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Abstract: Fluvial floods are one of the primary natural hazards to our society, and the associated flood
risk should always be evaluated for present and future conditions. The European Union’s (EU) Floods
Directive highlights the importance of flood mapping as a key stage for detecting vulnerable areas,
assessing floods’ impacts, and identifying damages and compensation plans. The implementation of
the EU Flood Directive in Greece is challenging because of its geophysical and climatic variability
and diverse hydrologic and hydraulic conditions. This study addressed this challenge by modeling
of design rainfall at the sub-watershed level and subsequent estimation of flood design hydrographs
using the Natural Resources Conservation Service (NRCS) Unit Hydrograph Procedure. The HECRAS 2D model was used for flood routing, estimation of flood attributes (i.e., water depths and flow
velocities), and mapping of inundated areas. The modeling approach was applied at two complex
and ungauged representative basins: The Lake Pamvotida basin located in the Epirus Region of the
wet Western Greece, and the Pinios River basin located in the Thessaly Region of the drier Central
Greece, a basin with a complex dendritic hydrographic system, expanding to more than 1188 river-km.
The proposed modeling approach aimed at better estimation and mapping of flood inundation areas
including relative uncertainties and providing guidance to professionals and academics.
Keywords: EU Floods Directive; flood risk management; extreme rainfall; SCS-CN; 2D hydraulic
modeling; HEC-RAS; fluvial floods; ungauged rivers
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Natural disasters caused by floods are responsible for the most casualties and economic loss in Europe and worldwide [1,2]. For example, for the period 1995–2015, floods
affected 2.3 billion people and costed 157,000 human lives [3]. In general, there are five
distinct types of floods (i.e., flash, fluvial, pluvial, urban, and coastal floods), which may
stem from various processes and sources. Flood impacts could be aggravated by human
activities and interventions in the natural systems (e.g., deforestation, earthworks, water
works, urbanization). Fluvial (river) flooding is the most common type of flood and has
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global implications in our society since 50% of the world’s population is close to freshwater
bodies [4].
Flood hazard mapping is the process to address flood risk using a combination of
structural and non-structural flood risk mitigation measures [5]. According to the EU
Directive on floods (E.C. 2007/60), flood inundation mapping and risk assessment should
be analyzed through appropriate and effective tools. Such techniques and methods have
been presented and discussed in recent review studies [6,7]. Usually, flood hazard mapping
encompasses the determination of flood extent from synthetic flood events with typical
design return periods (e.g., the 50-year return period flood). However, for accurate flood
hazard mapping several other flood characteristics (i.e., flood depth, flow velocity, and
rate of rising of the water) should be evaluated [6]. In engineering applications, flood
extent and depth are the most common flood characteristics used: The former allows for
mapping flood events with typical return periods in a single map, and the latter is directly
associated with flood damage [8–10]. Both variables have been mainly assessed using
one-dimensional (1D) hydraulic models [11,12]. However, the 1D-modeling method could
lead to inaccurate findings under complex flow patterns and in low-relief plain and urban
areas. Hence, the use of two-dimensional (2D) hydraulic modeling approaches is usually
advocated for accurate flood hazard mapping [13–18].
Greece has been facing increasingly intense and frequent flood events over the last
decades; thus, their accurate modeling and mapping is becoming more and more important [19,20]. The areas that suffer particularly can be classified into three main categories [21]: (i) Closed hydrological basins, normally drained by natural sinkholes with
limited drainage capacity, (ii) plains traversed by complex river systems, and (iii) urban
areas, mainly affected by flash floods, where floodplains threaten both wealth and human
life. The presence of such catchments, at varying scales, combined with Greece’s uneven
hydroclimatic regime (wet conditions in the western part of the country and dry conditions
in the central and eastern parts), creates a variety of cases that are difficult to be framed
under a single modeling approach. Consequently, the implementation of the EU Flood
Directive in Greece is challenging in terms of modeling and mapping, and becomes more
challenging when considering the inherent uncertainties of hydrological and hydraulic
simulations and the limitations in hydro-meteorological and flow data.
The above considerations are among the most popular research questions in the field
of flood inundation modeling and mapping [22,23]. Applying hydraulic modeling for
flood inundation at a large scale has been addressed by few researchers through coupled
hydrologic and hydraulic models [24–29]. Previous relevant works on large-scale systems
failed to address some important questions such as: (1) How one can manage a complex
river system in which several sub-watersheds outflow to the central stem of a river? (2)
How can one deal with a complex river system in which each sub-watershed outflow to
