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Abstract

:

Nowadays, as extreme weather increasingly threatens human health and economy, early warning system approaches are critical for timely preparedness and response. Towards the implementation of a multi-model forecasting system for flood hazards, this study presents a coupled application of three (3) models: The WRF-ARW weather model, the WRF-Hydro hydrological model, and the HEC-RAS 2D hydraulic model. A flash flood event that occurred on 9 October 2006 in Volos city, Greece, is used as a case study to assess the accuracy of the integrated modelling approach to simulate the flood hydrograph and flood extent in Xerias ungauged catchment. The hydrometeorological simulation results indicated a severe persistent storm over Pelion mountain at the northeast of Volos, as the main factor of the major flash flood and extensive impacts. Historical flood records retrieved by several conventional and non-conventional sources are used to validate the flooded area. Compared to the collected data and prior studies, the generated inundation map of Xerias river is found to realistically capture highly impacted areas which experienced infrastructure damage and human rescues from inundated roads and buildings. Results from our analyses show that the proposed physically-based modelling approach can give reliable inputs into flood risk management.
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1. Introduction


Last century, extreme hydrometeorological hazards were considered to be one of the most critical natural hazards that caused substantial damages to natural and man-made environments. Based on the EM-DAT database, during the period 1900–2019, Europe experienced 1121 extreme hydrometeorological events that caused 13,019 deaths, affected about 25,657,172 people, and cost $250 billion [1]. At a global scale, floods are one of the most devastating hydrometeorological disasters, responsible for a high percentage of mortality and other social, economic, and environmental damages, including infrastructure damages, property loss, displacement, crop destruction, sediment and nutrient transport, habitat loss, etc. [2]. A number of studies have indicated that the intensity and the number of extreme flood events have increased during the last decades. There is, also, a strong correlation between this trend and the increase of human activities, such as changes in land-use patterns and expansion of economic activities [3].



Sustainable flood risk management strategies and flood mitigation measurements have received much attention over the last two decades due to the increasing intensity, frequency, and magnitude of the severe flood events [2,3]. The European Union adopted the Directive 2007/60/EC for the assessment and management of flood risks. A key objective of this Directive is the formation of a generic framework for flood hazard and risk modelling and mapping to mitigate the adverse consequences of floods to the environment, human health, general economic activity, and sites of cultural heritage value [4]. The implementation of the Directive 2007/60/EC is an ongoing process, and all EU member states are obligated to revise the flood management plans every six (6) years. European countries are invited to exploit the most recent hydrometeorological advancements and to account for particular sensitivities and capacities of their population to assess flood risk at the local, regional, or national levels. In the disaster management chain, results from flood inundation modelling and mapping feed the establishment of flood risk assessments, in which physical processes should be examined in line with local vulnerabilities and societal dynamics to inform the development of floodplain management and mitigation strategies. Therefore, the selection of appropriate and effective tools for flood inundation modelling and mapping is a critical process for the implementation of the Directive 2007/60/EC [5].



The implementation of flood risk management and mapping demand some major flood characteristics, such as the flood water depth, the flood extent and duration, the flood flow velocity, and the resilience of structures’ stability to floods. Therefore, river flood modelling, mapping, and risk management are usually defined with the use of several one-dimensional (1D) and/or coupled (1D/2D) and/or two-dimensional (2D) hydraulic–hydrodynamic models (e.g., [2,6,7,8]). Recent studies feature the capabilities of these models for the precise estimation of several flood characteristics and for advanced flood inundation modelling and mapping (e.g., [9,10,11,12]). Furthermore, flood characteristics are affected by the surface water runoff and, subsequently, by the preceded precipitation. In-situ and remote sensing observational systems can provide accurate quantitative precipitation estimates, which serve as input to hydrological models to simulate runoff routing [13]. The hydrological modelling outputs can be inserted, then, in hydraulic–hydrodynamic models for rigorous flood inundation modelling and mapping. Nevertheless, spatiotemporal limitation of the observational systems usually necessitates numerical weather prediction models to provide quantitative precipitation forecasts. In this context, coupled hydrometeorological modelling systems can be exploited to reduce uncertainties associated with observations while representing atmospheric, soil, and hydrological processes in a physically-based way.



In recent years, there is an increasing trend of using one-way or two-way coupled hydrometeorological modelling systems. Typical studies use the Weather Research and Forecasting model (WRF) [14,15] and hydrological models such the WRF-Hydro model [16]. Several studies that apply hydrometeorological simulations for either flood forecasting or long-term predictions indicate the importance of integrated atmospheric, soil, and hydrological modelling tools [13,17,18,19]. Sanz-Ramos et al. [20] yield encouraging results using coupled meteorological and hydrological modelling to force a hydraulic model aiming at flood forecasting over a topographically complex Spanish region. It appears that coupled hydrometeorological modelling systems are very useful, especially for catchments characterised by complex terrain.



Over the last decades, there has been an increasing number of studies on flood events for which a sufficient amount of data for verification is available (e.g., stage and discharge relationships, discharge data, accurate rainfall data, satellite flood extent, flood peak watermarks) [9,21,22,23,24]. However, in ungauged or poorly gauged catchments, flood-related data (i.e., hydrometeorological data and/or flood inundation data such as flooded area and measured water depth-watermarks) are inadequate, both quantitatively and qualitatively. In such cases, the implementation of flood inundation modelling is limited. This is particularly true for urban and suburban areas, where the hydraulic–hydrodynamic configuration is much more demanding and complex (e.g., due to the existence of bridges, flood retention works, buildings, roads) [6,7,10,25,26,27]. Most of these studies use Synthetic Unit Hydrographs (SIUH) methods to determine the synthetic flood hydrographs for a defined return period. The analysis of extreme case study events for suburban–urban flooding in ungauged catchments is subject to limited observations and often requires non-trivial post-event investigations [3,28]. Therefore, although there are many studies in the literature, only a few studies deal with real-world cases that can be effectively used for the calibration and/or validation and assessment of the numerical models [7].



To fill this gap, this study aims to build a combined weather, hydrological, and hydraulic–hydrodynamic modelling approach for flood inundation modelling and mapping at ungauged watersheds. The presented methodological approach proposes the combination of the WRF-ARW weather model [14], the WRF-Hydro hydrological model [16], and the HEC-RAS 2D hydraulic–hydrodynamic model [29]. The proposed methodology was applied first for fluvial flood modelling and mapping at Xerias watershed to simulate the extreme flash flood event that took place on 9 October 2006, in the suburban and urban area of Volos city, Thessaly region, Greece. Based on prior analysis, the study event caused severe flooding with an estimated return period equal to 100 years [10,30]. The flash flood of 9 October 2006 was an extreme event, and it was selected for its unique devastating socio-economic effect on the city of Volos and the surrounding area. To our knowledge, this study is the first coupled hydrometeorological–hydraulic analysis of Xerias watershed case study (Magnesia, Greece), which is challenged by the lack of flood-related data and measurements. In this objective, the authors’ retrieved historical flood records from several sources to be used for the validation of the floodplain. Results of this research are also compared with flood maps generated using flood hydrographs developed in previous studies [5,6,10].




