step, cells that violate HEC-RAS geometric 
constraints are analytically identified and flagged. Using this 
theoretically optimal grid as a template, a sequence of automated 
HEC-RAS routines is executed—without manual intervention—in 
an iterative loop until convergence to an error-free mesh suitable for 
simulation. The algorithm is implemented in Python and leverages a 
spatially enabled PostgreSQL/PostGIS database.

The simulation horizon was selected to capture the system 
response at peak flooding—the stage at which flood-hazard maps 
were derived. Accordingly, the total duration was set to the time 
required for the flood wave to reach its peak at the basin outlet, 
augmented by a safety factor. Thus, hydraulic simulations were 
performed for 28 h using a variable time step of 0.1 s. The set of 
equations used for simulations were the two-dimensional 
Saint–Venant equations (Shallow Water Equations, Eulerian 
method SWE-EM). To accommodate the high flow velocities 
expected in the study area, an adaptive time-stepping scheme was 
employed to satisfy the Courant condition; Courant et al. (1967)
parameter values were tuned through trial runs to span the range of 
feasible time steps for stable and accurate solutions. Model output 
intervals were set to 10 min for mapping layers, discharge 
hydrographs, and detailed profiles of water level and flow depth.

Model instabilities were initially observed, attributable to the 
complex topography (e.g., steep slopes, multiple hydraulic 
structures). Stability and efficiency were achieved by iteratively 
adjusting grid resolution, the solution scheme (e.g., dynamic wave), 
the Courant-based adaptive step parameters, and the ancillary time-step 
settings. The final configuration reduced computational cost/time while 
preserving hydraulically consistent results with sufficient accuracy.

To conclude this chapter, the subsequent figure provides a flowchart 
summarizing the proposed methodological framework (Figure 5).

3 Results

3.1 Hydrologic modeling/flow hydrographs

The outcomes of the rainfall-runoff model differ; for this 
application time series of parameters were utilized for each 
feature. Subsequently, a hydrologic simulation was performed, 
generating flow hydrographs for each subbasin and all points 
within the network; as depicted on the graphs below for the river 
basin outlet. For each scenario, flow hydrographs were introduced at 

key locations within each subbasin as deemed necessary during the 
execution of the LISFLOOD-FP hydraulic model. The flow 
hydrographs of each subbasin were extracted and stored in DSS 
format. The graphs depict the time variation of precipitation (design 
hyetographs) and discharge (flow hydrographs) at the catchment 
outlet under average antecedent soil moisture conditions (CN II) for 
50, 100 and 1000-year return period, respectively (Figure 6). Based 
on the extracted flow hydrographs, the peak at the basin outlet was 
observed at 12 h and 10 min, where the greatest differences among 
the three scenarios occurred, with peak discharges of 218, 259.4, and 
421.9 m3/s for 50, 100, and 1000-year return period, respectively. 
The lag between the precipitation peak and the discharge peak was 
mostly attributed to simulated infiltration losses; since channel 
routing was assumed negligible.

3.2 Hydraulic modeling/flood hazard maps

To consider the issue of the inherent uncertainty in LISFLOOD, 
appearing in all water-cycle processes from small to large scales 
(Dimitriadis et al., 2021), a sensitivity analysis was performed to 
determine the error magnitude and range of all involved processes 
variability to flood risk (with the main primary processes to be rainfall 
and streamflow). Considering the low computational burden of the 
LISFLOOD-FP in combination with the capability of using small cell- 
sizes, as compared to the HEC-RAS 2D, where for the same cell-sizes 
the computational burden highly increased, we were able to perform a 
relatively semi-quantitative sensitivity analysis of the high-uncertainty 
parameters, such as the cell size (through the grid resolution), the 
topographic slopes of the channels and floodplain (through the river 
network configuration and condition in LISFLOOD-FP), and the 
rainfall-runoff magnitude (by varying the hydrograph time step), as 
shown in the Tables below. For each parameter combination, the 
computational load and maximum water depth were evaluated (Table 
2), as these are the key indicators of the analytical performance we need 
to optimize for the setup of the HEC-RAS 2D model.

