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Abstract: Fluvial floods are one of the primary natural hazards to our society, and the associated 20 

flood risk should always be evaluated for present and future conditions. The European Union’s 21 

Floods Directive highlights the importance of flood mapping as a key-stage for detecting vulnerable 22 

areas, assessing floods’ impacts, and identifying damages and compensation plans. The implemen- 23 

tation of the E.U. Flood Directive in Greece is challenging, because of its geophysical and climatic 24 

variability and diverse hydrologic and hydraulic conditions. This study addresses this challenge by 25 

modelling of design rainfall at sub-watershed level and subsequent estimation of flood design hy- 26 

drographs using the NRCS Unit Hydrograph Procedure. HEC-RAS 2D model is used for flood rout- 27 

ing, estimation of flood attributes (i.e., water depths and flow velocities) and mapping of inundated 28 

areas. The modelling approach has been applied at two complex and ungauged representative ba- 29 

sins: Lake Pamvotida basin located in the Epirus Region of the wet western Greece and Pinios River 30 

basin located in Thessaly Region of the drier central Greece, a basin with a complex dendritic hy- 31 

drographic system, expanding to more than 1188 river-km. The proposed modelling approach aims 32 

to better estimation and mapping of flood inundation areas including relative uncertainties and 33 

providing guidance to professionals and academics.  34 

Keywords: : EU Floods Directive; flood risk management; extreme rainfall; SCS-CN; 2D hydraulic 35 

modelling; HEC-RAS; fluvial floods; ungauged rivers 36 

 37 

1. Introduction 38 

Natural disasters caused by floods are responsible for the most casualties and eco- 39 

nomic loss in Europe and worldwide [1,2]. For example, for the period 1995–2015 floods 40 

affected 2.3 billion people and costed 157,000 human lives [3]. In general, there are five 41 

distinct types of floods (i.e. flash, fluvial, pluvial, urban and coastal floods), which may 42 

stem from various processes and sources. Flood impacts could be aggravated by human 43 

activities and interventions in the natural systems (e.g., deforestation, earthworks, water 44 

works, urbanisation). Fluvial (river) flooding is the most common type of flood and has 45 
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global implications in our society since 50% of the world's population is close to freshwa- 46 

ter bodies [4]. 47 

Flood hazard mapping is the process to address flood risk using a combination of 48 

structural and non-structural flood risk mitigation measures [5]. According to the EU Di- 49 

rective on floods (E.C. 2007/60), flood inundation mapping and risk assessment should be 50 

analyzed through appropriate and effective tools. Such techniques and methods are pre- 51 

sented and discussed in recent review studies [6,7]. Usually, flood hazard mapping en- 52 

compasses the determination of flood extent from synthetic flood events with typical de- 53 

sign return periods (e.g., the 50-year return period flood). However, for accurate flood 54 

hazard mapping several other flood characteristics (i.e. flood depth, flow velocity, and 55 

rate of rising of the water) should be evaluated [6]. In engineering applications, flood ex- 56 

tent and depth are the most common flood characteristics used: flood extent, because it 57 

allows for mapping flood events with typical return periods in a single map, and flooding 58 

depth, because it is directly associated with flood damage [8–10]. Both variables have been 59 

mainly assessed using one-dimensional (1D) hydraulic models [11,12]. However, the 1D- 60 

modelling method could lead to inaccurate findings under complex flow patterns and in 61 

low relief plain and urban areas. Hence, the use of 2D hydraulic modelling approaches is 62 

usually advocated for accurate flood hazard mapping [13–18]. 63 

Greece faces increasingly intense and frequent flood events over the last decades, 64 

thus their accurate modelling and mapping is becoming more and more important [19,20]. 65 

The areas that suffer particularly can be classified into three main categories [21]: i) closed 66 

hydrological basins, normally drained by natural sinkholes with limited drainage capac- 67 

ity, ii) plains traversed by complex river systems, and iii) urban areas, mainly affected by 68 

flash floods, where floodplains threat both wealth and human life. The presence of such 69 

catchments, at varying scales, combined with Greece’s uneven rainfall distribution (wet 70 

conditions in the western part of the country and dry conditions in the central and eastern 71 

parts), creates a variety of cases that are difficult to be framed under a single hydraulic 72 

modelling approach. Subsequently, the implementation of the E.U. Flood Directive in 73 

Greece is challenging in terms of modelling and mapping, and becomes more challenging 74 

when considering the inherent uncertainties of hydrological and hydraulic simulations 75 

and the limitations in hydro-meteorological and flow data. 76 

The above considerations are more general and they are among the most popular 77 

research questions in the field of flood inundation modelling and mapping [22,23]. Ap- 78 

plying hydraulic modelling for flood inundation at large scale has been addressed by few 79 

researchers through coupled hydrologic and hydraulic models [24–29]. Previous relevant 80 

works on large-scale flood inundation modelling and mapping failed to address some 81 

important questions such as: 1) How one can manage a complex river system in which 82 

several sub-watersheds outflow to the central stem of a river? 2) How one can deal with a 83 

complex river system in which each sub-watershed outflow to a lake and the water of the 84 

lake outflow recharges another channel or stream? 3) Is it possible to provide better hy- 85 

draulic geometry using finer resolution and incorporate several hydraulic structures 86 

within the geometry? Additionally, the most common sources of uncertainty are present 87 

at each stage of the modelling process, and are associated with: water input – rainfall (sta- 88 

tistical uncertainty of design storms), the systems’ initial conditions (hydrologic and run- 89 

off uncertainty, soil moisture conditions, etc.), and routing (roughness coefficient is a typ- 90 

ical input and an uncertainty source in the hydraulic modelling) [30,31]. Despite the im- 91 

portance of these questions and modelling issues for the implementation of the E.U. 92 

Floods Directive in Greece, there aren’t any studies, to the best of our knowledge, provid- 93 

ing a framework for modelling large-scale basins with complex hydrographic network 94 

and closed basins forming lakes, including rural and urban areas. 95 

This study aims to address important aspects of the above research questions 96 

through a new methodological framework for flood inundation modelling and mapping 97 

under uncertainty the follows the E.U. Flood Directive’s requirements. The proposed 98 

framework is applied to two Greek basins with different features: a) the closed basin of 99 



Water 2021, 13, x FOR PEER REVIEW 3 of 25 
 

 

Lake Pamvotida located in Western Greece, and b) Pinios River located in Central Greece, 100 

draining a large-scale basin with a complex dendritic hydrographic system, expanding to 101 

more than 1188 river-km. The stages of the methodology include extreme precipitation 102 

modelling at sub-basin level, using spatially-distributed Intensity-Duration-Frequency 103 

(IDF) relationships, estimation of design hydrographs using the HEC-HMS model, where 104 

all time parameters are related to the rainfall intensity, flood routing and estimation of 105 

water depths and velocities by using the HEC-RAS 2D model, with flexible mesh size for 106 

urban areas, and mapping of inundated urban and rural areas of the study basins. Statis- 107 

tical, hydrological and hydraulic uncertainty factors are assessed by means of scenarios 108 

that refer to the parameters of IDF relationships, soil moisture conditions, and roughness 109 

coefficients, respectively. It should be mentioned that only fluvial, surface flooding (i.e., 110 

lake and/or river overflows) were investigated. These overflows may occur during the 111 

rising stage of a flood hydrograph and/or flash floods at the tributaries and during the 112 

rising stage of the hydrograph in the main stem of the river and/or lake related to a wide- 113 

spread, sustained high rainfall and ruptures of natural impoundments (e.g. lakes, lagoons 114 

and beaver dams) or artificial impoundments (e.g. obstructed bridges, dams), improper 115 

functioning or rupture of hydraulic structures (e.g. weirs, impoundment dams, reservoirs, 116 

artificial levees). The proposed approach presents a general methodology to address the 117 

above issues providing a useful reference for flood modelling and mapping analyses and 118 

its application in the two study basins, considering the specific features and modelling 119 

challenges. 120 

2. Study Areas 121 

2.1. Lake Pamvotida Catchment 122 

Lake Pamvotida is located in a closed basin covering an area of 340 km2, placed in 123 