a lake and the water of the lake outflow recharges another channel or stream? (3) Is it
possible to provide better hydraulic geometry using finer resolution and incorporating
several hydraulic structures within the geometry? Additionally, the most common sources
of uncertainty are present at each stage of the modeling process, and are associated with:
The input rainfall (statistical uncertainty of design storms), the rainfall-runoff transformation (hydrologic uncertainty, in terms of soil moisture conditions, etc.), and the routing
process (roughness coefficient is a typical input and an uncertainty source in the hydraulic
modeling) [30,31]. Despite the importance of these questions and modeling issues for the
implementation of the EU Floods Directive in Greece, there are not any studies, to the best
of our knowledge, providing a framework for modeling large-scale basins with complex
hydrographic networks and closed basins forming lakes, including rural and urban areas.
This study aimed to address important aspects of the above research questions through
a new methodological framework for flood inundation modeling and mapping under uncertainty that follows the EU Flood Directive’s requirements. The proposed framework was
applied to two Greek basins with different features: (a) The closed basin of Lake Pamvotida
located in Western Greece, and (b) Pinios River located in Central Greece, draining a
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large-scale basin with a complex dendritic hydrographic system, expanding to more than
1188 river-km. The stages of the methodology include extreme precipitation modeling at
the sub-basin level, using spatially-distributed intensity–duration–frequency (IDF) relationships, and estimation of design hydrographs using the Hydrologic Engineering Center’s
Hydrologic Modeling System (HEC-HMS), where all time parameters are related to the
rainfall intensity, flood routing, and estimation of water depths and velocities by using
the 2D Hydrologic Engineering Center’s River Analysis System (HEC-RAS), with flexible
mesh size for urban areas, and mapping of inundated urban and rural areas of the study
basins. Statistical, hydrological, and hydraulic uncertainty factors are assessed by means
of scenarios that refer to the parameters of IDF relationships, soil moisture conditions,
and roughness coefficients, respectively. It should be mentioned that only fluvial, surface
flooding (i.e., lake and/or river overflows) were investigated. These overflows may occur
during the rising stage of a flood hydrograph and/or flash floods at the tributaries and
during the rising stage of the hydrograph in the main stem of the river and/or lake. Moreover, these overflows are related to widespread, sustained high rainfall and ruptures of
natural impoundments (e.g., lakes, lagoons and beaver dams), or artificial impoundments
(e.g., obstructed bridges, dams), improper functioning, or rupture of hydraulic structures
(e.g., weirs, impoundment dams, reservoirs, artificial levees). The proposed approach
presents a general methodology to address the above issues providing a useful reference
for flood modeling and mapping analyses using as application examples two study basins,
by highlighting their specific features and modeling challenges.
2. Study Areas
The modeling approach was applied at two complex and ungauged representative
basins: The Lake Pamvotida basin, located in the Epirus Region of the wet Western Greece,
and the Pinios River basin located in Thessaly Region of the drier Central Greece (Figure 1).
Western Greece is the wettest region of the country, whereas the eastern and central regions
of Greece are much drier. The Pindus Mountain range, which runs from the north to the
south of mainland Greece, and the general moving direction of storm systems from west
to east, creates this spatial variability of precipitation (Figure 1). In general, Greece has a
variety of Mediterranean climate subtypes due to the complex topography, which affects
the stability of the moist air coming from Central Mediterranean Sea (Figure 1) [32]. Both
basins include rural areas, small settlements, and two major cities, i.e., Ioannina city and
Larisa city, which are located on the bank of Pamvotida Lake and the main channel of
Pinios River, respectively (Figure 2A,B). The above description makes clear the different
features of the study areas and how challenging they are in terms of hydrologic and
hydraulic modeling. The modeling approach presented in the following sections applies to
both closed lake basins, and large-scale basins with complex and extended hydrographic
networks. In both cases, the urban areas are approached separately from the rural areas, in
accordance with the EU Flood Directive.
2.1. Lake Pamvotida Catchment
Lake Pamvotida is located in a closed basin covering an area of 340 km2 , placed in
Epirus Region, Northwestern Greece (Figure 2A). Most of the basin’s runoff flows through
small streams and torrents into the lake and a smaller portion of the runoff is diverted to
the adjacent Kalamas River basin (to the northwest). The city of Ioannina, which is located
at the middle of the western bank of the lake (Figure 2A), is the administrative center and
the largest city of the Epirus Region. Its population is about 112,500 inhabitants, according
to the 2011 census.
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Figure 2. Study areas: (A) Pamvotida Lake basin and (B) Pinios River basin.
Figure 2. Study areas: (A) Pamvotida Lake basin and (B) Pinios River basin.

