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Executivessummary

Introduction

Floods are amonghe mostimportant natural hazards due to the increasing number of
inundation events with their associated social and econampercussionsln the context of
reducingthe adverse consequences floods regarding human health, environment, cultural
heritage and economic activitfeUenacted theDirective 2007/60on the assessment and
management of flood riskg\ccording tdhe framework ofthis Directive everyEUMember is
required to implemenan integrated process involving preliminary estimatadrilood prone
areas relevant to their water courses and coast linflsod hazard and risk maps and
coordinatedflood risk management plarfer the vulnerable areas

Thisdiploma thesisaims at assgesing flood riskn Ali - Efenti catchmentCentral Greegehe
upper part ofPinios riverThe frequery and the severity afiinfall eventsn conjunction with
the consequences occurred make this area appropriate to be investigbtede frst part of
this thesis,a GISbased spatial mukcriteria analysisis conductedfor the identification of
flood prone areas at watershestale Given the areas which are potentially at rigklooding,
hydrological analysis also performedbasedon the unit hydrgraphtheorythat isapplied to
simulate the rainfallg runoff process infour subbasin®f the catchmentdescribed above
namelyKalabaka, Pili, Mouzaki and Ndmpstream) Thehydrologicaknalysis concerrthiree
historic rainfall eventsinducing flood Alongside a hydrometeorological analysis for a
sequence of historic flood evesitecorded during the last decade is made using the available
rainfall data In the context of the integrated approach of flood hazard estimatidtiin the
study areahydraulic simulationusingthe HECRAS softwarés carried outdownstream the
abovementionedsulbasinsfor the most severegainfall event In this waythe identification
of floodplains is possible which is necessarfjor the integrated flood risk management,
forecasting ananitigation that iswithin the frame offuture research.

Materials and Methods

Study area
Ali - Efenti watershed constitutea sulbasin of the broader Piniosver catchmentin the
northwest part of the Rver Basin District (RBD) of Thessalit is located betweenthe
longtitudeH mc M B H 6 anlltBe latitude o dpc p-o@ @loc mFtlktlyp area isip to the Ali -
Efenti bridge close to theAmygdalia locatiofdownstrean). Within the study are#&inios river
has experienced frequent flood episoddae to intense stormsoccurredespecially in the

west

XiX
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Ali ¢ Efenti catchment covers an areaalfout 2806km? and alsoincludesa 144.81km long
section of Pinios riverElevation ranges from 84 to 2208 with mean elevation 554 nin
regard with the preipitation depth, the mean annuatainfallis approximately 687 mm with
higher valuesobserved in the mountainous parts of theestern part of thebasin. The
predominant land covertype according to Corine Land Cover (2012assificationis
permanently irigated landand transitional woodlaneshrubalong withbroadleaved forest
follow. Generally, lhe area appears as a plain bounded by fahsl is mainly exploitedas
cultivated land

Data used
The dataetsin which the analysis was baseark the Digital Ekevation Model (DEM) Corine
Land Cover (2012) and otheEMderivedgeomorphologicahndhydrologicahttributes, such
asthe slopeand streamsdefinition. Finally the soil type (AB,C,D)according to SCS (1972)
is taken into considerationThe DEM(Fgure 1)wasprovided by the National Cadastre and
Mapping Agency S.A., withcell size of %5 m. DEM along with the stream network of the
study area is depicted in Figute

21°10'0"E 21°20'0"E 21°30'0"E 21°40'0"E 21°50'0"E

39°50'0"N
39°50'0"N

39°40'0"N
39°40'0"N

39°30'0"N
39°30'0"N

XX

z | LEGEND %, . -
=3 N e <k =z
S — Stream network C e 5
% | DEM (m) [ P9
.. 2205 & )
g4 0o L 75 15 225 30
e —:—:km
21°200°E 21°300°E 21°400°E 21°500°E 22°00°E 22°100°E
Figurel: DEMand stream networlof the study area
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Further investigation is based othe available hydremeteorological dataof the recent
historic flood events occurred within the study area. More specificeilg, 10 ¢ min rainfall

measurements ofhe adjacent to the catchment argain gauges were used.