2. Materials and Methods


A combined weather, hydrological, and hydraulic–hydrodynamic modelling approach was applied for flood inundation modelling and mapping at Xerias ungauged watershed. The hydrometeorological approach was based on the combination of the WRF-ARW weather model and the WRF-Hydro hydrological model. Finally, the hydrographs derived from the hydrological model were used as input hydrographs in the 2D HEC-RAS hydraulic–hydrodynamic model for flood inundation modelling and mapping. For comparison purposes, three different input hydrographs were used for the river flood modelling and mapping. Conventional and non-conventional flood data and impact records of the extreme flash-flood event that occurred on 9 October 2006 were used for the validation of the simulated flood extent in Volos city area. The flood extent validation procedure was based on the estimation of the percentage of the validation data observed within the simulated flood extent. This validation approach was chosen due to the severe lack of flood-related data, such as gauged measurements, measured water depth, and other hydraulic characteristics. However, in order to implement a rough estimation of the model performance in terms of water depth, relevant photos and press documentary were used to assess the observed water depths in specific locations. This approach allowed for a rough comparison between the observed and simulated water depths.



2.1. Study Area


Volos city is located in the south-eastern part of Thessaly region, Magnesia prefecture, Greece, and it is the sixth-largest city of Greece, with respect to human population. Volos city has a population of approximately 145,000 people based on 2011 population census [31]. Xerias watershed lies between latitude 39°20′0′′ to 39°28′41′′ N and longitude 22°49′22′′ to 23°03′15′′ E (Figure 1A). Moreover, the selected watershed has an area of approximately 120 km2; elevation ranges from 0 to 1600 m, and the average and median elevation of the watershed is 458 m and 320 m, respectively. The main sub-watersheds of Xerias, are the: (1) Upper Xerias sub-watershed (outlet R42), (2) Seskouliotis and Kakaviotis sub-watershed (outlet R32) (Figure 1A). Based on decadal (February 2007–July 2017) data retrieved from the Meteorological Station of Volos (National Observatory of Athens (NOA) network), the average annual temperature is 17.8 °C and the mean monthly temperature ranges from 8.4 to 28.4 °C. The climate is typical Mediterranean, with hot and dry summers, and with temperatures sometimes reaching up to 40 °C. The mean annual precipitation ranges from 400 to 770 mm with the autumn, winter, and spring being the wet seasons. The determination of the land cover was based on CORINE LAND COVER 2000 data (CLC2000). The largest part of the watershed is covered by forest and semi-natural areas (57%), followed by agricultural areas (36%) and artificial surfaces (7%) (Figure 1B). The geological map of the study area has been derived from the Institute of Geology and Mineral Exploration (IGME) (scale 1:50,000). The majority of the study watershed is covered by Schist geological structures (49%), followed by karstic structures (35%) and alluvial deposits (16%) (Figure 1C). As can be seen in Figure 1D, Xerias stream flows through the city of Volos into the sea. Quite often, the city of Volos experiences extended flash flood events due to intense storms, resulting in significant damages of several public infrastructures (e.g., roads, railways), buildings, local infrastructures, and agricultural areas (e.g., 2003, 2006, 2009, 2012) [32,33,34,35].




2.2. Flood Data Collection


On 9 October 2006, the city of Volos experienced the devastating effects of heavy rainfall that lasted approximately 12 h and caused extended fluvial and pluvial flooding. Fortunately, no human lives were lost, but Volos city underwent severe economic losses and damages on the transportation networks, buildings, and agricultural areas. The rainfall activity of the extreme flash flood event is presented in the following sub-section. According to prior analysis, the return period of the study event is estimated at about 100 years [10,30].



Unfortunately, no conventional hydraulic data (i.e., data from gauged stations such as discharge or water depth) were available for the study event. Therefore, the effort of the flood data collection targeted every possible source of flood-related information. Some crucial comments about the flood data collection are: (1) The total amount of data was large, but their quality and their usability was limited, (2) the official flood-related data were scattered to several governmental authorities, (3) the original data were in printed format and/or handwritten forms, (4) the human factor might bias several steps of the process (e.g., evaluation of flood extent testimonies), and (5) the bureaucracy sometimes delayed the entire procedure. Creating a flood dataset for the 9 October 2006 flood event was a time-consuming process, and the several steps from collection (contacts and gathering) to processing (digitisation and categorisation) and evaluation (assessment of data validity/quality) lasted about six months. Non-conventional flood data collected for hydraulic modelling set up and calibration and/or validation of the flood event are categorised to [7]: (1) Damage estimation reports, (2) photos, (3) videos, (4) local mass-media reports, and (5) interviews with eyewitnesses or judicial reports. Unfortunately, no post-event reports on surveying flood watermarks were documented.



2.2.1. Damage Estimation Reports


The damage reports were collected by several authorities, such as the Administration of Technical Works (Decentralized Administration of Thessaly Region), the Welfare Department of Volos Municipality, and the Fire Department of Volos city. All these reports were provided in printed documents and/or handwriting forms, except for some of the Administration of Technical Works data that were digitised data in Excel© format. All collected data underwent quality checking. Administration of Technical Works provided the addresses and data related to economic losses from all companies (see companies depicted with red points in Figure 2) and the addresses of buildings (see building damages depicted with blue points in Figure 2) that were affected by the flooding. Only three to four records from the Administration of Technical Works data included photos of the aftermath of the flood event (i.e., damaged products and machinery). The Fire Department of Volos city presented a document with the flooded streets, with a rough estimation of the water depth considered as homogeneous in all of the flooded streets (i.e., water depth = 2 m in all streets) and therefore, it could not be used for further analysis. The Welfare Department of Volos Municipality provided the addresses of houses that were refunded for electrical appliance damages (see houses shown with yellow points in Figure 2). All of the aforementioned information was used in combination with Google Maps to identify (when that was possible) the location of each element-record. Later, all records were digitised in a GIS environment (Figure 2). Based on the characteristics of the damage estimation records, the use of this dataset is restricted to the delineation and the visualisation of the spatial distribution of the flood extent under study.




