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ABSTRACT   
In recent years, there has been a noticeable escalation in both the frequency and severity of flood events around the globe, a situation exacerbated by climate change and human activities. This increasing trend is strongly connected with substantial risks to human lives, property, and cultural heritage, establishing floods among the most catastrophic natural disasters worldwide. This study is motivated by  the necessity for effective flood management strategies to mitigate the growing risks. It focuses on assessing the spatial extent of flood events within Garyllis river basin in Cyprus, an area known to be highly susceptible to extreme weather events, being subjected to land use and land cover changes, and economic development. By adopting a comprehensive approach that combines modeling tools and techniques, such as  remote sensing, Geographic Information Systems (GIS) and hydraulic modeling, together with multiple types of datasets and  field observations, this research assesses flood hazards and projects their potential effects on the basin's residential, agricultural, and village areas. This study utilizes the open-source HEC-RAS software to simulate the spatio-temporal evolution of surface water depths during a hypothetical 24-hour flood event with a 1,000-year recurrence interval, revealing the presence of high-risk regions located at the southern part of the catchment area close to the urban area. The results provide insights for policymakers and urban planners to design effective flood mitigation strategies, aiming to lessen the adverse effects of floods on communities and economic activities. 
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INTRODUCTION  
Floods represent one of the most severe natural disasters, induced by a combination of climatic and anthropogenic factors, for example heavy precipitation, urban expansion, deforestation, and insufficient drainage infrastructure [1], having negative impact on people's health, cultural and socioeconomic development [2]. Recent studies indicate the presence of an increasing trend in the intensity and frequency of floods which are closely related to rapid changes in climate and land use [3],  urging the European authorities to establish a generic framework for the assessment and management of flood risks, known as the Floods Directive 2007/60/EC, focusing on developing effective strategies for mitigating damages, identifying the areas most vulnerable to flooding, and designing optimal emergency plans and infrastructure [4]. Given the intricate nature of this phenomenon, it is necessary to use datasets from multiple sources, including the numerical solutions of physical models that are used for simulating hydrological processes, in-situ measurements that involve direct data collection from ground-based sensors and monitoring stations, as well as data collected during field visits, and earth observation systems, which provide high-resolution satellite imagery and remote sensing data [5] [6]. This integration can provide a holistic assessment of the spatio-temporal evolution of flood risk, enabling the design of improved flood mitigation policies in terms of preparedness, response, and forecast [6]. The combination of physical models and Geographical Information Systems (GIS) allows the quantification of  the impact of several anthropogenic causes, such as 
land-use changes, urbanisation, wildfires and deforestation in general, and meteorological aspects, such as temperature, precipitation, and storm patterns, and clarifying the relationship between these factors and the flood risk metrics.  In addition,this approach makes it possible to estimate possible damage levels, with respect to properties, infrastructure, and human life. Governmental authorities and policymakers may compile and implement well-informed decisions, targeted at reducing flood risks and boosting community resilience based on the finding of these studies[7], [8]. HEC-RAS (Hydrologic Engineering Center's River Analysis System), is a software that is frequently used to conduct hydraulic modeling and river system analysis in this context [9]. It solves the flow transport equations to provide estimations of water surface profiles under unsteady (changing flow rate) and steady (constant flow rate) conditions. In addition, the software has the ability to take into account the impact that of physical barriers, such as elevated structures, weirs, bridges, and culverts allowing more realistic and precise modeling of river systems and flood scenarios [10]. Numerous studies exist that describe  how HEC-RAS can be incorporated in various GIS software programs, for example ArcGIS and the HECGeoRAS extension.  Khalil and Khan [11] estimated the maximum flow rate and the time delay between the water entrance and outlet while analyzing HEC-RAS, ArcGIS, and HEC-GeoRAS extension to ascertain the depth of feeding zones and identify regions of flooded areas around the river Indus in Pakistan. 
. In a similar work, Khattak et al. [12] evaluated flood occurrences in the Medjerda Basin of North Africa in 2015 using HEC-GeoRAS under various return periods. Their results assisted the national authorities to assess the possibility and impact of floods, which allowed them to create effective mitigation policies. The amalgamation of these instruments enabled an in-depth evaluation of flood hazards and bolstered the creation of preventive strategies to protect the most vulnerable areas. Moreover, Salajegheh et al. [13] mapped the floodplain in the Polasjan River Basin, which is situated in the central plateau of Iran, by combining HEC-RAS and ArcGIS. The authors usedof ArcView GIS to automatically analyze the HEC-RAS findings, enabling regular updates to floodplain maps in response to shifting hydrologic and hydraulic conditions. This technique enhances flood preparedness and response operations by improving the speed and quality of floodplain delineation and ensuring that maps reflect the most recent information and circumstances. Islam et al. [14] also combined ArcGIS and HEC-RAS to assess the flood hazards in Bangladesh's Teesta River basin,  being able to compile spatial maps of the flood susceptibility levels. Their findings were used by the local officials crucial information that helped them create focused evacuation and flood prevention preparations. Furthermore, Rahmati et al. [15] modeled flood scenarios in the Iranian Dez River Basin by integrating HEC-RAS with ArcGIS. They identified flood hazard zones and examined flood , providing insights on how floodwaters evolve under extreme situations, such as severe weather conditions and dam failures. The resulting flood hazard maps played a crucial role in shaping emergency response plans and infrastructure development strategies, guaranteeing that the most vulnerable areas were prioritized by the authorities during the compilation of  preventive measures. The National Observatory of Athens conducted a similar study following the floods in the region of Attica, Greece. This research utilized an integrated methodology for flood risk assessment, which included remote sensing, geo-spatial data, in-situ observations, and hydrologic and hydraulic simulations.  This study aims to identify the areas most prone to flood events within the Garyllis River basin by utilizing HECRAS, for simulating the spatio-temporal patterns of the water surface during a 24-hour event with a 1000-year return period. 
STUDY AREA AND DATA 
 