Epirus Region, Northwestern Greece (Figure 1A). Most of the basin's runoff flows through 124 

small streams and torrents into the lake and a smaller portion of the runoff is diverted to 125 

the adjacent Kalamas River basin (to the northwest). The City of Ioannina, which is located 126 

at the middle of the western bank of the lake (Figure 1A), is the administrative center and 127 

the largest city of the Epirus Region. Its population is, about, 112,500 inhabitants, accord- 128 

ing to the 2011 census. 129 

The study area's hydro-lithological conditions have been derived from the Manage- 130 

ment plans of flood risks for river basins in Epirous Region (Special Secretariat for Water 131 

& Ministry of Environment and Energy (SSW-MEE), 2018) [32]. Lake Pamvotida basin is 132 

covered by high to very high permeable formations (45%), followed by medium to low 133 

permeability formations (38%), very low to zero permeability formations (9%), and low 134 

permeability formations (8%). The basin’s altitude ranges from 469-1808 m with average 135 

elevation of about 680 m. The land cover classification used in this study was based on 136 

CORINE land-cover data. The main land cover classes prevailing at Lake Pamvotida basin 137 

are forested and semi-natural areas (44%) and agricultural areas (42.5%), followed by ar- 138 

tificial surfaces (6.5%), water bodies (6%) and wetlands (1%). 139 

The climate is mild, generally warm and temperate with very rainy winters, and dry 140 

summers. The average annual temperature is 13.2 °C. The average annual precipitation is 141 

about 1080 mm, with 123.7 rainfall days/year. It is the wettest area of Greece [33,34]. Ex- 142 

treme weather conditions are the main cause of flooding at the study basin. In the Ioan- 143 

nina city and the small island of Lake Pamvotida, houses were damaged and roads were 144 

flooded due to Lake overflows on the 9/12/2014 and on 14/11/2017 events [35,36]. The 145 

flooding processes and flood mapping studies for the study area are very limited, to the 146 

best of our knowledge.  147 

2.2. Pinios River Basin 148 

Pinios River basin extends over an area of 9,664 km2 and is located in central Greece, 149 

covering most of the area of Thessaly Water District (TWD) (Figure 1B). The length of the 150 
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main stem and the tributaries of Pinios River is estimated to be more than 1188 km, while 151 

the main channel is, approximately, 196 km long. Larisa city is located at the middle of 152 

the main channel of Pinios River (Figure 1B). It is one of the largest cities of Greece, and 153 

the financial and administrative center and the largest city of Thessaly Region. Its popu- 154 

lation is about 284,500 inhabitants, according to the 2011 census. 155 

The climate of the basin is typical Mediterranean. The average annual rainfall and 156 

reference evapotranspiration are approximately 700 mm and 1,400 mm, respectively. The 157 

mean annual streamflow at the river delta is approximately 80 m3/s [37,38]. Thessaly is the 158 

largest continuous agricultural productive plain of the country, and at the same time the 159 

driest Water District of Greece, which experiences frequent droughts and extreme rainfall 160 

events causing severe floods [39,40] that disrupt its productivity [41,42]. 161 

The area's hydro-lithological conditions have been derived from the Management 162 

plans of flood risks for river basins in Thessaly region (Special Secretariat for Water & 163 

Ministry of Environment and Energy (SSW-MEE), 2018). Pinios River basin is covered by 164 

medium permeability formations (42%), followed by very low to zero permeability for- 165 

mations (23%), low permeability formations (19%), high to very high permeable for- 166 

mations (12%), and low permeability formations (4%). The central part of the basin is cov- 167 

ered by a large fertile plain of an area of about 4,000 km2. The major cultivated crops are 168 

cotton, winter wheat, maise and alfalfa. Pinios River basin altitude ranges from 0 m to 2,085 169 

m, with average elevation of about 440 m. The land cover classification used in this study 170 

was based on CORINE land-cover data. The main land cover classes prevailing at Pinios 171 

River basin are the agricultural areas (50.8%) and the forested and semi-natural areas 172 

(45.9%), followed by artificial surfaces (2.7%), water bodies (0.5%) and wetlands (0.1%). 173 

Pinios River basin is known from the antiquity by the geographer Stravon for its 174 

floods, when the first protection works were structured. Besides the construction of a com- 175 

plex system of drainage channels, stream-lining works and land reclamation projects, al- 176 

ready by the end of the 19th to the early 20th century, several parts of the basin are still 177 

prone to flooding [38]. Today, the broader region is considered as the most vulnerable in 178 

Greece, since the potential flood zones cover the 31.2% of its area (i.e. 4,172 of the 13,377 km2 179 

of the TWD) [43]. Quite often, extended inundations occur over the floodplains, resulting to 180 

significant damages to the agricultural production, with characteristic examples the recent 181 

events of February 2018 and September 2020. The middle stem of Pinios River is one of the 182 

major flood prone areas extends over a length of 40 km, between the flow stations of Ali 183 

Efenti and downstream Amygdalia (Figure 1B, from J7 to I1 and on). This river reach is 184 

located 15 km upstream of Larissa city. Furthermore, Tempi valley, as well as other narrow 185 

passes along the main river watercourse are intensify flooding in the Thessaly plain. Defor- 186 

estation and urbanisation play also an important role increasing the destructive power of 187 

floods with consequence severe soil erosion problems. Thus, the interest of this study is fo- 188 

cused on the main watercourse of Pinios River. Minor causes of flooding could be attributed 189 

to the inadequate natural discharge capacity across large parts of the river, the improper 190 

design of hydrotechnical projects (i.e. inadequate height of some bridges that have been 191 

built across the river, the construction by farmers of "handy" barriers in the river channel for 192 

storage of irrigation water). Finally, the low terrain elevation of the drainage network in- 193 

creases the flood risk at the study area. Historical flood events have been recorded and ar- 194 

chived by the Ministry of Agriculture, the Ministry of Environmental, Physical Planning 195 

and Public Works and the Public Power Corporation during the last thirty years. The area 196 

around many villages such as Farkadona, Vlochos, Piniada and Koutsochero close to the 197 

junction of the rivers Kalentzis (Figure 1B, J6), Enipeas (Figure 1B, J3), Farsaliotis (Figure 1B, 198 

J4), Sofaditis (Figure 1B, J5) and Pinios (Figure 1B, J7), just after the outlet of the sub-basin at 199 

Keramidi bridge, is of a high flood risk area. Most scholars so far have focused on the anal- 200 

ysis of the past events characteristics and the flood monitoring, rather that the modelling 201 

and mapping of flood events in the entire basin [19,20,44]. 202 
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 203 

