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Summary
Extreme rainfall events often lead to urban pluvial flooding which has severe
effects on critical infrastructure and the environment. Urban pluvial (surface
water) flooding is the flooding in urban areas caused by intense and/or
prolonged rainfall which overwhelms the capacity of the drainage system. One
of the main causes is the limiting capacity of the sewer network which
becomes overloaded and water through inlets can flow in both directions. In
addition to pluvial flooding, the town of Rafina in Greece also has problems
with river flooding. River flooding exacerbates pluvial flooding because the
capacity of storm water drainage systems is limited by the high water levels in
the receiving rivers.

The aim of the Implementation Action B.2 is the efficient coupling of a surface
flow model with a sewer flow model for the simulation and forecasting of
flooding in the urbanized part of the study area, the town of Rafina. This study
addresses the final deliverable of Action B.2 (Urban Flood Modelling) named
the ‘Full scale flood forecasting report’, which has been updated from the
Action’s milestone, the ‘application of flood prediction model’ and the
methodology described in the first deliverable. The initial urban flood analysis
of Rafina city as described in the first deliverable of this Action (Aivazoglou,
2014), established the methodology for the upgrade and customization of
existing urban flood models to be used for full scale urban flood prediction.
However, for the successful completion of Action B.2 more issues had to be
further investigated and integrated in the final model.

A comprehensive literature review was undertaken to investigate basic
background information about the factors that influence urban pluvial flood
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modelling. Urban sewerage systems and overland flow approaches, as well
as the concept of dual drainage are reviewed.
The study area of the FLIRE Project is the Rafina catchment, located in
Eastern Attica, Greece. The catchment extends over 123 km 2 East of Ymittos
mountain to the coastline of Evoikos Gulf. However, the urban parts of the
catchment that are particularly prone to flooding are located in the
downstream part of the study area, within the municipality of Rafina-Pikermi.
More specifically, the area of interest of this action, where the main flood
problems occur, is approximately 5 km2. The catchment boundaries of the
area have been updated and finalised in order to more accurately represent
the urbanised part and to effectively incorporate the results of Action B.1
(Catchment Hydrological Modelling). The upstream boundaries of the area
coincides with the Rafina flow gauge as described in Action B.1, which is
defined as an outlet of an upstream sub of the catchment.

The area is

extended downstream to the sea where the outlet of the river is located. The
total area of the urbanised part is 4.99 km2 and has a perimeter of 14.87 km.

For the development of all necessary layers and data attributes for hydraulic
modelling, datasets were collected and processed with high efficiency and
accuracy using Geographical Information System (ArcGIS). The Digital
Surface Model of the area was transformed to Digital Elevation Model (DEM)
which is the main input for the accurate modeling of the urban part and the
generation of the 1D model of the surface. Moreover, a field survey was
undertaken in order to develop the necessary datasets for the sewer system
of the area as there was very little information on it.

Automatic Overland Flow Delineation (AOFD) tool developed by Maksimovic
et al. (2009) was used to generate 1-dimensional (1D) model of the overland
network (or urban surface) of the urban part of the catchment under study.
The EPA Storm Water Management Model (SWMM) which is a dynamic
LIFE11 ENV GR 975
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rainfall-runoff simulation model used for single event or long-term (continuous)
simulation of runoff quantity and quality from primarily urban areas was used
for the urban flood modelling of the area.

The Urban Flood Model of Rafina city has been set up and the methodology
for the efficient coupling of a surface flow model with a sewer flow model for
the simulation and forecasting of flooding in the urbanised part of the study
area has been established. The methodology was implemented in an area
that can realistically represent the urbanised part, but can be also efficiently
linked with the hydrological analysis of the upstream catchments. New
simulations were performed for 3 selected historical events from the
hydrological analysis and were compared with observed water depth
timeseries at monitoring stations were available.

The outcomes of the two Actions B.1 and B.2 will be used in Action B.3 (Flood
Risk Assessment) in order to support the development of flood hazard and
flood risk maps for the Early Flood Warning System.
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1. Introduction
The aim of the Implementation Action B.2 is the efficient coupling of a surface
flow model with a sewer flow model for the simulation and forecasting of
flooding in the urbanized part of the study area. This study addresses the final
deliverable of Action B.2 (Urban Flood Modelling) named the ‘Full scale flood
forecasting report’, which has been updated from the Action’s milestone, the
‘application of flood prediction model’ and the methodology described in the
first deliverable. The initial urban flood analysis of Rafina city, as described in
the first deliverable of this Action (Aivazoglou, 2014), established the
methodology for the upgrade and customization of existing urban flood
models to be used for full scale urban flood prediction. However, for the
successful completion of Action B.2 more issues had to be further investigated
and integrated in the final model.

The methodology established within the first deliverable is also described
below and is implemented in an extended area, a suitable sub-catchment,
which better represents the urban part of Rafina and can effectively
incorporate the relevant results of the hydrological analysis of the catchment
(Action B.1). New simulations were performed for 3 selected events from the
hydrological analysis and were compared with observed water depth
timeseries at monitoring stations were available. The final outputs of this
Action will be used in Action B.3 (Flood Risk Assessment) in order to support
the development of flood hazard and flood risk maps for the Early Flood
Warning System. The methodology, some representative results and
conclusions and future work related to the urban flood modelling are
presented in more detail below.

Section 2 presents a literature review on several issues related to urban
drainage, rainfall data, overland flow, urban floods and flood forecasting.
LIFE11 ENV GR 975
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Section 3 includes most relevant information on the urban part of the study
area, as detailed description was included in the status survey report for the
area, a deliverable of Action A.2 (Identification of the current status of the
study area). Moreover, this section presents all necessary datasets that were
collected and processed with high efficiency and accuracy using Geographical
Information System (ArcGIS) in order to develop additional layers and data
attributes needed for hydraulic modelling (e.g. pipe networks, manholes,
layers such as block of flats, green areas, river etc.) . The Automatic Overland
Flow Delineation (AOFD) tool, as well as the relevant operations and its
results are presented in Section 4. Additionally, another tool, inp.pins, for
better representation of the river is presented.

Selection of the adequate

surface flow model and the sewer flow model software SWMM (US EPA) that
was applied for the analysis is presented in Section 5. General information for
the selected model, the set-up procedure and representative results from the
simulations are demonstrated therein. Also, this section includes the
comparison between the simulated and the observed data. Finally,
conclusions and the next steps towards a more representative simulation for
the response of the catchment are presented in Section 6.

2. Literature Review
This section is adopted from the first deliverable of Action B.2 named the
‘Small scale flood prediction report’, and presents basic background
information about the factors that influence urban pluvial flood modelling.
Urban sewerage systems and overland flow approaches, as well as the
concept of dual drainage are reviewed.

