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ABSTRACT

Erythropotamos is a tributary of river Evros and during the last decade its drainage
basin flooded many times, causing extensive damage on properties. In order to pave the
path for effective flood risk management and compensate for the lack of studies in such a
flood-prone area the flood hazard assessment procedures of inundation mapping, flood
hazard and risk mapping, along with flood susceptibility mapping were employed.
Inundation mapping was carried out with the aid of SAR (Synthetic Aperture Radar)
imagery. Specifically, ENVISAT/ASAR and SENTINEL — 1 A/B imagery was utilized
to delineate the inundated areas of flood events that occurred in 2010, 2017 and 2018.
Flood hazard and risk mapping was implemented with the use of Geographic Information
Systems (GIS) for both only the thalweg and the river reaches of the 5™ stream order and
higher, providing predictions of flood extents and the spatial distribution of water depths
according to scenarios that were suggested by both the 2007/60/EC Directive and certain
gauges of the station that is located on the bridge of Didymoteicho. Furthermore, flood
susceptibility mapping was conducted for the study area by applying the Analytical
Hierarchy Process (AHP). Topographical, hydrological and meteorological factors were
used and each one of them was classified into three (3) flood susceptibility categories
(low, medium and high). The importance of each factor over the others was determined
with the aid of either the results of inundation or flood hazard mapping, thus dealing with
the subjectivity that involves the determination of the hierarchy of factors in AHP.
Subsequently, the resulting flood susceptibility maps were validated according to the
inundated areas of the April 2017, March 2018 and, in the case where the hierarchy of
factors was determined by the results of flood hazard mapping, February 2010 flood
extent. The results of the aforementioned procedure indicated that large portions of the
delineated areas intersected with each susceptibility map’s high susceptibility zone.
Finally, the results of each flood hazard assessment procedure were not only compared
with the zone of potential high flood risk that is suggested by Ministry of Environment and
Energy but also they were combined in a number of ways in order to determine whether it

was feasible to achieve better outcomes.

17


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=9&cad=rja&uact=8&ved=0ahUKEwiT3bHi7ofbAhXHEVAKHZgjBv4QFghYMAg&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FDidymoteicho&usg=AOvVaw38nVPtWTI-lu63tzXKE_Rz

IHEPIAHYH

O EpvBpomdtapog sivar mapandtapog tov motapov ERpov kot katd ) didpkeio tng
TeEAELTALNG OEKOETIOG 1 AEKAVT QITOPPON|G TOV TANUUOPNOE OPKETEG POPES, TPOKAADVTOG
extetopéveg (nuiég oe meprovoieg. Ilpokewévov va mpoetolpactel 0 OpOUOC Yo
OTOTEAECUOTIKY] OLOYEIPION TOV TANUUVPIKOD KIVOUVOL Kot Vo, ovTIoTaOUioTel 1 EA ey
TETOWMV  PEAETAOV O©€ Ul TEPLOYN TOL &ivol TOCO EMPPEMNG GE  TANUUVPEC,
YPNOUOTOMONKAY SUOIKOGIES EKTIUNONG TNG EMKIVOLVOTNTOS TNG TANUUVPOS OGS M
YOPTOYPAPNOT KATOUKAVLOUEV®V TTEPLOYDV, N YOPTOYPAPNON TNG EMKIVOLVOTNTAG KOl TOL
KIVOUVOL TNG TANUUDPOC, KAODS Kot 1 YopTOYPAPNON TG TANIUVPIKNG EMOEKTIKOTNTAGS.
H yaptoypdoenon kataxivldpevov mepioyov deEnydn pe m Pondeia skdvov Pavidap
YuvOetikod Avoiypotog. Edikotepa, ypnopomombnkay swoveg ENVISAT/ASAR kot
SENTINEL — 1 A/B mpokeiévovr va oprobemnbel o ydpog TV KoTokAL(OUEVOV
neploy®v mov ovvéfPnoav Tig ypovieg 2010, 2017 won 2018. H yoptoypdenon tng
EMKIVOLVOTNTAG KOl TOV KWWOUVOL NG TANUULPAG vAomomOnkav pe t Pondela tomv
lsowypagikdv Zvotmudtov [Inpoeopiov (I.X.I1.), Oxt povo yo v Kvplo (Gyayyew
AL Kot Yo TOLG KAAOOVG TOV VOPOYPAPKOD SIKTVOV VM NG SMG TAENG, TOPEXOVTOS
TPOPAEYELS VIO TNV EKTOOT TOV TANUULPOV KOL Y10 TN YOPIKN Katovouq tov Bdbovg tov
vepolh oLUEOVO HE TO GEVOPLL TOL Tpoteivovtal amd v Odnyia 2007/60 tov
Evponaikod KotvofovAiov, KabBdg kol Yo GUYKEKPIUEVEG UETPNOELS TOV GTOOLOV TOL
gtvon tomoBetnuévog ot véeupa tov Awvpoteiyov. EmmAfov, n yaptoypdenon g
TANUUVPIKNG EMOEKTIKOTNTOG OEENyON Yoo TV vd peAétn mepoyn epopuolovtag
Awdikacio  ™c Avolvtikng  lepapyiag  (Analytical Hierarchy  Process/AHP).
Xpnoworombnkoyv Tomoypagikoi, VOPOAOYIKOL Kol UETEMPOLOYIKOL TOPAYOVTIES KOl O
KaBévag amd avtovg tagvoundnke oe tpelg (3) Katnyopieg emdektikOTTAG (YOUNAN,
pétpe kKou vynAn). H onuavtikdomto tov kdébe mapdyovia évovilt tov vroloimwv
kaBopiotnke pe ™ Pondewa gite g xapToypAPNoNG KATAKALLOUEVOV TTEPLOYDOV 1| TNG
YOPTOYPAPNONG TNG EMKIVOLVOTNTOG TNG TANUUOPAS, OvTILETOTILoVTOg HE avTd TOV
TPOTO TNV VROKEWEVIKOTNTO TTOV TepAapfPaveTor otov Kabopiopd g tepapyiog twv
napaydvtov amd 1 Aladikacio g Avaivtikng lepapyiag. AkolovOmg, ot Tapaydpevol

YOPTEC TANUUVPIKNG EMOEKTIKOTNTOS AEOA0YNONKOY GOUEOVO LE TIC KOTOKALLOUEVES
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TEPLOYEG TV TANUUVPOV Tov Ampiiiov 2017, tov Maptiov 2018 ki, otV mepintmon
OV M EPOPYic TOV TOPAYOVT®V KaBopioTnKe amd To OTOTEAEGUOTO TNG YOPTOYPAPNONG
™G EMKIVOLVOTNTOG, UE TIC KATAKAVLOUEVES TEPLOYES TOV TANUULPGOV ToL Defpovapiov
2010. To amoteAéopaTo TOV MG AV ovaEEPHEVTOV dadTKAGLOV VIESEIEOV OTL peydia
TOGOOTA TV oplofetnuévov meploydv  KotdkAvong Ttéuvouv Tig (dveg LYNANG
EMOEKTIKOTNTOC TOV  KAOE  YApTn TANUULPIKNG  emdekTkOTnTaG. Telkd, Ta
amoteAéopaTo KAOe S1adKaciog EKTIUNONG TNG EMKIVOLVOTNTAG TNG TANUUOPOS Ogv
ovykpidnkav povo pe ™ Zovn Avvntikd Yyniov Kwvdovov IIinppdpog mov tpoteivetan
and to Yrovpyeio [lepidArovtog kar Evépyetog aAld Kot cuVOLAGTNKOY TOIKIAOTPOTMG

TpoKeNEVOL va dtepeuvnBel av gtvar epikto va emttevyBodv KaAdtepa amoteAEcaTOL.

19



EKTETAMENH IHEPIAHYH

2116 pépEG pog dev vapyel apeiBoiio yio 10 TOGO KATAGTPOPIKA EIVOL TOL POVOLEVOL
TOV TANUULPGV, TO, OTTOT0 0TOTELOVV AmEIA] Oyt LOVO Y10l TIC TEPLOVGIES OALA KOl Y10l TG
Lwéc tov avBporwv. To Evponaikdé KowvoBoviio kot to ZvuBodio g Evpomaiknig
"Evaonc, €govtog KaTavonoetl 0Tt «ot TANUPOpES eitvat @atvopeva Ta omoio givatl advVITO
va. TpoAneBovvy vioBétmoe v Odnyia 2007/60/EK mpoxeévov va apPfAidver Tig
OVOUEVEIG GUVETELEG.

Xmv ev Ayo Oonyla ektOg amd Tov Koboplopd PaciKdvV gvvolmv, OTw®S Yo
napaderypa g minuuopag (flood) xor tov kivévvov mAnupdpag (flood risk),
napatiBevtal Kor or wePypopég Yoo To Oepatikd enimedo mwov mEPAaUPAvovTol GTOVG
xapteg emkivovvotntag mAnuppag (flood hazard maps) kot otovg yépteg KvdHvov
manupopog (flood risk maps).

To Kévtpo 'Epevvog g Emonporoyiog tov Katactpopawv (KEEK/CRED) Bewpel
®C KOTOOTPOPN TOV (QULOIKO Kivduvo mov PAATTEL pHE OMOOVONTOTE TPOTO TOLG
avOpdOTOVG Kol €xel ONUIOVPYNGEL TNV TAYKOGHIO PACT OEOOUEVOV Yo TIG (PUGIKES
Kotootpo@és (EM —DAT). Zopewvo pe v tekevtaio 7.255 kotoyeypoppéva yeyovoto
a6 to 1998 éwc 10 2017, deiyvouv OTL IANUUVPEG EIVOL O TTO CLYVESG KOTAGTPOPES Kot
emiong ekeiveg 01 0moieg TANTTOVV TOVG TEPIGTOTEPOVG OVOPDTOVG.