Multi-criteria analysis
A GIS- based(spatia) multi-criteria analysis and evaluation framework has been developed
and implemented at catchment scale for the identificationtioé potentially flood prone
areas.Multi-Criteria Analysis (MCA) is used to lgea a series of alternatives or objectives
with a view to ranking them from the most preferable to the least preferable using a
structured approach. Theesultsof MCA are often a set of weights linked to the various
objectives(Papaioannou2014). In order to weight the criteria selectednalytical Hierarchy
Process (AHMas been applied based on the following stegsfinition of the unstructured
problem, develoment of the AHP hierarchy, creai of the pairwise comparison table,
estimation of the rehtive weights, consistency evaluation and overall rating of the method
The pairwise comparisas based on the fundamental comparison scale introduced by Saaty
in 1977(Table 1).

Tablel: Scale for pairwise comparison (Sad§77)
(Drobne and Lisec, 2009)

Intensity of Definition
Importance
1 Equal importance
2 Equal to moderate importance
3 Moderate importance
4 Moderate to strong importance
5 Strong importance
6 Strong to very strong importance
7 Very strong importance
8 Very to extremely strong importance
9 Extreme importance

In this studythe following spatiatriteria have been considered

Cl) CorineLand Cover (2012), C2) Slpf8) ElevatiofDEM) C4) Rainfall, C5) Soil Type, C6)
ImperviousnessThe efficiency of theomparison betweerhe primary factors as well as the
resulting weighting factorsvasverified with the Consistency Ratio approach (@Rgording

to which, CR should not overcome 10%

Theresults of thepairwise comparisoprocessthe final weightandthe indices ofCRandysis
are presented irthe following tables (@bles 2-4).

XXi
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Table2: Squaregpairwise comparison matrix of themployedcriteria

Cl C2 C3 C4 C5 C6
Cl 1 1/3 4 2 4 2
C2 3 1 5 4 5 2
C3 1/4 1/5 1 1/3 1/2 1/2
C4 1/2 1/4 3 1 4 1/2
C5 1/4 1/5 2 1/4 1 1/2
C6 1/2 1/2 2 2 2 1

Table3: Normalized factor weights using the AHP method

C1 Land Cover 0.218
Cc2 Slope 0.378
C3 Elevation 0.054
C4 Rainfall 0.139
C5 Soil Type 0.068
C6 Imperviousness | 0.149

Table 4: Consistency Index (CI), Random Consistency Index (RI) and Consistency Ratio (CR)

Coefficient| Value

Cl 0.068
RI 1.24
CR 0.055

All derived features have the same spatial resolutiaxb(® cell size) and were calctda as
normalizedcriteria within the scalérom zero (0), indicatingpw vulnerability to one (1), for
high vulnerability, to increaseobjectivity and general application of the method in other

watersheds.

Figure 2 presents thesix selected geomorpholag indices and their normalized spatial
distribution used for the detection of potential floggkone areas

XXii
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Figure2: Standarized aiteria (C1(5)

Hydrometeorological analysis
The hydrometeorological analysis concerns histoldod events dataAs historical flood
recordingsfor the last yearshave been collected by severalauthorities, newspapers, local
interviews and testimonies of flood victimslore specifically, historic flood event&curred
within the study area during thlast decade are taken into consideration.

Rainfall data series were provided by NOM(Lagouvardos et al., 201&hd theyconcernl10
- minute rainfall measunmments (in mnY10min). Nine stations used namely TrikalKarditsa,
Larissa, GardikKaldaka Plastira, KoniskosMetsovoand Pertouli. During the datanalysis
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and processingt was observed thahe availability in rainfall measurements for all events is
not systematic for all stationshus a selection was made.

