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Abstract: In recent decades, natural hazards have caused major disasters in the natural and 14 

man-made environment. Floods are one of the most devasting natural hazards with high mortality 15 
percentage, destruction of infrastructure and large financial losses. This study presents a 16 
methodological approach for flood risk management at lakes and adjacent areas that is based on 17 

the implementation of the EU Floods Directive (2007/60/EC) in Greece. Contemporary engineering 18 
approaches have been used for the estimation of the inflow hydrographs. The 19 
hydraulic-hydrodynamic simulations implemented in the following order: a) hydrologic modelling 20 
of lake tributaries and estimation flood flow inflow to the lake, b) flood inundation modelling of 21 

lake tributaries, c) simulation of the lake as a closed system, d) simulation of the lake outflows to 22 
the adjacent areas, e) simulation of flood inundation of rural and urban areas adjacent to the lake. 23 
The hydrologic modelling has been performed using the HEC-HMS model and the 24 
hydraulic-hydrodynamic simulations were implemented with the use of the two-dimensional 25 
HEC-RAS model. The simulations applied for three soil moisture conditions (dry, medium and 26 

wet) and three return periods (T = 50, T = 100 and T = 1000 years) and a methodology was followed 27 
for the flood inundation modelling in urban areas. Upper and lower estimates on water depths, 28 
flow velocities and inundation areas are estimated for all inflow hydrographs and for varying 29 
roughness coefficient values. The proposed methodology presents the necessary steps and the 30 
results for the assessment of flood risk management and mapping for lake and adjacent urban and 31 

rural areas.  The methodology has been applied to Pamvotida lake, Epirus, Greece, which is the 32 
lake of Ioannina city. 33 

Keywords: Lakes and adjacent areas flooding; EU Floods Directive; flood risk management; 2D 34 

hydraulic modelling; HEC-RAS; ungauged streams 35 

 36 

1. Introduction 37 

Natural hazards have caused significant damages to natural and manmade environments 38 
during the last few decades. Floods are among the most destructive water-related hazards and are 39 

mainly responsible for the loss of human lives, infrastructure damages and economic losses [1]. 40 
According to the EM-DAT database, during the period 1900–2017 Greece experienced 26 major 41 
floods that caused 113 deaths, affected about 23,000 people and cost $2.0 billion [2]. 42 

Estimation and mapping of flood inundation areas and flood hazard in ungauged watersheds 43 

and basins is based on four components: (i) synthetic storm generator/estimator; (ii) hydrological 44 
modelling; (iii) hydraulic/hydrodynamic modelling and iv) application of geographical information 45 
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systems. The estimation of synthetic storms is based on the Intensity-Duration-Frequency (IDF) 46 

curves with standard time profiles, for constructing synthetic rainfall events of a certain probability. 47 
A method is used for extracting the excess rainfall and rainfall abstractions (losses) (for example the 48 
SCS-CN method). Various methods have been used for transforming excess rainfall to runoff, like a 49 
synthetic unit hydrograph method. The SCS-CN method, developed by the Soil Conservation 50 

Service [3] (currently referred to as Natural Resources Conservation Service, NRCS) is considered 51 
the prevailing modelling approach for ungauged basins. The flood inundation modelling and 52 
mapping and associated the flood risk could be assessed by using one-dimensional (1D) and 53 
two-dimensional (2D) hydraulic/hydrodynamic models (e.g.; [4,5]). Under complex and composite 54 
flow conditions and wide flood plains, a 2D-modelling approach is generally suggested due to the 55 

provision of more accurate or realistic results [5,6].  56 
An operational framework for flood inundation mapping in ungauged urban areas is proposed, 57 

developed and demonstrated in this paper. The framework is developed in the context of the 58 
implementation of the EU Floods Directive in Greece and is demonstrated for Lake Pamvotida and 59 
the adjacent to the lake Ioannina city. The framework is a tool to estimate and map flood inundation 60 

areas and it could be used for the application of design measures and policies for the protection of 61 
human life, property and economic activities. 62 

2. Materials and Methods  63 

In this study, an integrated flood hazard modelling and mapping framework has been 64 

developed and implemented at ungauged urban, suburban and rural streams/catchments. The main 65 
goal is to highlight the possible disastrous effect of fluvial floods on human health, economic 66 
activities, cultural heritage, and the environment for three typical design return periods (T = 50, 100, 67 

1000 years), according to the European Union Flood Directive 2007/60/EC and the respective Greek 68 
legislation. The single event-based deterministic approach is adopted, based on three modelling 69 

components: (i) a synthetic storm generator/estimator; (ii) a hydrological simulation model; and (iii) 70 
a hydraulic simulation model. The major assumption of the framework is that the flood hazard is 71 
connected to the determination of the input rainfall return period. Finally, the outcome of the 72 
framework is the flood hazard maps (for T = 50, 100, 1000 years) corresponding to the “average” 73 

hydrological scenario as well as two “extreme” scenarios, which allow providing lower and upper 74 

uncertainty bounds of the estimated flood quantities for each return period of interest. The proposed 75 
framework is described in the next paragraphs. 76 