2.2. Pinios River Basin
Pinios River basin extends over an area of 9664 km2 and is located in Central Greece,
covering most of the area of Thessaly water district (TWD) (Figure 2B). The length of the
main stem and the tributaries of Pinios River is estimated to be more than 1188 km, while
the main channel is, approximately, 196 km long. Larisa city is located at the middle of the
main channel of Pinios River (Figure 2B). It is one of the largest cities of Greece, and the
financial and administrative center and the largest city of Thessaly Region. Its population
is about 284,500 inhabitants, according to the 2011 census.
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The climate of the basin is typical Mediterranean. The average annual rainfall and
reference evapotranspiration are approximately 700 and 1400 mm, respectively. Thessaly
region’s average annual precipitation ranges from about 400 mm at the central plain area to
more than 1850 mm at the western mountain peaks where the Pinios river originates [40].
The mean annual streamflow at the river delta is approximately 80 m3 /s [41,42]. Western
and Central Thessaly have a continental climate with hot summers and cold winters with
large temperature variation. The coastal area of Thessaly has a typical Mediterranean
climate. Summers in Thessaly are usually very hot and dry, and in July and August
temperatures can reach or even exceed 40 ◦ C [40]. Thessaly is the largest continuous
agricultural productive plain of the country, and at the same time the driest water district
of Greece, which experiences frequent droughts and extreme rainfall events causing severe
floods [40,43] that disrupt its productivity [44,45].
The area’s hydro-lithological conditions have been derived from the management
plans of flood risks for river basins in Thessaly region (Special Secretariat for Water and
Ministry of Environment and Energy (SSW-MEE), 2018). Pinios River basin is covered by
medium permeability formations (42%), followed by very low to zero permeability formations (23%), low permeability formations (19%), high to very high permeable formations
(12%), and low permeability formations (4%). The central part of the basin is covered by
a large fertile plain of an area of about 4000 km2 . The major cultivated crops are cotton,
winter wheat, maize, and alfalfa. The Pinios River basin altitude ranges from 0 to 2085 m,
with average elevation of about 440 m. The land cover classification used in this study was
based on CORINE land-cover data. The main land cover classes prevailing at Pinios River
basin are the agricultural areas (50.8%) and the forested and semi-natural areas (45.9%),
followed by artificial surfaces (2.7%), water bodies (0.5%), and wetlands (0.1%).
Pinios River basin is known from the antiquity by the geographer Stravon for its floods,
when the first protection works were structured. Besides the construction of a complex
system of drainage channels, stream-lining works, and land reclamation projects, already
by the end of the 19th to the early 20th century, several parts of the basin are still prone
to flooding [42]. Today, Thessaly region is considered as the most vulnerable in Greece,
since the potential flood zones cover the 31.2% of its area (i.e., 4172 of the 13,377 km2 of
the TWD) [46]. Quite often, extended inundations occur over the floodplains, resulting
in significant damages to the agricultural production, with characteristic examples being
the recent events of February 2018 and September 2020. The middle stem of Pinios River,
which is located between the flow stations of Ali Efenti and downstream of Amygdalia
(Figure 2B, from J7 to I1 and on) and extends over a length of 40 km and on, is one of the
major flood-prone areas of Pinios river basin. This river reach is located 15 km upstream of
Larissa city. Furthermore, flooding in the Thessaly plain is usually intensified due to narrow
passes along the main river watercourse and Tempi valley. Deforestation and urbanization
also play an important role in increasing the destructive power of floods, thus inducing
severe soil erosion problems. Thus, the interest of this study was focused on the main
watercourse of the Pinios River. Flooding could be attributed to the inadequate natural
discharge capacity across large parts of the river, or the improper design of hydrotechnical
projects (i.e., inadequate height of several bridges crossing the river, the construction by
farmers of “handy” barriers in the river channel for storage of irrigation water). Finally,
the low terrain elevation of the drainage network increases the flood risk at the study area.
Historical flood events have been recorded and archived by the Ministry of Agriculture,
the Ministry of Environmental, Physical Planning and Public Works, and the Public Power
Corporation during the last thirty years. The area around the junctions that are located at
rivers Kalentzis (Figure 2B, J6), Enipeas (Figure 2B, J3), Farsaliotis (Figure 2B, J4), Sofaditis
(Figure 2B, J5), and Pinios (Figure 2B, J7) is of a high flood risk area. Most scholars so far
have focused on the analysis of the past events characteristics and the flood monitoring,
rather that the modeling and mapping of flood events in the entire basin [19,20,47].
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3.1. Design Rainfall and Hydrological Modeling
This section presents the hydrologic modeling of the framework, comprising two
parts, i.e., a storm generator and a rainfall-runoff model, providing the “computational
output” (hydrographs) to be used as an input into the hydraulic model. To account for the
heterogeneity of the storm regime, a semi-distributed approach was followed, allowing
different rainfall inputs and model parameters to be assigned across sub-basins and to reach
elements. The procedure for extracting design hyetographs across sub-basins initiated
with the estimation of partial rainfall depths for all temporal scales and return periods
of interest, on the basis of spatially-averaged IDF relationships [49] for standard design
rainfall durations (D = 24 h for small-medium scale watersheds and D = 48 h for large
ones). The areal IDF relationships used here were obtained from the implementation of
the EU Flood Directive 2007/60 across the River Basin District of Thessaly [48]. Design
storm hyetographs were formulated with two typical time profiles, the alternating block
method, for T = 50 and 100 years, and the worst profile method, for T = 1000 years [50–52].
These were next adjusted by using the areal reduction method; namely, a dimensionless
parameter that was defined as the ratio of areal to point rainfall, and the decreasing function
of the area and increasing function of duration [53]. Using averaged IDF parameters and
associated confidence limits per sub-basin, design storm hyetographs were calculated for
the employed return periods and design rainfall scenarios. The design rainfall estimated
by the IDF relationship was assumed to correspond to the average scenario, while its
80% confidence limits, which were measures of the statistical uncertainty induced by
the estimation of IDF parameters from relatively small samples (i.e., annual maximum
rainfall data), corresponded to the two extreme scenarios (e.g., low—20% and high—
80%) [54]. Details and application of the design rainfall procedure are found in the study
of Papaioannou et al. [48].
A typical practice for the concentration time estimation and one quite suitable for
reproducing observed peak flood flows followed at ungauged basins is the use of empirical
approach of Giandotti [54,55]. Thus, in this study, the estimation of the concentration time
was based on the empirical approach of Giandotti formula:

√
4 A + 1.5L
tc =
0.8∆z

(1)

where tc is the time of concentration (h), A is the basin area (km2 ), L is the length of the
longest runoff distance across the basin (km), and ∆z is the difference between the mean
elevation of the basin and the outlet elevation (m).
Moreover, in order to take account of the dependence of the response time of the basin
against runoff, the kinematic wave theory-based semi-empirical formula was employed,
considering that tc is inversely proportional to the design rainfall, i.e.:
s
tc ( T ) = tc

i (5)
i(T )

(2)

where i(5) is the design rainfall intensity for return period T = 5 years, for which the time of
concentration is estimated by the Giandotti formula, and i(T) is the intensity of any higher
return period, T.
Hydrological uncertainty has been expressed in terms of the three typical antecedent
moisture conditions (AMC) that are accounted for in the Soil Conservation Service Curve
Number (SCS-CN) approach [56]: Dry (or low—AMCI ) represented by CNI, moderate
(or average—AMCII ) represented by CNII, and wet (or high—AMCIII ) represented by
CNIII [48]. The transformation of the excess rainfall over each sub-basin to flood hydrograph at the outlet junction (rainfall-runoff model) was achieved using the dimensionless
curvilinear unit hydrograph approach of SCS, which is considered the prevailing modeling
approach for ungauged basins. A key assumption of the method was the implementation
of the concept of varying (i.e., runoff-dependent) time of concentration, which affects the
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shape of unit hydrographs, thus introducing further nonlinearities to overall modeling
approach [55]. The HEC-HMS software [57] was used, and the design flood hydrographs
from the generated storms were estimated for all scenarios. Details are given in [48].
3.2. Hydraulic–Hydrodynamic Modeling
The Hydrologic Engineering Center (HEC) of United States Army Corps of Engineers
developed the well-known HEC-RAS model that is used in many studies for 1D and 2D
river flood modeling and floodplain management, e.g., [12,58]. The 2D hydrodynamic
calculations were based on the 2D diffusive wave equations or the full 2D Saint–Venant
equations [59]. The HEC-RAS model employs the sub-grid bathymetry approach, which
uses a relatively coarse computational grid and a finer scale information underlying the
topography. The sub-grid bathymetry equations are derived from the full shallow water
and diffusive wave equations [59]. Fundamental elements for an accurate flood inundation
modeling and mapping, especially across large-scale and complex watersheds, are the
digital elevation model (DEM), the stream channel geometry (river flowpaths, banks,
etc.), the hydraulic model configuration (i.e., initial and boundary conditions, roughness
coefficients, technical works), and the representation of urban areas by considering the
effect of the building blocks to the water flow [60].
Several scholars [12,61–64] have highlighted the importance of DEM accuracy, especially when a 2D hydraulic–hydrodynamic model is used [65]. In this study, we applied a
DEM with a resolution of 5 m, provided by National Cadastre and Mapping Agency S.A.
(NCMA). Roughness is a well-known input in flood inundation modeling and mapping,
as well as a major source of uncertainty. The selection of the appropriate methodology
for its reasonable mapping is of key importance [66,67]. The most common approach for
large-scale applications is the use of typical values based on land use data, as suggested in
the literature, combined with CORINE land cover data [42] for the floodplains, as made in
this study (Figure 4). Haltas [68] studied the roughness coefficient calibration and showed
that the use of a constant value for concrete surfaces, n = 0.04, could provide acceptable
results. Therefore, a weighted roughness coefficient value was used for small size urban
areas such as villages (n = 0.03–0.04). Typical or “average” channel roughness values were
extracted from river photographs, taken upstream and downstream of each technical river
work, and riverine areas, aerial photographs examination (provided by NCMA), and the
proposed literature values [42,67,69]. As explained herein, in order to account for channel
roughness uncertainty, the average values of Figure 4 were adjusted by ±50%.
All hydrotechnical works (e.g., flood protection works, culverts, bridges, weirs) within
the river and the adjacent areas were detected using aerial photographs, field observations,
and data gathered from local authorities. Furthermore, accurate topographical surveys
were conducted for the refining of important hydraulic structures [48]. All this information
was used for the improvement and/or correction of the DEM to depict accurately all of the
important hydraulic structures. In particular, the representation of bridges within the twodimensional (2D) HEC-RAS model has been accomplished by employing a combination of
weirs and culverts, modified in the RAS-Geometry routine.
Urban flood inundation modeling and mapping remain a challenge because of the
diverse impacts of flooding over these areas (social, economic, fatalities) and the complexity
of the system. Recent studies focus on the building representation within the 2D hydraulic–
hydrodynamic model for realistic simulation of flood inundation in urban areas [70–73].
The major building treatment methods are building resistance (BR), building block (BB),
building hole (BH), and building parameter (BP) [73]. The BR method involves the local
rise of the roughness coefficient value. BB and BH are similar, whereas in the BB method
the building is represented using the local rise of the elevation, while in BH the building
blocks do not participate in the computational mesh of the hydraulic model. The BP
method allows the water to flow within the block, usually with the application of an area
reduction factor (i.e., percentage of flooding participation in the building) [71,73]. Recent
evidence [71,72] has revealed the advantages and drawbacks of the building treatment
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its 80% confidence limits, which were measure of rainfall uncertainty (more precisely,
parameter uncertainty of the IDF expression), corresponded to the two extreme scenarios.
Hydrological uncertainty was expressed in terms of three typical antecedent soil moisture
conditions (dry, normal, wet) that were employed within the rainfall-runoff modeling
approach. Hence, the CN values for dry, and wet conditions, combined with the low and
upper 80% confidence limits of rainfall, were used to generate design hyetographs that
capture the uncertainty around the “standard” average hydrologic conditions (standard
IDF design rainfall estimations combined with normal antecedent soil moisture conditions).
These uncertainty components were combined, thus resulting in nine (9) operational
scenarios (Table 1). Furthermore, to include the uncertainty of the Manning’s roughness
coefficient, “upper” and “lower” boundaries of the estimated values were included in the
two extreme scenarios. In this context, the estimated roughness values which correspond
to average hydraulic conditions (Table 1) were adjusted by −50% and +50%, to represent
the upper and lower bounds of this parameter and implemented only in the two extreme
scenarios as shown in Table 1.
Table 1. Operational scenarios modeled to provide uncertainty bound estimations.
Return Period

Hydrologic Conditions

Roughness Coefficient Conditions

T50
T50
T50

Dry (AMCI )
Average (AMCII )
Wet (AMCIII )

−50% Estimated
Estimated (Average)
+50% Estimated

T100
T100
T100

Dry (AMCI )
Average (AMCII )
Wet (AMCIII )

−50% Estimated
Estimated (Average)
+50% Estimated

T1000
T1000
T1000

Dry (AMCI )
Average (AMCII )
Wet (AMCIII )