Oocov apopd ta 6Tadio Tov 0dNYoLV 6TV dtoyeipion Tov Kivdvvov TAnuuvpog (flood
risk management), n mopovca S1aKTOPIKN STPIn] aPopd TO KOUUATL TG EKTiUnoNG 1
avéAivong g emkwvovvottag (hazard assessment or analysis). Zvykekpipévo e€etdlet
11 pebodoroyiec: 1) g yaptoypdenong minuudpag pe 1 Pondewa ewdvov Pavidp
YvvOetikod Avolyuatog (PXA/SAR), 2) g xaptoypdenong g EnKvouvOTNTAS Kot TOV
Kwwdvvov minppopag (flood hazard and risk mapping) kou 3) g yaptoypdenong g
TAnppopkng emdektikottag (flood susceptibility mapping).

H meproyn g Aekdvng amoppong tov EpvBpomrotdpov emAiéydnke wg n meproyn g
eQUPUOYNS TV TpoavagepBivimv pebodoroyidv. H éktaon g ev Ad0ym meproyng eivat
1,618.5 km? kot t0 LEYOADTEPO TUMLA TNG AVAKEL TNV TTEPLOYN TG Opdkng otnv Bopeia
EALGSa, evd To vtolomo avhkel ot BovAyapio. Amd dotkntikn dmoyn To TURpO NG

Aexdvng amoppong mov PBpickeTon 6ToV EAANVIKO Ydpo ovikel 6tovg vouots 'ERpov kot

20



Poddnng. And yemtektovikn dmoym 1 meployn £pevvog avikel otn oo e Podomng ko
v Ilepipodomikn) {dvn. evd oTNV TEPLOY EMKPATEL EVOG YEMAOYIKOS GYNUATIOCUOG TOV
amoteleitoan amd o@Boipoyvedoovs. To Ynowaxkd Yyopetpikd Moviého (YYM) EU-
DEM, pe opllovtior Kot KotakOpuen SoKPLTIKY KovotnTa 25m kot 3,6m avtictouya,
YPNOOTOMONKE STV AVAALGT TOL OVOYADPOV. ZVUE®VO PE TNV TASVOUNOT KOTA
Dikau (1989), otnv meproyn épevvag mkpatel 10 AOPOIES avAyALPO, EVED GOUQ®VOL e
mv ta&wvounon kotd Demek (1972), to peyoldtepo pEPOG ™G Aekdvng amoppong
KataAlopPavel 1oyvupd KekApévo avayiveo. To vdpoypapikd diktvo tov Epvbpomodtapov
elval 0evopitikod TOmOL Kot M pEYlotn TAEn KAGdov eivor M €Rdoun. EmumAéov, o
ouvtereotig dwkAddwong Rp €yer pnéon tywun 4,97, evd younAés Tpég yoo ovthi T
LOPQOULETPIKT TOPAUETPO TOPATNPOVVTOL UETOEL TV KAASwv Tdéng 4 wor 5.
Emnpooheta, cOppmva e 10 DYOUETPIKO OAOKANPOLLO KOt TV VYOUETPIKT KOUTOAN, 1
Aekdvn amoppong tov EpuvBpomdtapov 1 meployn ovikel GTO GTASO «YNPOTOC» TOV
Koxkhov AwBpwong. Ocov agopd v kdAoyn yng, cOUe®va PE T ¥PNOES VNG KATA
Corine Land Cover 2012, n mepoyn £pevvog oamoteleitor Kupimg omd odom Kot
axoloV0w¢ amd T ddpopeg Kotnyopieg apdoung yng. Térog, oty ev Ady® meployn
yopobetodvior ot Ewdwég Zmveg Ipootaciag (Special Protection Areas / SPA) tov
Awtdov Natura 2000 g Kowkddog tov duiovpn (GR1130011) o g Kowkddog
Opeivov 'EBpov — Aépetov (GR1110010).

X Aexavn amopporig tov EpuvBpomotdpov €xovv ocopPet moArd mAnppvpucd
enelodola. To onpavtikdtepo Eekivnoe otig 8/2/2010 kot oAokAnpdbnke otig 18/2/2010,
ONUEWOVOVTAG UEYIGTO VWog otdfung 7.42m kot pEYoT) TUn TANUULPIKNAG TopoyNS
1.255,05 m%s. To ev AMOy®m eoawvopevo Kataypdonke oamd to otafud mov Ppiokeron
TomofeTNUEVOC 6T YEPLPO TOL AldvpoTelyov Ko TapEueve o Agttovpyio and to 2008
péypt kot to 2010. Ao mAnppopikd eowvopeva to. omoio ETANEAV TNV €PELVOVUEVT
neployn ovvéPnoay Katd ta ypovikd dtwotmuata 16/4/2017 —20/4/2017 ko 25/3/2018 —
1/4/2018 obvpewva pe minpogopieg amd T Awbbvvon Ilohrtikng Ilpootaciog Tov
"EBpov.

Ocov agopd ™ yoptoypdonon minuuopoag pe ™ Pondewa swdvov SAR, kot
ewdwotepa  ewodvov ENVISAT/ASAR, apyikd €QoppoOcTNKE IO OTAOTOIUEVT

21



uebodoroyia aviyvevong aliaymv (change detection) couewvo pe v ESA (2008). H
peboooroyior avt otnpileton otn obvbeon yevdoyypoung ewkoévag RGB, 6mov o
ewova mov AMednke €€ amd TO YPOVIKO dldoTnue Katd to omoio egMoGovIaV TO
TANUUVPIKO POVOUEVO aVTIoTOLYILETOL TNV UTTAE Kot TTPAGIVY XpOUATIKY ££000 (E1KOVOL
apyeiov / archive image), evd avtiotorya pio eikdévo mov ANednke Katd tn Sidpkela
eEEMENC TOV €V AOY® atvoprévoy avtiotoryiletan otnv KOKKIVI ¥pouaTikh ££000 (E1kOVa
KOTaoTPOPg / Crisis image). AkohoOOmg, otV Yevdosyypmun €KOVO TOL TPOKLITEL
epapuolovion Tpég katoeAiov (thresholding) mov apopoiv tic Tipéc bpovg (amplitude).
SVYKEKPIUEVO, ETAEYOVTOL TO €KOVOoTOlXEion pe TEG peyaAvtepeg tov 900 vy v
gwovo apyelov kot pe tpég pkpotepeg tov 800 yw v ekodva Kataostpoens. Ot
TEPLOYEG OV £YOLV TANUUVPNGEL amelkovifovianr pe kvavd ypopo. o v ev Aoy
puebodoroyio emAéyOnke 1 ewdva mov ANeOnke ot 16/2/2010 ®g «ewodva
KOTAGTPOPNG» Kol 1 eova mov ANednke otig 23/12/2008 g «ewdva apyeiovy.

¥t ovvéxela epappootnke  pebodoroyio twv Cian et al. (2018), katd v omoia
ypnowonomdnkay 11 swdveg ENVISAT/ASAR Swaxprrikig woavotrag 30m ko 27
ewcoveg SENTIENL — 1 A/B diakprtikng tkovotntag 20m. Xt cuvéyeto dnpovpynonkay
otoifeg (stacks) ko e1dkdTEPa 1 «oToifa avapopdgy (reference stack) mov mepiéyetl povo
TIc ewkdveg oavagopdg (reference images) xor M «otoifo EKOVOV  OvOQOPAG KoL
manuuopag» (reference & flood images) mov mepiéyet Tig e1kdVeEG avaPopas Kot TNV/Tig
€KOvVEC TOL AMNEONKaY Katd TN ddpKeElD TNG TANUUOPOS. AKOAOVOWS, EPAPLOCTNKOY Ol
deikteg NDFI & NDFVI cOppova pe tov vmoroyiopd g eAd(Ios, LEYIOTNG KOl LEONS
TGy kaBe ewovootoryeio (pixel) gite g «otoifag avapopdg» 1 g «otoifog
avaeopds kot mAnppvpocy. Xapokmnplotikd tov oeiktn NDFI eivor ot pmopel va
dympicel mePLOYES MOV KOADTTOVTOL UOVIIA atd VOATO KOl TEPLOYEG TOV KAAVTTOVTOL
npookopo and voota. EmmAiéov, m aviyvevon pnyod vepov (shallow water) mov
TPOEPYETOL AT TANUUOPES GE TEPLOYES YOUNANG PAdoTnong (Short vegetation) yivetor pe
™ Ponbeia tov deiktn NDFVI. Télog, odupwva pe tovg Cian et al. (2018) ywo tovg
npoavapepbiviec deikteg epappoloviar ot akolovdeg Tyég katmeiiov: 1) NDFI > 0,7

kot 2) NDFVI > 0,75, evd o11g tehMicég vmoloyilopeveg TePLOYES eE0LPOVVTOL O TTEPLOYES
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mov givon pkpdtepec amd 10 gikovootoryeio kol eKovooTotyeia Yoo To omoia woyveL: 1)
Go(uton) < 0,015 war 1) Gonueon) > 0,03.

Xoppove pe ™ pebodoroyia tg ESA (2008) n éxtaon tov katakAvlopevov
ekThoEmV Yo Ty TANupdpa tov 2010 Ppédnke 15,75km2. Amd MV Qoppoyh TG
uebodoroyiag twv Cian et al. (2018) mpoékvyav koTokALOUEVES TTEPLOYES LE EKTAON
6,84km?, 18,23km? ko 20,6km? yia Tic mAnppopec tov 2010, 2017 kat 2018 avtiotouyo.