2.1

Urban Pluvial Flooding

Extreme rainfall events result in large volumes of water being conveyed over
the surface of urban areas as the sewerage systems and water courses are
LIFE11 ENV GR 975
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not capable of routing all the surface runoff. As a result, pluvial flooding
occurs, causing damages to critical infrastructure, to citizens’ properties and,
in some cases, even leading to human casualties.
According to British Standard EN 752:2008, flooding is “a condition where
wastewater and/or surface water escapes from or cannot enter a drain or
sewer system and either remains on the surface or enters in buildings”.
However, there are many reasons to cause the reduction of drainage
capability and in many cases these reasons are related and dependent to
each other. Pitt (2008) identified multiple factors affecting surface water
flooding, such as the intensity of rainfall, the location of the rainfall, the
capacity and condition of the sewerage and drainage system, the type of
surface material, the saturation (or soil moisture deficit) of the ground, river
levels and planning and development. For example, sewerage drainage
systems cannot drain effectively when the outfall becomes restricted due to
high flood levels in the receiving water.

In addition, the permeability of the area is also a critical parameter to affect
the runoff over a catchment as the area may be either pervious or impervious
(Zoppou, 2001). In the first case of a pervious area, a part of the rainfall will be
infiltrated to the subsurface, leaving the remaining water as surface runoff.
The aforementioned surface runoff and perhaps all or a part of the infiltrated
water will end up into a watercourse or a receiving water body. On contrary, in
the case of an impervious area, minimal amount of rainfall is absorbed by the
soil and thus all the rainfall flows as surface runoff.

Urban areas are characterised by extensive impervious areas and artificial
watercourses due to urbanisation (Zoppou, 2001). Modifications of the
landscape induced by human activity are associated with an increase in runoff
volumes, peak flow rates and a reduction of the time needed for flows to reach
LIFE11 ENV GR 975
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their maximum. The result is that urban areas are more vulnerable to flooding,
watercourse and habitat destruction (Simoes, 2012).

2.2

Overland Flow

Surface flow is generally characterised as unsteady and spatially varying. This
type of flow is represented by the Navier-Stokes equations (Leitao, 2009). In
the simplest form, the surface flow can be described by the open-channel flow
equations, that is the Saint-Venant mass and momentum equations, for one
dimensional flow. These equations (eq. 2.1 and 2.2) can be derived from the
depth-integration of the Navier-Stokes equations based on the assumption
that in surface flow the vertical dimension is much smaller than the horizontal
length scale:

(eq. 2.1)

(eq. 2.2)

where:
Q is flow rate [L3 T-1], A is the cross-sectional area [L2], x is the flow direction
[L], t is time [T], y is water depth [L], S0 is the bed slope [L /L], Sf is the friction
slope and g is the acceleration due to gravity [L2 T-1].

There are different approximations of the above equations used in many
applications by neglecting some of their terms, with the most predominant
amongst them being the kinematic and the diffusion wave equations (Table
2.1).
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Table 2.1: Flow routing models based on the Saint-Venant equations (Leitao, 2009).

2.3

Urban Drainage Models

The drainage networks usually consist of conduits and manholes. As
mentioned before, during extreme weather conditions, the pipe system can
become overloaded due to its limiting capacity and can cause water to flow in
both directions through the inlets. This is the so-called manhole surcharge,
whereby flooding from manholes and other connections to the minor system
results from a lack of capacity or backwater effects in the minor drainage
system, or blockage, collapse or other service defects. This causes flow to
back up into manholes and gullies, and flooding can then occur when the
water level in the manhole or gully rises above ground level (Balmforth et al,
2006).

More specifically, before the full pipe flow capacity is reached the level of the
water surface defines the hydraulic gradient. As the flow increases, the water
depth increases as well, and the hydraulic gradient coincides with the water
depth until the carrying capacity of the pipe is reached. If inflow continues to
increase further, the hydraulic gradient will continue to increase and will result
in an increase to the piezometric level at the manholes. If the piezometric
LIFE11 ENV GR 975
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head at the manhole rises above the ground level, the flow through the
manhole will change direction causing flood onto the surface (Aivazoglou,
2011). The basic cases of flow through the manholes are presented in Figure
2.1.

Figure 2.1: Basic cases of flow through drainage inlets: a) free inflow, b) submerged
inflow and c) outflow (Djordjevic et al, 2005)

The conventional practice in drainage modelling is that the floodwater on the
catchment surface is retained in a virtual storage volume and returned into the
drainage system once the water level in the network decreases. A conceptual
reservoir is defined for each node to retain the flooded water (Simoes, 2012).

2.4

Dual Drainage Concept

In order for the risk from flood events to be minimised, it is necessary to
accurately represent the drainage system and calculate its response to
different conditions. The surface flow and the sewer network can be
characterised as major and minor systems, respectively. The simultaneous
analysis of these two sub systems in a controlled manner, as storm drains, is
called dual drainage approach (Djordjevic et al, 2005). The major system
includes natural flow paths, channels, existing roads and natural depressions,

LIFE11 ENV GR 975
FLIRE: Floods and fIre Risk assessment and management

whereas the minor system consist of pipes, inlets, ditches, gutters, curbs and
other conduits. Pathways included in the major system can carry flow over
great distances, and flooding may occur at distanced locations form the point
of discharge from the drainage system.

Referring to the urban flooding, until recently, the minor system has been
modelled exclusively by one-dimensional (1-D) models, using the preferential
direction of the flow along the longitudinal pipe axis, whereas the major
system has been modelled by one–dimensional (1-D) or two-dimensional
models (2-D) (Simoes, 2012). Early applications divided runoff hydrographs
into parts which were contributing to, and drained by, the underground sewer
network and the surface open channels without however considering the
interaction between these two sub-networks (Ellis et al., 1982).

The dual drainage concept takes under consideration both minor and major
systems by linking them via multiple connections (i.e. inlets, manholes, etc.)
allowing interaction between the two systems to take place. In this way, when
the sewer network is surcharged, the two networks interact and the water is
allowed to flow in both directions (Allit et al., 2009). Figure 2.2 presents the
idealised surface and storm sewer flow components under dual drainage
approach.
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Figure 2.2: Dual Drainage Concept (Djordjevic et al, 1999)

3. Information on Case Study
The study area of the FLIRE Project is the Rafina catchment, located in
Eastern Attica, Greece. The catchment extends over 123 km 2 East of Ymittos
Mountain to the coastline of Evoikos Gulf. Figure 3.1 shows the Digital
Elevation Model of Attica region and the boundaries of the study area
highlighted in blue.
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Figure 3.1: The DEM of Attica region and the boundaries of the study area
(Papathanasiou et al., 2013)