Figure 1. Study areas: (A) Pamvotida Lake basin and (B) Pinios River basin. 204 

Both basins include rural areas, small settlements and two major cities, i.e. Ioannina 205 

city and Larisa city which are located on the bank of Pamvotida Lake and the main chan- 206 

nel of Pinios River, respectively (Figures 1A, 1B). The above description makes clear the 207 

different features of the study areas and how challenging they are in terms of hydrologic 208 

and hydraulic modelling. The modelling approach presented in the following sections ap- 209 

plies to both closed lake basins, and large-scale basins with complex and extended hydro- 210 

graphic network. In both cases, the urban areas are approached separately than the rural 211 

areas, in accordance with the E.U. Flood Directive. 212 
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3. Methodology 213 

3.1. Flood Inundation Modelling and Mapping Approach 214 

This study uses an integrated flood hazard and risk modelling and mapping frame- 215 

work developed for ungauged urban watersheds. The single event-based deterministic 216 

approach proposed by Papaioannou et al. [45] is adopted, comprising three modelling 217 

components: (i) synthetic storm generator; (ii) hydrological simulation model; and (iii) 218 

hydraulic simulation model. This is employed for three typical design return periods (T = 219 

50, 100, 1000 years), assuming that the flood risk is connected to the determination of the 220 

input rainfall return period. The mathematical details can be found in the article of Papai- 221 

oannou et al. [45], where emphasis is given on the hydrological analyses and the mathe- 222 

matical-theoretical background of hydraulic simulations. This paper focuses on the appli- 223 

cation of the framework to ungauged lake and large-scale complex river basins including 224 

urban, sub-urban and rural areas, which involve the hydraulic-hydrodynamic model’s 225 

adaptation to specific conditions. Its successful implementation is expected to help water 226 

resource managers and decision makers to improve the design procedures for flood risk 227 

management of closed-lake basins and large-scale complex river basins, and may lead to 228 

more efficient flood mitigation strategies. 229 

The hydraulic simulations are performed with a 2D modelling routine, to provide 230 

flood risk maps for T = 50, 100, 1000 years return periods, considering, an "average" and 231 

two “extreme” initial soil moisture hydrological scenarios. This approach allows for the 232 

estimation of lower and upper uncertainty bounds of the produced flood quantities, for 233 

each return period of interest. Overall, in the context of flood inundation and mapping, 234 

this approach can quantify the major sources of uncertainty: 1) statistical uncertainty as- 235 

sociated with the parameters of IDF relationships (i.e., scale and location parameters), 236 

originating from limited samples of observed extreme rainfall data; 2) hydrologic uncer- 237 

tainty associated with the initial soil moisture conditions of the hydrological model, re- 238 

sulting to a wide range of the key input parameter of the SCS-CN method, i.e. the potential 239 

maximum retention; and 3) hydraulic–parametric uncertainty associated with Manning's 240 

roughness coefficient, which is a typical input parameter of hydraulic flow routing mod- 241 

els. These three uncertainty components were combined, thus resulting to nine (9) opera- 242 

tional scenarios (Table 1). The configuration of each scenario’s assumptions is described 243 

in the next sections. Using the input hydrographs, the framework was run under these 244 

scenarios for each case study, considering, separately, the rural and the urban areas. 245 

Table 1. Operational scenarios modelled to provide uncertainty bounds estimations. 246 

Return Period Hydrologic Conditions Roughness Coefficient Conditions 

T50 Dry (AMCI) −50% Estimated 

T50 Average (AMCII)  Estimated (Average) 

T50 Wet (AMCIII) +50% Estimated 

T100 Dry (AMCI) −50% Estimated 

T100 Average (AMCII)  Estimated (Average) 

T100 Wet (AMCIII) +50% Estimated 

T1000 Dry (AMCI) −50% Estimated 

T1000 Average (AMCII)  Estimated (Average) 

T1000 Wet (AMCIII) +50% Estimated 

3.2. Hydrological Modelling 247 

This section presents the hydrologic modelling of the framework, comprising two 248 

parts, i.e. a storm generator and a rainfall-runoff model, providing the ‘computational 249 

output (hydrographs) to be used as input to the hydraulic model. To account for the het- 250 

erogeneity of the storm regime, a semi-distributed approach is followed, allowing to as- 251 

sign different rainfall inputs and model parameters across sub-basins and reach elements. 252 

MDPI
Section 3 is too large and should be reduced. Prioritizing the most important aspects of the methodology developed and trying to avoid repetition of concepts. In the current format, the reading of this section is confusing and chaotic.
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The procedure for extracting design hyetographs across sub-basins initiates with the esti- 253 

mation of partial rainfall depths for all temporal scales and return periods of interest, on 254 

the basis of spatially-averaged IDF relationships [46,47] for a standard design rainfall du- 255 

ration (D = 24 h). Design storm hyetographs are formulated with two typical time profiles, 256 

the Alternating Block Method, for T = 50 and 100 years, and the Worst Profile Method, for 257 

T = 1000 years [48–50]. These are next adjusted by using the areal reduction method, 258 

namely a dimensionless parameter that is defined as the ratio of areal to point rainfall, 259 

and is a decreasing function of the area and increasing function of duration) [51]. 260 

In order to account for joint statistical and hydrological uncertainties, three scenarios 261 

were formulated for each one of the three return periods (T = 50, 100, 1000 years), i.e., low, 262 

average and high. The design rainfall estimated by the IDF relationship is assumed to 263 

correspond to the average scenario, while its 80% confidence limits, which are measures 264 

of the statistical uncertainty induced by the estimation of IDF parameters from relatively 265 

small samples (i.e. annual maximum rainfall data), correspond to the two extreme scenar- 266 

ios (e.g. low-20% and high-80%) [52]. As mentioned in the previous section, hydrological 267 

uncertainty has been expressed in terms of the three typical Antecedent Moisture Condi- 268 

tions (AMC) that are accounted for in the SCS-CN approach [53]: dry (or low – AMCI) 269 

represented by CNI, moderate (or average – AMCII) represented by CNII, and wet (or high 270 

– AMCIII) represented by CNIII [45]. 271 

The transformation of the excess rainfall over each sub-basin to flood hydrograph at 272 

the outlet junction (rainfall-runoff model) is achieved using the dimensionless curvilinear 273 

unit hydrograph approach of SCS, which is considered the prevailing modeling approach 274 

for ungauged basins. Key assumption of the method was the implementation of the con- 275 

cept of varying (i.e., runoff-dependent) time of concentration, which affects the shape of 276 

unit hydrographs, thus introducing further nonlinearities to overall modelling approach  277 

[54]. The HEC-HMS software [55] was used, and the design flood hydrographs from the 278 

generated storms were estimated for all scenarios. Details are given in [45]. 279 

3.3. Hydraulic-Hydrodynamic Modelling 280 

The Hydrologic Engineering Center (HEC) of United States Army Corps of Engineers 281 

developed the well-known HEC-RAS model that is used in many studies for 1D and 2D 282 

river flood modelling and floodplain management, e.g., [12,56]. The 2D hydrodynamic 283 

calculations are based on the 2D diffusive wave equations or the full 2D Saint-Venant 284 

equations [57]. A simplified version of the Navier-Stokes equations is the Shallow Water 285 