The rainfall events selected féurther analysisare presented below:
1 11/09/2010
1 15/04/2012
1 30/12/2012
1 12/11/2013
1 01/02/2015
1 16/01/2016
1 22/05/2016
f 23/08/2016
f 09/09/2016
1 09/03/2017
1 16/11/2017

For each of theemployedflood events the total precipitationthe duration and thereturn
period for rainfall duration of 1, 2, 6, 12, 24 and 4&ie determined The total rainfall height
as well as the duration of each eveate directly calculated from the 10 minute historic
observations.Return periodis determined throughthe intensityduration-frequency [DF
curvesthat are available for various stationsthre region.The IDF parameters are determined
in the frame of the implementation of the 2007/60/EC directive

Hydrological analysis

Three historic events were selected for hydrologaralysis as follows

! 01/02/2015

1 22/05/2016

1 09/09/2016
During thesethree events, hightotal rainfall depth andduration was recorded leading to
considerable impacts.
Hydrological analysis for these evemgdasedon the unit hydrograph theory. In ordeo
determinethe unit hydrographthe time ¢ area diagram methods applied mainly executed
in GIS environment.
The time - area methods were developed in recognition of the importance of the time
distribution of rainfall on runoff (Singh, 1992). The badea of these methods is the timg
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area histogram, which indicates the distribution of partial watershed areas contributing to
runoff at the watershed outlet as function of travel time. These areas are bounded by
isochrones curves. Aisochrondls a catour joining those point in the watershed that are
separated from the outlet be the same travel time. The isochrones cannot cross one another,
cannot close and can only originate or terminate on the watershed boundary (Singh, 1992).

Derivation of the time- areadiagram requires knowledge tiie soil roughness, theerrain
slopg as well ashe distribution of flow directions and velocities over the waterstistiizik,
1996) The flow chart of the method applied is presented in the following figure (Figure 3

Creation of land cover distribution depending on
roughness coefficient

Creation of slope map

Overland flow calculation

Calculation of cumulative flow velocity

— Overchannel flow calculation

|
h 4

Calculation of flow length and time until
the outlet

Derivation of time — area histogram —

— Calculation of runoff

A 4

Production of unit hydrograph

Figure3: How chart of timeg area method

To estimate the discharge at the outlet of the basin and create dbespondingflood
hydrograph well-distributed rainfall data are requiredTherainfall time seriesfor the three
selected events represent the precipitationeasuredat the point where rain gaugeare
located Therefore,surfaceintegration is needed to be applied in order teduce point
observations tcsurfacerainfall representative forthe entire catchmentForthis purpose, in
this study, Thiessen polygon methmhpplied using GIS techniques.

Thiessen polygon is a commonly used methlody for computing the mean areal
precipitation for a catchment from raigauge observations which was presentsdThiessen
(1911) Themethodisfound on the assumption that measured amounts at any station can be
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applied halfway to the next stetn in any direction, which means that for any point rainfall is
equal to the observed rainfall at the closest gauge. The weights of the rain gauges are
computed by their relative areas, which are estimated with the Thiessen polygon network.
The polygons@ formed by the perpendicular bisectors of the lines joining nearby stations.
The area of each polygon is used to weight the rainfall amount of the station in the center of
the polygon. If the amount for any station is missing, the polygon must be chafded
limitation of the method is thatThiessenpolygons areunable to consider orographic
differences in rainfall distributioné&Schumann1998)

Subsequently, hydrological losses were identified throtlghSCS CN method to calculate

the net rainfall hat accounts for the direct runofffhe Curve Number (CN) was developed by

the USDA Natural Resources Conservation Service and is an empirical parameter used in
hydrology for predicting direct runoff or infiltration from rainfall excess. The runoff Cabexh

2y GKS INBFQa KeRNRBf{23IAO a2Aif SinRidgalhnction y R
of the soilandland useof a drainagebasin,estimationof a curvenumber requires mapping

of the soil and land use within the drainage basin boundarand specification of unique soil
typesanduniquelandusecategoriesin this study CNisestimated according to the CN tables

in a way to represent the mean conditions of soil group and soil moisture of the whole basin

Theresultingwater losses arédistributed over time according to thiaitial andconstantrate

loss modelThe concept of the initial and constardte model is that the maximum potential
infiltration rate is constant. The initial loss is added to the model to represent interceptidn a
depressionstorage (Feldman, 2000yhesetwo parameters of constant rate aniitial loss
indicate the physical characteristics of soil, land use and antecedence conditions of basin
According to American standards, rangeimtial lossin forest areais between 10 to 20
percent of rainfall and it varies between 0.1 to 0.2 inches in urban areas. Constant loss rate
shows the final capacity of s¢$aleh, 2011).