−50% Estimated
Estimated (Average)
+50% Estimated

4. Application of the Methodology
Despite the technological advancements in 2D hydraulic modeling, flood inundation
modeling using 2D approaches is still a time-consuming and demanding task. On the other
hand, the model selection depends on the importance of the flooded areas (e.g., urban
area, rural areas) and the output data requirements. Thus, in cases where the use of a 2D
model is mandatory, the modeling procedure and its methodological steps can be a highly
challenging issue. The following paragraphs present the design and implementation of
specific methodological assumptions in two challenging systems to overcome some of the
2D hydraulic modeling limitations.
4.1. Application of the Modeling Methodology to the Study Basins
In this section, the specific adjustments of the general methodological framework and
its application to the two study areas are described, as a reference point and guidance to
future studies on similar areas. The main idea argues in favor of flexible modeling, as the
only way to cope with the specific features of each given area. Thus, these adjustments refer
to each stage of the procedure: Hydrological, hydraulic–hydrodynamic, and the differences
between rural and urban areas.
The two types of examined cases with the accompanying modeling challenges are:

•

•

Closed basin–lakes, where the hydrographic network does not end at a single junction
(i.e., the basin’s outlet); thus, the standard procedure for river network systems needs
to be adapted. As explained below, the “exit” point (outlet) was represented by
assigning a “virtual” junction at the center of the lake;
Large-scale basins with complex and extended hydrographic networks, which are
unavoidably subject to huge computational load, thus requiring significant computational time and resources. To tackle these impediments, a two-stage approach
was followed, involving the numerical modeling for each main tributary, and use
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of the associated outflow hydrographs as inputs for the hydraulic simulation of the
main river.
Concerning the hydraulic modeling application, it is noteworthy to mention that the
Flood Directive (2007/60/EC) implementation in Greece has been implemented in two
steps. The first step was to undertake Preliminary Flood Risk Assessments (PFRA), leading
to the identification of areas that are at significant risk of flooding, known as areas of
potential significant flood risk (APSFR) [74]. Consequently, flood hazard and risk maps
(FHRM) were generated within the ASPFR in order to depict (in terms of water depth,
velocity, flood extent, etc.) the impact of flooding that can affect human health, the economy,
environment, and cultural heritage [74,75]. Therefore, flood inundation modeling was
implemented only within the ASPFR areas.
4.2. Modeling of Pamvotida Lake Basin
Pamvotida Lake basin is a closed basin, where the surrounding sub-watersheds are
drained into the lake, from which a small percentage of the basin’s runoff is diverted to
the adjacent Kalamas River. The hydrological model domain consists of 15 sub-basins,
13 junctions, and 11 stream reaches, while the hydraulic–hydrodynamic model domain
consists of eight (8) stream reaches (total length 47 km) and the lake (Figure 2A). As
explained above, the hydraulic–hydrodynamic model configuration is restricted to these
8 reaches because the flood inundation modeling was applied only within the APSFR areas.
The model domain comprises two components, i.e., the lake inflow and the lake
outflow. The inflow sub-domain comprises the simulations conducted with direction in the
lake system (river reaches that contribute to the lake), while the lake outflow sub-domain
involves the simulations with direction from the lake to the outside domain (the water
that overflows from the lake to adjacent areas and channels). Therefore, the lake basin
consisted of two independent hydraulic sub-systems: The downstream one (4 sub-basins)
that receives water from the lake, and the upstream one (10 sub-basins) that drains into
the lake. A single hydraulic geometry modeling configuration (i.e., the simulation from
the lake to the adjacent areas) was adjusted for urban flood inundation modeling for the
area of Ioannina city. Considering the lake as an individual system, the outflows from all
tributaries were set as input discharges to the lake. The lake’s simulation set aimed to route
the flow through the lake and provide the outflow at junction J4 (Figure 2A). Specifically,
the inflow sub-domain consisted of the hydraulic–hydrodynamic simulation of the runoff
that directly enters into the lake (five inflow nodes, J5, J6, J7, J8, and J11).
Moreover, the outflow sub-domain consisted of the hydraulic–hydrodynamic simulation of the outflow from the lake to the adjacent areas (one junction, J4, and several
outflow boundary lines, Figure 2A). Therefore, the lake simulation results (discharges at
the outflow areas) were used as inflows for flood modeling of the adjacent areas and the
downstream sub-system (location J4). In junction J4, the water transfers to the downstream
sub-system using water gates. The mechanism of the outflow sub-domain initiates when
the lake is at the bankfull stage. Thus, when the lake water surface rises up to the water
stage set by the regulating sluice gate, then part of the stored volume overflows to the
downstream sub-system (from J4 to J1), and then it is diverted to another river basin
(Kalamas River basin) through a canal that exists in J1 (Figure 2A). Sixteen (16) technical
works (e.g., bridges, culverts) were surveyed and included in the digital topographical
domain (revised DEM), and their effects on the flow are simulated. The generated mesh
details for all hydraulic modeling domains are presented in Table 2.
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Table 2. Generated mesh details for each junction at the two study watersheds.
Pinios River Basin
Junctions
I1 to J2
I4 to Jpinios
I2 to I3
J2 to J13
J3 to J6
J6 to J7a
J7a to I1
J7 to J7a
J8 to J12
J11 to J8
J12 to J7
J4J5 to J3
J9J10 to J11

Min Cell Size

(m2 )

3.56
2.23
3.15
3.29
11.1
9.75
2.53
2.97
2.83
3.7
17.99
19.21
2.32

Average Cell Size (m2 )

Max Cell Size (m2 )

Number of Mesh Cells

350.82
396.19
170.52
584.18
461.99
434.43
469.85
603.23
619.13
566.87
605.26
564.43
315.89