2.1. Synthetic Design Storm Estimator 77 

A key assumption of the event-based approach is that the flood risk is determined in terms of 78 
return period, T, of the design rainfall (hyetograph). The latter represents the temporal evolution of a 79 
hypothetical storm event of a certain duration D and time resolution Δt, which corresponds to the 80 
given return period. In this study, we have investigated a number of rainfall scenarios, setting D = 24 81 
h (which is about five times larger than the time of concentration of the basin) and Δt = 15 min. 82 

Moreover, following the semi-distributed approach, we assigned spatially-varying rainfall inputs 83 

across sub-basins, thus accounting for the heterogeneity of the storm regime over the study basin, 84 
which is due to climatic reasons as well as relief and orography effects. 85 

The computational procedure for extracting design hyetographs across sub-basins comprised 86 
three steps: (a) estimation of partial rainfall depths for all temporal scales and return periods of 87 
interest, on the basis of spatially-averaged Intensity Duration Frequency (IDF) curves relationships; 88 

(b) derivation of a synthetic hyetograph, by placing the partial depths at specific time intervals 89 
across the given duration (i.e., 24 h); and (c) application of an empirical reduction formula, to 90 
transform point to areal estimations. 91 

The IDF relationships could be described by the following equation, proposed by [7]:  92 

i(d, T) = 
    

    
 = 

           

        
 (1) 
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where, i is the average rainfall intensity over a certain time scale (also referred to as duration) d, and 93 

a given return period T, as the ratio of a probability function, a(T), to a function of time scale, b(d).  94 
The nominator a(T) of Eq. (1) is the mathematical expression of a Generalized Extreme Value (GEV) 95 

distribution for rainfall intensity over some threshold at any time scale.  The parameters of Eq. (1),  96 
η and θ were estimated from observed data and the shape parameter κ is initially obtained by fitting 97 

the GEV model to the maximum 24 h data and estimating its parameters by the L-moments method. 98 
For given parameters κ, η and θ, the L-moments method is employed to estimate the scale and 99 
location parameters, λ΄ and ψ΄, at each station.  In order to extract the confidence intervals of 100 

rainfall estimations, a generalized Monte Carlo framework is applied, since for the GEV distribution 101 
(as made for most of distributions) there are no analytical formulas [8].  102 

2.2. Hydrological Modelling  103 

For each return period of interest (T = 50, 100, 1000 years), three scenarios (herein referred to as 104 

low, average and high) have been formulated, in order to account for joint rainfall and hydrological 105 
uncertainties. Specifically, the design rainfall estimation provided by the IDF relationship is 106 
assumed to correspond to the average scenario (or median 50%), while its 80% confidence limits, 107 

which are measure of rainfall uncertainty, correspond to the two extreme scenarios (e.g. low-20% 108 
and high-80%). The design hyetorgraphs have been produces by IDF curves using the Alternating 109 
Block Method (ABM) for return periods of T=50 and 100 years, and the method of Worst Case Design 110 
Storm (WCDS) for the return period of T=1000 years. 111 

The hydrological uncertainty has been expressed in terms of three typical antecedent soil 112 
moisture conditions (dry, moderate, wet).  The well-known SCS-CN approach, developed by the 113 
Soil Conservation Service (SCS) [3] has been used for the estimation of excess rainfall. Three 114 
antecedent soil moisture conditions have been employed in each case, the dry (or low) represented 115 
by CNI, the moderate (or average) represented by CNII, and the wet (or high) represented by CNIII. 116 

The transformation of the excess rainfall over the basin to flood hydrograph at the outlet 117 
junction is made by using the dimensionless curvilinear unit hydrograph approach of SCS of the 118 
HEC-HMS modelling system.  The widely-used empirical Giandotti formula is used for the 119 
estimation of basin time of concentration, tc , given by: 120 

   = 
        

      
 (2) 

where tc is the time of concentration (h), Α is the basin area (km2), L is the length of the longest runoff 121 

distance across the basin (km), and Δz is the difference between the mean elevation of the basin and 122 

the outlet elevation (m). Its predictive capacity was by far superior with respect to other widely-used 123 
empirical formulas of the literature [9]. To account for the dependence of the response time of the 124 
basin against runoff, the following semi-empirical formula, which arises from the kinematic wave 125 
theory, is used considering that tc is inversely proportional to the design rainfall, i.e.: 126 