In Table 2, the results of the sensitivity analysis showcased that 
the maximum depth increased by 2 m, from 5.3 m to 7.3 m, when 
reducing the size of the cell. In Table 3, the probability of non- 
exceedance of depth for all flooded cells appeared to differ by 
approximately 10% between the different scenarios for depths of 
0.5 m and 1 m, while for the depth of 2 m this difference decreases to 
5% and for 5 m almost to 0%. Our analysis indicates that uncertainty 
associated with the above input-parameter variability, for all the 
return-periods and tested cell-sizes, varies from 5.7% to 2.7% for the 
2 m depths and 21.2%–11.5%, showing small variation among 
scenarios for flood depths greater than 1 m, while the greatest 
flood-risk uncertainty occurs at depths of 1 m or less. This sensitivity 
analysis allowed the selection of 10 min for the hydrograph time- 
step. Also, a range between 25 m for the larger cell size at the 
floodplain area and 1-10, 3-10, 5–10 m for the smallest one at the 
river area is implemented in HEC-RAS 2D model, so that the 
topographic slopes are also more accurately preserved.

The outputs of LISFLOOD-FP confirmed the occurrence of 
severe flood inundation at the confluence of the Kalogiron stream 
and downstream along the Pikrodafni stream (Figure 1). The results 
also indicate flooding upstream of the Amphitheas and Poseidonos 
Avenue bridges—consistent with the documented 2013 flood event. 
Furthermore, the model highlighted extensive upstream flooding, 
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underscoring the need for the implementation of flood-protection 
measures, as previously reported by the municipal Technical 
Services Directorate and confirmed through field inspections.

The results should be considered as underestimations of the 
actual flood response, since the LISFLOOD-FP model simulated 
fluvial flood, by applying the flow hydrographs in each subbasin. 

FIGURE 5 
Flowchart of the applied methodology (Sargentis et al., 2025c).

FIGURE 6 
Hyetographs and hydrographs at a basin outlet under average antecedent soil moisture conditions (CN II) for 50, 100 and 1000-year return 
period scenarios.

Frontiers in Built Environment frontiersin.org12

Sigourou et al. 10.3389/fbuil.2026.1768439

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2026.1768439


Rather than being used to directly calibrate the HEC-RAS, the 
LISFLOOD-FP was used as a supporting flexible model to assess 
parameter sensitivity and to perform consistency checks. In this 
way, it supported the computationally demanding two- 
dimensional (2D) HEC-RAS model, which applied the rain-on- 
grid methodology enhancing a more detailed representation of the 
flood dynamics.

The geospatial layers of flood inundation and velocity maps were 
produced by HEC-RAS model; thus, it is important to perform 
systematic post-processing in order to ensure the accuracy of the 
results. Geoprocessing operations created in Model Builder 
environment, run allowing the procedure to be repeated multiple 
times with different input datasets. This procedure enhanced the 
efficiency and the consistency of the results. A key step in the post- 
processing phase involved identifying and eliminating false water 
detections, particularly in sparse flooded areas located away from the 
river, which were likely artifacts of the modeling process. This was 
accomplished using an area threshold criterion (<300 m2), ensuring 
that only significant and hydrologically relevant flood extents were 
retained. Conversely, small yet hydrologically meaningful flooded 
areas in close proximity to the river were preserved to maintain the 
accuracy of the flood extent delineation. The final mask generated 
through this process was systematically applied to both depth and 
velocity raster datasets, refining in order to eliminate scattered 

outliers and further smooth the flow locally, ensuring a more 
realistic and hydrodynamically coherent representation of the flood.