Oocov agopd ) pebodoroyio g ESA (2008), emeion eivan epmeipikn, dev pumopel vo
epappootel o GAAOVG alcOnTpeg pavtdp Kor emimAéov Ogv umopel v aviyvedoel
KatakAvlouevee meployés oe yoaunAn PAdactnomn. Ov kotaxAvloOpeveg mePloyés T®V
mnppopov tov 2010, 2017 wor 2018, mov vmoloyiotnkav pe 1 Ponbeia tng
uebodoroyiag twv Cian et al. (2018), rapovoidlovy dlopopéc 6TV EKTOCT TOVG O OTOTES
UIopovV va. arrod000bv gite ot dlapopd TG mePOdov emavapopdg (return periods) tmv
QOWVOUEVOV 1 OTN YPOVIKN ANYN TNG €KOVOG GE OYXECMN LE TN YPOVIKY OTIYUN| NG
LEYIOTNG TWNG TNG TANULPIKNG Ttopoyns. [lapdio mov vrdpyovv apketéc afePordotnteg
(uncertainties) ocov a@opd tv opobémon (delenaeation) twv koatakAviouevmv
nePloy®V e T Pondeta ewovev pavtdp, avtég e&akolovfoldv va yp1CLLOTOIOVVTAL TNV
a&lordynon (validation) amotelecpdT@v YOPTOYPAENONG EXKIVOLVOTNTOG TANUUOPOAS &
TANUUVPIKNG  EMOEKTIKOTNTOG, YOPIS Vo VIApYel KAmow eupéws  Kabepmpévn
pebodoroyia.

H yoptoypdonon mg emkivduvotntog TANUUOPOS KoL TOV KvOHVOL TANUUOPOS Eiye
G GKOTO TOV VITOAOYIGUO TMV EKTAGEDV TV KATAKAVLOUEVOV TEPLOYDV KO TNG YOPIKNG
Kotavopung tov vyovg otabung (water depth). H dwodwcacio avth mepthaufave apykd
TNV TPOETOUAGIO TOV YEMUETPIK®V cTotyeinv (geometric data) pe t pondeia tov HEC-
GeoRAS kot gpapudotnKe T060 TNV KOPLOL KOiTn, 060 KOl 6TOVG KAASOUS 5S¢ TaENg Kot
v Tov VOPOYPAPIKOV dtkTVLOVL. Ta YewUeETpKA GTOYKElDL OV dMUOLPYHONKOY HE TN
Bonbeia tov HEC-GeoRAS ntav: 1) n kevrpikn ypopun g koitng (Stream centerline),
2) ot OyBeg (banks), 3) ot diodor porg (flow paths), 4) ot dwatouég (cut lines) kat 5) n
kaivyn yng (land cover).

AxoAroVBwg, Ta mpoavaeepBivta otoyyela ewonyOnoav oto Aoyiopkdé HEC-RAS

npokeévoy va oegaybel vdpoavAikn avaivon otabepdg porg (steady flow). H
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manupopikn topoyr (flood discharge), mov amotelel kot 10 Pacikd dedopévo 16680V
(input), vroAoyiotnke pe ) Pondeia g Aoyknc uebddov (rational method). Ta cevapia
TEPLOSMV ETOVAPOPAS TOL EPUPUOGTNKAY NTAV EKEIVA TNG VYNANG, HEGNC KOl YOUNANG
mbavotrog, ovpeovoe pe v Odnyla 2007/60/EK, kaBd¢ ot ekeivo  mwov
avtioToyovoay otV TN Topoyng katd t Aqyn ¢ ewkovac ENVISAT/ASAR otig
16/2/2010 ko ot pé€YLoTN TWN TOPOYNG MOV UETPNONKE Yoo TNV TANUUOpa tov 2010
CULLPMOVO. LLE TIG LETPNGELG TOL 6TaOUOV TOL AGVUOTEYOV.

211 GUVEKELN TO. OMOTEAEGHOTO THG VOPAVAIKG avdAlvong Katdmy eneepyaciog Le
™ PBondewa tov Aoyiopikod HEC-GeORAS mopryayav to emimedo mAnpo@opiag mov
aQopd Ta. Oplol TOV KATOKALCOUEV®OV TEPOYDV KOl TN YOPIKY KOTOVOUN TOL VYOLG
o1d0unc v ta mpoavapepBivia cevapla. ‘Exovtag oAoKANPpOGEL e TOV TPOTO QVTO TN
xoptoypdonon ¢ emKWwOLVOTNTOG TANUUOPAS, TO  Tpoavapepbévia  emimeda
VREPTEIMKAV  OE OAOTIKEG KOl TEPOGTATELOUEVES TePLoYEG pe Tt Ponbewn tov ['TIE
TPOKEWEVOL Vo vAomomBel Kot K yoptoypdenon tov Kwvddvov mAnupdpas.Emedn n
YPOM OOV TOV LOPOYPAPIKOV SIKTVOV deV givar epikTn Yiati ta Aoylopkd HEC-RAS &
HEC-GeoRAS dev umopovv vo dwoyeiptotovv peydio dyko dedopévav, m mopovca
OWOKTOPIKN STPIPn TPOTELVE TN YPNOT TOV AOYOL dlaKAAd®OoNG cLupPwve pe v Das
(2016) mpokewévoy vo Eemepaotel avth M SvokoAia, gvtomifovtag TO TUAUA TOL
VOPOYPAPIKOV OIKTOOV TTOL KIVOLVEVEL TEPIGGOTEPO OO TANUUOpES. Ot kaTaxivldueveg
TEPLOYEG TOV LIOAOYIGTNKOV OmTd TN Ye®UETPia TV KAGOWV Sng Tééng Ko v eivan
TePImoL Kot 10km? LEYOADTEPES OO TIG OVTIGTOLYEG OV TPOEKLYAV OO T YEMUETPIN
™G KVUpLog koitng. Opoimg, o1 HEYIOTES TIES TOL VYOV GTAOUNG TOL VITOAOYIGTNKOV OO
™ yeoueTpion TV KAASWV Sng taéng kot dve givol epimov koatd 16-17m peyolvtepec
oo TIG AVTIGTOLYEG TILEG TTOV TPOEKLYOV OO TN YEMUETPIO TNG KUPLOG KOITNG. XYETIKA
LLE TOVG YOAPTEG KIVOUVOL TANUUVPOS TOPATPNONKE OTL Ol TPOGTUTEVOUEVEG TEPLOYES TOV
dwtvov Natura 2000 TAntrovTol TEPIGGHTEPO OMO TIG TEXVNTEG EMPAVELES.

INa ™ yoptroypdenon g TANUUVPIKNG ETOEKTIKOTNTAG YPTOLOTOONnKOV
tomoypa@ikoi (vyouetpo, yovieg KAIoNG, VOPOYPAPIKY TLKVOTNTO), VIPOAOYIKOL
(tomoypapkds deikTng VYPAGING, ATOGTACT OO TO PEUATA, YEMAOYIN, KAALYT YNG) Kot

petemporoykoi (Bpoyxodmtwon) deikteg (indicators). AxkoloOOmg, mpokeyévov va
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epapuootel M Awdikooia g  Avadivtikng Iepapyiag (Analytical Hierarchy
Process/AHP), 1o eminedo mAnpogopiag tov kabe deiktn to&voundnke oe 3 taéeig
(yopnAd emOEKTIKEC, HETPLOL EMOEKTIKEG, VYNAGQ EMOEKTIKEG) COUOMVO LE TO TOCO
emdeKTIKY €lvar 1 kaBe TAEN otig mAnuuopes. Ocov agopd tov KoBOPIGUO TNg
ONUOVTIKOTNTOG HETAED ToV OeIKT®OV oavt Koabopiotnke pe: o) 1t Ponbsia twv
OTOTEAECUATOV TNG XOPTOYPAPNONG KoTaKALLOHEVOV Teploy®my kot B) ™ Pondewa twv
OTOTEAECUATOV TNG YOPTOYPAPNONG NG EMKIVOLVOTNTOG — TANUUVPOS. XTHV TPMT
nePImTOON, N TOPOoVcH JOUKTOPIKN dtpPn kabopioe Vv 1epdpynon Hetald Twv
OEIKTMV OVAAOYO UE TO TOL0G OO OVTOVG TEPIAAUPOVE TO HEYOADTEPO TOCOGTO TG
éktaong tov KatakAvlopevov meploy®v g mAnppdpag tov 2010, O6mwg oavt
oprofetnOnke ovppova pe tovg deikteg NDFI kow NDFVI, otig (®veg tov pe v
vynAoTepn SaPdduion. O ybptng eMOEKTIKOTNTOC TOL TPOEKVYE a&loAoYNONKE, HE TN
Bonbea tov I'TIE, oduewva pe 10 TOGOGTO TV KATOUKALLOPEV®OV TEPLOYDV, TOL
ouvéfnoav tov Ampido tov 2017 kot twv Mdaptio Tov 2018, to onoio tépvel Tic mePLoyEg
VYNAMG EMOEKTIKOTNTOS TOL &V AOY® YAptn. Ztnv Oe0tepn mePImT®ON, N TOPOLGA
ddaktopikn droTpiPr] Kabdpice Vv 1EpapyMnon HeTAED TV SEIKTOV OvVAAOYQ LE TO TO10G
amod ovtovs mePAaUPave TO HEYOADTEPO TOGOGTO NG £KTAONG TOV KOTAKALLOUEVOV
neEPLOY®V, mOL TPOoPAEEONKay pe T Pondela TG XOPTOYPAPNONG EMKIVOLVOTNTAG
TANUUopag, ot (oveg tov pe v vynAaotepn owPaduion. o to oxomd awtod
ypnoporomOnkav ta oevapia g Odnyiag 2007/60/EK. O yaptng £MOEKTIKOTNTAS TOV
TPOEKLYE GE LT TNV TepinTmon a&toroynnike pe m Ponbeto tov ['ZIT cvuewva pe to
TOGOGTO TV KATAKALLOUEVDV TEpLoydV, Tov cuvéPnoav tov Defpovdpto tov 2010, tov
Ampido tov 2017 kou tov Mdptio tov 2018, to omoio téuvel TIC MEPLOYES VYNANG
EMOEKTIKOTNTOG TOV EV AOY® YAPTN.