(SW) equations. The combination of the two-dimensional form of the Diffusion Wave Ap- 286 

proximation and the mass conservation can yield the Diffusive Wave Approximation of 287 

the Shallow Water (DSW) equations. The two-dimensional (2D) HEC-RAS model is using 288 

the sub-grid bathymetry approach [57].  289 

An important challenge in flood inundation modelling and mapping, especially for 290 

large-scale and complex watersheds, is the data requirement and preparation of the inputs 291 

into the hydraulic-hydrodynamic model [58]. The major requirements of the model are 292 

the Digital Elevation Model (DEM), the initial and boundary conditions (e.g., river flow- 293 

paths, banks, etc.), the roughness coefficients, the representation of technical works (e.g., 294 

hydraulic structures), and the representation of the urban areas by considering the effect 295 

of the building blocks to the water flow. The description of each component for the simu- 296 

lation of rural and urban areas is presented herein. 297 

Several scholars [12,59–62] have highlighted the importance of the DEM accuracy in 298 

river flood modelling and mapping, especially in applications where a 2D hydraulic-hy- 299 

drodynamic model is used. Recent developments in aerial photography regarding the im- 300 

provements of spatial image resolution have led to high-resolution aerial photographs 301 

and orthophotos and by extension to sufficient DEM resolution for large scale river flood 302 

modelling and mapping at urban and rural areas [63]. In this study we use a DEM with 303 

resolution of 5 m, provided by National Cadastre and Mapping Agency S.A. (NCMA). 304 
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Roughness is a well-known input parameter in flood inundation modelling and map- 305 

ping and a source of uncertainty. The selection of the appropriate methodology for a rea- 306 

sonable estimation of this parameter is an important step in flood inundation modelling 307 

and mapping [64,65]. The most common approach for large scale applications is the use 308 

of typical roughness coefficient values for various land uses, suggested in the interna- 309 

tional literature, combined with CORINE land cover data [38] for the floodplain rough- 310 

ness. Therefore, in this study typical Manning’s roughness coefficient values were used in 311 

combination with CORINE land cover classification maps to estimate the average values 312 

of Manning’s roughness coefficient over the floodplain (Figure 2). Haltas [66] studied the 313 

roughness coefficient calibration and showed that the use of a constant value for concrete 314 

surfaces, n = 0.04, can provide acceptable results. Therefore, a weighted roughness coeffi- 315 

cient value has been used for small size urban areas such as villages (n = 0.03-0.04). 316 

In flood inundation modelling, the channel roughness uncertainty prevails over the 317 

floodplain roughness uncertainty because the latter is estimated through a standard pro- 318 

cess [38,65,66]. Thus, in order to decrease the channel roughness uncertainty, the flood 319 

modelling expert estimated the average channel roughness values based on several pho- 320 

tographs of the river, taken upstream and downstream of each technical river work, and 321 

riverine areas, aerial photographs examination (provided by NCMA) and typical Man- 322 

ning’s roughness coefficient values that are proposed in the literature. 323 

Another regulation of the E.U. Flood Directive implementation is the use of “upper” 324 

and “lower” boundaries of Manning’s roughness coefficient. In this context, the average 325 

values of Figure 2 were adjusted by −50% and +50% to represent the upper and lower 326 

bounds of this parameter. 327 

An important factor in river flood modelling, and especially, in 2D hydraulic hydro- 328 

dynamic modelling, is the representation of technical works (e.g., flood protection works, 329 

culverts, bridges, weirs, etc.) within the river and the adjacent areas. In this study, the 330 

hydraulic structures were detected using aerial photographs, field observations, and data 331 

gathered from different local authorities. Next, accurate topographical surveys were con- 332 

ducted for the refining of important hydraulic structures [45]. All this information was 333 

used for the modification and/or correction of the DEM to depict accurately all-important 334 

hydraulic structures. In particular, the representation of bridges within the two-dimen- 335 

sional (2D) HEC-RAS model has been accomplished by employing a combination of weirs 336 

and culverts, modified in the RAS-Geometry routine. 337 

Urban flood inundation modelling and mapping remain a challenge because of the 338 

multistage impact of flooding over these areas (social, economic, fatalities) and the com- 339 

plexity of the system. Recent studies focus on the building representation within the 2D 340 

hydraulic-hydrodynamic model for realistic simulation of flood inundation at urban areas 341 

[67–70]. The major building treatment methods are Building Resistance (BR), Building 342 

Block (BB), Building Hole (BH), and Building Parameter (BP) [70]. BR method involves 343 

the local rise of roughness coefficient value. BB and BH are similar, where in the BB 344 

method the building is represented using local rise of the elevation, while in BH the build- 345 

ing blocks do not participate in the computational mesh of the hydraulic model. The BP 346 

method allows the water flowing within the block usually with the application of an area 347 

reduction factor (i.e. percentage of flooding participation in the building) [68,70]. Recent 348 

evidence [68,69] reveals the advantages and drawbacks of the building treatment methods 349 

and further work needs to be carried out to verify the optimum building treatment 350 

method. The Building Block (BB) approach was eventually used, in which the value of 351 

Manning’s roughness coefficient for roads was set from 0.013 to 0.015. 352 

Despite the technological advancements in 2D hydraulic modelling, flood inundation 353 

modeling using 2D approaches is still a time consuming and demanding task [63,71]. On 354 

the other hand, the model selection depends on the importance of the flooded areas (e.g. 355 

urban area, rural areas) and the output data requirements [71]. Thus, in cases where the 356 

use of a 2D hydraulic-hydrodynamic model is mandatory, the modeling process and its 357 

methodological steps can be a high-challenging issue. The following paragraphs present 358 
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the design and implementation of specific methodological steps to overcome some of the 359 

2D hydraulic modeling limitations. 360 

The hydraulic-hydrodynamic modelling methodology developed for lakes and adja- 361 

cent areas consists of the following steps: 1) hydrologic modelling of lake tributaries and 362 

estimation of flood flow inflow to the lake, 2) investigation and prioritization of hydraulic 363 

modelling domains (priority should be given to the tributaries that drain into the lake), 3) 364 

model configuration and preparation of model geometry for the examined tributaries, 4) 365 

river flood modeling, 5) preparation of the lake’s hydraulic modelling geometry and hy- 366 

draulic model configuration, where the lake state is put equal to maximum lake water 367 

level indicating the worst case scenario, 6) simulation of the lake as a closed system (since 368 

the lake receives the flow from all tributaries and the flow travels within the lake), 7) prep- 369 

aration of hydraulic modelling geometry outside of the lake and hydraulic model config- 370 

uration, 8) simulation of flood inundation of rural and urban areas adjacent to the lake. 371 

The lake outflow estimated in step 6 is used as an inflow in this step. The lake works as 372 

tributary to the adjacent areas, 9) preparation of the hydraulic modelling geometry of the 373 

remaining areas and hydraulic model configuration, 10) simulation of flood inundation 374 

of the remaining areas. In case of areas connected in a row, the simulations should be 375 

implemented using a step-by-step possess, 11) all generated water depths are merged to 376 

a single file using max values to present the total inundation of the entire study area. 377 

The hydraulic-hydrodynamic modelling methodology developed for large scale 378 

river flood modelling application consists of the following steps: 1) hydrologic modelling 379 

of river tributaries and estimation flood flow inflow to the river, 2) merging of flood hy- 380 

drographs in junctions with common locations, 3) simulation of the first upstream river 381 

part, 4) re-estimation of flood flow inflow for the following river part. Before each simu- 382 

lation step should be undertaken adjustments, if needed, of the flow based on the partici- 383 

pation of other tributaries that drain within the main channel 5) Simulation of flood inun- 384 

dation of following river part, 6) Repeat the steps 3,4,5 until the simulation of the river’s 385 

final part. 7) Simulation of flood inundation of urban areas. It is applied only in cases that 386 

a city is located in the flooded area. The methodology for large-scale river flood modeling 387 

is an iterative step-by-step process and slowly shifts downstream. In cases where 2D sim- 388 

ulation is not mandatory, or there is a gap between two 2D hydraulic domains, 1D simu- 389 

lation may be used for routing the flood wave in the following area. Finally, all generated 390 

water depths are merged to a single file using max values to depict the total inundation 391 

of the entire study area. The use of the step-by-step process overcomes the prohibited and 392 

problematic configuration and simulation of extremely large areas, however, it can be 393 

time consuming. 394 

The hydraulic-hydrodynamic modelling methodology of urban areas follows similar 395 

steps with the already presented methodological steps. The main difference is in the prep- 396 

aration of the hydraulic modelling geometry where the terrain is modified based on the 397 

building blocks. Moreover, a finer mesh within the hydraulic modelling geometry should 398 

be used to accurately represent the complex urban terrain [45]. 399 
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 400 