The derived unit hydrographs along with the surface rainfall data result in the creattbe of
flood hydrographAccording to Singh (1976jrect surface runoff rates at homologous times
are considered proportional to different amounts of rainfall excess of the same duration. The
assumed noninterference of the time distribution of concurrentfaae runoffs from various
storm periods permits the synthesis of flood hydrographs based on the principle of
superposition. Thus, the use of a unit hydrograph to compute flood hydrograpimsvarious

storms is based on the principles of linearity and sppsition.
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The total discharge at the outlet of the basscalculated by adding the base flowhich
represens the water seeping into the stream from groundwatdrelping to keep water in
streams during drought#According to he Hood Rsk ManagementPlan for the River District
Basin of Thessalyn flood studies as base flow is commonly considered the mean annual
specific runoff (9 of the river.

In agreement with all the abovén this researchbaseflow is calculated bynultiplying the
specific rumff proposed in the IBod RskManagementan for Pinios river draining through

Ali ¢ Efenti catchment0.014 m3 s/km?) with the basinof special interestrea Due to the
seasonality phenomenon, base flow value copes with fluctuations with the highkestsviae
noted between Decembeg February and the lowest between JulyAugust, when both
precipitation and runoff are minor. Thus, the specific flow depending on the period that event
under consideratioroccurred is equal to 0.014, 0.011 a@d07m% s/ kn¥ for the events of
01/02/2015, 22/05/2016 and 09/09/2016, respectively.

The hydrological analysis concerns four subbasins of the initial basin hence @ibtiesses
described beforeare repeating for each of them, separately. particular, the basinsfo
Kalabakan the north, Pili and Mouzaki in treouthwest and Nomjupstream)coveringmost
of the whole basirareaexcept for the eastern pariare consideredThe main topographic
attributes of these basinare presented in the following Table (Table

Table5: Topographic attributes of the employed subbasins

Basin Area(km?) Mean Elevationlm) | Mean Slopeg©
Kalabaka 1016.12 840.05 48.32
Pili 132.88 950.80 66.10
Mouzaki 143.49 816.14 58.63
Nomi(upstream) 2017.65 656.76 42.16

Therelative position of the regarded basires tothe initial Al ¢ Efenti watershed is depicted

in Figure 4.
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Figue 4. KalabakaPili; Mouzaki andNomi (upstream)basins

Hydraulic analysis
In the context of the integrated approach of flood hazard estimatiydraulic simulationis
attemptedin four positionswithin the initial watershedf Al ¢ Efenti More specificallya 2D
hydrodynamicunsteadyflow analysigs conducted using the software HECRAS 5.0.7 for
Kalabaka, Pili, Mouzaki and Nomi, downstream argl&ERAS is a freeware hydraulic model
which can be used for osdimensional stady and unsteady flow hydraulics computations.
Regarding unsteady flow computations, SainSy I y i 9ljdzZr A2y aQ ydzyYSN
approximated using an implicit finite difference approach through the computational Box
SchemdUSACE, 201@)uring the modebuilding setup, the stream network, the terrain, the
land use and the boundary conditions were ascertairida terrain was defined by the Digital
Elevation Model input feature of 5x5 pixelsize resolution. The land use layer was based
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the Corine Lad Cover (2012) shapefile. As an upper boundary condition, the corresponding

Fft22R K@RNRBIANI LK & OFfOdA FGSR Ay | LINBJA 2dza

was integrated in the model by the land use input. The simulation outpré®valuated in
reference to the inundation rendered in historic press records. Finally, maps for the maximum
depth and maximum velocitgre produced for the resulting floodplain area.

Results and discussion

The first part of the analysis concerns the -G&Sed MCDMor the flood prone areas
identification.Pairwise comparison application and analysis produced the relative weights of
the study factors. Table @n the Materials and Methods sectiopjesents these weightand
denote that the most important factorghat increasethe level of flood vulnerability are the
slope and the land uséience flood prone areas identification depends mainly on these two
factors.The composition of all the standardized criteria is achieved usiagveighted linear
combination (WLYXapproachthat is incorporated intathe ArcGIS environmen#s a result,
the final mapthat depicts the flood vulnerable areas is createdorder to classify thelasses
(low-high) ofpotentially flood prone areas the Natural Breaks (Jenks) method phed and
compared to themanualclustering techniqueThree classedor potentially flood proneareas
are determined 1) Low,2) Medium, 3) High.