2.2.2. Photos and Videos


The authors did not find any videos that could provide valuable information on the post-flood survey. On the other hand, several photos that were captured during the flood event were provided by the local amateur meteorologists Mr. Solonas Tsakiris and Mr. Stavros Dafis, and the local newspapers “Thessaly” and “Taxydromos”. It was possible, with the use of Google Street View (Google Maps), to obtain the location of several places based on authors’ personal knowledge of the study area. Therefore, in this analysis, we examined the possibility to locate spatially the photos provided by the several sources. Most of the photos were accessible through the local newspaper “Thessaly”, which was the main provider of photographic documentary, and they were assigned mainly to four locations (see photograph locations in Figure 2). Additional photos referring to the upper part of Xerias stream were gathered from the personal collections of Mr. Solonas Tsakiris and Mr. Stavros Dafis. In this analysis, the majority of the collected photos were used for the validation of the flood extent in specific locations. Supplementary image analysis was conducted using some of the collected photographs to produce quantitative flood data, such as observed water depths. Specifically, two (2) photographs from location n.1 and one (1) from location n.2 were selected as relevant for a rough estimation of the water depth (Figure 2). The selected photographs offer good visibility of the height of floodwater, and they illustrate other elements that could be used as reference points for comparison with the assumed water depth. These photographs cover a specific area and the locations do not have significant elevation differences. Therefore, two (2) polygons that cover an area around the validation point extracted from the photographs were created and assigned with a single estimate of the observed water depth (Figure 2, polygons and photos n.1, n.2). Moreover, the use of these polygons provided a more reliable way to compare the observed water depth with the median simulated values. It is noteworthy to mention that we should not relate the obtained water depth observations with the maximum water levels reached during the study event. Given that the capture time of the photographs was several hours after the peak flow, it would be reasonable to correlate the observed water depths with the levels at which the floodwater remained for the longest time, rather than the largest water levels observed at the time of the peak.




2.2.3. Local Mass-Media Reports


Several articles from the local newspapers were examined to provide supplementary information about the flood event. Unfortunately, the majority of the quantitative information that could be retrieved from articles and news reports had been already obtained from other data collected for the study flood event. However, the local press provided empirical evidence that confirmed the severity of the event in given locations and enhanced our understanding of its impact on the society of Volos. Specific descriptions provided by the local mass media reports were used to draw two (2) polygons in which a single water depth estimate could be assigned (Figure 2, polygons n.3, n.4).




2.2.4. Interviews with Eyewitnesses and/or Judicial Reports.


The authors did not find any Judicial reports regarding the study flood event. However, several interviews were implemented in the upper part of Xerias stream, where complex hydraulic conditions existed due to the presence of three successive bridges, including the railway bridge that collapsed during the event (Figure 2). The interviews were focused on the upper part of the study area due to: (1) The absence of other flood-related data sources at that area, (2) the severe damages on the railway network during the event, and (3) the complexity of the river topography [10]. Unfortunately, none of the interviewees could provide accurate estimates for the flood water depth values. Thus, the outcome from the interviews contributed mainly to the delineation of the flood extent. It should be noted that some of the testimonies were classified as unreliable because the interviewee gave misleading information for the flood extent.



To summarise, the majority of the collected flood data is distributed in the lower part of Xerias stream and mainly inside the area of Neapoli and Pedion Areos districts southwest of Volos city (Figure 2). Neapoli and Pedion Areos areas experienced a great number of damages in buildings and properties. These regions are characterised by high commercial activity with commercial buildings accounting for up to 75% of the total buildings (residencies and companies). The commercial use of the buildings, in conjunction with the existence of old structures in which companies and stores are located, makes the area particularly vulnerable in terms of economic damages by a flood event. Refunds from the Greek government to Neapoli and Pedion Areos, and especially to company and stores owners, were estimated to be approximately 3.96 million euros. Eighty percent (80%) of the companies that demanded governmental support in the aftermath of the flooding were located in Pedion Areos area that extends north of Neapoli area. The spatially distributed flood data processed by the authors were examined based on experts’ judgment, the local mass-media reports, and the collected photographs to generate the flood extent validation dataset. The digitised data can be used for the validation of the flood extent. However, reliable references to the observed water depths are rare. The scattered records that appear in the right part of Figure 2 relate to pluvial flooding incidents and were omitted from this analysis. However, these scattered records prove the severity of the extreme hydrometeorological event that caused fluvial and pluvial flood in Volos city. The fire department records were transformed from polyline features to point features based on the Digital Elevation Model’s (DEM’s) spatial resolution in order to use them in a manageable format for the validation procedure. Finally, the records from the people testimonies, building damages, houses, and companies consisted of 353 point features, while the fire department records consisted of 3903 points, yielding a total of 4256 flood extent validation points (named validation data hereafter).





2.3. Μeteorological Analysis Methods and Weather Model Setup


Firstly, the synoptic-scale meteorological conditions before and during the flash flood event were analysed. The synoptic meteorological conditions often determine the formation and evolution of extreme weather events causing floods and extensive damages (e.g., [36,37,38]). The synoptic meteorological analysis was performed using the Global Forecasting System (GFS) operational analyses of the National Centers for Environmental Prediction (NCEP) with a horizontal resolution of 1.0 × 1.0°. This analysis was based on the combined use of mean sea level (MSL) pressure and upper-air parameters such as temperature and geopotential height. In this way, the barometric systems at the surface and the upper air systems, such as troughs and ridges, can be detected and analysed. This supports the investigation of the contribution of synoptic conditions on the evolution of the severe storm causing the flood of 9 October 2006.



The WRF-ARW version 4.0 weather model [14,15] was used for the investigation of dynamical and thermodynamic factors leading to the severe weather conditions during the hydrometeorological event, as well as for the construction of a meteorological forcing dataset to be used in the hydrological simulation. The WRF-ARW model was selected because it offers advanced capabilities in high-resolution simulation of severe weather phenomena [39,40,41,42,43]. WRF-ARW was configured to perform a 72-h simulation from 8 October at 00:00 UTC to 11 October at 00:00 UTC to resolve the meteorological processes during the lifecycle of the severe storm which occurred during the period from 06:00 to 18:00 UTC on 9 October with total measured precipitation in Volos city of about 232 mm [44]. Even though the storm occurred on 9 October, the weather simulation lasted until 11 October at 00:00 UTC to generate meteorological forcing data even after the occurrence of the flash flooding. This extension in the simulation period facilitated the simulation of hydrological processes which had a delayed response compared to the meteorological event (e.g., [45]).



WRF-ARW was set up using multiple nests on five (5) domains with horizontal resolutions of 36 × 36 km, 12 × 12 km, 4 × 4 km, 1 × 1 km, and 0.25 × 0.25 km (Figure 3). Time steps of 180, 60, 20, 5, and 1 s were used for the five (5) domains, respectively. The initial conditions for 8 October at 00:00 UTC were based on the GFS operational analyses with a horizontal resolution of 1.0 × 1.0°. The boundary conditions were also based on the GFS operational analyses with a time step of 6 h. The initial sea surface temperature (SST) field for 8 October was based on the real-time global (RTG) SST analyses with a horizontal resolution of 0.083 × 0.083° produced by the NCEP. The initial SST was preserved constant for the 72-h simulation period because a testing simulation which had been performed applying RTG SST update every 24 h was below expectations regarding the 232 mm of precipitation measured in Volos city during the period from 06:00 to 18:00 UTC on 9 October 2006 [44]. The Global Multi-resolution Terrain Elevation Data (GMTED 2010 30-arc-sec USGS) [46], the vegetation data MODIS FPAR [47], and the 21-class IGBP MODIS [48] land-use data were used as static input data in the WRF-ARW model procedures.