3.1

General Information on the Study Area

The urban parts of the catchment that are particularly prone to flooding are
located in the downstream part of the study area, within the municipality

of

Rafina-Pikermi. Rafina is a medium size city with a population of 13,091
inhabitants (2011 census). It is located on the eastern coastline of Attica and
approximately 28 km from Athens. The area where the main flood problems
occur is highly urbanised and covers an area of approximately 5 km2. Detailed
information on the study area was already presented in the technical report 2
for Actions A.2 and B.1 of the project. Figure 3.2 presents a Digital Surface
Model of the study area, and its urbanised part analysed in this study is shown
in red.
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Figure 3.2: Detailed DSM of the study area. The red circle highlights the urbanised
part. (Reproduced from Papathanasiou et al., 2013)

The catchment boundaries of the area have been updated and finalised in
order to more accurately represent the urbanised part and to effectively
incorporate the results of Action B.1. The upstream boundaries of the area
coincides with the Rafina flow gauge as described in Action B.1, which is
defined as an outlet of an upstream sub basin (W15020) of the catchment.
The area is extended downstream to the sea where the outlet of the river is
located, and covers the ‘urban’ subbasin (W16890) defined in the hydrological
analysis of the catchment (Action B.1). The total area of the urbanised part is
4.99 km2 and has a perimeter of 14.87 km. Figure 3.3 shows the the river
catchment of Rafina that resulted from the hydrological analysis and the
corresponding subbasins in light blue. The boundaries of the urban area
under consideration are shown in red, along with the Rafina flow gage on the
upstream part of the urban area. Table 3.1 presents the subbasins ID with
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their corresponding name and typical topographic features for each subbasin.
Finally, Figure 3.4 shows a high resolution aerial image of the area under
consideration.

Figure 3.3: The 5 subbasins of the hydrological model study area and the

urban part.

Table 3.1: Typical topographic characteristics of the subbasins of the catchment
(Papathanasiou et al., 2013)

Subbasin Name

Subbasin ID

Area (km2)

Mean Slope(%)

Drafi

W1546

17.54

16.95

Spata

W1799

23.68

6.17

Rafina

W1502

68.45

7.60

Rafina2

W1634

11.44

11.73

Urban

W1689

1.90

6.71

LIFE11 ENV GR 975
FLIRE: Floods and fIre Risk assessment and management

Figure 3.4: High resolution aerial image of the urbanised area.

3.2

DSM to DEM Transformation

The Digital Elevation Model (DEM) of the area is the main input for the
accurate modeling of the urban part and the generation of the 1D model of the
surface. Therefore, the overland flow delineation greatly depends on DEM
resolution and its quality, which should be smaller than 5m in other to capture
urban features (such as buildings, roads etc.)(Leitao, 2009).

An updated version of the Digital Surface Model (DSM) of the area was
finalised by FORTH (Figure 3.5) and the coordination system that was finally
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adopted was EGSA87, the same as the one used for the hydrological
analysis.

Figure 3.5: High resolution DSM of the urbanised area.

The aforementioned DSM was of a very fine horizontal resolution of 0.8m.
DEM represents the elevation of the terrain over an area or the “Bare Earth”,
whereas Digital Surface Model (DSM) represents the elevations of the
reflective surfaces of trees, buildings, and other features elevated above the
“Bare Earth”. In order to convert the high resolution DSM to DEM the following
procedures were performed.


Firstly, the elevated objects like buildings and trees were subtracted.
The buildings shapefile of the area were extracted from the DSM using
appropriate Geographical Information System (ArcGIS) functions.



The remaining DSM grids were further filtered using the DTM filterslope based in SAGA GIS Software. The filter approach implemented
is based on concepts described by Vosselman (2000). It is assumed
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that a large height difference between two nearby grid cells is unlikely
to be caused by a steep slope in the terrain . The initial DSM was
divided in two rasters, the Bare Earth and the Removed Objects.


In order to fill the gaps in the raster cleaned of the elevated object a
Grid Interpolation module in SAGA GIS was used, the Multilevel Bspline Interpolation. The results of all the aforementioned procedure is
shown in Figure 3.6.

Figure 3.6: Procedure for DSM to DEM transformation.

3.3

Sewer Network

There was very little information on the sewer system of the area provided
from the relevant authority (i.e. municipality of Rafina). For this reason a field
survey was undertaken in order to develop the necessary datasets. The
actions performed are described in more detail below. The analysis showed
that the sewer system of the area is of separate type and the network for the
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storm water is approximately 6.7 km long, it has more than 124 manholes and
discharges to the river from 5 outfalls.

Prior to the survey, the only available dataset was a design study from 2006 in
hardcopy format obtained from the municipality of Rafina. The study was
digitized using the Digitize It software (Alcasa, 2010) and the (x, y)
coordinates were calculated but not georeferenced. Figure 3.7 shows the
implementation of the tool and its results.

Figure 3.7: Digitize it tool used for the extraction of x, y coordinates of the manholes.

The results from the study digitization were imported in the ArcGIS software
and 4 manholes were defined as control points (Figure 3.8) in order to
georeference the imported data. The spatial adjustment of the data was
performed using the affine transformation method module in ArcGIS and was
further manually processed for more accurate representation (Figure 3.9).
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Figure 3.8: Selected manholes as control points for georeferencing data

Figure 3.9: Manholes of the study area after spatial adjustment
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In the second phase a field survey was performed. The location and the
number of manholes were manually updated as the existing storm water
network was much different from the study. In order to increase accuracy of
the findings, raw data measurements from a GPS Receiver were taken for
validation. The measurements were post-processed with RINEX (Receiver
INdependent EXchange Format) GPS data of 1 Hz from NOA1 Penteli Athens
station provided from the Institute of Geodynamics, National Observatory of
Athens.

Figure 3.10: Outfalls of the sewer system in the Rafina River as found during the field
survey.

Apart from the location of the manholes also all the necessary attributes of the
networked were assigned. For the manholes of the network the following
characteristics were defined: the invert elevation, the height to ground surface
and the ground surface or rim elevation. The last was extracted from the DEM
of the area, whereas the others from the study where available. Finally, the
pipes attributes that were defined were the inlet and outlet node, the offset
height, the conduit length and the cross sectional geometry. The storm water
network of the area is shown in Figure 3.11.
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Figure 3.11: The storm water sewer network of the city of Rafina

3.4

Hydrometeorological Monitoring Networks in
Rafina Catchment

A detailed description of the hydrometeorogical networks was presented in the
technical report of Action B.1 (Papathanasiou et al., 2013). A dense
monitoring hydrometeorological network is operated both by the Hydrological
Observatory of Athens (HOA) (https://hoa.ntua.gr) and by the National
Observatory of Athens (NOA) in the greater Athens area (NOA, 2012,
www.meteo.gr/meteosearch). All stations record information are with 10 min
temporal resolution.
The locations of HOA and NOA stations that were used for the hydrological
study of the area in Action B.1 are presented in Figure 3.12. For the Urban
Flood modeling of the city of Rafina the Pikermi station was selected as the
most representative rain gauge due to its proximity to the urban part and the
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historic rainfall timeseries available. Finally, there are four flow_ gauges of
HOA that are installed in the study area Spata, Drafi, Rafina and Rafina2. The
locations of these flow gauges were used as the outlets of 4 individual
subbasins that were defined for the hydrological analysis. For the urban flood
modelling Rafina station was used as upstream boundary conditions. The flow
timeseries generated by upstream subcatchments through flood hydrographs
at the outlet of Rafina subbasin from the Hydrological analysis were imported
as inflows at the location of Rafina station. This allowed to take into account
the surface runoff that is generated upstream of the urban part under study.
Finally, Rafina2 flow gauge was used to calibrate the urban flood model.