As shown in Figure 5, the most prone areas are located in the lowlavitile a lower
percentage representhe areas that are standing close to the riveds the contrast, areas
that are tended to be on the higher grounds and further away from the high drainage density
FNBFa FNB LRGSYdGAlffe adzaO0OSLIIAOGES (2 afz2¢6¢
Additionally,the classification technique that is followed is a decisive fact that influences
significantly the flood vulnerability mappiniglore specificallyby setting stricter boundaries

in the highrisk class areas that are prone to high flooding vulnerabilityealimited in
urbanized land and impervious surfaces, which leads tormerestimation of the real spatial
distribution of the flood hazardFigure 5.3)Conversely, the most prone areas extend to a
larger scale irthe case of broadening the relevantass(Figure 5.1) A mean situation is
depicted in Figure 5.2yvhere the most critical areas in terms of flooding occurrence are
associated with low elevatiomild slope profile, urban fabric, véneasriparianmountainous
areasare excludedHence it is condered more rational comparing to the other clustering
scenariosas better represens the flood riskin the whole study areaHowever, despite the
different distribution of the flood hazard depending on the classification method applied, it is
obvious as aoverall conclusion that downstream lowland zones subject to the highest risk of
inundationevent.
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Analysis and intergtation of hydrometeorological data showigat most events are dhigh
frequency(low return period) More preciselythe return periods of themost of historic

events examined are estimatemtjual toas less than one year.

Within the flood analysis appazh a hydrological analysis was applied in order to simulate the
rainfall ¢ runoff model at catchment scale. More specifically four subbasins of the Ali Efenti
catchment were considered, namely Kalabaka, Pili, Mouzaki and Nomi (upstream), as
described prewusly. For each of them the unit hydrograph was determined using the §ime
Area Diagram method combined with GIS and ¥#eGHMS techniques by creating the
correspondngtime ¢ area histogramAn indicative time; area histogram (number of cells vs
time) created in GIS concerning the basin of Kalabaka is presented in €igure
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Figure6: Timeg area histogranof Kalabaka position
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However, in the case of Pili basin the results of this method were not satisfaasotiye
method wasnot capable for simulating the rainfalinoff process in the basin, andhus
hydrologic measurementsom the PPQvere usedo calculate the unit hydrographs (UHhe

resultingUHs for the four basins are presented in Figdre
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Figure7: Unit hydrographs for the basins of Kladdka (a), Pili (b), Mouzaki (c) and Npmi
upstream(d)

According to the derived Ukhe highest runoff as well as the longest peak timenisticed in
Nomi basin which dominates in sizayhile the ascending part of theurve appeas lower
gradient in comparison with the basins of Kalabaka, Pili and Mauzak

Unit hydrogrgphs are subsequentlyused for analyzing and deriving flootlydrograpts,
resulting from a known storrthat differs for each suldssin.Historicalrainfall datafrom three
storm events were considered, occad at 01/02/2015, 22/05/2016 and 0@9/2016. The
derived flow hydrographs of the examined basirfKalabaka, Pili, Mouzaland Nomi,
upstream)are presented in Figur@c Figure .
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Figure8: Flow hydrograph of Kabakaposition, event: 01/02/2015
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Figurel2: Flow hydrograph of Kadbakaposition, event: 22/05/2016
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Figurel4: Flow hydrograph of Moukaposition, event: 22/05/2016
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Figurel5: Flow hydrograph dlomi (upstream) positionrevent: 22/05/2016
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Figurel6: Flow hydrograph of Kdvakaposition, event: 09/09/2016
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Figurel9: Flow hydrograph oomi (upstream) positionevent: 09/09/2016

Thehydrodynamic simulationyjhichwas performedbased on available input datagarding
land use distribution, manning coefficient values ahd flood hydrograph®f the strongest
event (01/02/2015)s determined in the previous ste@enotes a general ovestimation in
the flood inundationextent An exaggerated floodplaiwas mainly notedin the simulation
area close to Nomi settlementvherethe quality of data used (DEM, Manning coefficient)
constitutes a decisive factor due to tlpgevailinglow elevaton and mild to zero slope#n
regard withthe 2D flow areas downstream the basofKalabaka, Pili and Mouzaki, hydraulic
analysis showed thanundation flow is accumulatechostly within theriverbed. Thus, the

areas close to the river includirsgttlements and cultivated landre notput in jeopardy by
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this specific rainfall evenBesidesthe high slopes falitate the runoff process to the outlet
of the catchment.