  (T) =     
    

    
 (3) 

where i(5) is the design rainfall intensity for return period Τ = 5 years, for which the time of 127 

concentration is estimated by the Giandotti formula, and i(Τ) is the intensity of any higher return 128 
period, T.  129 

2.3. Hydraulic-Hydrodynamic Modelling 130 

The two dimensional (2D) HEC-RAS model is used for the hydraulic/hydrodynamic flow 131 

simulation and flood routing within streams/rivers and lakes.  The model has been developed by 132 
the Hydrologic Engineering Center (HEC) of United States Army Corps of Engineers [10] and has 133 
been applied in many studies for flood inundation modelling (e.g. [5,11]). Furthermore, a benchmark 134 
analysis based on the two dimensional modelling capabilities, conducted by the U.S. Army Corps of 135 
Engineers, proved that HEC-RAS performed extremely well compared to the leading 2D models 136 

[12].  137 
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The HEC-RAS 5.0.3 computational engine is based on the full 2D Saint-Venant equations or the 138 

2D diffusive wave equations [10]. Shallow water equations are simplifications of the Navier-Stokes 139 
equations.  The Diffusive Wave Approximation of the Shallow Water (DSW) equations can be 140 
derived through the combination of mass conservation and the two-dimensional form of the 141 
Diffusion Wave Approximation. The HEC-RAS 2D solver is using the sub-grid bathymetry 142 

approach [10]. 143 
One of the basic factors of input data uncertainty in flood inundation modeling and mapping, 144 

especially when 2D hydraulic hydrodynamic models are used, is the Digital Elevation Model (DEM) 145 
accuracy. The DEM estimation process involves several errors, especially in complex river and 146 
riverine areas, due to the topographical technique used.  In this study, the DEM resolution used is 5 147 

m and has been provided by National Cadastre and Mapping Agency S.A. (NCMA). The raw data 148 
consist of the Digital Surface Model that includes canopy, manmade structures and other surface 149 
obstacles. First, the different DSMs derived from the 1:5000 aerial photos have been merged to a 150 
continue DSM. Then, the entire DSM has been processed to fill/sink the erroneous areas. Finally, the 151 
DSM has been re-corrected using typical elevation downgrading methods in order to create the 152 

DEM. 153 
An important input data uncertainty factor in flood inundation modelling is the roughness 154 

coefficient and the parameterization process that follows. A typical approach for large scale 155 
applications that uses two-dimensional hydraulic models is the estimation of the roughness 156 

coefficient using CORINE land cover data and standard roughness coefficient tables (e.g. [13]). This 157 
approach has been used in this study. Moreover, based on the EU Flood Directive guides the 158 
“upper” and “lower” boundaries of Manning’s roughness coefficient were estimated, as −50% and 159 
+50% of the average Manning’s roughness coefficient values, respectively. Furthermore, all 160 
hydraulic structures of the study area were detected using aerial photographs, a GIS database of the 161 

technical works, field observations and information collected by several authorities. Then, based on 162 
hydraulic structures geometry data, the entire DEM has been modified in order to include the flood 163 
protection works and the geometry of all hydraulic structures.  164 

Finally, flood inundation modelling and mapping at urban and suburban areas remains a big 165 
challenge due to the complexity of the entire system. One of the most important factors in flood 166 

inundation modelling in built up areas is the building representation within the 2D 167 
hydraulic-hydrodynamic model. In this study, the local increase of building block representation 168 
method with parallel adjustment of roughness coefficient is used for significant urban areas such as 169 
large cities, whereas the approach of building representation with the local rise of roughness 170 

coefficient value is applied for small settlements and villages.   171 
Following the above methodology, three (3) hydrologic/hydraulic scenarios have been 172 

formulated and simulated for every basin/sub-basin, stream/river reach and lake and every return 173 
period, considering uncertainty.  The first, low, scenario represents the dry antecedent soil moisture 174 
conditions (CNI), the design synthetic storm is estimated for the 20% confidence level of IDF curves 175 

using the ABM for the storm time distribution, and low Manning’s roughness coefficient (e.g. 176 
nlow=naverage-0,5*naverage).  Accordingly, the average scenario represents average antecedent soil 177 
moisture conditions (CNII), the design storm is estimated by the median IDF curves (50%) using the 178 
ABM for the storm time distribution, and the estimated Manning’s roughness coefficient (naverage) 179 
and the high scenario represents high antecedent soil moisture conditions (CNIII), the design storm 180 

is estimated for the 80% confidence level of IDF curves (80%) using the WCDS for the storm time 181 
distribution and high Manning’s roughness coefficient (e.g. nhigh=naverage+0,5*naverage).  In total, nine 182 
(9) scenarios were simulated for the three (3) return periods (e.g. T=50, 100, 1000 years). 183 