The outputs of the hydraulic simulation for each scenario were 
the flood inundation area, along with the spatial variation of flow 
depth and flow velocity for each time step. Maximum flow depth was 
extracted to derive flood hazard maps, where the maximum value at 
each cell needed to be estimated. The flood hazard maps for the 
examined scenarios, considering a 24-h rainfall duration, average 
antecedent soil moisture conditions (CN II), and 50, 100, and 
1000 years return periods are presented below (Figure 7). Water 
levels were classified into five categories, as shown in the legend, and 
are represented with a gradation of blue shades from lower to higher 
hazard level in correspondence.

The 1000-year return period scenario has significant differences 
compared with the 50 and 100-year return period scenarios, since it 
constitutes the worst-case scenario. Specifically, the hydrodynamic 
simulations show that from the confluence of the Kalogiron stream 
with the Pikrodafni river and downstream (Figure 1), extensive flood 
phenomena occur. Mostly all the confluence of streams are 
overflowed locally even for the more frequent scenarios of 
50 and 100-year return period.

The bridges at Amfitheas Street and Poseidonos Avenue fail 
even on the 50-year scenario, as occurred during the 2013 flood, with 
water inundating adjacent roads and residential areas.

TABLE 2 Flood inundation simulation scenarios using the LISFLOOD-FP hydraulic model.

Return 
period 
(years)

Grid 
size (m)

Flood hydrograph 
time step (min)

Channel 
configuration

Channel 
condition

Computational 
load (h)

Maximum 
water depth (m)

1000 20 10 Adverse Adverse 0.5 5.3

1000 10 10 Adverse Adverse 1.0 6.3

1000 5.6 10 Adverse Adverse 2.0 6.8

50 5.6 10 Adverse Adverse 2.0 6.8

100 5.6 10 Adverse Adverse 2.0 6.8

1000 5.6 60 Adverse Adverse 3.5 7.3

1000 5.6 60 Favourable Favourable 3.5 5.7

TABLE 3 Exceedance probabilities of different flood depths for each flood inundation simulation scenario using the LISFLOOD-FP hydraulic model.

Return 
period 
(years)

Grid 
size 
(m)

Flood 
hydrograph 
time step (min)

Non-exceedance 
probability 
0.5 m (%)

Non- 
exceedance 
probability 
1 m (%)

Non- 
exceedance 
probability 
2 m (%)

Non- 
exceedance 
probability 
5 m (%)

1000 20 10 78.1 78.8 94.3 99.9

1000 10 10 80.7 81.6 95.6 99.8

1000 5.6 10 84.2 86.9 96.0 99.9

50 5.6 10 85.1 87.6 96.5 99.9

100 5.6 10 84.4 87.2 96.2 99.9

1000 5.6 60 84.3 86.0 96.7 99.9

1000 5.6 60 86.8 88.5 97.3 100.0
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Furthermore, it is observed that the areas discharging 
stormwater into the main stream through the stormwater 
drainage network also experience severe flooding, since they were 
designed to convey a 50-year flood. The results highlight that 
overflow is usually observed where there are hydro 
morphological alterations in the riverbeds, such as buried 
streams and sediment loads/trees that reduce the wetted cross 
section. An additional problem identified in the stormwater 
drainage pipes located at the upstream area, is the absence of 
inlet structures resulting in inadequate drainage of flows 
originating from the natural catchment. This problematic area 
was initially reported by the Technical Services Directorate of the 
relevant Municipality and verified through on-site inspections.

Thus, according to the flood risk, critical points were 
classified into three classes based on the priority level for 
taking measures. For the Pikrodafni river basin, 219 critical 

points were identified in 2022, while 79 points were classified as 
first priority and 50 and 90 were second and third priority 
critical points, respectively. Especially, for the first priority, 
the critical points were further classified according to their 
type, such as Buildings inside flood extent, Infrastructure 
inside flood extent and Residences with basements, as 
presented in the following map (Figure 8).