Urban Part

Figure 3.12: The locations of meteorological stations used in FLIRE project. Pikermi,
Rafina and Rafina2 were used in the urban flood modelling.
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4. Automatic Overland Flow Delineation
Automatic Overland Flow Delineation (AOFD) tool developed by Maksimovic
et al. (2009) is a GIS (Geographic Information Systems) tool which generates
1-dimensional (1D) models of the overland network (or urban surface) based
on an accurate digital elevation model (DEM) of the study area. This tool has
been set up in this project in order to delineate the surface of the urban part of
the catchment under study. The methodology and its results are described in
more detail below.

4.1

General Information on AOFD

Maksimovic et al. (2009) presented a new methodology to automatically
create the overland flow network of an area where the dual drainage concept
approach is applied. The methodology adopted in this tool includes a DEM
analysis in order to identify areas prone to floods. These areas are
characterised as ponds, which are usually locations with lower surface
elevation than the surrounding areas, and their boundaries and storage
volumes are computed. Also, the natural exit point of each pond is identified
and the preferential pathways analysis commence based on the “rolling ball’’
technique. Moreover the geometry of the created pathways is estimated
including the cross section of the open-channel, upstream/downstream
elevations, roughness and the length between two ponds or surface node.
According to Maksimovic et al. (2009), the surface pathways can be divided in
the following way (Figure 4.1):
i.

from pond to downstream pond via pond link;

ii.

from pond to downstream manhole or gully;

iii.

from pond out of the catchment;

iv.

spillway between two mutually connected ponds;
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v.

from surcharged manhole to downstream manhole;

vi.

from manhole to downstream pond, and

vii.

from surcharged manhole to the outlet of the catchment.

Figure 4.1: Types of surface pathways calculated from the DEM (Maksimovic et al,
2009)

To summarise, the AOFD tool is divided into four main steps: (i) pond
delineation; (ii) pathway delineation; (iii) pathways geometry estimation and
(iv) generation of output files for urban hydraulic models. The output files
generated by the AOFD tool are produced in the format adequate to be
imported into Infoworks CS or SIPSON models in order to create a 1D model
of the surface. However, the files had to be edited so that they can be
imported into other hydraulic simulation software (e.g. SWWM, Sobek Urban,
Mike Urban). All the above steps are shown in the following flowchart.
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Figure 4.2: Flowchart of the Automatic Overland Flow Delineation (AOFD) tool
(Leitão et al., 2009).

4.2

AOFD Input files set up

The first step in implementation of the AOFD tool is the preparation of input
files necessary for executing the tool. The format of the files required to run
the AOFD tool is IDRISI 16bit vector and/or raster format. AOFD includes a
module for converting ESRI ASCii and ESRI shapefiles to IDRISI 16bit raster
and vector, respectively. According to the tool’s user manual (Leitão (2009)
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and Ochoa-Rodríguez (2013)), the input files required to run the AOFD tool
are described in the following. The layers were created using ArcGIS
software.
• Digital Elevation Model (DEM): The digital elevation model can be a DEM,
a DTM or a DTMb. A high resolution DEM is used as described in section 3.2.
• Slope layer: The slope layer corresponds to a raster dataset derived from
the DEM. The value of each cell of the slope layer corresponds to the rate of
maximum change in z-value from the cell.
• Aspect layer: The aspect layer is also a raster dataset derived from the
DEM and corresponds to the direction of the slope of each cell.
• Manholes layer: Information about manholes is essential to generate an
overland flow network that can be integrated with the sewer network. Manhole
information has to be provided both in vector and raster formats. Each
manhole must be represented by its identification number (ID). Cells
representing the catchment boundary must have a zero (0) value and cells
outside the catchment must be assigned a -1 value.
• Catchment boundary layer: The catchment boundary has to be provided in
both vector and raster IDRISI 16bit format. This layer indentifies the
boundaries and cells inside the boundary have a value of 1 and cells outside
a value of -1.
• Cover layer: the same as catchment boundary
• Buildings layer: The buildings layer contains information about the location
of buildings within the study area. It has to be provided in both vector and
raster IDRISI 16bit format.
• Project file: This file, in text format, summarises key characteristics of the
study area and of the input files to be used in the analysis. It provides the
main instructions required to run the AOFD tool, including names of input files,
extent of study area, elevation range, grid size, and number of rows and
columns in the input files of raster type.
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Examples of some of the input files generated to run the AOFD tool are shown
in Figure 4.3.

(a)

(c)

(e)

(b)

(d)

(f)

Figure 4.3: Examples of input files for the AOFD tool: (a) DEM (raster), (b) Slope
(raster), (c) Aspect (raster) (d) Catchment boundary & cover (vector), (e) Buildings
(vector), (f) Manholes (vector).
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4.3

AOFD Execution

In the following subsections each step of the implementation of the AOFD tool
is described and the corresponding results are presented.

4.3.1 Pond Delineation
In the pond delineation module the user needs to assign the parameters in
order to choose the area for the delineation, and decide whether the
interactions between the overland network and the drainage system will be
considered.

As for the area of implementation the following options exist:


Entire DEM: every cell of the DEM is analysed.



Catchment boundary: only the DEM cells within the catchment
boundary are analysed. If the DEM is larger than the catchment, the
DEM cells outside the boundary will not be analysed, thus achieving a
reduction in runtime.



Catchment boundary + sewer: in addition to considering only the
DEM cells within the catchment boundary, in this option the interaction
and relative location between manholes and delineated ponds is taken
into account. For example, if a manhole falls within a delineated pond
polygon, a weir connection between the two is created. This option was
selected for this project.

Moreover, there is an option to remove small ponds generated because when
analysing a high resolution DEM the initial number of identified ponds is large.
A pond removal routine is optionally available, which removes all ponds with a
volume and/or depth smaller than a user-defined threshold values. In this
project the volume threshold was set to be 0.5 m3 and the depth 0.1m .This
led to loss of approximately 3% of the total volume.
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Finally, there is an option of removing ponds inside the buildings. Roof
storage features or gardens existing in the building perimeter can be identified
as depressions, which however do not have surface linkage to the overland
drainage network. Thus, they should be removed and that was also performed
in this project by providing the building boundaries of the area.