1536.65
1136.40
355.7
1300.55
1320.13
912.19
1599
1715.99
1337.19
1122.98
1145.23
1252.93
606.39

897,152
201,837
136,643
1368,293
380,244
298,897
259,480
473,104
1402,636
948,058
448,332
630,411
751,988

Average Cell Size (m2 )

Max Cell Size (m2 )

Number of Mesh Cells

179.65
244.5
325.88
404.22
403.84
352.98
628.6
206.98

879.34
984.16
726.51
871.58
1064.81
890.89
1643.88
1634.75

45,238
53,535
19,547
42,038
82,064
32,221
35,345
396,026

Lake Pamvotida Basin
Junctions
J12 to J11
I1 to I2
J10 to I1
J2 to J1
J3 to J2
J9 to J8
LAKE
LAKE OUT/J4 to J3

Min Cell Size
7.39
1.35
4.47
2.44
2.3
25.01
355.53
0.94

(m2 )

4.3. Modeling of Pinios River Basin
The hydrological and hydraulic model of the Pinios River basin consists of 12 subbasins, 12 junctions, and 13 stream reaches (total length of about 196 km), including the
Pinios River main channel (Figure 2B). The sub-basin areas range from 94 to 1902 km2
and their total area is approximately 8410 km2 . The runoff from the sub-basins is routed
through a number of major tributaries to the main channel of Pinios River. The outlet of
Pinios River basin is at the Pinios Delta where the river outflows to the sea. The upstream
part of the basin consists of 10 sub-basins, covering about 70% of its total area (Figure 2B),
while the downstream part consists of only two (2) sub-basins (Figure 2B). The modeling
system comprises twelve (12) junctions and six (6) intermediate nodes that work as junction
points for multiple flood hydrographs and/or as midpoints. The main channel is divided
into thirteen (13) main reaches that involved within ASPFR and were simulated using
the two-dimensional (2D) hydraulic–hydrodynamic model. However, separating certain
reaches from the rest of its hydrographic network, to comply with the ASPFR rules, creates
a challenge regarding the accurate estimations of their initial flows. For that purpose, we
simulated separately the reaches that are not included within ASPFR zones, by applying the
1D hydraulic–hydrodynamic model for the upstream parts, and then setting their outputs
as inputs to the zones included within the ASPFR (downstream parts). More specifically,
the (upstream) reaches between the nodes I3 to I4 and J13 to I2 were simulated using the
1D approach to provide inflow hydrographs to the downstream areas that extend over
the ASPFR zones (reaches between junctions I2-I3 and I4-JPinios, Figure 2B). Hence, the
methodological “gap” of the preliminary studies is covered, ensuring more accurate flow
estimations for the zones of interest.
The flood hydrographs from the large sub-basins that are drained to Pinios (Figure 2B)
were synchronized based on the Muskingum method [76]. Thus, the main channel does
not receive the flood hydrographs arriving from its tributaries at the same time. Some subbasins such as FR003000 (J3), FR004000 (J4), FR005000 (J5), and FR006000 (J6) (Figure 2B) are
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not connected directly to the Pinios main channel. In such cases, flood hydrograph routing
downwards the main channel was implemented by using the 2D hydraulic–hydrodynamic
model. Furthermore, a dimensionless reduction coefficient, λ, was assigned to each subbasin, i, defined as the ratio of the individual areal reduction factor ϕi for a sub-basin to the
global areal reduction factor ϕPinios for the entire Pinios river basin, i.e., λi = ϕi /ϕPinios . In
this context, ARFs at all individual sub-basins, as well as the entire Pinios River basin of
9664 km2 , are estimated using the empirical formula [53]:
ϕ = 1−

0.048A0.36−0.01 ln ( A)
d0.35

(3)

where A is the drainage area (km2 ) and d is the rainfall duration (h).
This assumption is based on the following proofs: (1) It is not realistic to assign a point
maximum rainfall intensity over large-scale river basins, (2) the larger sub-basins have
smaller ARF values, which implies more important reduction in the flood hydrograph, (3)
increase in rainfall duration is followed by increase in the areal reduction factor, which
means smaller reduction in the flood hydrograph, and (4) the factor depends to some
degree on the return period and it seems that the rise in the return period leads to small
reduction of the ARF, which means smaller reduction in the flood hydrograph. Hence, the
reduction coefficient was estimated for all Pinios River sub-basins (12 sub-basins) and all
flood hydrographs multiplied by the corresponding λ (sub-basins junctions, Figure 2B, i.e.,
junction J5 flood hydrograph). Then, the hydraulic simulations of the main channel of Pinios River were performed by using as inputs the final reduced outflow flood hydrographs
from the 12 sub-basins (sub-basins, Figure 2B, i.e., FR004000, FR003000).
Moreover, in certain cases, the flood hydrographs were merged because the outlets of
some sub-basins were too close or at even the same location, or where there were multiple
inflow junctions (e.g., see J9 and J10, Figure 2B). Thus, the routing was implemented as
a reach-by-reach procedure, where the outflows of certain sub-basins were used as the
inflows to the downstream reach, and the simulated outflow hydrograph of a reach was
used as an inflow hydrograph in the following (downstream) stream reach simulation.
Furthermore, some parts of Pinios were bisected due to several limitation factors such as
the enormous computational time, huge number of mesh elements, or overdemanding
computational power (see reaches between junctions J7 to I1 and I1 to J2 in Figure 2B).
Finally, 21 technical works (e.g., bridges, culverts, river training works) were digitized and
included in the hydraulic–hydrodynamic model domain. For instance, Figure 5 presents
the ground survey of Bridge 224 at Drosero (approximately 850 m downstream from J9 and
J10) and how these ground survey data were incorporated into the 2D model (Figure 5A,B).
Figure 5C presents the technical details of the bridge piers and abutments and Figure 5D
shows the effect of bridge design in the final mesh generation. Figure 5E,F depicts the
water depth and velocity time series at the center of the bridge. The generated mesh details
for all modeling domains are presented in Table 2.
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Figure 5. Example of ground survey of bridge (bridge number 224 at Drosero). (A) Topographical survey sketch, (B)
photographs from the topographical survey, (C) technical details of the bridge piers and abutments, (D) effect of bridge
design in the final mesh generation, (E) water depth, and (F) velocity time series graphs at the center of the bridge.