Generally, it is observed that many high-risk points were 
identified in residential areas, road networks and other critical 
infrastructure, such as schools and sports courts located in 
unstable riverbanks. The majority of first-priority critical points 
were identified as buildings and infrastructure located within the 
flood extent, with several positioned directly in the riverbed or on 
the stream banks. It was also observed that many areas exhibited 
illegal waste dumping and sediment deposits obstructing bridges 
and culverts, necessitating urgent clearance.

FIGURE 7 
Flood Hazard maps of Pikrodafni river basin for 50 (A), 100 (B) and 1000 (C) years return period scenarios.
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The delivery of critical points to the relevant authorities was 
crucial, since they constitute a recorded dataset depicting the current 
situation, which as was proposed, can be updated with the latest 
interventions, such as riverbed cleaning.

Also, for each critical point, a detailed technical report was 
delivered, including the basic characteristics/attributes based on the 
type of the critical point, with selected examples shown in the 
following Figure (Figure 9).

Pre-existing, collected and produced data were properly 
organized and stored on a user-friendly web platform, 
becoming available to all Prefecture’s and Municipalities’ 

services. The multi-risk GIS platform compiles ancillary 
datasets and outputs from flood, earthquake, and wildfire risk 
assessments, together with the corresponding technical reports, 
for the study areas in Attica.

4 Discussion

Flood assessment studies have also been conducted in the past, 
in the framework of Flood risk management plans of Directive 2007/ 
60/EC analyzing different scenarios covering the Greek territory. 

FIGURE 8 
Flood Risk Map of Pikrodafni river basin including first priority critical points.

FIGURE 9 
Technical reports for indicative critical points along the Pikrodafni river basin.
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However, the outputs are not directly comparable due to 
methodological heterogeneity—differences in assumptions, input 
datasets, and spatial resolution—together with differing 
uncertainties (Dimitriadis et al., 2017).

Regarding the use of legacy spatial data, our attempt to integrate 
materials from older studies underscored three challenges: (i) the 
need for strong institutional communication with the responsible 
relevant authorities for the delivery of past studies; (ii) the necessity 
for a cross-methodological workflow that bridges desktop analysis 
and fieldwork to verify the accuracy of reported spatial and ancillary 
data; and (iii) the availability (or lack thereof) of GIS/CAD-editable 
formats in historical deliverables and its implications for 
requirements of data pre-processing. Accordingly, practical 
priorities for future work include readiness to combine diverse 
software tools and methods to consolidate legacy datasets into a 
single editable repository, proactive engagement with data- 
producing entities to obtain original editable files, and systematic 
validation via field campaigns and cross-study checks. These 
methodological insights are considered important because they 
can be generalized to other data-rich regions where historical 
information should be integrated into contemporary geospatial 
analyses for flood risk and related environmental assessments 
(Moraiti et al., 2024; Sargentis et al., 2024).

Field surveys were identified in this work as essential 
complements to flood-mitigation studies, providing ground-truth 
on site conditions, verifying compliance with design specifications, 
and capturing dynamic factors that affect infrastructure 
performance. On-site inspections reveal issues not evident 
remotely—by documenting as-built conditions—collecting useful 
information about infrastructure that might be missing from prior 
studies (such as the dimensions for accurate modeling) and 
identifying critical points across the river basin (Sargentis et al., 
2025a; Sargentis et al., 2025b; Sargentis et al., 2025c). Also, field 
surveys enable quality control against flood-safety requirements and 
incorporate community knowledge, through communication with 
the public on-site.

Meanwhile, for the estimation of the rainfall intensity-duration- 
frequency (IDF) curve, an up-to-date, revised methodology for the 
study of IDF curves is developed and published, based on which the 
parameter values have been updated and spatially generalized across 
the entire Greek territory (Iliopoulou et al., 2024; Koutsoyiannis et al., 
2024). This methodology provides the design rainfall parameters at 
5 km × 5 km grid covering the entire Greek territory without the need 
to perform at-site estimations and sophisticated spatial 
interpolations, apart from a weighted parameter averaging over 
the study region (Koutsoyiannis et al., 2023). Therefore, new 
studies for the region are expected to benefit from a readily- 
available design rainfall parameterization for the study area.