3. Application and Results of the Modelling Framework: Lake Pamvotida Basin 184 

The Lake Pamvotida Basin is a closed basin with an area of 340.78 km2, located in the Epirus, 185 

Northwestern part of Greece (Fig. 1).  Part of the basin’s runoff flows through small streams into 186 
Lake Pamvotida and a smaller portion of the runoff is diverted to the adjacent Kalama River basin 187 
(to the North West).  Ioannina City is located at the middle of the western bank of the lake and it  is 188 
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the capital and largest city of the Ioannina regional unit and of Epirus, an administrative region in 189 

north-western Greece. Its population is 112,486, according to 2011 census.   190 
The hydrological and hydraulic model of the basin consists of 15 sub-basins, 13 flow nodes, and 191 

11 stream reaches. The basin is divided into two independent hydraulic sub-systems, the upstream 192 
sub-system consists of 10 sub-basins, which drain into the Lake Pamvotida.  The downstream 193 

sub-system is divided into four (4) sub-basins (to the Northwest; Fig. 1). The lake has five inflow 194 
nodes (i.e. J5, J6, J7, J8, J11) and it is modelled as an independent sub-basin (GR0514FL2009) and its 195 
runoff is concentrated in the node J4.  When the stage of the lake increase above a certain threshold, 196 
a part of the stored volume overflows to the lower sub-system, which begins from node J4 and ends 197 
to node J1 and then it is diverted to the Kalama River basin through a canal. The formulation of the 198 

hydrological and hydraulic system is shown in Figure 1.  In total, eight (8) stream reaches with total 199 
length of 46.7 km are located in the potential flood hazard zone and they have simulated for the 200 
routing of flood hydrographs and the estimation of flood hazard. 201 

 

Figure 1. Map of Lake Pamvotida Basin and modelling components (sub-basins, reaches, junctions) 202 

The two methodologies, outlined before, for rural and not significant settlements and for 203 

significant urban areas (e.g. Ioannina City) have been applied in the hydraulic simulations.  The 204 
simulation results for inundated area, water depth and maximum flow velocity are presented in 205 
Figure 2 (for T=50 years) and Figure 3 (for T=1000 years), respectively.  The results indicate that the 206 
inundated area increases with the return period of the event and the depth of water is more sensitive 207 
than the water velocity. 208 

 
(a) 

 
(b) 

Figure 2. Flood extent and maximum water depths of return period T = 50 years for all examined 209 
scenarios (a) and simulated maximum velocities (b) only for the average scenario. 210 

https://en.wikipedia.org/wiki/Ioannina_(regional_unit)
https://en.wikipedia.org/wiki/Epirus_(region)
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Figure 3. Flood extent and maximum water depths of return period T = 1000 years for all examined 211 
scenarios (a) and simulated maximum velocities (b) only for the average scenario. 212 

Results are quite diverse (Table 1), since the uncertainty bounds of all key flood quantities (peak 213 
flows, flood volumes, inundated areas, etc.) strongly overlap the risk expressed in terms of return 214 
period of rainfall. Special attention should be given to the developed methodology and its 215 

application only for specific return periods and hydrologic-hydraulic conditions due to the great 216 
variability in the peak discharge estimation. An ensemble of methods and scenarios should always 217 
be applied for engineering purposes, in order to choose the most appropriate technique in relation to 218 
the flood prone areas and proposed flood protection measures. 219 

Table 1. Total inundated area (km2) of Lake Pamvotida basin for all examined hydrologic and 220 
hydraulic scenarios at the selected return periods.  221 

Basin 
Hydrologic/Hydraulic 

Scenario  

Return Period 

(years) 

50 100 1000 

Lake Pamvotida 

Low 7.89 11.47 18.17 

Average  16.34 20.06 26.69 

High 19.56 24.42 34 

4. Conclusions 222 

In this study, a methodological approach for implementing the EU Floods Directive 2007/60/EC 223 
in Greece is developed, emphasized for flood risk management in rural, urban and suburban areas, 224 
which is demonstrated for the Lake Pamvotida basin.  The methodology is based on typical 225 
hydrological and flood inundation modelling and mapping techniques for ungauged catchments. 226 

Spatially-distributed design hyetographs are applied for hydrologic and hydraulic 2D modelling of 227 
floods taking into account parametric and structural uncertainty. 228 

According to the flood extent values, it seems that the uncertainty induced in hydrological 229 
modeling, with respect to extreme rainfall estimation and antecedent soil moisture conditions, 230 
dominates against the return period. It should be emphasized that these two components are not the 231 

sole sources of uncertainty within rainfall-runoff transformations. This makes it essential to move to 232 
more rigorous methodological approaches (e.g. stochastic), instead of quantifying the flood risk on 233 
the basis of the return period of rainfall. 234 
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