The output file regarding the delineation of ponds contains information about
the ponds and surface nodes generated. The surface nodes consist of the
storage nodes, the break nodes, the outfalls and the manholes. Storage
nodes are ponds on the surface which have a storage capacity. They are
characterized by a storage curve which expresses the relationship between
the area and the depth for the associated pond (Figure 4.4). Break nodes are
surface junctions at the point at which two overland paths meet and the most
important attribute associated with them is the ground elevation. Outfalls are
nodes at the outlets of the catchment and manholes are nodes of the sewer
system. In general, the information associated with the aforementioned nodes
and which are necessary for the hydraulic model are the Node ID, Node type,
System type (i.e. overland/ sewer), Ground level, Flood level and the Storage
area and Level for the storage nodes. The resulting nodes can be seen in
Figure 4.5.

Figure 4.4: Example of storage curves defining surface storage ponds
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Figure 4.5: Surface ponds and nodes generated from the AOFD tool

4.3.2 Overland Pathways Delineation
In the Overland pathways delineation module there are two options to
consider: 1) to generate pathways only between the surface ponds or 2)
between the ponds and manholes of the drainage system as well. The second
option, more realistic and accurate, was chosen for this project.

In addition, the following parameters need to be assigned:


Buffer radius (m): while the path delineation process takes place, it is
possible that based on the surrounding cells, the algorithm will not be
able to find the direction of the pathway’s next “”stretch” (ex. occasion
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of relatively flat areas). In order for the problem to be overcome, the
user can specify a distance larger than the pixel size so that the
algorithm could search for the direction of the pathway. A buffer radius
of 10 m was selected for this project.


Number of iterations: When the algorithm cannot find the direction of
the next stretch of a pathway, this stop criterion is used when the
algorithm starts to gradually search for the path direction within the
specified buffer radius. If this process takes too long, the search stops
when the number of iterations will reach the number which is specified
by the user. A number of 20 iterations are used for the project.



Consider buildings in delineation: The user is able to choose
whether the presence of buildings should be considered or not for the
identification of overland flow pathways. When the buildings are being
considered for the pathway delineation process, then the building
boundaries should be provided as data input. Taking under
consideration that in reality buildings alter the trajectory of overland
flow pathways, they were selected to be considered in this project.



Surface junction parameters – grid size for analysis (m): In reality,
when two or more pathways come very close and flow parallel or nearly
coincide, they merge and a single flow path is created starting from
their meeting point. During the path delineation process, this merge is
being taken under consideration in the simulation model by combining
two close pathways into one, if their distance is shorter or equal to the
user-defined value . This value is defined through the ‘grid size for
analysis’ parameter. When this happens, a computational node called
‘break junction’ is created at the meeting point of the two paths. The
grid size for analysis used is 1m.
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4.3.3 Path Geometry Estimation
Estimation of channel geometry parameters:

The previously extracted pathways are being used by the algorithm in order
for equidistant cross-sections along each pathway to be drawn, at longitudinal
intervals defined by the user. In this case, the value for the longitudinal
interval used is 10 m. Then, in order to average and estimate the areas of
each cross section, the algorithm uses the surrounding DEM. For this to
happen, the DEM should be inspected at regular intervals perpendicularly
from the centerline of the pathway. The user should define the length of these
intervals so that it would correspond to the cross section interval parameter. In
this project the value was defined at 1 m.

The buffer radius parameter corresponds to the maximum distance from the
centerline to which the DEM is inspected. This value is defined by the user
and should be equal to, or greater than, half the normal width of a road. Thus,
in this project the value of the buffer radius parameter was set up at 5 m.

Moreover, the minimum and maximum depths are two more parameters that
define the initial estimate of the channel geometry. The minimum depth
threshold equals to the vertical distance between the top and bottom of the
cross section when the cross section is assumed to be flat. Thus, if the depth
of the cross section is less than the specified minimum depth, the cross
section is considered to be flat. When the cross section is considered flat a
default trapezoidal cross section is being assigned to the pathway. This cross
section is defined by the user and in this project it was considered as 0.1 m.

The maximum depth parameter equals to the cross-section depth above
which a building or a similar obstacle is assumed that it is encountered. Thus,
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when the cross section depth is greater than the specified maximum depth,
then a building is being encountered. If the depth of the cross section exceeds
the specified maximum depth, then the maximum depth is applied to the cross
section. The value used in this project for the maximum depth parameter is 3
m. Most of the above parameters needed to be assigned are shown in Figure
4.6.

Figure 4.6: Cross section parameters used for the Estimation of channel geometry
from the AOFD tool.

Default trapezoidal channel: when the cross section of a pathway is
assumed to be flat, a default trapezoidal section is assigned by the user. In
addition, the AOFD tool creates one set of pathways with irregular cross
sections (determined by the analysis of the DEM) and another set where all
pathways are assigned the default trapezoidal channel section defined by the
user. The default trapezoidal section (based on typical street sections) used
are: 1.5 m depth, 10 m width and 1/1 slope.

The output file regarding the delineation of pathways contains information
about the Surface estimated channels. They are assigned a different cross
section that corresponds to the average area/shape of all the cross sections
analysed in that specific pathway. The information associated with the
aforementioned pathways, and which are necessary for the hydraulic model,
are the US node ID, DS node ID, Link type, System type, Length, Shape ID,
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Width, Height, Roughness type, US invert level, DS invert level. The resulting
pathways can be seen in Figure 4.7.

Figure 4.7: Surface network generated from the AOFD tool

Once the model was setup, it was carefully checked by the modeller. The
performance of the resulting model was inspected and, when necessary,
manual editing was carried out. As with any other model, adequate catchment
knowledge was crucial. During the inspection, it was identified that the river of
Rafina catchment was not accurately represented. This is mostly attributed to
the fact that AOFD tool is designed to generate 1-dimensional (1D) models of
the overland network only on the urban cells of the catchment. The cross
sections of the rivers are quite different from the urban overland pathways
cross-sections like roads. In order to properly represent the river pathway a
buffer radius of more than 20m should be used instead of 5m that was used in
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AOFD tool. The aforementioned issue was resolved by using another
application named Inp.PINS in order to more accurately model the river.

4.4

Inp.PINS

Inp.PINS is a software application that automatically links Geographical
Information Systems (GIS) and the Storm Water Management Model
(SWMM). This linkage enables the user to take advantage of the GIS
functions on SWMM data manipulation, achieve and accessing, and to
improve the details of the SWMM models and their results analysis (Pina et
al., 2011). Inp.PINS is based on two main modules: inpMaker to build the
input data file of SWMM models based on GIS data; and inpFlood to delineate
floodplains from the SWMM modelling results. The first module was applied in
this project in order to improve the accuracy of the cross section data of the
river.