And Vv epappoyn ¢ Awdwkociog g Avoivtikng lepapyiog €6eie wg mo
ONUOVTIKO TopdyovTo Kot 6TIS dVo TEPIMTOGELS KaBopiopol TG tepapyiog TOV SEIKTOV
TO VYOUETPO, EVD YEVIKA EMKPOTOVV Ol Tomoypoeikoi moapdyovtes. Ocov apopd v
a&loAOYNoT TOV amOTEAEGUATOV TTov Tposkvyay Ue TN Porbela g epdpynons twv
JEIKTAOV Pe TN ¥PNoN TOV KAToKALLOUEVOV TEPLOYDV TTOL 0ptofenOnkay and eKOVEG

SAR, 10 peyoAhtepo m0c00TO TV KATAKAVLOUEVOV TEPLOYDV TOV TANUULP®V Tov 2017
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ka1 Tov 2018 ocvvémecav yopikd pe tig (oveg vynAng emodektikdtTog. Opoimg, otnv
aE0AOYNOT TOV OOTEAEGUATOV TOV TPOEKLYOV UeE TN Ponbela g epdpynons v
deiktdv pe T Pondeta g emkvouvoTTOG TANUUOPOAG, TO UEYOADTEPO TOGOCTO TMOV
KATaKALOHEVOV TEPLOYDV TV TANUHVP®V Tov 2017 kot tov 2018 cuvénecay ympikd pe
T1¢ {DVEC VYNNG EMOEKTIKOTNTOG.

Emnpocheta, to omoteAéopoto TS XopToypAeNoNS TNG EXKIVOLVOTNTOS TANUUDPOG,
NG EMOEKTIKOTNTOG TANUUDPOS Kol TOV KOTOKAVLOUEVOV TEPLOYDV TOVL 0pLobeTOnKaY
pue ™ ypnon €wovov SAR ovykpiOnkav pe ™ Zovn Avvnrikd Yyniod Kivdvvov
[TAnupopoc (ZAYKII) mov ocvumepiiopPdvetor oto Xyxéowo Atayeipiong Kiwvdovev
I[Dippopag g Aekdvng Anoppon|g tov mt. 'Epov (Yrovpyeio [epipdrrovtoc, Evépyetag
& Khpotikng Alayng 2014) mov ekmovinke oopemva pe v Odnyio 2007/60/EK.
Amod Vv ev AOY® oUYKplon mopatnpnOnke 1oyvpdc Y®PKOg CLGYETIGUOG UETOED NG
ZAYKIT kot toov {ovav TS VYNNG TANUUVPIKNG EMOEKTIKOTNTOC.

EmmAéov, doxyudomray O014gopot cuvovacHol HETOED TOV OTOTEAECGUATOV TMOV
dwpopov  pebodoroyidv  ekTiUnoMng NG TANUUVPIKNAG  EMKWVOLVOTNTOG — TTOV
¥pNoormomdnkay oty Topovce  SOOKTOPIKY STpiPr). ZVYKEKPIUEVO EYIVE: Q)
oVLykplon peta&d g yoptoypdenong katakAvlopevoy teploy®v e m Pondeia sidvov
SAR kol ™G YopToypaenons g EmKvouvoTnTaS TANUULpaS, B) oOykpion petald g
YOPTOYPAPNONG  MANUULPIKNG — EMKIWVOLVOTNTOS KOl TNG  XOPTOYPAONoNS NG
EMOEKTIKOTNTOG  TANUPOpOG kol y)  oOykplon  petald g XopTOYPAPNOoNG
KatakALCOUEVOV TTEpLoy®V Le TN Ponbela TV eOVEOV pavTdp Kot TOL GLVOVAGHOD TOV
OTOTEAECUATMV TNG TANUUVPIKNG EMOEKTIKOTNTOS KOL TNG EMKIVOLVOTNTAG TANUUOPOS.
Amo T mpooavapepHeicec dokipég, mapatnpnOnke OTL TEPLOYES VYNANG TANUUVPIKNG
EMOEKTIKOTNTOC, aveEaptnta pe ) pebodoroyio mov axoAovdndnke yio tov kabopiopod
NG CNUOVIIKOTNTOS TOV TOPAYOVIOV, TOPOVGIOcaV 1oYVPO XOPIKO GLGYETIGUO e TO

OTOTEAEGLLOTOL TNG YOPTOYPAPNONG TG EMKIVOLVOTNTOS TANUUDPOGC.
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1. Prologue

Floods can potentially cause the loss of human lives, destruction of properties and
damage to the environment, thus severely compromising economic development and
undermining the economic activities of every community that suffers the effects of these
destructive environmental hazards (Bell 1999, Astaras et al. 2011, Mouratidis and Sarti
2013, Yésou et al. 2013, Birkholz et al. 2014, Patrikaki et al. 2018, Zhong et al. 2018).
During the last decade, such phenomena have also plagued Greece, with their majority
occurring in the eastern part of the region of Thrace (Mouratidis 2011, Mouratidis et al.
2011, Kazakis et al., 2015, Nikolaidou et al. 2015). Most such cases were attributed to the
river Evros, which is the natural borderline between Greece and Turkey, and, along with
its tributaries, has burst its banks on several occasions during the aforementioned time
period. Erythropotamos is one of Evros’ tributaries and although, in many occasions,
flood phenomena have been observed within its river basin, there is a lack of flood risk
management studies referring to this catchment. In fact, the only study that referred to the
drainage basin of Erythropotamos was carried out by Bezes (1994) and it mostly dealt
with the construction of the dam in Mikro Derio and how this infrastructure would affect
the aquifer of the Valley of Erythropotamos River.

Flood occurrence in Erythropotamos’ catchment is very frequent especially during the
last decade. The heavy rainfall that took place from the 9th to the 18th of February 2010
posed a threat for entire villages and the town of Didymoteicho, which is located
approximately 2 km away from the confluence between the rivers of Erythropotamos and
Evros. More recently, from the 16th of April to the 20th of April in 2017 and from the
25th of March to the 1st of April in 2018, heavy precipitation caused again extensive
flooding within the river basin of Erythropotamos. These recent flood events were
verified by statements from members of the Department of Civil Protection of the region
of Evros, who were tasked with the evaluation of damages that were caused by these
floods (C. Papapostolou, personal communication, 2018). Moreover, except for the
aforementioned major flood events, other lesser flood events occurred during the period

from 2010 to 2018 in the same river basin that endangered many settlements and human
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lives. These events not only established that flood hazard is very frequent in the area, but
also that the need for effective flood risk management is of paramount importance.

Flood hazard assessment plays an important role when it comes to effective flood risk
management. Furthermore, during the last few decades, advances in Remote Sensing
(RS) and GIS (Geographic Information Systems) have helped to facilitate the application
of flood hazard assessment procedures. Nowadays, there is a plethora of methodologies
that help to monitor flood events and predict flood extents and these can surely help in
order to mitigate the adverse effects of floods in the drainage basin of Erythropotamos
River.

The aim of this dissertation thesis is to assess flood hazard in Erythropotamos’ river
basin, with the aid of Remote Sensing and GIS, thus paving the path for more effective
flood risk management at local and regional level. To this end, ENVISAT/ASAR and
SENTINEL-1 A/B images were used initially to conduct flood mapping for three major
flood events that occurred in the study area during the period from 2010 to 2018. Also,
flood hazard and risk mapping was carried out with the aid of GIS in order to predict
flood extents and the spatial distribution of water depth according to probability scenarios
that were established by the 2007/60/EC Directive as well as scenarios that corresponded
to certain gauges of the station that is located on the bridge of Didymoteicho. Moreover,
the susceptibility map for Erythropotamos’ river basin was compiled and AHP
(Analytical Hierarchy Process) was applied, in order to calculate the weight values for
each factor. During this step of the procedure, the results of either inundation or flood
hazard mapping were used to determine the importance of each factor during the stage of
pairwise comparison. Additionally, the resulting susceptibility maps were validated
according to the inundated areas of the April 2017, March 2018 and, in the case where
the hierarchy of factors was determined by the results of flood hazard mapping, the
February 2010 flood extent.

Finally, the results of each flood hazard assessment procedure were compared with
the zone of potential high flood risk that is suggested by Ministry of Environment and Energy,

while, in order to examine whether it was feasible to further improve the results of the
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aforementioned flood hazard assessment procedures, this dissertation thesis tried to

combine the aforementioned results.
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2. Introduction

2.1 The 2007/60/EC Directive — basic definitions and concepts

Nowadays, there is little doubt about how catastrophic are the natural phenomena of
floods. They pose a threat not only on properties but sometimes even on human lives.
The European Parliament and the Council of the European Union, having understood that
“floods are phenomena that cannot be prevented” (E.C. 2007), adopted the 2007/60/EC
Directive in order to mitigate their adverse consequences.

The Directive initially established the definitions for “flood” and “flood risk”.
Consequently, “flood means the temporary covering by water of land not normally
covered by water. This shall include floods from rivers, mountain torrents, Mediterranean
ephemeral water courses, and floods from the sea in coastal areas, and may exclude
floods from sewerage systems”, whereas, “flood risk means the combination of the
probability of a flood event and of the potential adverse consequences for human health,
the environment, cultural heritage and economic activity associated with a flood event”
(E.C. 2007).

Furthermore, the Directive urged the members of the European Union to conduct
preliminary flood risk assessment for river basins and coastal areas lying within their
territories. Additionally, in the case of international river basins, the Member States had
to undertake a preliminary flood risk assessment for the portion of the catchment lying
within their territory. All Member States had to complete this obligation until the 22nd of
December 2011(E.C. 2007).