Figure 2. Average values of Manning's roughness coefficient based on CORINE land cover data 401 
for Pamvotida Lake (top map) and Pinios River (bottom map) basins. 402 

3.4. Application of the modelling methodology to the study basins. 403 

In this section, the specific adjustments of the general methodological framework and 404 

its application to the two study areas are described, as a reference point and guidance to 405 

future studies on similar areas. The main idea argues in favor of flexible modelling, as the 406 

only way to cope with the specific features of each given area. Thus, these adjustments 407 

refer to each stage of the process: hydrological, hydraulic-hydrodynamic, and of course 408 

the differences of rural and urban parts. 409 

The two types of examined cases with the accompanying modelling challenges are: 410 

• Closed basins–lakes; In the case of Pamvotida Lake (and every closed basin 411 

forming a lake) where there is not a hydrographic network that ends to a junction (i.e. 412 

basin’s outlet), the standard procedure for river network systems needs to be adapted. As 413 

explained below, the “exit” point (outlet) was simulated with a ‘virtual’ junction in the 414 

center of the lake. 415 

• Large-scale basins with complex and extended hydrographic network (e.g. 416 

Pinios River), unavoidably are accompanied by huge computational load and required 417 

computational power, and need time-consuming processing. To tackle these impedi- 418 

ments, a two-stage approach is followed, involving analytical modelling for each main 419 

tributary, and use of the associated outflow hydrographs as inputs for the hydraulic sim- 420 

ulation of the main river (step-by-step approach). 421 

With respect to the application of the hydrological modelling, the procedure de- 422 

scribed in section 3.2 was carried out. The sole difference between the two study areas 423 



Water 2021, 13, x FOR PEER REVIEW 11 of 25 
 

 

was at the stage of the design hyetographs, i.e., the transformation of point to areal esti- 424 

mations. It must be noted that the rainfall areal reduction factor, φ, was applied in all 425 

examined cases (Pamvotida and Pinios River basins and sub-basins). Detail information 426 

about the application of the methodology is presented next for the two study basins. 427 

Concerning the hydraulic modelling application, it is noteworthy to mention that the 428 

Flood Directive (2007/60/EC) implementation in Greece has been accomplished with the 429 

Flood Risk Management Plans (FRMP) and several methodological steps were imple- 430 

mented before the first version of the Greek FRMP. The first step was to undertake Pre- 431 

liminary Flood Risk Assessments (PFRA) leading to the identification of areas that are at 432 

significant risk of flooding, known as Areas of Potential Significant Flood Risk (APSFR) 433 

[72]. Consequently, Flood Hazard and Risk Maps (FHRM) were generated within the 434 

ASPFR in order to depict (e.g., water depth, velocity, flood extent) the impact of flooding 435 

that can affect human health, the economy, environment and cultural heritage [72,73]. Fi- 436 

nally, FRMP were conducted using all previous results. Therefore, flood inundation mod- 437 

elling implemented only within the ASPFR areas. 438 

3.4.1. Modelling of Pamvotida Lake system 439 

Pamvotida Lake basin is a closed basin and the majority of the runoff from the sub- 440 

watersheds of the basin inflows into the lake and a small percentage of the basin runoff is 441 

diverted to the adjacent Kalamas River. The hydrological model domain consists of 15 442 

sub-basins, 13 junctions, and 11 stream reaches, while the hydraulic-hydrodynamic model 443 

domain consists of eight (8) stream reaches (total length 47 km) and the lake (Figure 1A). 444 

The hydraulic-hydrodynamic model configuration is restricted to these 8 reaches be- 445 

cause, according to the general national guidelines, the flood inundation modelling was 446 

applied only within the potential flood inundation areas indentified in the preliminary 447 

flood risk assessment study. Thus, these 8 reaches were used for the simulation and rout- 448 

ing of flood hydrographs and the estimation of flood hazard. 449 

The special feature of Pamvotida Lake hydraulic modelling implementation is the 450 

division into two sub-domains: the inflow, and the outflow sub-domain. The lake basin 451 

consists of two independent hydraulic sub-systems, the downstream (4 sub-basins) and 452 

the upstream (10 sub-basins) that drains into the lake. One hydraulic geometry modelling 453 

configuration (i.e., the simulation from the Lake to the adjacent areas) was adjusted for 454 

urban flood inundation modelling for the area of Ioannina city. Considering the lake as a 455 

separate system, the outflow from all tributaries were used as input discharge to simulate 456 

the lake. The simulation set up of the lake aims to route the flow through the lake and to 457 

provide the outflow at J4 point (Figure 1A). Specifically, the inflow sub-domain consists 458 

of the hydraulic-hydrodynamic simulation of the runoff that directly enters into the lake 459 

(five inflow nodes, J5, J6, J7, J8, J11), while the outflow sub-domain consists of the hydrau- 460 

lic-hydrodynamic simulation of the outflow from the lake to the adjacent areas (one node, 461 

J4, and several outflow boundary lines) (Figure 1A). The mechanism of the outflow sub- 462 

domain initiates when the lake is at bankfull stage. Thus, when the lake water surface rises 463 

up to the water stage set by the regulating sluice gate, then part of the stored volume 464 

overflows to the lower sub-system (from node J4 to node J1), and then it is diverted to 465 

Kalamas River Basin through a canal (Figure 1A). Sixteen (16) technical works (e.g., 466 

bridges, culverts) have been surveyed, included in the digital topographical domain (i.e. 467 

revised DEM) and their effects on the flow are simulated. The generated mesh details for 468 

all Pamvotida Lake’s hydraulic modelling domains are presented in Table 2. 469 

3.4.2. Modelling of Pinios River basin system 470 

The hydrological and hydraulic model of Pinios River basin consists of 12 sub-basins, 471 

12 junctions, and 13 stream reaches (total length of about 196 km) including the Pinios 472 

River main channel (Figure 1B). The sub-basin areas range from 94 km2 to 1,902 km2 and 473 

their total area is approximately 8,410 km2. The runoff from the sub-basins is routed 474 
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through a number of major tributaries to the main channel of Pinios River. The outlet of 475 