As far as the modelling schemes of meteorological mechanisms are concerned, the Yonsei University scheme (YSU) [49] and the revised Monin-Obukhov scheme [50] were used to resolve the Planetary Boundary Layer (PBL) and the surface layer processes, respectively. The ground processes were parameterised using the unified land surface model [51] (Unified NOAH). In order to represent the long-wave and short-wave radiation processes, the RRTMG scheme [52] was used. In order to simulate the cloud microphysical processes, the Thompson scheme [53] was used. For the simulation of the convective processes, the Grell–Freitas ensemble scheme [54] was used in the first three domains (36 × 36 km, 12 × 12 km, and 4 × 4 km), while explicit solution was selected for the fourth (1 × 1 km) and the fifth (0.25 × 0.25 km) domains.




2.4. Hydrological Model Setup


The aim of this study was to simulate not only the meteorological conditions, but also the hydrological processes of the flash flood event. For this reason, the results of the weather model on the fifth domain (0.25 × 0.25 km) were used to force the WRF-Hydro version 5.0 hydrological model with a forcing time step of 1 h. The meteorological forcing fields are presented in Table 1. The WRF-Hydro model was selected because it is one of the most burgeoning hydrological models with encouraging results [13,17,19,55]. Furthermore, it is worthwhile noting that WRF-Hydro is employed as a framework for bridging atmospheric and hydrological modelling at the National Water Center of the United States [56]. The methodology followed to set up WRF-Hydro for this study was similar to the one applied in a recent paper [13] for the simulation of a flash flood event in Mandra, western Attica, Greece. Thus, in this study, the model was set up on the extent of the fifth domain (0.25 × 0.25 km) of the weather model, including the drainage basin of Xerias stream, which is depicted on the five-times finer horizontal resolution of 50 × 50 m (Figure 4A).



As far as the topographic data of hydrological modelling are concerned, the Shuttle Radar Topographic Mission (SRTM) Digital Elevation Model (DEM) [57] data of National Aeronautics and Space Administration (NASA) on the native horizontal resolution of 90 × 90 m were used. In particular, the void-filled version [58] of this dataset distributed by the Hydrological Data and Maps Based on Shuttle Elevation Derivatives at Multiple Scales (HydroSHEDS; https://hydrosheds.cr.usgs.gov/index.php) was selected to be employed. The WRF-Hydro pre-processing tool [16] was applied to regrid DEM on the 50 × 50 m horizontal grid using bilinear interpolation. Moreover, static input data such as topography (Figure 4A), flow direction (see Figure 4B,C), channel grid and stream order (Figure 4D), which were appropriate for the hydrological modelling, were constructed using this tool (for technical information, see [16]). Furthermore, the pre-processing stage [14] of the WRF-ARW model was used to initialise land surface parameters such as soil temperature and soil moisture, as well as to construct soil type, land use, and vegetation fields used in the land surface model (LSM) NOAH [16] of the WRF-Hydro model. The land surface data on 30-arc-sec native horizontal resolution was regridded to the grid of the fifth domain of the WRF-ARW model on horizontal resolution of 0.25 × 0.25 km, and, afterwards, to the grid of WRF-Hydro domain on horizontal resolution of 50 × 50 m. For the two regridding procedures, the bilinear interpolation method was employed.




2.5. Hydraulic Model Setup


The HEC-RAS model was used for the hydraulic routing simulation of flood hydrograph through the Xerias stream network. The HEC-RAS model is a well-known hydraulic–hydrodynamic model developed by the Hydrologic Engineering Center (HEC) of United States Army Corps of Engineers, and used for river flood modelling and floodplain management (e.g., [6,59]). The efficiency of the two-dimensional (2D) HEC-RAS model has been examined using the United Kingdom’s (UK) Joint Defra (Department for Environmental Food and Rural Affairs) Environment Agency benchmark tests. Results from this benchmark analysis showed that the two-dimensional (2D) HEC-RAS model could produce comparable results to the two-dimensional models reported by the research report of the United Kingdom Environmental Agency [60,61]. Therefore, in this analysis, the two-dimensional (2D) HEC-RAS model was used for flood inundation modelling and mapping. It should be mentioned that the hydraulic model setup was prepared in accordance with the configuration proposed in a recent paper [5].



The importance of DEM’s accuracy has been highlighted by several authors, especially in two-dimensional hydraulic–hydrodynamic modelling applications [6,62,63]. Flood inundation modelling and mapping at urban and suburban areas demands sufficient DEM resolution, and the represented topography should be chronologically close to the study flood event [7,64]. In order to meet these requirements, a DEM with horizontal resolution of 5 × 5 m generated from aerial images collected from 2007–2009 and provided by the National Cadastre and Mapping Agency S.A. (NCMA) was used in this study.



Another critical parameter in hydraulic–hydrodynamic modelling applications is the roughness coefficient. Therefore, an essential process in river flood modelling and mapping is the methodological approach followed for the roughness coefficient estimation [65,66]. A standard approach followed in river flood modelling was the use of typical roughness coefficient tables in combination to CORINE land cover data [5,67]. The values of the roughness coefficient proposed in a recent paper [5] were used in this study (Table 2).



Another factor that affects flood inundation modelling, especially at urban and suburban areas, as well as when using a two-dimensional hydraulic model, is the accurate representation of the technical works (e.g., flood protection works, culverts, bridges, weirs, etc.) within the hydraulic modelling domain. In this study, all hydraulic structures were detected using aerial photographs, field observations, and data from different authorities. Topographical surveys were conducted to record the characteristics of significant hydraulic structures [5]. All data related to hydraulic structures were used to modify/correct the DEM and, within the hydraulic modelling geometry configuration, to depict structures such as bridges, culverts, etc. The final hydraulic modelling domain, within the two-dimensional (2D) HEC-RAS model, includes nine (9) bridges in the main channel (Figure 1D), represented as combinations of culverts and weirs.



Urban flood inundation modelling and mapping is a challenging process due to the complexity of the system and the multiple effects of flooding, such as fatalities, economic losses, and social impact. One of the main factors concerning the realistic river flood modelling at urban areas using a 2D hydraulic–hydrodynamic model is the building representation [68,69,70]. A typical building representation method tested and used in many recent studies is the Building Block (BB) method [68,69,70,71,72]. Recent reviews of the literature on the building representation methods revealed that further work needs to be done to verify the optimum building representation method and that all methods have advantages and drawbacks [68,69]. Therefore, in this study, the Building Block (BB) method was selected for the representation of the building blocks within Volos city. The estimated value of Manning’s n roughness coefficient that selected for roads is n = 0.013–0.015. More details on the above-mentioned features concerning the hydraulic model setup can be found in a recent paper [5].



Three different hydraulic–hydrodynamic model sub-domains were used for river flood modelling and mapping. The first, the second, and the third model sub-domain were expanded from R42 to R21, from R32 to OUT, and from R21 to OUT, respectively (Figure 1A,D). The total length of the simulated stream reaches was approximately 8.5 km. Each model sub-domain uses as input boundary condition the flood hydrographs. The input flood hydrographs used in this analysis were the:




	
Hydrographs generated from the combined weather–hydrological model presented in Section 3.1. These flood hydrographs are named from now on as “WRF hydrograph”.