Firstly, a poly line across the river was manually created and buffer area of
20m at each side was identified. All surface nodes and pathways or sections
of pathways generated from AOFD that fell inside the buffer area where
deleted. The remaining pathways that were ‘cut’ at the edge of the buffer area
where extended up to the river polyline. At the intersections of each pathway
with the polyline new nodes were assigned. The river polyline was divided into
links/pathways at each node. Figure 4.8 presents some of the aforementioned
actions and layers. These new layers were imported into the inp.PINS
application along with the DEM of the area. The cross section for each link
was calculated at its midpoint and was assigned to the whole link. Examples
of the calculated sections for two different links are presented in Figure 4.9.
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Figure 4.8: Manually created river links and nodes.

Figure 4.9: Cross sections of river links at different locations.
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5. The SWMM Model
As stated in the STORM WATER MANAGEMENT MODEL, USER’S
MANUAL, Version 5.0, The EPA Storm Water Management Model (SWMM) is
a dynamic rainfall-runoff simulation model used for single event or long-term
(continuous) simulation of runoff quantity and quality from primarily urban
areas. In the runoff procedure, delineated subcatchments can receive rainfall
and transform it to the corresponding runoff and pollutant loads. A system of
pipes, channels, storage/treatment devices, pumps and regulators is used for
the routing part of SWMM to transfer this runoff. During a simulation period
(with multiple time steps), the flow rate, the flow depth, the quality of water in
each pipe and channel as well as the quantity and quality of runoff generated
within each subcatchment, are being tracked by the SWMM.

SWMM has been upgraded several times since 1971, when it was initially
developed. However, it is still widely used for planning, analysing and
designing systems related to storm water runoff, combined sewers, sanitary
sewers, and other drainage systems mainly for urban areas but sometimes
also for non-urban areas. Version 5 (SWMM 5) is a completely new version
comparing to the previous release. By running in Windows, it provides an
integrated environment which allows to obtain results in a variety of formats
after editing study area input data, running hydrological, hydraulic and water
quality simulations. Time series graphs and tables, profile plots, statistical
frequency analyses as well as color-coded drainage area conveyance system
maps are some examples of the results that can be provided.

5.1

General information on SWMM

SWMM has the capabilities of accounting for various hydrological processes
that produce runoff from urban areas. The most important used in this project
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are the time-varying rainfall, infiltration of rainfall into the unsaturated soil
layers and the nonlinear reservoir routing of the overland flow. Apart from the
hydrological capabilities, SWMM has important hydraulic capabilities in order
to transfer the generated runoff and/or external inflows from upstream surface
runoff through the overland and sewer network of an area. These drainage
networks can be pipes or natural channels with various closed or open conduit
shapes, storage units and diversion structures.

SWMM has been used in many sewer and storm water studies worldwide
since its development. Some of its typical applications include the design and
evaluation of drainage systems and flood plain mapping. For all the above
functionalities, SWMM was selected for the urban flood modeling in this
project.

5.2

Project Set-Up

In this section it is described how the project was set-up taking into account
how SWMM models the objects of a drainage system and the parameters that
need to be assigned. The basic components of the model are four: 1) the
Atmosphere Component is modelled by rain gauge object, allowing for
rainfall representation into the system; 2) the Land Surface compartment is
modelled through subcatchment module, which generates the infiltration and
the surface runoff; 3) the Groundwater Compartment receives the infiltration
and was not modelled in this project and 4) the Transport component, which
transfers the water to the outfalls of the system (i.e. receiving water bodies or
treatment facilities) though the pipes and channels which are modelled with
Nodes and Links objects.
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5.2.1 Atmosphere Component
As previously mentioned, the atmosphere component is the one that provides
the precipitation as an input to the system under study. It is modelled using
rain gauges to which relevant timeseries of rainfall are assigned. The most
important properties of a rain gauge are the type of rainfall data (i.e. intensity,
volume or cumulative volume), the recording time interval and the input
timeseries.

In section 3.4 the available rain gauges for the area were described and it was
mentioned that the Pikermi station was selected as the most suitable for the
urban catchment. The rainfall timeseries for Pikermi station were collected for
the period between autumn 2009 and winter 2012-2013. Three significant
events were identified in these datasets and were simulated with the final
validated model from hydrological analysis. The urban flood model was also
simulated with all three events. More specifically, all events were sampled
with 10min temporal resolution and were processed into the required format
and imported in the model. The selected events are listed in Table 5.1 and the
corresponding rainfall timeseries are shown in Figures 5.1-5.3, respectively.

Table 5.1: Selected events used for simulations.
Event

Duration of the

Max intensity of

Total Rainfall

event (hr)

the event in Rafina

(mm)

(mm/hr)
10-12/12/2009

11.17

51.6

49

03-05/02/2011

15

10.8

40.6

20-23/2/2013

4.5

7.2

10
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Figure 5.1: Rainfall timeseries of 10-12/12/2009.

Figure 5.2: Rainfall timeseries of 3-5/2/2011.
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Figure 5.3: Rainfall timeseries of 20-23/2/2013

5.2.2 Land Surface Component
Subcatchments are the main elements that constitute the Land Surface
component. They are the hydrological units of the model that generate the
surface runoff and discharge it to an outlet point. The most important
parameters for the subcatchment include the Infiltration method, Outlet node,
Surface area, Imperviousness, Slope, Width of overland flow, Manning's n for
overland flow on both pervious and impervious areas.

The urban catchment was divided in 4428 subcatchments using the Voronoi
Decomposition method (Aurenhammer, 1991). The total area of 499ha was
divided into a number of areas based on the proximity to the predefined
surface nodes (generated from the AOFD tool). Each subcatchment was
assigned the closest node as the outlet node and also the Surface area was
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calculated using appropriate ArcGIS Tools. Percentage of Imperviousness as
40% for all the sub catchments and a mean Slope of 7.5% was calculated for
the area and was assigned to them. The Manning’s coefficient for the
overland flow was taken from McCuen, R. et al. (1996), and was 0.011 for the
impervious areas and 0.13 for the pervious areas.

Finally, the model used to calculate the infiltration of rainfall from the pervious
area was the Curve Number infiltration. The user can choose between three
different models: Horton infiltration, Green-Ampt infiltration and Curve Number
infiltration. The last was selected as the most representative and already used
in the hydrological analysis of the project. Also, the Curve Number assigned
was 40 as it was the one obtained after the calibration of the hydrological
model in Action B.1.

5.2.3 Transport Component
The transport component constitutes of the overland and sewer network. It is
modelled by nodes and links objects in SWMM. The nodes are divided in
junctions, outfalls and storage nodes. Firstly, the manholes from the sewer
system and the breaks from overland network (i.e. the surface nodes
generated from the AOFD tool as the connecting point of two overland
pathways) are modelled as junctions. The river points generated for river
cross section analysis are also modelled as junctions. The most important
input parameters for this type of nodes are the invert elevation, the height to
surface and the ponded surface area when flooded. As mentioned in previous
sections, this information was included in the sewer network survey for the
manholes and was derived from the AOFD tool for the breaks. The invert
elevation for the river points was extracted from the Digital Elevation Model of
the area. The maximum height was automatically assigned from the SWMM
model from the maximum depth of the connected links. All the data were
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processed in the adequate format and imported in SWMM model. The outfalls
of the sewer network to the river were also modelled as junctions.