Pinios River basin is at the Pinios Delta where the river outflows to the sea. The upstream 476 

part of the basin consists of 10 sub-basins, covering about 70% of its total area (Figure 1B), 477 

while the downstream part consists of only two (2) sub-basins (Figure 1B). The modelling 478 

system comprises twelve (12) junctions and six (6) intermediate nodes that work as junc- 479 

tion points for multiple flood hydrographs and/or as midpoints. The main channel is di- 480 

vided into thirteen main reaches that involved within ASPFR and were simulated using 481 

the two dimensional (2D) hydraulic-hydrodynamic model. However, separating certain 482 

reaches from the rest of its hydrographic network, to comply with the ASPFR rules, cre- 483 

ates a modelling challenge regarding the accurate estimations of their initial flows. For 484 

that purpose, we simulated separately the reaches that are not included within ASPFR 485 

zones. We used the 1D hydraulic-hydrodynamic modelling for the upstream parts, and 486 

their results were next set as input inflows to the zones included within the ASPFR (down- 487 

stream parts). More specifically, the (upstream) reaches between the nodes I3 to I4 and J13 488 

to I2 were simulated using the 1D hydraulic-hydrodynamic modelling approach to calcu- 489 

late the inflow of the (downstream) following areas that are included within the ASPFR 490 

zones (reaches between the nodes I2-I3 and I4-JPinios) (Figure 1B). Hence, the methodo- 491 

logical ‘gap’ of the preliminary studies is covered, ensuring more accurate flow estima- 492 

tions for the zones of interest. 493 

The flood hydrographs from the large sub-basins that are drained to Pinios (Figure 494 

1B) were synchronized based on the Muskingum method [74]. Thus, main channel does 495 

not receive the flood hydrographs arriving from its tributaries at the same time. Some sub- 496 

basins such as FR003000 (J3), FR004000 (J4), FR005000 (J5), FR006000 (J6) (Figure 1B), are 497 

not connected directly to the Pinios main channel. In such cases the routing of the flood 498 

hydrographs till the main channel using the 2D hydraulic-hydrodynamic model. 499 

It is well-known that the construction of IDF curves and asociated input rainfall 500 

events refer to a point, thus reuqiring a proper transformation to account for the spatio- 501 

temporal variability of rainfall across a river basin. The latter is typically achieved by ap- 502 

plying a reduction coefficient 𝜑, called Areal Reduction Factor, to the storm depths that 503 

are constructed through the two methods described in section 3.2. In this context, at all 504 

individual sub-basins, as well as the entire Pinios river basin of 9664 km2, we applied the 505 

empirical formula proposed by Koutsoyiannis and Xanthopoulos [51]: 506 

𝜑 = 1 −
0.048𝐴0.36−0.01ln (𝐴)

𝑑0.35
 (1) 

where A is the drainage area (km2) and d is the rainfall duration (h). 507 

At this point, the two-step modelling procedure introduces an inconsistency, since 508 

the reduction employed to each sub-basin is not in agrement with the reduction needed 509 

for the entire model domain. In theory, this would require to build a priori an exteremelly 510 

complex hydrological-hydraulic model to represent the full area of interest, which is yet 511 

impossible, due to the lack of computational recourses. In order to overcome this limita- 512 

tion, we adopted a hybrid approach, to adjust the computed output hydropgrahs from all 513 

sub-basins a posteriori. In this context, a dimensionless reduction coefficient, λ, was as- 514 

signed to each sub-basin, i, defined as the ratio of the individual coefficients φi to the 515 

global coefficient φPinios for the entire Pinios river basin, i.e. λi = φi / φPinios. This asumption 516 

is based on the following proofs: 1) the value of φi is always less than one because it is not 517 

realistic to assign the same maximum rainfall intensity over large-scale river basins, 2) the 518 

larger sub-basins have smaller areal reduction factor values, which implies mor important 519 

reduction in the flood hydrograph, 3) increase in rainfall duration is followed by increase 520 

in the areal reduction factor, which means smaller reduction in the flood hydrograph, 4) 521 

the factor depends to some degree on the return period and it seems that the rise in the 522 

return period leads to small reduction of the areal reduction factor, which means smaller 523 

reduction in the flood hydrograph. 524 
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Hence, the reduction coefficient has been estimated for all Pinios river subbasins (12 525 

sub-basins) and all flood hydrographs multiplied by the corresponding λ (Sub-basins 526 

junctions, Figure 1B, i.e., junction J5 flood hydrograph). Then, the hydraulic simulations 527 

of the main channel of Pinios river performed based on the final reduced outflow flood 528 

hydrographs of the 12 sub-basins (Sub-basins, Figure 1B, i.e. FR004000, FR003000, etc.). 529 

Moreover, in certain cases, the flood hydrographs were merged because the outlets 530 

of some sub-basins were too close or at even the same location, or where there are multiple 531 

inflow junctions (e.g., see J9 and J10, Figure 1B). Thus, the modelling procedure is divided 532 

in a step-by-step (reach by reach) prossedure where the outflows of certain sub-basins 533 

were used as the inflows to the downstream reach, and the simulated outflow hydrograph 534 

of a reach was used as inflow hydrograph in the following (downstream) stream reach 535 

simulation. Furthermore, some parts of the Pinios river were bisected due to several lim- 536 

itation factors such as the enormous computational time, huge number of mesh elements, 537 

overdemanding computational power (e.g., see the reaches between the nodes J7 to I1 and 538 

I1 to J2 in Figure 1B). These techniques were proved to be the optimum ways to confront 539 

the case study’s complexity. Finally, 21 technical works (e.g., bridges, culverts, river train- 540 

ing works) have been digitised and included in the hydraulic-hydrodynamic model do- 541 

main. For instance, Figure 3 presents the ground survey of Bridge 224 at Drosero (approx- 542 

imatelly 850 meters downstream from J9 and J10) (Figures 3A and 3B) and how these 543 

ground survey data are incorporated into the 2D hydaulic model (Figures 3A and 3B) 544 

(Figure 3C presents the technical details of the bridge piers and abutments and Figure 3D 545 

shows the effect of bridge design in the final mesh generation). The generated mesh details 546 

for all Pinios river hydraulic modelling domains are presented in Table 2. 547 

  548 
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 549 

Figure 3. Example of ground survey of Bridge (Bridge number 224 at Drosero) (A) Topographical survey scketch., (B) 550 
Photographs from the topographical survey, (C) Technical details of the bridge piers and abutments, (D) Effect of bridge 551 
design in the final mesh generation. 552 

Table 2. Generated mesh details for each junction at the two study watersheds. 553 

Pinios river basin 

Junctions Min cell size (m2) Average cell size (m2) Max cell size (m2) Number of Mesh cells 

I1 to J2 3.56 350.82 1,536.65 897,152 

I4 to Jpinios 2.23 396.19 1,136.40 201,837 

I2 to I3 3.15 170.52 355.7 136,643 

J2 to J13 3.29 584.18 1,300.55 1,368,293 

J3 to J6 11.1 461.99 1,320.13 380,244 

J6 to J7a 9.75 434.43 912.19 298,897 

J7a to I1 2.53 469.85 1,599 259,480 

J7 to J7a 2.97 603.23 1,715.99 473,104 

J8 to J12 2.83 619.13 1,337.19 1,402,636 

J11 to J8 3.7 566.87 1,122.98 948,058 

J12 to J7 17.99 605.26 1,145.23 448,332 

J4J5 to J3 19.21 564.43 1252.93 630,411 

J9J10 to J11 2.32 315.89 606.39 751,988 

Lake Pamvotida basin 

Junctions Min cell size (m2) Average cell size (m2) Max cell size (m2) Number of Mesh cells 

J12 to J11 7.39 179.65 879.34 45,238 

I1 to Ι2 1.35 244.5 984.16 53,535 

J10 to I1 4.47 325.88 726.51 19,547 

J2 to J1 2.44 404.22 871.58 42,038 
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J3 to J2 2.3 403.84 1,064.81 82,064 