	
Hydrographs based on previous studies [5,6,10,35,73]. These hydrographs were generated based on the Clark Instantaneous Unit Hydrograph and the use of Kinematic wave approximation. They are named from now on as “Clark IUH”.



	
Design hydrographs based on a previous study [5]. The design hydrographs are estimated for the return period of 100 years (T = 100 years) and the second type of antecedent soil moisture conditions (AMCII). These hydrographs are named from now on as “Design Hydrograph”.








Other important characteristics of the HEC-RAS 2D model configuration are: (1) The average flexible mesh computation point spacing is 14 m (variable and smaller point spacing was used around the bridges and the urban areas to accurately depict the hydraulic structures and the road network); (2) breaklines that represent the main stream, the banks, the hydraulic structures (e.g., bridges), and the Volos city building blocks were used to generate cells that align with the breaklines; (3) 2D diffusion wave solution was used for the simulation; (4) the computation interval was set to two (2) seconds; and (5) all Volos city building blocks were represented with a 30 m local increase of the elevation (elevation rise method) (Figure 1D).



The results derived from all of the hydraulic model sub-domains were merged in order to retrieve the maximum water depth and the flood extent in the study area (Figure 1D). As described in Section 2.2, validation point data were extracted based on the flood data collection for the validation of the simulations. Since the study area was characterised by lack of any gauged data and other flood-related measurements, the primary focus of the validation process is the flood extent. In particular, the accuracy of the simulated flood extent was evaluated by calculating the percentage of the validation data located within the simulated flood extent. In order to provide more quantitative insights on the model performance, four (4) water depth observations extracted from photographs taken after the event and from local mass media reports were inserted in the validation analysis (Figure 2, polygons and photos n.1–n.4). The obtained water depths were not defined as point observations, but they were assigned to wider areas based on the coverage of the floodwater illustrated in the selected photographs and the press reports. These areas were used to delineate specific polygons, in which the median values of the simulated water depths were calculated to be comparable with the corresponding flood observations.





3. Results


3.1. Hydrometeorological Analysis


The flood event in Volos city was associated with a severe storm caused by a very slowly moving barometric low over the Aegean Sea, supported by an upper air trough [44]. The synergy between the prevailed synoptic conditions and the orographic convergence of unstable air over Pelion mountain developed a persistent storm, characterised by torrential rainfall.



In more detail, on 8 October at 06:00 UTC, a cold upper air trough (500-hPa level) moved from central Europe southward to the Mediterranean Sea, supporting the formation of a barometric low over Greece centred over the Aegean Sea (Figure 5A). The upper air temperature in the core of the trough over southern Italy was about −18 °C, quite lower than the surrounding areas. Six hours later, at 12:00 UTC, the southeastward movement of the trough triggered deepening of the barometric low, which reached a minimum MSL pressure of 1008 hPa (Figure 5B). The combination of low atmospheric pressures over Greece, with an anticyclonic (high atmospheric pressure) system over central Europe, provoked isobar thickening over the central Balkan Peninsula and, subsequently, enhanced near-surface easterly winds over this area (Figure 5A,B). At 18:00 UTC, the trough, continuing the slow southeastward movement, was isolated from the western atmospheric circulation and it was finally cut off (Figure 5C). The cutoff of the trough was critical for the evolution of the barometric low and, subsequently, for the severe storm causing the flash flood. The isolation of middle and upper air from the main western circulation, which can cause the formation of cutoff troughs, is often associated with extreme weather events characterised by heavy rainfall [13,74,75]. The studied cutoff trough preserved its characteristics, like positive vorticity (not shown) and low temperature, offering favourable conditions to the barometric low staying in place for many hours.



On 9 October, during the period from 00:00 UTC to 12:00 UTC, the cutoff trough slowly moved to the Ionian Sea and regional Greece, supporting the displacement of the barometric low to the southern Aegean Sea and the formation of a secondary barometric low over the southern Ionian Sea (Figure 5D–F). During the same period, the high-pressure barometric system over central Europe was intensified by a relatively warmer ridge (500 hPa), which originated from the western Mediterranean Sea, and as a result, MSL pressure reached 1026 hPa at its centre. Under these atmospheric conditions, high pressures were favoured to expand to the Balkan Peninsula, while low pressures remained dominant over southern Greece. The balance of these adverse conditions pushed the thick-isobar area, characterised by high-pressure gradients and intense easterly winds, to move from the central Balkans to the Aegean Sea. The easterly winds over the Aegean Sea transferred moist and unstable air to the wider area of Pelion mountain over Volos city.



Figure 6A,B presents the advection of air characterised by specific humidity of 12–14 g kg−1 and convective available potential energy (CAPE) of 800–1200 J kg−1 towards the windward side of Pelion mountain on 9 October at 09:00 UTC. This upwind airflow orographically lifted over the mountain, as shown by the positive vertical velocities reaching 5.2 m s−1 (Figure 6C). The moist and unstable updrafts over Pelion and Volos, as shown by the vertical cross-section illustration of Figure 6D–F, generated water-rich clouds with specific humidity up to 16.7 g kg−1. These conditions led us to conclude that the buildup of moisture and CAPE in the updrafts over the precise area for several hours drove to the evolution of the persistent storm. The combination of the orographic convergence of humid–unstable air originated from the Aegean Sea, with the approaching cutoff trough accompanied by positive vorticity and reduced geopotential heights, favoured the enhancement of atmospheric instability, which caused the severe storm.



It is noteworthy that during the period from 06:00 to 18:00 UTC on 9 October, the model estimated precipitation of 213 mm and 446 mm in Volos city and at Pelion mountain peaks, respectively. This amount of precipitation in only 12 h is considered as extreme because it approximately corresponds to the annual accumulated precipitation of Volos city, which varies from 400 to 770 mm, based on data retrieved from the meteorological station of Volos city in the network of the National Observatory of Athens (NOA) with operation period from February 2007 to July 2017. Indeed, the local news talked about a “nonstop” rainfall that lasted from 10:00 local time until the late evening of the same day, creating chaos in the main city of Volos and the surroundings. The authorities characterised the rainfall event as the highest in duration and intensity within the last twelve years and issued the prefecture of Magnesia in an emergency state. The model results indicate an overestimation in comparison with measurements at Fytoko meteorological station (Source: Institute of Industrial Plants and Livestock—Department of Plant Protection, Volos) [10]. The measured precipitation from 06:00 to 18:00 UTC at Fytoko station was 210 mm [10,73]; however, the model estimated about 278 mm in the same area. On the other hand, the model estimated precipitation of 213 mm in Volos city during the same period, presenting a small underestimation in comparison with the measured precipitation of 232 mm [44]. These differences between spatially averaged model-generated (over a grid area) and the measured point-values are the results of sub-grid scale atmospheric processes during such severe phenomena and the various errors introduced in measurements and simulations.