The catchment area of the Garyllis River covers around 103,50 square kilometers in the southern and southwestern regions of Cyprus. It consists of a hydrographic network totaling approximately 9.68 kilometers in length (Figure 1). According to Copernicus Land-Monitoring Service [Urban Atlas Land Cover/Land Use 2018, Europe, Copernicus Land Monitoring Service [16]], Its northern region is classified as semi-mountainous to hilly, whereas the southern portion of the catchment is primarily characterized by a continuous urban fabric along with a variety of industrial, commercial, public, military, and private units. At the same time, the northern part of the basin is primarily composed of arable land, herbaceous vegetation associations, and forests, according to  
 
According to the national authorities, Garyllis River is highly vulnerable to flash floods and urban flooding; a residential area without designated protection zones is traversed by the Garyllis River around 1300 meters downstream of the Polemidia Dam. Historical records of flood events going back to 1880 reveal a great deal of damage and casualties within this area. For instance, the Garyllis River overflowed in November 1880 and 1894 due to excessive rainfall, resulting in significant damage. In the 1894 incident, there were casualties and structural failures in over a hundred dwellings, including St. Anthony's Church and an adjacent mosque. Two hundred fifty animals drowned and over 	20 	human 	deaths—including paediatric deaths—were reported. The combined effects of severe precipitation and overflow of the Polemidia Dam led to significant structural damages in the center of the Limassol urban region during the recent floods at the beginning of 2019 and 2020. Through the years, the authorities conducted a series of activities to reduce the occurrence of these events, such as the construction of Polemidia dam with capacity of around 3.4 million cubic meters and the redirection of the riverbed. Except situations when the dam overflows, the construction of the 	Polemidia 	Dam, combined with the river's diversion, enabled the significant reduction of flood damages. 	Nevertheless 	there 	are 	no designated protection zones and land use changes (e.g., the establishment of public units such as parks and playgrounds). Figure 
1
:
 Land use and land cover map of the Garyllis River Basin, displaying 
the river network in blue
 