J9 to J8 25.01 352.98 890.89 32,221 

LAKE 355.53 628.6 1,643.88 35,345 

LAKE OUT / J4 to J3 0.94 206.98 1,634.75 396,026 

3.4.3. Hydraulic Modelling of Rural and Urban Areas 554 

Flood inundation modelling and mapping were implemented using HEC-RAS 2D 555 

model with variable mesh computation point spacing, from 5 to 25 m. The diffusion wave 556 

equations were selected for all applications and a variable computational interval, from 1 557 

to 10 s, has been used depended on the stability of each modelling application. The hy- 558 

draulic-hydrodynamic modelling configurations consist of standard methods that fol- 559 

lowed at urban and rural areas applications. In most cases, the hydrograph output, the 560 

mapping output and the detailed output intervals were set to 15 minutes. The two cate- 561 

gories of boundary conditions lines used are the inflow and the outflow ones. The former 562 

were defined by a hydrograph, while the latter were defined by normal depth [57,75]. 563 

The input DEM spatial resolution is 5 m, and a local increase of the elevation were 564 

implemented in the building block areas of Larisa city and Ioannina city (BB elevation rise 565 

method). In order to eliminate and/or correct the false representation of specific hydraulic 566 

structures and flood mitigation works, we used the actual topography of the structures 567 

and a DEM editing method that can generate a new surface using the geometry of cross 568 

sections (XS interpolation surfaces module of the RAS geometry routine) [76]. Several 569 

breaklines elements were used to provide different mesh resolution and an accurate rep- 570 

resentation of a) the river and its banks, b) the embankments and other flood mitigation 571 

works, c) the hydraulic structures (e.g. bridges, weirs, culverts, etc) and, d) the building 572 

block areas. For the Pinios River basin, two hydraulic geometry modelling configurations 573 

(i.e., see reaches between nodes I1 to J2, J2 to J13) were adjusted (i.e. BB elevation rise 574 

method) for urban flood inundation modelling of Larisa city. 575 

3. Results and Discussion 576 

The application of the semi-distributed hydrological modelling procedure was car- 577 

ried out for all the AMC scenarios, and the design hydrographs were produced from the 578 

HEC-HMS model. Figure 4 presents, indicatively, a set of inflow and outflow hydro- 579 

graphs estimated in junction J9-J10 (inflow) and junction J11 (outflow) of Pinios River for 580 

average AMCII. Similarly, all the design hydrographs were estimated for each junction. 581 

The design hydrographs are then used as iputs to the hydraulic simulation for all exam- 582 

ined hydrologic conditions, return periods and roughness coefficient scenarios.  583 

MDPI
Comentario en el texto
What about the hyetograms?



Water 2021, 13, x FOR PEER REVIEW 16 of 25 
 

 

 584 

Figure 4. Inflow and outflow hydrographs estimated for junctions J9J10 and J11 respectively, of 585 
Pinios River for average AMCII for all return periods: (A) Inflow (design) hydrograph, (B) Out- 586 
flow hydrograph. 587 

The focus of this work is on the hydraulic simulation, which uses as inputs the pro- 588 

duced hydrographs per junction. Table 3 presents Pamvotida Lake and Pinios River ba- 589 

sins total flooded area (in km2) for all examined scenarios and return periods, while a 590 

visual representation of Table 3 is presented in Figure 5 as Box and Whisker Plots. As 591 

expected, our results demonstrate that the flood inundation area is rising with the rise of 592 

the return period and with the change of the antecedent soil moisture conditions from dry 593 

to wet (Table 3, Figure 5). 594 

It is interesting to note that based on the flooded area in the comparison of the hy- 595 

drologic conditions the 3rd quartile 75% is wider than the 1st quartile, while in the com- 596 

parison of the return periods the 1st quartile 25% is wider than the 3rd quartile. An im- 597 

portant finding revealed from Table 3, and Figure 5 is that the effect of the hydrologic 598 

conditions’ scenarios on the flood inundation area is more significant than the return pe- 599 

riod scenarios. The total flood inundation area of Pinios River varies from 157 to 463 km2 600 

for AMCI, from 341 km2 to 731 km2 for AMCII, and from 477 km2 to 872 km2 for AMCIII, 601 

while the flood inundation area of Lake Pamvotida ranges from 7.9 to 18.2 km2 for AMCI, 602 

from 16.3 to 26.7 km2 for AMCII, and from 19.6 to 34.0 km2 for AMCIII (Table 3, Figure 5). 603 

This outcome confirms our previous findings [45], that the generation of a flood is strongly 604 

influenced by the soil moisture that is already stored at the beginning of rainfall. 605 

A slight difference is observed between the flood inundation area of the operational 606 

scenarios for the return periods of 50 and 100 years, while a significant difference with the 607 
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highest flood inundation area values is observed for the 1000-year return period (Table 3, 608 

Figure 5). The total flood inundation area of Pinios River varies from 157 to 477 km2 for 609 

T=50 years, from 229 to 623 km2 for T=100 years, and from 463 km2 to 872 km2 for T=1000 610 

years, while the total flood inundation area of Lake Pamvotida ranges from 7.9 to 19.6 km2 611 

for T=50 years, from 11.5 to 24.4 km2 for T=100 years, and from 18.2 to 34.0 km2 for T=1000 612 

years (Table 3, Figure 5). 613 

Table 3. Lake Pamvotida and Pinios basin total flooded area (km2) for all examined hydrologic 614 
and hydraulic scenarios and all investigated return periods. 615 

Studies Basin Hydrologic /Roughness Coefficient Scenarios 
Return Period T (years) 

50 100 1000 

Lake 

Pamvotida 

Dry (AMCI)/ −50% 7.89 11.47 18.17 

Average (AMCII)/ Average 16.34 20.06 26.69 

Wet (AMCIII)/ +50% 19.56 24.42 34 

Pinios River 

Dry (AMCI)/ −50% 157 229 463.18 

Average (AMCII)/ Average 340.90 481.2 731.48 

Wet (AMCIII)/ +50% 477 622.88 871.53 

 616 

Figure 5. Box and Whisker plots based on the total flooded area (km2) for all examined operational 617 
scenarios. The number of the figures denotes the case study [1) Pamvotida Lake, 2) Pinios River], 618 
while the letter of the figures denotes the hydrologic conditions [a)] and the return period [b)]. 619 

Figure 6 presents the maximum water depth and flood extent for all examined sce- 620 

narios (all hydrologic conditions and return periods). The distribution of the maximum 621 

velocity for the average scenario for all return periods is presented in Figure 7. Figures 6 622 

and 7 refer mainly to the rural parts of the study basins. 623 
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 624 

Figure 6. Maximum water depth and flood extent for all examined operational scenarios. The number of the figures de- 625 
notes the case study [1) Pamvotida Lake, 2) Pinios river], while the letter of the figures denotes the return period [a) T = 50 626 
years, b) T = 100 years, c) T = 1000 years]. 627 
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 628 

Figure 7. Maximum velocity for the average operational scenario. The number of the figures denotes the case study [1) 629 
Pamvotida Lake, 2) Pinios river], while the letter of the figures denotes the return period [a) T = 50 years, b) T = 100 years, 630 
c) T = 1000 years]. 631 

Since the simulations of urban areas need further attention, their results are pre- 632 

sented in larger scale maps. Figure 8 presents the maximum water depth and the flood 633 

extent within the areas of Larisa and Ioannina cities for all scenarios and for the important 634 

return periods considered in urban areas (T = 50 years and T = 100 years). Interestingly, 635 

the water depth seems to be more sensitive than velocity (Figure 6, 7, 8). This is a reason- 636 

able finding, because of the terrain has small slope and thus, the flow velocities are low. 637 
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 638 