4.4. Hydraulic Modeling across Rural and Urban Areas
Flood inundation modeling and mapping were implemented using HEC-RAS 2D
model with variable mesh computation point spacing, from 5 to 25 m. The diffusion
wave equations were selected for all applications and a variable computational interval,
from 1 to 10 s, was used depending on the stability of each modeling application. The
hydraulic–hydrodynamic configurations consisted of standard methods that followed at
urban and rural area applications. In most cases, the hydrograph, mapping, and detailed
output intervals were set to 15 min. The two categories of boundary condition lines were
the inflow and the outflow ones. The former was defined by a hydrograph, while the latter
was defined by a normal depth [59,77].
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The input DEM spatial resolution was 5 m, and a local increase of the elevation
was implemented in the building block areas of Larisa and Ioannina cities (BB elevation
rise method). In order to improve the representation of specific hydraulic structures and
flood mitigation works, we used the actual topography of the structures and a DEM
editing method that could generate a new surface using the geometry of cross sections (XS
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It is interesting to note that based on the flooded area in comparison of the hydrologic
conditions, the third quartile 75% was wider than the first quartile, while in comparison
of the return periods, the first quartile 25% was wider than the third quartile. An important finding revealed from Table 3 and Figure 7 is that the effect of uncertain hydrologic conditions has at least equal significance on the flood inundation area with the return
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AMCI, from 341 to 731 km2 for AMCII, and from 477 to 872 km2 for AMCIII, while the flood
inundation area of Lake Pamvotida ranges from 7.9 to 18.2 km2 for AMCI, from 16.3 to 26.7
km2 for AMCII, and from 19.6 to 34.0 km2 for AMCIII (Table 3 and Figure 7). This outcome
confirms our previous findings [48] that the generation of a flood is strongly influenced
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Figure 7. Box and whisker plots based on the total flooded area (km22) for all examined operational scenarios. (1) Pamvotida
Figure 7. Box and whisker plots based on the total flooded area (km ) for all examined operational scenarios. (1) Pamvotida
Lake: (a) hydrologic conditions, (b) return period. (2) Pinios River: (a) hydrologic conditions, (b) return period.
Lake: (a) hydrologic conditions, (b) return period. (2) Pinios River: (a) hydrologic conditions, (b) return period.
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It is interesting to note that based on the flooded area in comparison of the hydrologic
conditions, the third quartile 75% was wider than the first quartile, while in comparison of
the return periods, the first quartile 25% was wider than the third quartile. An important
finding revealed from Table 3 and Figure 7 is that the effect of uncertain hydrologic
conditions has at least equal significance on the flood inundation area with the return
period. The total flood inundation area of Pinios River varies from 157 to 463 km2 for
AMCI , from 341 to 731 km2 for AMCII , and from 477 to 872 km2 for AMCIII , while the
flood inundation area of Lake Pamvotida ranges from 7.9 to 18.2 km2 for AMCI , from
16.3 to 26.7 km2 for AMCII , and from 19.6 to 34.0 km2 for AMCIII (Table 3 and Figure 7).
This outcome confirms our previous findings [48] that the generation of a flood is strongly
influenced by the soil moisture that is already stored at the beginning of rainfall.
A slight difference is between the flood inundation area of the operational scenarios for
the return periods of 50 and 100 years, while a significant difference with the highest flood
inundation area values was observed for the 1000-year return period (Table 3, Figure 7).
The total flood inundation area of Pinios River varied from 157 to 477 km2 for T = 50 years,
from 229 to 623 km2 for T = 100 years, and from 463 to 872 km2 for T = 1000 years, while the
total flood inundation area of Lake Pamvotida ranged from 7.9 to 19.6 km2 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 years (Table 3,
Figure 7).
Figure 8 illustrates the maximum water depth and flood extent for all examined
scenarios (all hydrologic conditions and return periods). The distribution of the maximum velocity for the average scenario for all return periods is presented in Figure 9.
Figures 8 and 9 refer mainly to the rural parts of the study basins.
Since the simulations of urban areas needed further attention, their results are presented in larger scale maps. Figure 10 presents the maximum water depth and the flood
extent within the areas of Larisa and Ioannina cities for all scenarios and for the important
return periods considered in urban areas (T = 50 and 100 years). Interestingly, the water
depth seemed to be more sensitive than velocity (Figures 8–10). This was a reasonable
finding, because the terrain has small slope and thus, the flow velocities were low.
The above results vary significantly due to the wide uncertainty bounds of the flood
simulation outputs (peak flows, flood volumes, inundated areas, etc.). The uncertainty
bounds overlap the hazard, which is expressed by the return period of rainfall. In particular, the lower and upper estimations may differ by an order of magnitude for large
return periods. For this reason, attention should be given in the application of the proposed methodology for specific return periods and the hydrologic–hydraulic conditions.
Moreover, the findings of this study highlight the importance of using several scenarios
(by means of hydrologic and hydraulic–hydrodynamic configurations) to quantify the
associated uncertainty, to select the optimum configuration for flood inundation modeling
and mapping, and to use the results for the improvement of flood risk mitigation strategies.
Finally, it is noteworthy to mention that the proposed methodological approach has been
validated against simulated historical flood event [48] at another ungauged watershed and
using post-flood analysis [12].