Moreover, when this part of the Directive was completed, the Member States had to
proceed to the compilation of flood hazard and risk maps. At this point, in order to avoid
the ambiguity of these terms, the European Parliament and the Council of the European
Union provided definitions that indicated the contents of such maps (E.C. 2007).

Specifically, flood hazard maps ought to cover geographical areas that can potentially

be flooded according to the following return period scenarios:

a) low or extreme probability floods
b) medium probability floods (return period > 100 years)
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c) high probability floods

Regarding the elements that will be included in each scenario of flood hazard maps,

these are:

a) flood extent

b) water depths or water level

c) the flow velocity or the relevant water flow

On the other hand, flood risk maps show the potential adverse consequences that the

aforementioned flood scenarios have upon:

a) the number of inhabitants that are potentially affected by a flood phenomenon

b) types of economic activity that can be potentially threatened

c) installations, in accordance with Annex | of the Council Directive 96/61/EC,
which might accidentally, during floods, cause pollution and potentially threaten
protected areas in compliance with Annex IV of Directive 2000/60/EC.

d) other areas that Member States consider important

The Member States ought to complete their flood hazard and risk mapping
obligations by 22nd December 2013 and, on the basis of that material, to complete flood
risk management plans by 22nd December 2015 (E.C. 2007).

Finally, the Directive encouraged Member States to constantly review and if
necessary update the aforementioned processes in a six year interval. Specifically,
preliminary flood risk assessment had to be reviewed and updated every six years,
starting from 22nd December 2018, whereas flood hazard and risk maps had to be
reviewed and updated in a six year interval, starting from 22nd December 20109.
Additionally, flood risk management plans had to be reviewed and updated every six
years, starting from 22nd December 2021 (E.C. 2007).

2.2 The characteristics of floods

2.2.1 Flood hazard in the context of fluvial geomorphology
Whenever a river bursts its banks and water inundates its adjacent floodplains,
flooding occurs. This process is actually comprised of a combination of other discreet

processes that operate at both local and watershed scales. Moreover, the floodplain can be
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described as the relatively flat alluvial landform that is located adjacent to a river and is at
varying degrees related to the modern flood regime (Wolman and Leopold 1957, Nanson
and Croke 1992, Knighton 1998, Bridge 2003, Benito and Hudson 2010). The majority of
floods are considered natural events, which are very important to either river and
floodplain geomorphological (Leopold et al. 1964, Benito and Hudson 2010) or
ecosystem processes (Hupp 1988, Junk et al. 1989, Thoms 2003, Benito and Hudson
2010). However, when floods affect in any way humans, then they become “natural
disasters” (Benito and Hudson 2010).

Excessive rainfall that is created by a variety of atmospheric mechanisms causes
flood phenomena in the majority of river catchments (Smith and Ward 1998, Slade and
Patton 2002). In regions where cold-winter climate is prevalent, the melting of snow
and/or ice, especially when combined with rainfall, can become the cause of large floods.
Additionally, storm surge events cause such phenomena along coastal-draining rivers,
while floods can also be attributed to catastrophic failure of artificial (reservoirs) and
natural lakes. Finally, it is important to mention that the latter category also involves
landslides, volcanic lava flows, glacial moraines and dams created by ice (Costa 1988).
(Benito and Hudson 2010)

2.2.2 Flood disaster statistics in a global scale

The Centre for Research on the Epidemiology of Disasters (CRED) is regarded as the
world’s most prominent agency concerning the study of public health during the
occurrence of mass emergencies, such as the structural and socio-economic impacts
caused by not only natural and technological disasters but also from human conflicts and
the epidemiology of diseases. From 1900 until nowadays, data concerning the effects and
occurrence of more than 23,000 technological and natural disasters has been used by
CRED in order to compile the Emergency Events Database (EM-DAT). Moreover, since
2014, EM-DAT managed to combine geographical spatial values along with numeric data
that concerned natural disasters, practically georeferencing and enabling more effective
analysis for the latter. Also, it is important to clarify that CRED perceives as a disaster

the natural hazard that results in people being hurt.
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According to EM-DAT’s data that covers a total of 7,255 recorded events from 1998
to 2017, in terms of occurrences, floods are the most frequent type of disaster, accounting
for 43% of all recorded events (CRED and UNISDR 2018) (Figure 1). Additionally, in
the same period, floods affected more than 2 billion people, which is more than any other
natural disaster (CRED and UNISDR 2018) (Figure 2), while they were fourth in terms
of fatalities, having killed 233,000 people (Figure 3). Furthermore, it is worth noting that
flood-related deaths and homelessness are concentrated in the Least Developed Countries
(LDCs), while industrialized countries, which invest heavily on in flood defense and
emergency measures, suffer large economic losses (Smith and Petley 2009).

Finally, it is significant to mention that during the latest 20-year period the average
amount of disasters per year was 329, which is almost double the average of 165 such
events per year during the period from 1978 to 1997. However, this increase in the
frequency of disasters can be attributed to the better reporting of disaster data in the latest
decades (CRED and UNISDR 2018).

Numbers of disasters per type 1998-2017

M Flood

B Storm

M Earthquake

M Extreme temperature
B Landslide

M Drought

B wildfire

M Volcanic activity

B Mass movement (dry)
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Figure 1: Total number of disasters, according to their type, during the period from 1998 to 2017
(CRED and UNISDR 2018).
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Figure 2: Total number of people that have been affected by each disaster type during the period
from 1998 to 2017 (CRED and UNISDR 2018).
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Figure 3: Total number of recorded deaths corresponding to each disaster type during the period
from 1998 to 2017 (CRED and UNISDR 2018).
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2.3 The stages that lead to effective risk management

Regarding risk management, nowadays it is considered to be the key to effective
mitigation of damage that is caused by natural disasters such as floods, landslides,
tsunamis, storms and drought. However, since the terms of hazard and risk are both
involved when somebody refers to risk management, it is important to initially quote their
definition in order to avoid confusion in their usage. Therefore, hazard is the probability
of a damaging event and, expressed as such, has the implicit element of prediction and a
requirement for exceedence of a notional damage threshold (Crozier and Glade 2010). On
the other hand, risk is defined as the probability of harmful consequences, or expected
losses (deaths, injuries, property, livelihoods, economic activity disrupted or environment
damaged) resulting from interactions between natural or human-induced hazards and
vulnerable conditions (UN-ISDR 2004).

According to Crozier and Glade (2010), there is a certain order of stages that must be
followed and completed in order to reach the goal of successful risk management. The
first stage involves risk analysis (Figure 4), which is the most complicated stage, because
it involves a lot of sub-stages and steps that need to be fulfilled for its finalization.
Initially, this stage requires the accurate identification of the hazard that is being faced.
This step involves discerning the type of hazard and its approximate scale. For example,
the hazard can be a landslide or a flood, while the scale can range from site specific to
regional. The next step in risk analysis is risk estimation and requires the completion of
consequence and hazard analysis in order to achieve risk calculation. The component of
consequence analysis requires determination of the elements that will be threatened by
the hazard, whether these are people, properties, roads or some other type of
infrastructure. Likewise, the sub-stage of hazard analysis requires determination of the
parameters of the hazard that will be studied and how these are spatially distributed.
Usually, this step requires the compilation of thematic maps which depict the areas that
will be affected by a hazard and in some cases they might also include the spatial
distribution of values for other parameters. In the final step of the stage of risk analysis,
the components of consequence and hazard analysis are combined in order to complete

the sub-sage of risk calculation. This step utilizes the thematic maps of hazard analysis
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along with data layers that usually contain information concerning the elements that are
threatened by a hazard, therefore producing thematic maps that contain information for
both the parameters of the hazard and the elements at risk.

During the stage of risk assessment (Figure 4), risk evaluation can be achieved by
setting levels of tolerance or acceptable risk on the parameters of the hazard that are
being studied. This procedure leads to the classification of values for the parameter of the
hazard that is being studied according to regulations, priorities or other options. The
resulting classification of a parameter can then be conveyed to the thematic maps of the
previous stage, thus allowing visualization of the spatial distribution of parameter value
ranges that can be perceived as dangerous.

The final stage of risk management (Figure 4) takes into consideration the results or
products of the previous stage in order to formulate plans on how to mitigate the threats
that will be posed by a hazard. Usually, this planning procedure leads to the
implementation of certain measures or policies that could avoid the risk or reduce the

likelihood or reduce the consequences of natural disasters.

Risk Analysis Hazard identification

-

(Risk Estimation)

Consequence Analysis + Hazard Analysis

;H

Risk Calculation

Risk assessment = 0F T T = = = 1

Figure 4: Modified flow chart from Crozier and Glade (2010) showing all the stages involved in
risk management.
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2.4 Flood hazard analysis or assessment

Bearing in mind the stages of risk management and that Crozier and Glade (2010)
consider the terms of hazard assessment and hazard analysis as being the same, flood
hazard assessment involves the compilation of maps that depict the spatial distribution of
the hydraulic characteristics of floods. Flood extent, flow velocity, shear stress and
stream power are a few examples of such characteristics and due to the advances in
Remote Sensing (RS) and Geographic Information Systems (GIS) during the last few
decades, these parameters can be converted into data layers that can be included in flood
hazard assessment maps. Needless to say, nowadays there is a plethora of flood hazard
assessment procedures that have been developed in order to enable both researchers and
surveyors to conduct effective flood risk management.

The present dissertation thesis has applied flood hazard analysis procedures in the
drainage basin of Erythropotamos River in order to compare their results and examine if
they can be combined in order to improve their effectiveness regarding flood extent
mapping. Specifically, the flood hazard analysis procedures that were employed were: 1)

inundation mapping, 2) flood hazard and risk mapping and 3) flood susceptibility
mapping.