Figure 8. Maximum water depth and flood extent within the cities for all examined operational scenarios. The number of 639 
the figures denotes the case study [1) Pamvotida Lake-- City of Ioannina, 2) Pinios river- City of Larisa], while the letter of 640 
the figures denotes the return period [a) T = 50 year, b) T = 100 year]. 641 

The above results significantly vary due to the wide uncertainty bounds of the flood 642 

parameters (peak flows, flood volumes, inundated areas, etc.). The uncertainty bounds 643 

overlap the risk expressed by the return period of rainfall. Especially, the lower and upper 644 

estimations may differ by an order of magnitude for large return periods. For this reason, 645 

attention should be given in the application of the proposed methodology for specific re- 646 

turn periods and hydrologic-hydraulic conditions. Finally, the findings of this study high- 647 

light the importance of using several scenarios (by means of hydrologic and hydraulic- 648 

hydrodynamic configurations) to quantify the associated uncertainty, to select the opti- 649 

mum configuration for flood inundation modelling and mapping and to use the results 650 

for the improvement of flood risk mitigation strategies. 651 

5. Conclusions 652 

This paper presents a hydrologic-hydraulic-hydrodynamic computational frame- 653 

work for flood modelling. All configurations concerning the flood modelling and map- 654 

ping at urban and rural areas are in line with the E.U. Flood Directive. Each member-state 655 

has the versatility in determining the optimum configuration of the framework, custom- 656 

ized to their context of flood management, aiming to accurate estimations and represen- 657 

tations of potential risks [77]. 658 

A limitation regarding its application in Greece, is that the national datasets of flood 659 

records lack in detail, accuracy, and spatial distribution of the recorded flood characteris- 660 

tics (water depth, flood extent, rainfall, etc.), so typical approaches such as data-driven 661 

approaches in flood risk assessment, based on observed floods statistical analysis, are not 662 
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I agree with what the authors indicate, but at the same time I disagree with their statement regarding the present study. The usefulness of modeling different scenarios in an exercise of uncertainty analysis in the results is evident. However, the authors have not carried out any in-depth analysis of the uncertainty of their study, nor of the consequences (on flood risk) that this uncertainty entails. They have simply carried out a very brief analysis of the effect that this uncertainty has on the estimation of flood hazard (flooded area and water depth).
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feasible [20,78]. Typical hydrological and hydraulic methods and flexible modelling set- 663 

tings were counterposed. The input data uncertainties issue was further addressed by us- 664 

ing scenario-based approaches (regarding extreme rainfall analysis, antecedent soil mois- 665 

ture conditions, and roughness coefficient). Such scenarios are recommended to estimate 666 

upper and lower water depth, velocities, and inundated areas for each return period, thus 667 

quantifying the uncertainties introduced by each parameter. 668 

An advantage of this work is that the examples presented cover in general, the most 669 

flood-prone areas such as closed hydrological basins drained by natural sinkholes with 670 

limited drainage capacity, plains traversed by complex river systems, and urban areas. 671 

Motivated by the peculiarities of Greek areas in terms of hydraulic simulation, the differ- 672 

ent case studies were presented as examples to provide guidance on how to address sev- 673 

eral broader hydraulic-hydrodynamic modelling concerns. Although using more than one 674 

case study increases the working effort, it is recommended for testing a model (as a gen- 675 

erally applicable design framework). The proposed approaches and the main hydraulic- 676 

hydrodynamic modelling configurations are generalized and summarized in Table 4. 677 

Their results provide all the necessary elements for flood management. 678 

Table 4. Hydraulic-hydrodynamic configurations and techniques recommended for the modelling 679 
of rural and urban areas in closed lake basins and large-scale complex river basins. 680 

Recommendations for each modelling 

category 
Description–Steps 

General: for rural and urban areas 

Goal: increase accuracy & facilitate com-

putations 

• Make necessary DEM modifications (e.g., at urban areas, building representation 

using local elevation rise BB method). 

• Roughness coefficient estimation using CORINE land cover, standard roughness co-

efficient tables, and refine with more detailed photos and relevant literature (in certain 

parts). 

• The technical works (bridges, culverts, embankments, etc.) were configured within 

the hydraulic-hydrodynamic geometry configuration. 

• Consider different case studies with different features to test the model as a frame-

work. 

Case 1: closed basins with limited drain-

age 

Specific goal: address areas that do not 

have an ‘exit’ point as outlet of the 

catchment (i.e., outlet is considered as a 

bankfull lake). Thus, such lake, can be 

examined on their water-expantion un-

der the conditions imposed by the de-

sign storms. 

1) Hydrologic modelling of lake tributaries and estimation flood flow inflows to the 

lake. 

2) Flood inundation modelling of lake tributaries (general recommendations). 

3) Two different simulation approaches (lake inflow and lake outflow simulations) 

were conducted for the lake system. 

o The lake was simulated as a closed system, as well as its outflows to the adjacent ar-

eas. The inflows were added from its outer boundaries, as the surplus of their normal flow 

conditions, while the outlet is considered to be a virtual junction in the centre of the lake. 

o Simulation of flood inundation of rural and urban areas adjacent to the lake (general 

recommendations). 

Case 2: large-scale regions with complex 

hydrographic network 

Specific Goal: address huge computa-

tional requirements maintaining the de-

sirable accuracy. 

1) Hydrologic modelling of river tributaries and estimation flood flow inflow to the 

river. 

2) Merging flood hydrographs in junctions with common locations (step-by-step pro-

cedure). 

3) Simulate the river’s upstream, then re-estimate flood inflows for the downstream. 

4) Simulate flood inundation of following part of the river. 

5) Simulate flood inundation of urban areas. 

6) For large rivers, follow an iterative procedure, by repeating steps 3 and 4 till the 

simulation of the final part of the river. 

Uncertainty 

Goal: improve the model, be aware of 

values’ range, warn for uncertainty 

sources. 

• Develop scenarios by detecting the most important sources of uncertainty (e.g., ex-

treme rainfall estimations, antecedent soil moisture conditions, roughness coefficients). 

• Include them in the modelling procedure and examine the uncertainty bounds. 

 681 
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Although the limitation regarding large computational time for the large-scale areas 682 

remains, since it is a step-by-step procedure, it provides more accurate estimations. The 683 

successful implementation of the proposed framework is a valuable advance for the im- 684 

provement of flood risk mitigation studies and indicate the uncertainty introduced in 685 

flood risk management in rural and urban areas using typical engineering practices. 686 

The evidence from this study indicates that the input data uncertainty of the hydro- 687 

logic analysis (e.g., antecedent soil moisture conditions and extreme rainfall estimations) 688 

may prevail against the probability of rainfall per se, which is expressed in terms of return 689 

period. Even though the studied input data uncertainty prevailed in the analysis, it is un- 690 

derlined that these parameters are not the only sources of uncertainty within the hydro- 691 

logic analysis. Therefore, flood inundation modelling under additional uncertainty sce- 692 

narios is suggested. 693 

Actually, there are several other challenges can be encountered when performing hy- 694 

draulic-hydrodynamic modelling. However, a key-message of this work is the flexibility 695 

of the techniques and methods that must accompany the mindset of the analyst when 696 

approaching challenging and compelling problems. This is in line with other recent mod- 697 

elling advances, not only referring to floods, and its importance is further highlighted 698 

when data limitations need to be addressed [79–81]. The combination of deep knowledge 699 

of the theoretical background (conceptually and mathematically) and the computational 700 

context (tools) is required, and comes through practice and experience. 701 
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