Water 2021, 13, x FOR PEER REVIEW

Water 2021, 13, 1264

18 of 25

Figure 8 illustrates the maximum water depth and flood extent for all examined sce19 of 26
narios (all hydrologic conditions and return periods). The distribution of the maximum
velocity for the average scenario for all return periods is presented in Figure 9. Figures 8
and 9 refer mainly to the rural parts of the study basins.

Figure 8. Maximum water depth and flood extent for all examined operational scenarios. (1) Pamvotida Lake: (a) T = 50
Figure 8. Maximum water depth and flood extent for all examined operational scenarios. (1) Pamvotida Lake: (a) T = 50 years, (b)
years, (b) T = 100 years, (c) T = 1000 years. (2) Pinios River: (a) T = 50 years, (b) T = 100 years, (c) T = 1000 years.
T = 100 years, (c) T = 1000 years. (2) Pinios River: (a) T = 50 years, (b) T = 100 years, (c) T = 1000 years.

Water 2021, 13, 1264
Water 2021, 13, x FOR PEER REVIEW

20 of 26

19 of 25

Figure 9. Maximum velocity for the average operational scenario. (1) Pamvotida Lake: (a) T = 50 years, (b) T = 100 years,
Figure 9. Maximum velocity for the average operational scenario. (1) Pamvotida Lake: (a) T = 50 years, (b) T = 100 years, (c)
(c) T = 1000 years. (2) Pinios River: (a) T = 50 years, (b) T = 100 years, (c) T = 1000 years.
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Since the simulations of urban areas needed further attention, their results are presented in larger scale maps. Figure 10 presents the maximum water depth and the flood
extent within the areas of Larisa and Ioannina cities for all scenarios and for the important
return periods considered in urban areas (T = 50 and 100 years). Interestingly, the water
depth seemed to be more sensitive than velocity (Figures 8–10). This was a reasonable
finding, because the terrain has small slope and thus, the flow velocities were low.
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case studies were presented as examples to provide guidance on how to address several
broader hydraulic–hydrodynamic modeling concerns. Although using more than one
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case study increases the working effort, it is recommended for testing a model (as a
generally applicable design framework). The proposed approaches and the main hydraulic–
hydrodynamic modeling configurations are generalized and summarized in Table 4. Their
results provide all the necessary elements for flood management.
Table 4. Hydraulic–hydrodynamic configurations and techniques recommended for the modeling of rural and urban areas
in closed lake basins and large-scale complex river basins.
Recommendations for
Each modeling Category

Description—Steps

•
•
General: For rural and urban areas
Goal: Increase accuracy and facilitate
computations

•
•

Case 1: Closed basins with limited
drainage
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, areas such as lakes,
can be examined on their
water-expansion under the conditions
imposed by the design storms

Case 2: Large-scale regions with complex
hydrographic network
Specific Goal: Address huge
computational requirements maintaining
the desirable accuracy

Uncertainty
Goal: Improve the model, be aware of
values’ range, warn for uncertainty
sources

Make necessary DEM modifications (e.g., at urban areas, building representation
using local elevation rise BB method)
Roughness coefficient estimation using CORINE land cover and engineering
standards, 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
framework

(1)
(2)
(3)

Hydrologic modeling of lake tributaries drained into the lake
Flood inundation modeling of lake tributaries (general recommendations)
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 adjacent
areas. 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 center of the lake
Simulation of flood inundation of rural and urban areas adjacent to the lake
(general recommendations)

o

(1)
(2)
(3)
(4)
(5)
(6)

Hydrologic modeling of river tributaries and estimation flood inflow to the river
Merging flood hydrographs in confluence junctions (step-by-step procedure)
Simulate the river’s upstream, then re-estimate flood inflows for downstream
Simulate flood inundation of following part of the river
Simulate flood inundation of urban areas
For large rivers, follow an iterative procedure, by repeating steps 3 and 4 until
the simulation of the final part of the river

•

Develop scenarios by detecting the most important sources of uncertainty (e.g.,
extreme rainfall estimations, antecedent soil moisture conditions, roughness
coefficients)
Include them in the modeling procedure and examine the uncertainty bounds

•

Although the limitation regarding large computational time for large-scale areas
remains, it provides accurate estimations since it is a step-by-step procedure that uses
very fine mesh resolution. The successful implementation of the proposed framework is a
valuable advance for the improvement of flood risk mitigation studies and indicates the
uncertainty introduced in flood risk management in rural and urban areas using typical
engineering practices.
The evidence from this study indicates that the hydrologic analysis’s input data
uncertainty (e.g., antecedent soil moisture conditions and extreme rainfall estimations) has
at least equal significance against the overall flood risk, which is expressed in terms of the
return period of the design storm event. Even though the studied input data uncertainty
prevailed in the analysis, it is underlined that there were several other sources of uncertainty
within the hydrologic analysis. Therefore, flood inundation modeling under additional
uncertainty scenarios is suggested.
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Actually, there are several other challenges that can be encountered when performing hydraulic–hydrodynamic modeling. However, a key message of this work was the
flexibility of the techniques and methods that must accompany the mindset of the analyst
when approaching challenging and compelling problems. This is in line with other recent
modeling advances, not only referring to floods, and their importance is further highlighted
when data limitations need to be addressed [80–82]. The combination of deep knowledge
of the theoretical background (conceptually and mathematically) and the computational
context (tools) is required, and comes through practice and experience.
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