The results of hydrometeorological simulations of the flash flood event in Volos city are presented in this section. Discharge simulated by the WRF-Hydro model at 01:00, 08:00, 09:00, and 18:00 UTC of 9 October is shown in Figure 7A–D, superimposed by the corresponding 1-h accumulated precipitation (mm) simulated by the WRF-ARW model. Figure 7 presents different characteristics in the spatial pattern and intensities for the four different times. Figure 7A presents the beginning of the event at the Pelion mountain slopes, while Figure 7B,C show the peak of the flash flooding reaching precipitation rates of 84 mm h−1 and discharge of 715 m3 s−1. Moreover, Figure 7D demonstrates the second peak of the storm, re-triggering the flash flooding during the evening, with precipitation rates exceeding 40 mm h−1 over Xerias drainage basin, while discharge reaching 350 m3 s−1. Afterwards, discharge presents a higher peak of 497 m3 s−1 at 20:00 UTC. The differences in maps are attributed to the different mature stages of orographic lifting of warm and humid air masses originating from the Aegean Sea, following the easterly atmospheric flow which was induced by the almost stagnant barometric low. It is noteworthy that the spatiotemporal distribution of precipitation affects the available surface and soil moisture determining surface- and channel-water runoff and, therefore, the streams’ routing. Figure 8 presents the hydrologic response of Xerias watershed for the extreme storm event of 9 October 2006 at the locations (A) R42 (Upper Xerias sub-watershed), (B) R32 (Seskouliotis and Kakaviotis sub-watershed), (C) R21, and (D) OUT (Xerias Watershed outlet). These flood hydrographs were used as an input boundary condition in the 2D HEC-RAS hydraulic–hydrodynamic model for river flood modelling.



Table 3 demonstrates the maximum discharge values of all examined flood hydrographs used as input to the hydraulic–hydrodynamic model at junctions R42, R32, and R21. In comparison to the other two flood hydrographs (i.e., Clark IUH and Design Hydrograph), WRF-based hydrograph yielded a lower maximum discharge value at R32 and a higher one at R42. This is attributed to the capability of the WRF-ARW weather simulation to physically represent the inhomogeneous pattern of precipitation across the watershed. However, the other two approaches distribute equally the precipitation over the study area. Hence, the spatial differences in precipitation affect the results of the WRF-hydro hydrological simulation, leading to higher discharge values at R42 due to heavy rainfall at Pelion mountain and lower discharge values at R32 which was partly covered by the storm.




3.2. Hydraulic Simulation Results


Figure 9 presents the maximum water depths and the flood extent simulated by the 2D flood inundation model using three different boundary conditions for each junction point (R42, R32, R21) of Xerias river: (A) WRF hydrograph, (B) Clark IUH, and (C) design hydrograph. Τhe spatial distribution of the simulated flood extent reveals that the results derived from the WRF hydrograph coincide with the spatial pattern obtained using the Clark IUH. Both simulations depict major flooding in the areas expanding west of Volos Port along Xerias torrent, indicating particularly high local values within Agii Anargiri, Neapoli, and Pedion Areos areas (framed areas in Figure 9A,B). However, this is not the case for the design hydrograph, which fails to capture localised flooding, especially in Agii Anargiri area (Figure 9C). Design hydrograph was not generated for the specific event but for a designed flood of 100 years and, as a result, the simulated maximum discharge value in junction R42 is lower than the maximum flow peaks of the other two hydrographs (i.e., WRF hydrograph and Clark IUH). The aggregated scores derived from the validation process for the three flood hydrographs are detailed in Table 4. In general, all of the study simulations manage to provide acceptable scores based on the percentage of validation points that fall within the simulated flood extent. WRF hydrograph produces the highest success rate score with 84% of the validation points to be observed within the simulated flood extent. As expected, the WRF physically-based approach provides the best correspondence with the observed flooded area and, therefore, its results are considered as more “accurate” than the ones of the other methods. These results will be further discussed and compared with the qualitative data of Section 2.2. Nevertheless, it is important to point out that despite the difference between the WRF hydrograph and the Clark IUH validation scores, Clark IUH achieves high success rate scores as well (79%).



The cumulative distribution functions of the simulated water depth calculated for the three flooded areas, separately, show that WRF and Clark IUH simulations converge to maximum water depths of about 2.2 m (Figure 10). Indeed, qualitative analysis of the local press indicated cases in which floodwaters reached large values, around or even higher than 2 m, creating major catastrophes to the infrastructure of Agii Anargiri and Neapoli areas. Characteristically, mass-media and press reports mentioned that residents and business owners in Agii Anargiri and Neapoli were desperate, trying to clean their property from mud and floodwaters, which sometimes exceeded 1.5 m until the next evening on 10 October. Based on the WRF-based simulations, the median values of the maximum water depths were estimated as 0.43 m, 0.67 m, and 0.63 m in Agii Anargiri, Neapoli, and Pedion Areos, respectively (Figure 10). U.S. Federal Emergency Management Agency (FEMA) estimates that 0.3 m of flash flood water could float many vehicles, whereas 0.6 m of rushing water could carry away most vehicles, including SUVs and pickups. In Neapoli and Pedion Areos, the fire services undertook multiple emergency calls from 21 recorded flooded roads. Although flood velocity is the primary determinant for incidents to motorists, the simulated floodplain gives a strong indication of the vulnerable roads, which concentrated a mass of validation points. In Figure 11, it is apparent that the incidents reported by the Fire Department shape the dense road network of the commercial area (green points in Figure 11), and they are indicative of the high exposure of citizens during the active commercial hours of a weekday that the event occurred. In addition to that, flooding caused the roads of Volos to get overloaded with private and public vehicles, as well as hundreds of taxis that attempted to drive people to their relatives and properties. In times of crisis, people consider their place as a safe destination where “nothing bad can happen” or as the reference point where the family gathers for a collective response in case of emergency [76]. There were many cases in the past in which individuals lost their lives in their effort to reach a destination like home or while attempting to retrieve their belongings and pets from flooded buildings [77,78].



In the flood event of 9 October, the Traffic Police of Volos struggled to deal with dozens of stranded cars and to coordinate the traffic jams across the city. Unfortunately, the lack of detailed flood records on the validation points does not allow for a thorough comparison with the simulated water depths on the road network. A rough estimation of the flood water depth was possible only to certain locations which were detailed in the press or to which relevant pictures could be assigned based on the knowledge of the authors. From the stranded cars pictured on the green dots in Figure 11, the authors estimate water depth around 0.5 m in Larisis Street, which crosses Neapoli and Agii Anargiri areas. This is to be compared with the 0.8 m extracted as the median value of the simulated maximum depths in the validation polygon of Larisis street (Figure 11). Traffic also increased as municipality services started to transfer students from flooded schools to their homes late in the morning on Monday 9 October. Many schools in central Volos City and the Prefecture of Magnesia were evacuated and remained closed the next day. The authors managed to associate a picture collected in the validation data with the location of a flooded school in Neapoli (4th high school of Volos city) to get an indicative value of the observed water depth. WRF simulations present a median value of 0.78 m that is slightly higher than the 0.4–0.5 m assessed from the corresponding image (see Figure 11). Slight overestimations could be attributed to the fact that the observed water depth data do not correspond to the maximum levels reached in the current event because of the differences between the timing of the simulated water depth and the actual timing that the photo was taken. It should be noted that flash floods are characterised by a sharp rise followed by a relatively rapid decline, causing high flow velocities. In flash floods, discharge quickly reaches a maximum level and diminishes almost as rapidly [79].