More specifically, the regionalization of the parameters of the 
rainfall curves in the Greek Territory was based on the point 
estimates at the Water Division level that are obtained in the 
context of the contracts assigned for the first Revision of the Flood 
Risk Management Plans in application of the 2007 Directive/60/ 
EC (European Parliament Council of the European Union, 2007). 
The regionalization aims to achieve a reliable model of rainfall 
curves with spatially varying parameters, with the finest possible 
spatial resolution, extending over the entire country. For this 
purpose, spatial interpolation methods with smoothing are 

utilized as well as newer, more reliable methodologies for 
spatial parameter estimation.

Also, the novelty of our study lies in the fact that the RoG 
approach was used since it is suitable for simulating compound 
pluvial-fluvial flooding, as observed in Pikrodafni river basin.

Regarding the use of different hydrodynamic models, Hankin 
et al. concluded that the growing versatility of various 2D 
hydrodynamic software packages played a crucial role in enabling 
the direct incorporation of lateral inflows and hydraulic structures 
into a 2D mesh, as well as allowing for flexible mesh creation around 
critical floodplain features such as embankments (Hankin et al., 
2019). This was taken into consideration for the selection of these 
specific 2D hydraulic models, and was confirmed by the model 
results from our study.

Also, Mattas et al. performed sensitivity analysis for the model 
mesh size in the downstream area of Papadia dam, determining that 
the application of the densest 2D mesh increases the reliability of the 
model’s results (Mattas et al., 2023), given the spatial resolution of 
the DEM. Another study also concluded that the increase of DEM 
spatial resolution leads to higher model accuracy, as indicated by the 
estimated accuracy indices (Pathan et al., 2022). However, the 
densest the mesh is, the more complex and time consuming the 
computations are (Pathan et al., 2022). Therefore, AI Pathan et al. 
recommend identifying a threshold for the DEM’s spatial resolution 
to balance model accuracy with computational efficiency. 
Alexopoulos et al. also indicate the impact of DEM resolution on 
RoG model performance concluding that high-resolution DEMs 
(<1 m) are required for reliable RoG simulations (Alexopoulos et al., 
2024). All the above analyses were considered during the mesh 
creation of our models, as a similar approach was adopted, taking 
into account the significance of each area within the computational 
mesh. To improve inundation modeling, particularly in areas with 
significant slope heterogeneity or special use, a terrain mosaic that 
integrates DTMs at multiple spatial resolutions is recommended. 
Zhou et al. achieved strong results using a drone-derived DTM 
within 2-D flood modeling of a mountainous urban basin in China 
(Zhou et al., 2025).

Model parameters should be calibrated using historical flood events 
within the area of interest in order to optimize the model and achieve 
high accuracy. The calibration strategy depends on the available 
ground-truth data type—e.g., stage or discharge from hydrometric/ 
meteorological stations, in-situ water-depth measurements, or 
inundation extents derived from satellite or UAV (drone)/LiDAR 
imagery. In data-scarce or ungauged catchments where floods are 
detected remotely, integrating remote-sensing products with hydraulic/ 
hydrologic modeling is an effective approach to estimate both the 
spatial extent and temporal evolution of events (Psomiadis et al., 2020; 
Konis et al., 2025). Consequently, simulating past floods enables robust 
model calibration, improving accuracy for flood-hazard assessments 
under alternative scenarios (Tansar et al., 2020) and for operational 
forecasting (Tran et al., 2020). In the Pikrodafni River basin, the most 
recent severe event in 2013 lacks sufficient observations for direct 
calibration. Thus, the availability of detailed data for calibration at 
different points of 2D models is a crucial factor for reliable model 
estimates (Merwade et al., 2008). Establishing a calibration framework 
anchored in available observations is considered fundamental for 
strengthening the overall methodology. Therefore, in terms of 
management plan it is proposed that future event-based models be 
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calibrated using the presented synthetic scenarios, herein, given their 
enhanced level of detail.