2.4.1 Inundation mapping literature review

The earliest attempt to employ inundation mapping was by Lowry et al. (1981), who
mapped the Manitoba flood that occurred in 1979, using side-looking airborne radar that
operated at X- and L-bands (Pulvirenti et al. 2011a). The mapping of floods, especially
those of large scale, was one of the objectives of satellite imagery analysis since the
advent of the forest satellites during the 1960s. Initially, this effort involved Remote
Sensing data from optical sensors such as Landsat — TM5, Landsat — ETM7, ASTER,
MODIS and the AVHRR sensor of NOAA. Likewise, Synthetic Aperture Radar (SAR)
sensors that were used for the same purpose, sometimes operating on global scale
(Prigent et al. 2007), included satellite sensors of: 1) European origin such as ENVISAT,
ERS-1 & 2, SENTINEL-1 A/B and the COSMO-SkyMed satellite constellation, 2)
Japanese origin such as JERS-1 & 2 and 3) Canadian origin such as Radarsat-1 & 2 (Hess

39



et al. 1995, Wang et al. 1995, Horritt 1999, 2006, Bates and De Roo 2000, Jodouin et al.
2003, Bates 2004, Gan et al. 2012, Mouratidis and Sarti 2013, Yésou et al. 2013).

From the aforementioned remote sensing sensors, SAR systems proved to be
especially effective regarding flood mapping due to the sensitivity of the microwave
radiation to water, their synoptic view and also their capability to operate during both
day-time and night-time regardless of weather conditions (Pierdicca et al. 2013). Thus,
with the improvement of SAR satellite sensors throughout the years, many methodologies
emerged that allowed flood detection and mapping. From ERS — 1 SAR imagery that was
used to map inundation with the aid of interferometric coherence change detection (Nico
et al. 2000) or by utilizing the active contour model (Horritt et al. 2001), to more
contemporary approaches that detect floods with the use of probabilistic change detection
on ENVISAT imagery (Schlaffer et al. 2017) or by employing multi-temporal statistics
and thresholding on SENTINEL - 1 imagery (Cian et al. 2018).

According to Clement et al. (2018), the literature describes many methods that have
been used in order to delineate water with the aid of SAR data, either as a singular
process or in combination. Such processes involve: 1) region growing (Matgen et al.
2011, Mason et al. 2012, Martinis et al. 2015, Twele et al. 2016, Chapman et al. 2015), 2)
fuzzy classification (Martinis et al. 2015, Twele et al. 2016), 3) texture analysis (Pradhan
et al. 2014) and 4) histogram thresholding (Brivio et al. 2002, Henry et al. 2006, Brown
et al. 2016, Zoka et al. 2018, Tsyganskaya et al. 2018). Dissimilar to the above
methodologies, which employ a single SAR image, change detection locates temporal
changes via the comparison between an image that was taken during the flood and an
image that depicts the same area during dry conditions (Giustarini et al. 2013, Schlaffer et
al. 2015, Li et al. 2018, Psomiadis 2016). The detected differences between the images
can be further processed with the use of other image segmentation methodologies so as to
identify areas that produce unusually low backscatter responses, therefore enhancing the
reliability of the flood delineation in contradistinction to the single image methodologies
(Matgen et al. 2011).
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2.4.2 Flood hazard and risk mapping literature review

Flood hazard mapping involves the construction of data layers that show the spatial
distribution of fundamental hydraulic information such as flood extent, flood depth and
velocity with the aid of hydraulic models. Hydraulic models (also termed hydrodynamic
models or flood models) are computerized algorithms that simulate and predict a
simplification of the dynamic process of water flow based on the shallow water equations
(Schumann et al. 2015).

The latter attempt to simulate the flooding process by not only routing the flood wave
over time through a large number of cross-sections that are usually obtained by ground
surveying, but also by reproducing the propagation of water throughout the floodplain
with the use of specific flow equations. The solution, by utilizing both implicit or explicit
schemes, of St Venant equations of continuity and momentum may be discretized in
space and time over 1D cross-sectional data, regular 2D grids or irregular 2D and 3D
mesh structures. There are various ways not only to solve the aforementioned equations,
but also to simplify them in order to speed up the calculation processes without
sacrificing accuracy or proper physics that govern the various types of flows (Bates et al.,
2010). It is beyond doubt that external forces such as surface friction or roughness, which
are usually expressed by Manning’s n coefficient, apply resistance to flow thus affecting
the propagation of water. It also should be emphasized that there are uncertainties
regarding the incorporation of the effect of external forces on flow, the calculation of
discharge and the precision of topographic and bathymetric data. However, these do not
subtract from how invaluable hydraulic models are in effective flood risk management, in
forecasting or reanalysis of flood events and in the compilation of flood risk maps for
specific flow return periods. (Schumann et al. 2015)

At the present time, there are numerous 1D, hybrid 1D-2D, or 2D hydraulic models
that are used in predicting and simulating floodplain flow and river dynamics, flood
depth, inundated area and flow velocity. Regarding 1D models, such as HEC-RAS
(Hydrologic Engineering Center — River Analysis System) (Appendix F), ther main
characteristics are: 1) simplification of the floodplain inundation process with the use of

storage cell approaches or a DEM fill process and 2) the solution of in-channel flow

41



physics only at river cross-sections. Concerning hybrid 1D-2D models, they reproduce
the 2D flow processes that is operating in the floodplain, while, on the other hand, the 2D
models are able to simulate the flow processes in 2D everywhere by combining a
floodplain DEM with 2D channel bathymetric data. All hydraulic models depend their
performance heavily on the accuracy of the floodplain and channel topography, because
they are used as inputs. This is of outmost significance when hydraulic modeling is
carried out at large scales and in regions that lack high quality and high resolution
LiDAR (Light Detection and Ranging) elevation data. A DEM is essential for the
simulation of the flow process by hydraulic models. Moreover, apart from elevation data,
hydraulic models, in order to operate properly, require additional input such as flow data
and the setting of upstream or downstream boundary conditions. (Schumann et al. 2015)

The idea of integrating hydraulic modeling with Remote Sensing imagery was
introduced by Bates et al. (1997) and although this work is now more than 20 years old,
this concept is still quite unexplored. In a recent approach, Giustarini et al. (2015a)
carried out flood hazard mapping by combining multi-annual Remote Sensing data and
hydrodynamic modelling in a part of Severn River’s (UK) drainage basin. The
aforementioned process combined the results that were produced by a large number of
ENVISAT/ASAR imagery, along with a global inundation model that was compiled by
the European Centre for Medium-range Weather Forecasts. Moreover, Hardesty et al.
(2018) currently introduced the concept of using atmospheric reanalysis driven
hydrologic and hydraulic simulations to produce long-term flow data based flood
frequency analysis, in order to examine the impact of dam operation at a site of interest in
the Naugatuck River under varying flood return periods.

Apart from combining hydraulic modeling with Remote Sensing imagery, the
literature in the field of hydraulic modelling also involves: 1) comparisons between 1D
and 2D hydraulic models (Colby et al. 2000, Horritt and Bates 2002), 2) improvements
on the performance of hydraulic models (Pappenberger et al. 2007, Cook and Merwade
2009) and 3) applications of hydraulic models (Baky et al. 2012, Khalfallah and Saidi

2018). Furthermore, it is worth noting that the vast majority of the study areas that were
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chosen for the application of hydraulic modelling involved river reaches rather than

drainage basins.

2.4.3 Flood susceptibility mapping literature review

The procedure of flood susceptibility mapping involves the assignment of weights
upon certain data layers, which represent factors that affect flood occurrence. These
layers are then processed with the aid of GIS softwares in order to produce a map which
indicates the spatial distribution of flood-prone areas and thus potential flood extent.
Concerning flood susceptibility, according to the current literature, there are three main
approaches that are used for its assessment. Hong et al. (2018) state in their research that
these are: 1) non-linear machine learning algorithms such as random forest (Wang et al.
2015), support vector machine (SVM) (Tehrany et al. 2015a), artificial neural network
(ANN) (Kia et al. 2012), k-nearest neighbour (KNN) (Liu et al. 2016) and decision tree
(DT) (Tehrany et al. 2013), 2) hydrological models such as Wet Spa (Bahremand et al.
2007), SWAT (Oeurng et al. 2011) and HYDROTEL (Aissia et al. 2012) and 3)
statistical and data-driven approaches such as fuzzy logic (FL) (Pulvirenti et al. 2011b),
frequency ratio (FR) (Tehrany et al. 2015b), weights-of-evidence (WOE) (Tehrany et al.
2014), the analytical hierarchy process (AHP) (Stefanidis and Stathis 2013, Kazakis et al.
2015) and logistic regression (LR) (Ettinger et al. 2016, Nandi et al. 2016). All these
methods have been used successfully in flood susceptibility assessments, but they also
suffer from restrictions (Ward et al. 2015). However, among them, AHP is considered as
the most widely used, mainly because its implementation becomes simple, with the aid of
GIS computer softwares. Additionally, this methodology has proved many times that it
can handle sparse or poor quality data and that it can operate efficiently in regional
studies (Dewan et al. 2007, Chen et al. 2010, 2013, 2015, Wang et al. 2011).

Furthermore, the compilation of the susceptibility map depends heavily on the
selection of criteria. The existing literature on flood susceptibility mapping reveals that a
plethora of criteria has been used (Kazakis et al. 2015, Hong et al. 2018, Lyu et al 2018,
Seejata et al. 2018, Tang et al. 2018, Xiao et al. 2018, Zhao et al. 2018). Their main

characteristics being that they should be correlated with the physical process of the flood
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generation mechanism, they can be quickly calculated or measured for the whole study

area and that they ought to be easily interpreted (Papaioannou et al., 2015).
2.5 Description of the study area

2.5.1 Location of the study area

The study area involves the drainage basin of Erythropotamos River. The latter is a
tributary of Evros River, which is the longest river that runs solely in the interior of the
Balkans. Erythropotamos’ watershed covers an extent of 1,618.5 km? and its largest part
belongs to the geographic region of Thrace in Northern Greece, while the rest of its
drainage basin belongs to Bulgaria (Figure 5).