 Table 1 shows details of the multiple datasets which have been collected by several sources. Discharge and water level data are obtained from the Water Development Department of Cyprus, whereas precipitation data are provided by the Meteorological Department of Cyprus. The Intensity-Duration-Frequency (IDF) curve at the river basin's most upstream meteorological station, located close to 
Kalo Horio village, is used to construct the hyetograph for a 24-hour period of rainfall. A 5-meter spatial resolution Digital Elevation Model (DEM) is provided by the Department of Lands and Surveys Cyprus to calculate terrain features like slope, flow accumulation, flow direction, and river basin boundaries. 
Land cover data of the study area are extracted from Urban Atlas Land Cover/Land Use  for 2018, [16], enriched with the burnt areas for the wildfire events in September of 2022 and in August of 2023 derived by European Forest Fire Information System (EFFIS)[17]. The regional distribution of the runoff Curve Number  (CN)  is utilised as well to determine the hydrological losses and the precipitation excess. These datasets, together with the hydrographic network of the river basin, are used as inputs for the development of a two-dimensional hydraulic model. Additional information has been also collected from the Cypriot Statistical Service to quantify the vulnerability of the exposed elements, such as humans and buildings, to flood events. 
 
 
 
 
 
Table 1 Information and data collected about the Garyllis river basin 
 
	Data 
	Information 
	Resources 

	Digital Elevation Model (DEM) 
	5-m resolution 
	Department of Lands and Surveys Cyprus DLS Portal (moi.gov.cy) 

	Road Network 
	2016 
	Department of Lands and Surveys Cyprus DLS Portal (moi.gov.cy) 

	Rainfall timeseries 
	2011-2023 
	Meteorological Department of Cyprus 
Home Page | Department of Meteorology (moa.gov.cy) 

	 
Intensity-Duration-Frequency 
(IDF) curve 
 
	Kalo-horio station 
 
	Meteorological Department of Cyprus 
Home Page | Department of Meteorology (moa.gov.cy) 

	Discharge and water level timeseries 
	1980-2023 
	Water Development Department of Cyprus Water Development Department | Home Page (moa.gov.cy) 

	Hydrographic network 
	- 
	Water Development Department of Cyprus Water Development Department | Home Page (moa.gov.cy) 

	Land Use/ Land Cover 
	2018 
	Copernicus Land Monitoring Service (CLMS), 
Urban Atlas Land Cover/Land Use 2018 (vector), Europe, 6-yearly — Copernicus Land Monitoring Service 

	Population statistics 
	2011 
	Statistical Service 
 (cystat.gov.cy) 

	Runoff Curve Number (CN) 
	2009 
	Water Development Department of Cyprus 
Water Development Department | Home Page (moa.gov.cy) 
 


METHODOLOGY 
 
This study implements a two-dimensional (2D) simulation of unsteady flow using HECRAS 6.4.1 to estimate the depths of surface water and identify the submerged areas during a 24-hour rainfall event that has a 1000-year return period, which is the most severe scenario requested by the EU Floods Directive. Figure 2 shows an overview of the research methodology which is adopted to generate the flood risk and vulnerability maps. The hydrographic network is embedded as 2D breaklines into the hydraulic model, whereas the topographical attributes are derived by the  DEM. By directing water circulation along linear features like high ground, these breaklines ensure robust solution of water flow equations at each cell of the 2D grid. ArcGIS is used to generate the model geometry, whereas HEC-RAS is used to discretize the grid. The best spatial resolution for the 2D mesh and breaklines is chosen based on the desired accuracy of the final result and often depends on the size of the basin.. Flood hazard assessment in the study area utilizes the spatially distributed rainfall method, known as rain-on-grid. The hyetograph, derived from the IDF curve of a nearby meteorological station via the alternative block method for a 24-hour rainfall duration, is used as input into HEC-RAS model. CN  polygons representing medium antecedent soil moisture conditions are employed to estimate rainfall excess using the  SCS method, also known as the Runoff Curve Number (CN) method, with abstraction ratios corresponding to each CN class. Additionally, Manning’s roughness coefficients, which are crucial for calculating energy friction losses of surface flow, are assigned based on land cover polygons and used as input to the physical model. 
 The results of the hydraulic simulations are subsequently used to develop a spatial representation of flood hazards in ArcGIS. For that purpose, flood hazard levels are classified into five categories based on depth: very low (depths less than 1 m), low (1–2 m), moderate (2-3 m), high (3-5 m), and very high (greater than 5 m). This classification provides a detailed and nuanced understanding of flood risks in the study area [17]. 
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Figure 2: Overview of the current methodology 
 