The recorded past 20 years - historic emergency calls related to 
flood events and were utilized to analyze and understand the 
dynamics of the flooding phenomenon in the study area. The data 
were collected mostly from the recorded Fire Brigade calls and other 
sources, such as media and technical studies (Tsergas, 2021). It was 
observed that except for the expected flooded areas, additional 
affected zones were identified, which were not represented in our 
results. This approach was implemented in the Vega Baja region in 
Spain for the September 2019 flood event (Ortiz et al., 2024), where 
the findings of this research highlight the critical role of incorporating 
emergency call data into flood management frameworks to strengthen 
preparedness, improve response, and build resilience in flood-prone 
areas. Additionally, this analysis could be further extended in order to 
improve the flood risk maps and achieve a more accurate mapping. 
Model calibration is essential for reliable flood simulation and 
hazard mapping.

In the framework of integrating modeling with uncertainty 
analysis and accuracy, Merwade et al. outlined the need for 
Probabilistic Flood Inundation Mapping, represented as 
surrounding zones outside the flood inundation, depending on 
the uncertainty of model parameters (Merwade et al., 2008). 
Applying probabilistic tools in flood inundation assessment and 
mapping is suggested as a good practice, since the representation of 
the results could be more understandable for stakeholders and 
improve the deterministic model framework, which additionally 
constrains the intrinsic limitations of the hydraulic models (Horritt 
and Bates, 2002; Neal et al., 2012; Dimitriadis et al., 2016).

Also, incorporating machine learning to physical models is 
widely used for flood prediction and involves the numerical 
simulations. However, there are many factors that need 
enhancements; indicating some representative examples below. 
High-resolution flood-probability maps are vital for risk 
assessment, yet their development is often constrained by limited 
historical data (Huang et al., 2025). The lack of historical flood event 
data which are utilized as training datasets, leads to the production of 
synthetic flood events providing flood depth data. Moreover, 
generating the simulated data required for probabilistic flood 
maps with physics-based models is computationally intensive and 
time-consuming, limiting practical feasibility (Huang et al., 2025). 
Huang et al. introduced the Precipitation-Flood Depth Generative 
Pipeline, a generative-ML–driven methodology that produces 
synthetic inundation data at a large scale and yields probabilistic 
flood maps through estimator methods. Another issue is that 
although machine-learning approaches to flood forecasting have 
advanced markedly, recent events reveal hydrologic responses that 
diverge from historical development trends (Qureshi et al., 2025). 
The failure to predict an extreme flood highlights the constraints of 
models trained primarily on past records, which struggle with out-of- 
distribution extremes. Strengthening robustness therefore requires 
richer datasets and novel methodological strategies. Next-Gen Group 
Method of Data Handling (Next-Gen GMDH), an innovative ML 
model was proposed using HEC-RAS simulations, for the creation of 
the synthetic training dataset of discharges, covering a wide range of 
potential flood events with up to 10,000 years return periods.

This study demonstrates that, while the individual hydrological 
and hydraulic models employed are well established, their integrated 

application within a unified, high-resolution framework constitutes 
a meaningful methodological advancement for urban flood-hazard 
assessment. The proposed workflow systematically combines design 
rainfall estimation, rainfall–runoff modeling, quasi-2D hydraulic 
simulations, and fully 2D rain-on-grid modeling, enabling the 
explicit representation of compound pluvial–fluvial flooding, 
which is a dominant but often insufficiently addressed process in 
densely urbanized basins.