Regarding administrative distribution within national borders, the Greek part of

Erythropotamos’ river basin belongs to the Prefectures of Evros and Rhodopi.
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Figure 5: Location of the study area (drainage basin of Erythropotamos).
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2.5.2 Geology of the study area

The drainage basin of Erythropotamos River belongs to both the Circum — Rhodope
geotectonic zone and the Rhodope massif. According to the geologic maps of Bulgaria
(CoG 1989) and Rhodope — Thrace (1.G.M.E. 2002), the geological formations that occur
in the study area are the following (Figure 6):

Holocene

Holocene sediments and terraces (al)

Pleistocene

Pleistocene sediments and terraces (dl)

Oligocene
Granite (yp)

Sandstone-marl clay phase (Ol.s,m,tf): The formation consists of sandstones, marls,
clays and pyroclastics.

Rhyolites-Rhyodacites-Pyroclastics (p)

Monzonitic Diorite (né)

Eocene
Clay limestones (Ek2)
Volcano-sedimentary series (E.tf-m,c): It contains conglomerates, marls, clay

limestones and pyroclasticss.

Mesozoic

Sandstones and conglomerates (K2): Sandstone-conglomerate formation with diorite
bodies in SE Rhodopes.

Greenschists (Schl)
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Mafic rocks (O2): The formation contains gabbros, gabbrodiorite, diabase and pillow
lavas.
Sandstones and siltstones (J3-K1)

Rhodope Massif

Pegmatites, marbles and amphibolites (zy-apyv-py): It consists of pegmatites,
marbles, amphibolites, gneisses and migmatites.

Augen gneiss (yv2): It involves augen gneisses and orthogneisses.

Orthogneiss (yvp): The formation contains hypermylonitized, leucocratic orthogneisses.
Ophiolites (01): The ophiolite series consists of meta-peridotites, meta-harzburgites,
meta-dunites, meta-pyroxenites, meta-gabbros, meta-pegmatites and serpentinites that are
related tectonically with the rocks that surround them.
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Figure 6: Spatial distribution of the geological formations within the drainage basin of
Erythropotamos River (CoG 1989, I.G.M.E. 2002).
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The geological formation that covers the largest part of the study area is augen
gneisses (31.59%), followed by a formation that is comprised of pegmatites, marbles and
amphibolites (24.13%) (Table 1). Furthermore, the former formation occupies most of the
W and SW part of the study area, while the latter formation occurs mostly on the NW

part of the watershed.

Table 1: Distribution of the geological formations within the drainage basin of Erythropotamos

River.

Geological Formation Area (km?) | Percent (%)

Clay Limestone 9.40 0.58

Mafic Rocks 2.00 0.12

Granite 1.00 0.06

Volcano-sedimentary 89.20 5,51

Greenschists 88.70 5.48

Orthogneiss 62.50 3.86

Monzonitic Diorite 3.30 0.20

Holocene Sediments 96.00 5.93

Augen Gneiss 511.30 31.59

Ophiolites 54.80 3.39

Pegmatites - Marbles - Amphibolites 390.60 24.13

Pleistocene Sediments 24.70 1.53

Rhyolites - Rhyodacites - Pyroclasts 1.70 0.11

Sandstones & Siltstones 1.70 0.11

Sandstones & Conglomerates 1.30 0.08

Sandstone-marl clay phase 280.30 17.32

Total 1,618.50 100

2.5.3 Geomorphology of the study area

Information for the relief of the study area was provided by EU-DEM, which is the
Digital Surface Model (DSM) of European Environment Agency (EEA) member and
cooperating countries that represents the first surface as illuminated by the sensors. The
aforementioned DSM is a hybrid product based on SRTM and ASTER GDEM data fused
by a weighted averaging approach (E.E.A. 2017). Moreover, its horizontal spatial
resolution is 1 arc second (approximately 25 m), while its absolute and relative vertical

accuracy are 3.6 m and 5.3 m, respectively (Mouratidis and Ampatzidis 2019).
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Therefore, elevation in the drainage basin of Erythropotamos River ranges from 16m
to about 1,258m above mean sea level (M.S.L.), while the length of the thalweg
(maximum watercourse) is 104.17km and mean elevation is 328.22m, which can be
further ascertained by the hypsographic curve (Figure 7). Furthermore, approximately
60% of the study area can be described as hilly according to Dikau’s classification (Dikau
1989) (Figure 8 and Table 2). Additionally, the spatial distribution of slope angle values
within the study area, indicates that most of its terrain belongs to the strongly inclined
category (5° — 15°) according to Demek’s classification of slope angles (Demek 1972)
(Figure 9 and Table 3).

Table 2: Distribution of elevation into categories according to Dikau's classification (Dikau

1989).
Elevation Description Area (km®) | Percent (%)
<150 Lowland 429.60 26.54
150-600 Hilly 969.10 59.88
600-900 Semi-mountainous 197.30 12.19
900> Mountainous 22.50 1.39
Total 1,618.50 100

Table 3: Slope angle categorization within the study area according to Demek's classification

(Demek 1972).
Slope Angle (°) Description Area (km? | Percent (%)

0-2 Plain to slightly sloping 147.50 9.11
2-5 Gently inclined 390.30 24.11
5-15 Strongly inclined 864.90 53.44

15-35 Steep 215.70 13.33
>35 Precipitous 0.10 0.01

Total 1,618.50 100
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Figure 7: The hypsographic curve of Erythropotamos’ drainage basin.
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Figure 8: Spatial distribution of elevation within the catchment of Erythropotamos river (E.E.A.
2017)
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Figure 9: Spatial distribution of slope angle values within the drainage basin of Erythropotamos
River.

The drainage network of Erythropotamos’ river basin was produced with the aid of
EU-DEM, the DEM of National Cadastre and Mapping Agency S.A. (NCMA) with a 5m
spatial resolution and the topographic maps of the Hellenic Military Geographical
Service (H.M.G.S.) at a 1:50,000 scale. Regarding the topographic maps, the sheets of
Aisymi, Khardhamos, Sapai, Mega Dherion, Souflion, Ormenion, Rizia, Didymoteichon,
Vyrsini, Metaxades, Pythion and Orestias (H.M.G.S. 1970a, 1970b, 1970c, 1970d, 1970,
1970f, 19709, 1970h, 1970i, 1970j, 1969a, 1969b) were used for that purpose.

Regarding the drainage pattern of the study area’s drainage network, it can be
described as dendritic. Furthermore, according to Strahler’s stream ordering (Strahler
1952, 1957), the drainage basin of Erythropotamos is of the seventh order. (Figure 10)
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Figure 10: The drainage network of Erythropotamos River.

2.5.4 Quantitative geomorphological analysis of the study area

2.5.4.1 Bifurcation ratio (Rb)

The bifurcation ratio (Rb), as described in equation (1), is the ratio of the number of
the stream segments of any order N, divided by the number of streams of the next higher
order N¢+1) (Schumm 1956).

N
Rb = —*—
N(u+1)

1)

It is a dimensionless number with values ranging usually from 3 to 5, which indicate

drainage networks that have evolved naturally. According to Das (2016), low bifurcation

51




ratio values indicate high chances of flooding. The mean bifurcation ratio for the drainage
basin of Erythropotamos River is 4.97 (Table 4).

Table 4: Bifurcation ratio values for the drainage basin of Erythropotamos River.

Stream Order (u) Number of Streams (N,) Rb
1 13,524 4.61
2 2931 4.76
3 616 4.81
4 128 3.66
5 35 5
6 7 7
7 1
Total 17,242 Mean (Rb): 4.97

2.5.4.2 Length, Mean Length and Length Ratio of Streams

The total length (L,) and the mean stream length of the streams of a certain order u
(Lwym), along with the stream length ratio (R.), were calculated for the study area with the
aid of ArcGIS™. The mean stream length (L()m) Was obtained by dividing the total
length of the streams that belong to a certain order u (L) by the total number of stream
segments that belong to the same order u (L,). Regarding the stream length ratio (R\),
according to Horton (1945), as shown in equation (2), it can be obtained by dividing the
cumulative mean length of a certain stream order (XL ym) by the cumulative mean length

of the previous stream order u-1 (ZLy-1ym)-

RL _ ZL(u)m
ZL(u—l)m

()

Furthermore, the mean stream lengths of stream segments of each of the successive
orders of a watershed tend to approximate a direct geometric sequence in which the first
term (stream length) is the average length of segments of the first order (Horton 1945).
Table 5 shows the values of the aforementioned morphometric parameters for the
drainage basin of Erythropotamos River.
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Table 5: Results of the calculation of the morphometric parameters of stream length, mean

stream length and stream length ratio for the drainage basin of Erythropotamos River.

Number of Mean Cumulative Mean
Stream Stream Streams Stream Stream Length RL
Order (u) | Length (Ly) Length g
(Nu) (L ) (EL(U)m)
(uym

1 3,692.51 13,524 0.27 0.27

2 1,833.36 2,931 0.63 0.90 3.29

3 859.32 616 1.40 2.29 2.55

4 496.46 128 3.88 6.17 2.69

5 256.44 35 7.33 13.50 2.19

6 129.35 7 18.48 31.98 2.37

7 84.01 1 84.01 115.99 3.63
Total 7,351.45 17,242 - - -

2.5.4.3 Stream frequency and drainage density
The term stream frequency (Fs) was introduced by Horton (1932). According to
mathematic formula (3), stream frequency is the ratio of the total number of streams

(£Ny) in a drainage basin to the area of the same basin (A).