The validation points also include a bunch of emergency calls (more than three hundred) from residents who asked for help in flooded homes and stores from 07:00 UTC (10:00 local time) and after on 9 October, and especially after noon in Neapoli, following the hydrologic peaks presented in the previous section. However, there are no witnesses about the depth of floodwaters in these locations to assess the average situation in the flooded areas. In the commercial area that extends north of Neapoli to Pedion Areos, the media refer to floodwaters reaching 1.5 m and immobilising owners inside their stores. In accordance with this statement, the WRF simulations give a median of 1.21 m in the validation polygon that corresponds to the main commercial area affected by the floodwaters. Notably, 80% of the companies that claimed compensation for flood damages to the Greek government are located in this polygon (see validation polygons in Figure 11). One of the largest printing companies, which was highly affected by the flood in this area, serves as an additional validation point (Figure 11). The press highlighted that the building was completely destroyed, with floodwaters exceeding 1.5 m. WRF-based simulations provide a good approximation in this spot, with a median water depth of 1.68 m in the validation polygon that surrounds the structure (see Printing company in Figure 11). The model gives particularly high values in some locations in Upper Volos. In that area, the iron railway bridge at Xerias intersection collapsed at 13:00 UTC (16:00 local time) due to the significant volume of floodwater from Xerias torrent and the intense debris flow hitting its foundations (bridge shown in Figure 11). WRF-simulated water depths reached maximum values as high as 4 m at the flood peak around the bridge. Although interviewed locals mentioned that floodwaters overcame the bridge, the local press reported about 2 m of water, and it is probably a more reliable source of information. An overestimation of this value could be related to the exceptional conditions generated by the debris flow (i.e., carried cobbles, boulders, olive trees, and mud) at the preceding bridge, leading to lower water depths with higher flow velocities at the location of the railway bridge. Despite the unavoidable uncertainties on the exact values, it appears that the simulations provide valuable indications about the harshness of the situation. As a result of the catastrophic event, the national railway was interrupted, disconnecting Volos from the rest of the country for many weeks after the event. Given that the event occurred during the morning rush hours, it is fortunate that, after the intervention of local residents, authorities discontinued the train schedule between Larisa and Volos just before the bridge collapsed. This measure prevented possible accidents and losses of human lives.





4. Concluding Remarks


The interaction between the atmosphere and the hydrosphere defines the water cycle, and sometimes favours extreme weather phenomena like flash floods, which impact human health and economy. Interdisciplinary multi-scale and multi-model systems are needed to simulate flash flood events because of the high spatiotemporal connections of complex interactive socio-hydrometeorological phenomena. This study proposes the use of coupled weather, hydrological, and hydraulic models for river flood modelling and mapping at ungauged catchments, simulating a historical flood event that occurred on 9 October 2006 in Volos city, Greece. In the first part of our methodology, the meteorological approach used nesting techniques (using five nested domains) reaching a very fine horizontal resolution (250 × 250 m) on the fifth domain in order to resolve orographic and cloud microphysical effects that define the location and the intensity of the storm. In the second part, the hydrological approach effectively represented the soil processes and surface runoff routing. The hydrological model was set up on the extent of the fifth domain of the meteorological model, including the drainage basin of Xerias stream on the five-times finer horizontal resolution of 50 × 50 m. The methodology was completed with hydraulic–hydrodynamic modelling that applies standard hydraulic modelling parameterisation techniques for ungauged catchments. Several conventional and unconventional flood-related data (e.g., damage estimation reports, photographs, local mass-media reports, and interviews with eyewitnesses) were collected and incorporated in the analysis to better understand the extreme flash flood event, as well as to generate an indicative validation dataset for the flood simulations. Flood inundation modelling and mapping was produced based on the flood hydrographs generated by the current analysis, as well as in prior studies [5,6,10,35,73]. Due to severe lack of observational data, flood extent was the main criterion used for the verification of the hydraulic–hydrodynamic simulations presented in this work. The validation process of the flood extent was accomplished by estimating the percentage of validation data observed within the simulated flood extent divided by the total number of validation data. To expound this analysis and to examine the model performance in terms of water depth simulation, relevant photos and press documentary were used to assess the observed water depths in four possible locations. The water depth assessments were assigned to four polygons, respectively, based on the extent of floodwater of given depth illustrated on the selected photographs or discussed in the local mass media reports. This allowed for a rough comparison between the observed water depths and the median values of the simulated water depths that belonged to the specified polygons.



The meteorological simulation results indicated a severe persistent storm over Pelion mountain at the northeast of Volos city as the main factor of the flash flood event. The orographic convergence of easterly airflow, rich in moisture and convective available potential energy that originated from the Aegean Sea, was the dominant parameter for the evolution of the storm. The simulated precipitation rates reached 84 mm/h at the peak of the storm. The hydrological simulation resulted in the maximum discharge of about 715 m3 s−1 in Xerias stream, which mainly caused the flash flooding.



The proposed physically-based approach for the flood hydrograph generation proved to be the most efficient among the three examined flood hydrographs and the corresponding flood extents (WRF hydrograph validation score is 84%). It is noteworthy to mention that the Clark IUH, which was generated based on the relationship between the hydrological characteristics of the watershed and the geomorphologic parameters, was illustrated efficiently the hydrological behaviour of the examined flood event as well (Clark IUH validation score is 79%). Furthermore, the WRF hydrograph provided a good approximation of the water depth within the four water depth validation spots. Our experiments were in complete agreement with previous works that estimated the return period of the 2006 flash flood event to approximately 100 years [5,6,10,35,73]. Unfortunately, there was no official flood dataset allowing for the detailed validation of critical flood characteristics, such as the observed water depth, the speed of the flood, and its subsequent catastrophes for the event of 9 October 2006 in Volos city. Though, empirical evidence obtained after processing information from local authorities and the press demonstrates correspondence between the highest values of the simulated water depth with the most impacted locations. Results presented in this study further strengthen our confidence in using physically-based approaches, especially at ungauged watersheds, for flood hydrograph generation of case study events and flood inundation modelling and mapping.