Additional attemptsthat were made incase of Nomto amend the derived resultshowed
that the model could nobvercome the inaccuracies/deficiencies in DEM and Manning values.

Highly@l NEAY 3 Ot dzS8&8 2F (GKS alyyAy3dQd NRAAKySa:z

conditions In fact, food wave transition is intensively influenced Hkke floodplain
topography, as inaccurately defined by the DEM. The latter is improperly coarse in the plain,
in particular along and at the banks of the river, as noted through further geospatial
observation and analysi®\longside incorrect rises of lath surface and blurred river bank

boundaries have been detected.

Hydraulic analysis results for tlleree positionsare depicted in Figuse20-25. According to

the resulting mapssimulation in the first positiomf interest named Kalabaka, showed that

in the upper and middle part there is an overflow of the riwvenich is expandedver the
adjacent agricultural areas where low flondepths are observedabout 0.2 m).On the
opposite,the simulation conductedlownstream of Pili and/louzakipositionsfor the same
event showed that flood is not expanded out of the river banks, in the riparian areas.
Alongside, generally relatively low flow velocitemserged aparfrom the main river as it is
shown in the corresponding mapwhich is expectedue to therelatively high frequency of

the examined events
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Figure20: Maximumflow depth downstream the basin of Kalabaka
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Figure21: Maximum flow depth downstream the basin of Pili
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Figure22: Maximum flow depth downstream the basin of Mouzaki
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Figure23: Maximum flow velocity downstream the basin of Kalabaka
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Figure24: Maximum flow velocity downstream the basin of Pili
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Conclusions

The objective of this diploma thesis was to develop and implement an integrated methodology
regarding flood risk assessment for frequent flood events occurring mE#inti catchment.

The analysis includes hydrometeorological, hydrological and hydraulic aspects of flood risk
analysis and management and the main findings are summarized as follows:

1 During the investigation of the flood history relevant to the study ateaas found
that the main impacts derived from flood events concern the agricultural land and the
road network.

1 The MCDM followed for the identification of flood prone areas shoaedextended
vulnerable area in the lowlands, however, estimations are drilbg the technique
followed for flood vulnerability classification.

1 The hydrometeorological analysis of recent rainfall events inducing flooding revealed
that most of them are characterized by high cumulative precipitation and duration, but
they are relatel to low return period.

1 The timearea diagram method was a satisfactory approach to determine the UH for
the most subbasins.

1 The basin of Nomi (upstreans) characterized bipwer hydrological losses due to the
lower presence of forestand higher contrilation of agricultural landresulting in an
increased CN valy& comparison with the rest basins

1 Thederivedflood hydrographs showhat the highestaluesof both the runoff andthe
flood volumes correspond to the basin of Nomiimarily due toits cansiderable size
andthe intense presence of flat lowland are&n top of that, higher runoff peaks and
larger volumes were caused from the event with the longest duration and the highest
total precipitation.

1 Hydraulic analysithat provides maximum watevelocity and depth valuesshowed
via the corresponding mappinghat flooding associated with the Kalabaka, Pili and
Mouzaki downstream areas, occurs mainly within the river banks, thus adjacent
urbanized and cultivatedaireas are not at riskHowever, theanalysisnear Nomi
settlementdemonstrated weakness mainly due deficiencies andimitations of the
DEM anduncertainty in theManning coefficient determination, especially in the
lowlandsand inside the mainstream

1 As an overall conclusiohere is anincreased floodvulnerabilityin the lowlands
which is explicitly verified by thiéood historyof the area Hence, further investigation

should be conductedconcerning thefollowing impacts as well as coordinate

x|
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mitigation actions in order for the voérable areas to be protectedalso after

considering the impact of more extreme rainfall events
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