As discussed in Section 3.4 and presented in Figure 3.12 Rafina station was
used as the upstream boundary condition for the urban flood model. The flow
timeseries generated by upstream subcatchments through flood hydrographs
at the outlet of Rafina subbasin from the Hydrological analysis were imported
as inflows at the location of Rafina station. This allows to account for the
surface runoff that is generated outside the urban part under study and is
transferred downstream to it. The simulated hydrographs from the
hydrological analysis were imported as external inflow timeseries that can
enter the system at junctions. The selected Junction that received the
aforementioned inflows was the most upstream river node whose location
coincides with the location of Rafina station. The imported hydrographs for
each simulated event are presented in Figures 5.4-5.6, respectively and have
a peak flow of 63.4m3/s, 52.8m3/s and 114.9m3/s respectively.

Figure 5.4: Simulated Hydrograph of 10-12/12/2009.
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Figure 5.5: Simulation Hydrograph of 3-5/2/2011.

Figure 5.6: Simulated Hydrograph of 20-23/2/2013

The Overland network had been assigned outfalls as the terminal nodes of the
drainage system. The principal input parameters for outfalls include: invert
elevation, boundary condition type and stage description presence of a flap
gate to prevent backflow through the outfall (Rossman, 2010).
LIFE11 ENV GR 975
FLIRE: Floods and fIre Risk assessment and management

Finally, the storage surface nodes generated from the AOFD tool and
described in the previous section were modelled as Storage Units that provide
storage volume. The volumetric properties of a storage unit are described as a
function or in a table of surface area versus height. The principal input
parameters for storage units include: invert elevation, maximum depth, and
depth-surface area data.

Conduits are either pipes or natural channels that transfer water from one
node to another in the drainage system. The most important inputs to define
the conduits include the inlet and the outlet node, the cross sectional
geometry, their length and the Manning’s roughness coefficient. The pipes of
the sewer network of the area were modelled as circular closed conduits with
a specified diameter for each one according to the pre-existing study available
(Koutantou, 2006) and the field survey. The Manning’s roughness coefficient
assigned was 0.013, chosen as a standard value for concrete pipes (ASCE,
1982).

The overland pathways were modelled as open channels, and their geometry
was defined according to the AOFD tool either as rectangular or trapezoidal
with specific width, height and side slopes resulting from DEM delineation.
The Manning’s coefficient of 0.015 was selected, chosen as a typical value for
natural channels mostly covered by asphalt (ASCE, 1982).

The river channel was modelled as described in Section 4.4 and defined by
irregular cross sections. The Manning’s coefficient of 0.05 was selected,
chosen as a typical value for natural channels with irregular sections with
pools (ASCE, 1982). The model set-up can be seen in Figure 5.7.
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Figure 5.7: The Urban Flood Model

It is worth mentioning that the flow routing method selected was the Dynamic
Wave routing as the most sophisticated and accurate type of routing. It solves
the complete one-dimensional Saint- Venant flow equations and allows for
representation of pressurized flow when a closed conduit becomes full and
can account for channel storage, backwater, entrance/exit losses and flow
reversal.
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5.3

SWMM Results

SWMM gives the user the capability to view the results in many different ways
such as status report, map views, graphs and tables. The most important
calculated variables for the urban flood modelling are information about nodes
and conduits variables. The nodes variables to be studied are the water depth
(m), hydraulic head (m), water volume held in storage (m3), total inflow (m3/s)
and surface flooding (m3/s). The crucial conduit variables are flow rate (m3/s),
average water depth (m), flow velocity (m/s), Froude Number and Capacity.
Simulation runs were performed for the three selected events. The most
important outputs are presented below.

Event 10-12/12/2009
The overall performance of the system is presented in Figure 5.8. The total
runoff generated has a maximum value of approximately 28.95 m3/s and the
runoff is 104000m3. Moreover, overall flooding has a maximum value of
18.91m3/s and total flooding of 83780m3. Both timeseries are plotted against
the rainfall timeseries.

The maximum simulated water depth at the location of Rafina2 station is
1.765m and the time of its occurrence is on 11/12/2009 at 6:30am, much later
that the maximum rainfall intensity was observed. Finally, the maximum flow
at the river at the same location is 63.45m3/s. Both timeseries are presented
in Figure 5.9.
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Figure 5.8: The system’s response. Rainfall timeseries and the overall flooding and
runoff generated.

Figure 5.9: Water depth and flow rate timeseries at Rafina2 station.
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Event 3-5/2/2011
The overall performance of the system is presented in Figure 5.10. The total
runoff generated has a maximum value of 6.416m3/s and the runoff is
93540m3. Moreover, overall flooding has a maximum value of 4.69m3/s and
total flooding of 74590m3. Both timeseries are plotted against the rainfall
timeseries.

The maximum simulated water depth at the location of Rafina2 station is
1.619m and the time of its occurrence is on 4/2/2011 at 12:20am, where as
the maximum intensity of the rainfall was observed on 3/2/2011 at 4:20pm.
Finally, the maximum flow at the river at the same location is 52.82m3/s. Both
timeseries are presented in Figure 5.11.

Figure 5.10: The system’s response. Rainfall timeseries and the overall flooding and
runoff generated.
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Figure 5.11: Water depth and flow rate timeseries at Rafina2 station.

Event 20-23/2/2013
The overall performance of the system is presented in Figure 5.12. The total
runoff generated has a maximum value of 4.017m3/s and the runoff is
20820m3. Moreover, overall flooding has a maximum value of 7.355m3/s and
total flooding of 56510m3. Both timeseries are plotted against the rainfall
timeseries.

The maximum simulated water depth at the location of Rafina2 station is
2.347m and the time of its occurrence is on 22/2/2013 at 11:30am. Finally, the
maximum flow at the river at the same location is 116.3m3/s. Both timeseries
are presented in Figure 5.13.
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Figure 5.12: The system’s response. Rainfall timeseries and the overall flooding and
runoff generated.

Figure 5.13: Water depth and flow rate timeseries at Rafina2 station.
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Another way of viewing the results is through profile plots. In Figure 5.14 the
peak values of the 20-23/2/2013 event are shown for the sewer conduits
draining to the river. In this event the capacity of the storm water drainage
systems is limited by the high water levels in the receiving river and causes
the surcharge.

Figure 5.14: Profile plot of sewer conduits draining to the river.