Such flood mapping may serve as an indication of the environmental and human exposure in future flood events in Volos to warn for potential agricultural losses or structural damages and human losses in rural and urban areas, respectively. Volos Municipality and the Prefecture of Magnesia could use this information to develop local or regional strategies for flood risk mitigation including: (1) Structural measures for the prevention of waters in the most flood-prone areas across Xerias torrent, (2) relevant legislation and insurance policy for properties and businesses in flood-prone zones, and (3) educational campaigns for residents and workers to increase flood risk awareness in densely occupied neighbourhoods or locations of particular use (e.g., commerce, fishery). The current study could be ultimately expanded to propose a methodological framework to support early warning systems for flood hazards in Europe. Recent studies have suggested the integration of weather and discharge forecasts identical with the ones estimated in this work with exposure characteristics of individuals and infrastructures for a holistic, dynamic risk modelling that translates hydrometeorological forecasts into impact-based predictions [18,80]. In this direction, discharge simulations can further improve river modelling to estimate hydraulic characteristics (i.e., water depth, velocity, water or flood extent) which can inform civil protection agencies about dangerous spots for intervention when combined with the societal vulnerabilities that emerge at the time of the event.
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Figure 1. (A) Hydrologic analysis model of domain in Xerias watershed (black line) and sub-watersheds (dashed red line: (1) Upper Xerias sub-watershed (outlet R42), (2) Seskouliotis and Kakaviotis sub-watershed (outlet R32)) (B) Xerias watershed land cover, (C) Xerias watershed geology, (D) unified flood inundation model domain. 
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Figure 2. Spatial distribution of the flood data (event of 9 October 2006) collected by several conventional and unconventional sources. Numbers denote the polygon locations and the related photographs of the selected areas used for rough water depth estimation. 
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Figure 3. WRF-ARW version 4.0 weather model domains and topography (m). The nested domains are depicted with red polygons. 
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Figure 4. (A) WRF-Hydro version 5.0 hydrological model topography with horizontal resolution of 50 × 50 m and four areas represented by black dots: Volos, Fytoko, Makrinitsa, and Chania; (B) flow direction discretisation. The flow direction grid has integer values of 1, 2, 4, 8, 16, 32, 64, and 128, which are oriented in the depicted directions; (C) flow direction; (D) hydrographic and stream order map of the drainage basins used for the hydrological modelling. 
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Figure 5. Mean sea level (MSL) pressure (solid black contours in hPa), temperature (colour-shaded in °C), and geopotential height (dashed black contours in gpm) at 500 hPa based on GFS analyses for 8 October 2006 at (A) 06:00 UTC; (B) 12:00 UTC; (C) 18:00 UTC; and for 9 October 2006 at (D) 00:00 UTC; (E) 06:00 UTC; (F) 12:00 UTC. 
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Figure 6. (A) Specific humidity (g kg−1) at 2 m and horizontal wind vectors at 10 m and (B) convective available potential energy (J kg−1) and horizontal wind vectors at 10 m based on WRF-ARW simulation results obtained from the fourth nested domain. (C) Positive vertical velocity (m s−1) and horizontal wind vectors at 10 m based on WRF-ARW simulation results obtained from the fifth nested domain. (D) Topography map of the fifth nested domain, illustrating the vertical cross-section area (red line). (E) Vertical cross-section up to 6 km for hydrometeors specific humidity (g kg−1) and wind vectors and (F) 12-h accumulated precipitation (mm) from 06:00 to 18:00 UTC on 9 October 2006 based on WRF-ARW simulation results obtained from the fifth nested domain. The measured and simulated accumulated precipitation values in Fytoko and Volos city are illustrated with green and yellow colours, respectively. The maps (A–C,E) refer to 9 October 2006 at 09:00 UTC. 
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Figure 7. Discharge (m3 s−1) simulated by the WRF-Hydro model superimposed by the corresponding 1-h accumulated precipitation (mm) simulated by the WRF-ARW model at (A) 01:00, (B) 08:00, (C) 09:00, and (D) 18:00 UTC of 9 October 2006. 
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Figure 8. Hydrologic Response of Xerias Watershed for the extreme storm event of 9 October 2006 at the locations (A) R42 (Upper Xerias sub-watershed), (B) R32 (Seskouliotis and Kakaviotis sub-watershed), (C) R21, and (D) OUT (Xerias Watershed outlet). Discharge (m3 s−1) simulated by the WRF-Hydro model and 1-h accumulated precipitation (mm) simulated by the WRF-ARW model are depicted with red and blue colours, respectively. 
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Figure 9. Maximum water depth and flood extent simulated by the 2D HEC-RAS model using the hydrographs: (A) WRF hydrograph, (B) Clark IUH, (C) design hydrograph. 
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Figure 10. Cumulative distribution functions of the simulated water depths for the three majorly affected urban districts: Agii Anargiri, Neapoli, and Pedion Areos. 
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Figure 11. Maximum water depth and flood extent simulated by the 2D HEC-RAS model using the WRF hydrograph. Red dots represent the collected validation points, whereas green dots represent the validation points observed within the simulated flood extent. The areas used for rough water depth estimation–validation are depicted with black polygons. 
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Table 1. The seven meteorological forcing fields [16].
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	Meteorological Forcing Fields
	Units





	Incoming shortwave radiation (SR)
	(W m−2)



	Incoming longwave radiation (LR)
	(W m−2)



	Air specific humidity at 2 m (Q2)
	(kg kg−1)



	Air temperature at 2 m (T2)
	(K)



	Atmospheric pressure at surface (PSFC)
	(Pa)



	Near surface wind at 10 m in the u- and v-components (U10, V10)
	(m s−1)



	Liquid water precipitation rate (PREC)
	(mm s−1)
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Table 2. Study area of Manning’s roughness coefficient based on CORINE land cover data [5].
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LABEL3

	
Manning’s n






	
1.1.1 Continuous urban fabric

	
0.013




	
1.1.2 Discontinuous urban fabric




	
1.2.1 Industrial or commercial units

	
0.013




	
1.2.3 Port areas




	
1.3.1 Mineral extraction sites

	
0.013




	
1.3.3 Construction sites




	
2.2.2 Fruit trees and berry plantations

	
0.08




	
2.2.3 Olive groves




	
2.4.2 Complex cultivation patterns

	
0.04




	
2.4.3 Land principally occupied by agriculture, with significant areas of natural vegetation

	
0.05




	
3.2.1 Natural grasslands

	
0.04




	
3.2.3 Sclerophyllous vegetation

	
0.05
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Table 3. Maximum discharge (m3 s−1) values of all the examined flood hydrographs used as input to the hydraulic–hydrodynamic model at junctions R42, R32, and R21.
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Junction

	
Maximum Discharge (m3 s−1) Values




	
WRF Hydrograph

	
Clark IUH

	
Design Hydrograph






	
R42

	
564.6

	
490.43

	
385.72




	
R32

	
105.2

	
204.41

	
160.79




	
R21

	
692.8

	
681.89

	
536.31
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Table 4. Validation statistics for all examined flood extent based on the flood hydrographs used.
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Validation Points within the Flooded Area

	
Flood Hydrographs




	
WRF Hydrograph

	
Clark IUH

	
Design Hydrograph






	
Number of points

	
3559

	
3367

	
2456




	
Percentage (%)

	
84

	
79

	
58
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