A key contribution of the methodology lies in the terrain-based 
representation of both open and buried stream segments, derived from 
detailed field surveys and technical studies and incorporated directly into 
the DEM. This approach allows realistic enforcement of flow paths while 
preserving high spatial resolution, overcoming practical limitations 
associated with explicit culvert parameterization in large, complex 
urban models. In addition, the adoption of a dual-model strategy, 
whereby LISFLOOD-FP is used to explore parameter sensitivity and 
guide the configuration of the computationally demanding HEC-RAS 
2D model, improves robustness and computational efficiency while 
enhancing confidence in model setup choices.

Further methodological advancement is provided through the 
development of an automated, database-driven mesh-generation and 
quality-control workflow, which reduces manual intervention, ensures 
geometric consistency, and enhances the transferability of the approach 
to other urban river basins. Beyond hazard mapping, the framework 
directly links modeling outputs to the identification and prioritization 
of critical flood-risk points at building-block scale, supporting risk- 
informed decision-making and operational flood management.

The methodology has also demonstrated its transferability and 
adaptability, through its successful application in different river 
basins, such as Garyllis river basin in Cyprus (Kountouri et al., 
2024), where the same methodological workflow was implemented 
using the equivalent datasets derived from local or open access 
sources. Therefore, the methodology is transferable in terms of 
workflow and analytical steps, assuming the availability of 
equivalent national, European, or open-access datasets.

Overall, the presented methodology moves beyond a site- 
specific application by offering a holistic, reproducible, and 
transferable framework for high-resolution urban flood-hazard 
assessment. Future work should focus on extending the 
framework toward probabilistic flood inundation mapping and 
further uncertainty quantification, thereby strengthening its 
applicability for strategic planning and resilience-building in 
data-rich but complex urban environments.

5 Conclusion

The results of our study in the Pikrofafni river basin showcase 
several factors that exacerbate flooding, considering the impact of its 
characteristics to the flow. Urban areas covering more than 50% of the 
river basin, together with the burnt areas and the lack of green spaces, 
increase the surface runoff significantly, since the hydrological losses 
due to infiltration are low. The majority of the substreams are buried, 
but the water eventually follows the topographic slopes causing damage 
to the river network and the adjacent areas where the old riverbed used 
to be, as indicated by the results of the hydraulic simulations. Also, the 
contribution of the urban drainage network is relatively minor, 
especially in low frequency flood scenarios, even if the buried 
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streams were simulated as open channels. Generally, it is concluded 
that the hydromorphological alterations of the riverbed and riverbanks 
may cause flooding instead of food protection, as verified by (Stefanidis 
et al., 2020), and thus nature-based solutions need to be proposed.

Potential blockages on culverts/bridges and absence of inlet 
structures on the upstream technical works complicate the flow 
and cause local overflow, as have been identified in past events. 
Therefore, such locations were recorded as high priority critical 
points. The authorities responsible for such infrastructure were thus 
directed to take periodic actions for riverbed monitoring and 
cleaning, periodically. Additionally, the majority of high-risk 
areas identified in this research, were related to buildings that 
were constructed either on or very close to stream beds. 
Moreover, infrastructure such as sports courts, protective walls, 
perimeter fences for schools and properties were also identified on 
the stream’s banks, highlighting the damages mostly due to erosion 
and requiring emergent intervention.

The outputs of each methodological stage were confirmed, 
evaluated and finalized based on stakeholders’ feedback. It is the 
first time that such a holistic approach for flood risk assessment was 
implemented on a building block level in Greece. Also, the 
development of a web platform provided added value for support 
of operational response during crisis, preparedness planning, and 
strategic decision-making.

The prototype knowledge created through the project supports 
the Prefecture of Attica in the optimum implementation of the 
National Civil Protection Plan and the work of Civil Protection 
Coordination Bodies. Strategic design should be considered as an 
organized and planned response to the flood risk, with specific 
actions (prioritized works and measures), according to the 
responsibilities of each competent authority.
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