Finally, the 20-23/2/2013 rainfall event was used for the assessment of the
urban flood model. As mentioned before Rafina2 station is the only one that is
within the urbanised area under consideration. However, this station was
installed on 28/12/2011. Thus, the only significant event after the installation
of the station was the one occurred during the period of 20-23/2/2013. The
observed data of the aforementioned event were used for the comparison of
the simulated results from the urban flood model. The plot (Figure 5.15)
shows the simulated and observed depths at the Rafina2 station. There is a
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high level of agreement between observed and simulated depths, both in
terms of total volume and time-to-peak. The Nash–Sutcliffe efficiency index Ef
is a widely used and potentially reliable statistic for assessing the performance
of hydrologic models (McCuen, 2006). The 𝐸𝑓 is computed as shown in the
equation 5.1.

𝐸𝑓 = 1 −

̂𝑖 −𝑌𝑖 )2
∑𝑛(𝑌
∑ (𝑌𝑖 −𝑌̅)2

(eq. 5.1)

̂𝑖 and 𝑌𝑖 are the simulated and the observed values of the water
where: 𝑌
depths [L],respectively; 𝑌̅ is the mean of the observed data [L] and 𝑛 is the
total number of observations.

The value of 𝐸𝑓 for the simulated depths for the event of 2013 at Rafina2
station is 0.743 which indicates that the model predictions are quite accurate.
Given the fact that the event of 20-23/2/2013 was the only available event for
comparison and/or calibration, these results can be considered satisfactory.
However, more significant rainfall events during the project period need to be
recorded in order for the calibration and validation of the model to be applied.
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Figure 5.15: Simulated and Observed depth timeseries for Rafina2.

Comparison between events

The Table 5.2 below summarises the most important results from the analysis
of three simulated events. The event of 2009 had the maximum runoff with a
significantly higher values simulated than the other events. The total runoff
generated, however, was comparable to the event of 2011. The reason is
mainly because of the long duration of the 2011 event.

The most interesting observation is the maximum simulated depths at Rafina2
site for the three events. The simulated depth for the event of 2013 was
considerably higher than in the other two, even though the total runoff
generated was much lower. However, the inflows taken into account at the
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upstream boundaries of the urbanised area are also higher for the event of
2013. This implies that the 2013 event generated significant surface runoff
upstream of the urban catchment, as simulated by the Hydrological model.
Thus, it can be concluded that simulated flows, and consequently simulated
depths, in the urban flood model are highly dependent on the upstream
inflows. Figure 5.16 presents the simulated flows at Rafina2 station and the
imported inflows at Rafina station for each event, where their aforementioned
correlation can be easily seen. The upstream inflow is plotted on x axis and
the simulated flows on y axis along with and a linear regression line. This can
also be explained as the upstream inflows represent a big percentage of the
total inflows to the system; the upstream areas that drain to the river of Rafina
are much larger that the urban catchment.

Table 5.2: Results of the three simulated events
Event

Max

Total

Max

Total

Max Depth

Max

Runoff

Runoff

Flooding

Flooding

at Rafina2

Inflow

3

(m /s)
10-12/12/2009

3

(m )

3

3

(m /s)

(m )

(m)

(m3/s)

28.95

104000

18.91

83780

1.765

63.4

03-05/02/2011

6.416

93540

4.69

74590

1.619

52.8

20-23/2/2013

4.017

20820

7.355

56510

2.347

114.9
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Upstream Inflow Rafina Stations Vs Total Flow Rafina2 Station-2009
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(b)

Upstream Inflow Rafina Stations Vs Total Flow Rafina2 Station-2013
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Figure 5.16: Upstream Inflows at Rafina Stations vs. Total Simulated Flows at

Rafina2 Station for the events of (a) 2009, (b) 2011, (c) 2013.

Comparison with Hydrological Analysis

Figure 5.17 presents the simulated hydrographs from the hydrological
analysis and from the urban flood model at the Rafina2 site for the three
selected events. The simulated flows from the hydrological analysis are
shown in red and the ones generated from the urban flood model in blue. The
differences in the resulted timeseries between the two models are
insignificant; however the hydrological analysis estimates slightly greater
values in all events.
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(a)

(b)

(c)
Figure 5.16: Simulated hydrographs at Rafina2 from Hydrological Analysis and

Urban Flood Model for the events of (a) 2009, (b) 2011, (c) 2013.
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6. Conclusions and Future Work
The Urban Flood Model of Rafina city has been set up and the methodology
for the efficient coupling of a surface flow model with a sewer flow model for
the simulation and forecasting of flooding in the urbanised part of the study
area has been established. However, the following conclusions – next steps
for further investigation, need to be highlighted.

The urban environment is very complex and urban drainage modelling
requires a detailed representation of the features and the processes that take
place during extreme rainfall events. Considering the limited available
datasets of the city of Rafina, an accurate representation of the sewer system
of the area was achieved by a detailed field survey of the study area. AOFD
tool was used to accurately model the overland flow network of ponds and
pathways that reliably represent surface retention storage, flow paths and
volume of water conveyed. Inp.Pins tool was used to more realistically
represent the river cross sections. Both networks were imported in the Storm
Water Management Model (SWMM) and the composite system was simulated
for three significant events.

The methodology described was implemented in an area that can realistically
represent the urbanised part, but can be also efficiently linked with the
hydrological analysis of the upstream catchments. The upstream boundaries
of the area coincides with the Rafina1 flow gauge as described in Action B.1,
which is defined as an outlet of an upstream sub basin of the catchment and
is extended downstream to the sea where the outlet of the river is located.

Moreover, inflow timeseries generated by upstream subcatchments were
considered as upstream boundary conditions. The aforementioned inflows
were generated through flood hydrographs at the outlet of Rafina subbasin
LIFE11 ENV GR 975
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(outputs from Catchment Hydrological Modelling action B.1). This allowed
taking into account the surface runoff that is generated outside the urban part
under study and is transferred downstream to it. A general conclusion that can
be drawn from this analysis is that simulated depths in the urban flood model
are highly driven by the upstream inflows. The upstream inflows represent a
big percentage of the total inflows to the urban system; the upstream areas
that drain to the river of Rafina are much larger than the urban catchment.

Taking into account the limited available observed datasets, the final model
was satisfactory calibrated, which was confirmed by the high values of the NS
performance measure. In conclusion, state-of-the-art simulation tools were
used in order to model efficiently the behavior of the system in a realistic way.
However, the following future work has been identified in order to improve the
representation of the urban catchment.

6.1

Future Work

The accurate representation of the hydrological parameters that are used in
the rainfall-runoff module of the SWMM model need to be further investigated.
More adequate translation of the aforementioned parameters from HEC-HMS
model to SWMM model will be investigated. This task, along with the
incorporation of the relevant flood hydrographs from the hydrological analysis,
will constitute the basis for the efficient coupling of the two models (HEC-HMS
and SWMM) as part of action B.3.

Finally, new simulations will be performed when more significant rainfall
events during the project period are recorded. These runs will support the
calibration and the validation of the urban flood model. The urban flood model
along with the calibrated hydrological model will be used in action B.3 (Flood
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Risk Assessment) in order to support the development of flood hazard and
flood risk maps to be used by the Early Flood Warning System.
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