Regarding flood vulnerability,  the national authorities have supplied further data to determine the density of the human population that is directly impacted by flood events. Particularly, the vulnerability levels are represented by the density of the human population,  estimated by dividing the total number of people living along each main road in the research region by the whole length of the road. 
 
PRELIMINARY RESULTS 
Figures 3 and 4 show preliminary findings for the flood hazard assessment for a 24-hour rainfall duration and a 1000year return  period scenario, and for the vulnerability, respectively for the study area. The results show that high flood depths are present in the southern and southwestern regions of the , being subjected to high flood risks. The spatial variation of the water profiles  shows the presence of high depth levels at distances up to500 meters away from the hydrological network, hence affecting a larger area This finding highlights the need to include the peripheral areas as part of the flood risk management programs. As expected, the findings suggest that the southern portion of the basin is the most vulnerable to flood risk,  vulnerable as they are close to large cities and highways, mainly due to the presence of both high water depths and human population, enhanced by the low permeability of the ground surface.. Furthermore, the southern portion of the basin exhibits a greater vulnerability to flood dangers due to its residential districts, business zones, and vital transit links.   
[image: ]	 	[image: ]	 
	(a) 	(b) 
Figure 3: (a)Flood Hazard Map of Garyllis river basin for 24-h rainfall duration and 1000-year return period scenario. (b) Vulnerability Map of Garyllis river basin. 
CONCLUSION 
 This study provides initial results for the flood vulnerability and hazard assessment of the Garyllis river basin under the extreme scenario of a 1000-year return period rainfall. The HEC-RAS hydraulic model was used to conduct twodimensional simulations, whereas ArcGIS procedures were employed to edit the associated data and examine the model's simulated output. The initial findings suggest that a flood event with a 1000-year return period would significantly impact a large section of the urban area, characterized by high population densities. As expected, the flood hazard assessment indicates the presence of extremely high hazard classes, especially in the areas surrounding the river, which is located in the middle and southern regions of the catchment area. These results underscore the importance of effective flood management and the implementation of mitigation measures to safeguard these highly vulnerable areas. The study utilized IDF curves from 2009. It is recommended to develop more recent IDF curves to better reflect the current situation. Updating these curves would enhance the accuracy of risk assessments and the reliability of flood forecasts. The vulnerability map shows that the most susceptible locations are in the predominantly urbanized southern portion of the basin, as expected. The high population density and critical infrastructure in this area increase its vulnerability. The southern sector, due to its urban units, is especially prone to significant disruptions and damage related to major flooding. To provide a current and accurate assessment of the study area, it is imperative to update the vulnerability assessment with more recent demographic data. Including the latest demographic data in flood risk management decisions will offer a more accurate picture of the current threats. In summary, this study emphasizes the critical importance of having up-to-date data and models to improve evaluations of flood risk and vulnerability. Future research can provide more precise and reliable estimates by incorporating more recent IDF curves and demographic data, ultimately contributing to the development of more effective flood mitigation plans for the Garyllis river basin. 
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