SNy,
Fs = e 3)

This morphometric parameter is measured in km™ and for the drainage basin of
Erythropotamos River its value is 10.65 km™, which indicates high stream frequency.

On the other hand, drainage density (Dd) is the stream length per unit area in the
region of the watershed (Horton 1945, Strahler 1952, Melton, 1958). According to
equation (4), stream frequency is the ratio of the total length of streams (XL,) in a

drainage basin to the area of the same basin (A).

XLy
Dd = — @
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This morphometric parameter is measured in km™ and for the drainage basin of

Erythropotamos River its value equals 4.54 km™, which indicates low drainage density.

2.5.4.4 Hypsometric curve and hypsometric integral

The hypsometric curve describes the distribution of elevations within an area of land,
covering an extent that ranges from one catchment to the whole of the planet. The
resulting plot involves the proportion of total basin height (h/H = relative height) against
the proportion of total basin area (a/A = relative area). The parameter of total height (H)
stands for the relief that lies within the basin (the maximum elevation minus the
minimum elevation), while, on the other hand, the parameter of the total surface area of
the basin (A) involves the sum of the areas between each pair of adjacent contour lines.
Moreover, area (a) is the surface area lying within the basin above a given contour of
elevation (h). The value of relative area always ranges from 1 at the lowest point within
the basin to 0 at the highest point in the basin. (Keller and Pinter 2002)

Concerning any drainage basin, the hypsometric integral (H;) can be used in order to
characterize the shape of the hypsometric curve, which is the area under the hypsometric
curve. The hypsometric integral can be calculated according to equation (5) (Pike and
Wilson 1971, Mayer 1990).

H mean elevation — minimum elevation 5)
;=

maximum elevation — minimum elevation

High values of H; show that the greatest part of the topography of a certain area is
high in comparison with the mean value of elevation of the same area. For example, a flat
upland surface that is interrupted by deeply incised streams. Additionally, intermediate to
low values of H; can be related with more evenly dissected drainage basins (Keller and
Pinter 2002).

Moreover, the stage of a landscape in the Cycle of Erosion can be determined with
the aid of the relationship between the degree of dissection and the hypsometric integral.

Consequently, high H; values are indicative of youthful topography. Furthermore,
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intermediate H; values combined with a sigmoidal-shaped hypsometric curve show a
mature stage of development. (Keller and Pinter 2002)

Regarding the catchment of Erythropotamos River, the value of the hypsometric
integral, which equals to 0.25, along with the shape of the hypsometric curve, as shown
on Figure 11, were both produced with the aid of EU-DEM. These morphometric indices
indicate that the drainage basin of the study area belongs to the “old age” stage of the
Erosion Cycle. This result is further maintained by the fact that, as shown in Figure 8, the

landscape of the study area is near base level with very subdued relief.
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Figure 11: The Hypsometric curve of Erythropotamos’ drainage basin.

2.5.5 Spatial distribution of land cover in the study area

Based on the data layer of Corine Land Cover 2012 (Copernicus 2017), the catchment
of Erythropotamos River is dominated by forests and semi natural areas (Figure 12).
They cover more than 60% of the study area, occupying the NW, W and SW parts of the
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" drainage basin. Agricultural areas occupy mostly the NE part of the watershed, covering
“more than 35% of the study area (Table 6).

Table 6: Distribution of Land Cover within the river basin of Erythropotamos according to
Corine Land Cover 2012.

Land Cover Area (km?) Percent (%o)
Artificial surfaces 18.40 1.14
Agricultural areas 586.20 36.22

Forest and semi natural areas 1007.90 62.27
Wetlands 0.10 0.01

Water bodies 5.90 0.37

Total 1,618.50 100
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Projection: TM87

Legend

Land Cover

- Discontinuous urban fabric

- Industrial or commercial units

Il Vineral extraction sites

- Construction sites

I seort and leisure faciliies

- Non-irrigated arable land

I Permanently irigated land

- Vineyards

- Fruit trees and berry plantations
Pastures

- Complex cultivation patterns

Land principally occupied by agriculture,
with significant areas of natural vegetation

- Broad-leaved forest
I coniterous forest
- Mixed forest
Natural grasslands
I sclerophyllous vegetation
- Transitional woodland-shrub
Beaches, dunes, sands
- Sparsely vegetated areas
- Inland marshes

- Water courses

715000

Figure 12: Spatial distribution of land cover in the catchment of Erythropotamos river
(Copernicus 2017).
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2.5.6 Protected areas

The drainage basin of Erythropotamos River intersects with the boundaries of Special
Protection Areas (SPA) that belong to the Natura 2000 network. Namely these are
Filiouri Valley (GR1130011) and Oreinos Evros — Dereio Valley (GR1110010) (Figure
13). Specifically, Erythropotamos’ catchment intersects with only the eastern part the
former and includes the major part of the later.

Regarding Filiouri Valley, the site consists of the Filiouri River watershed and the
south-east part of Mount Rodopi, along with the wildlife refuge named Poas — Dichalas
Dimou Sosti. Grazed oak forest and scrub comprise the majority of the vegetation cover,
while land-use is non-intensive and traditional. Moreover, this site is also important
because it is used for passage and breeding by raptors and species that inhabit areas of
scrub and forest. Significant species include: Aquila chrysaetos, Aquila heliacal,
Aegypius monachus, Neophron percnopterus, Circaetus gallicus, Gyps fulvus, Emberiza
hortulana, Dendrocopos medius, Falco naumanni, Lanius collurio, Ficedula
semitorquata, Dendrocopos syriacus. (Filotis, 2019)

The protected area Oreinos Evros — Dereio Valley lies at the western part of Evros
prefecture, and includes the wildlife refuges named Kallithea - Treis Vryses (Government
Gazette No 712B of 19 August 1997) and Poulia (Government Gazette No 343B of 20
June 1987). Beech forests with small clumps of pine trees and oak comprises the majority
of the vegetation cover of the aforementioned protected area. Furthermore, the site
includes partly forested areas, comprised mostly of dispersed mature oak trees, which are
used for traditional non-intensive livestock grazing. Additionally, Diavolorema River is
crossing the protected area, thus creating sites of riparian vegetation and small rocky
gorges. (Filotis, 2019)

It is also worth mentioning that Oreinos Evros — Dereio Valley is significant because
it is mainly used by breeding raptors, species that inhabit in mountainous wooded areas
and as feeding ground for the Black Vulture population that breeds at Dadia forest.
Significant species include: Aegypius monachus, Aquila pomarina, Hieraaetus pennatus,

Ciconia nigra, Circaetus gallicus, Neophron percnopterus and Aquila chrysaetos.
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" Finally, the site is important for rare breeding passerines such as Sylvia nisoria
: Ficedula semitorquata. (Filotis, 2019)
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Figure 13: Thematic map showing the sites of Special Protection Areas (SPA) that belong to the
Natura 2000 Network and wildlife refuges, which are located within the study area.

2.5.7 Climatic and bioclimatic characteristics of the study area

Measurements, dating from 2008 to 2010, of the gauging station (Appendix A) on
Didymoteicho’s bridge (Longtitude: 708,600, Latitude: 4,580,000 and at an elevation of
approximately 32.09m), which was installed by the Department of Civil Protection of the
region of Evros, were used in order to determine the climatic and bioclimatic
characteristics of the drainage basin of Erythropotamos River.

Furthermore, according to the Bioclimatic Map of the Greek Ministry of Agriculture
(1978), the study area can be categorized as belonging to the attenuated Sub-

Mediterranean category (Figure 14).
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Figure 14: Superimposition of the Erythropotamos’ drainage basin upon the Bioclimatic Map of
the Greek Ministry of Agriculture. (Adapted from the Bioclimatic Map of the Greek
Ministry of Agriculture that was compiled in 1978)

2.5.7.1 Temperature

According to measurements from the gauging station on Didymoteicho’s bridge, the
mean annual temperature of the study area is equal to 13.81 °C. The hottest month is
August with a mean temperature of 24.76 °C, while January is the coldest month with a

mean temperature of 2.23 °C (Table 7).

2.5.7.2 Rainfall

Gauges from the station that is located on Didymoteicho’s bridge indicate that, with a
monthly mean total rainfall of 123.5 mm, February is considered as the rainiest month.
On the other hand, the least rainy month is August with a monthly mean total rainfall of
22 mm (Table 8).
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Table 7: Temperature characteristics according to measurements from the gauging station on
Didymoteicho’s bridge.

Month Mean Mean Maximum Mean Minimum

Temperature (°C) | Temperature (°C) | Temperature (°C)
January 2.23 5.57 -0.90
February 5.40 9.24 2.02
March 7.14 11.56 3.06
April 12.03 18.13 6.54
May 19.74 24.69 11.50
June 22.01 29.02 15.14
July 23.67 30.46 16.80
August 24.76 32.28 17.62
September 18.50 24.82 12.77
October 14.22 19.96 9.42
November 9.25 14.48 4.83
December 6.74 10.29 3.54
A\‘/’glrjge 13.81 19.21 8.53

Table 8: Monthly mean total rainfall according to measurements from the gauging station on
Didymoteicho’s bridge.

Mean total Maximum total Minimum total

Month rainfall (mm) rainfall (mm) rainfall (mm)
January 81.00 89 75
February 123.50 187 121
March 86.00 89 84
April 30.50 37 26
May 29.00 35 23
June 27.00 31 20
July 25.00 28 18
August 22.00 24 15
September 65.50 75 54
October 72.00 83 63
November 43.50 50 37
December 82.50 91 72

Annual 687.50 819.00 608.00

60


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=9&cad=rja&uact=8&ved=0ahUKEwiT3bHi7ofbAhXHEVAKHZgjBv4QFghYMAg&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FDidymoteicho&usg=AOvVaw38nVPtWTI-lu63tzXKE_Rz
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=9&cad=rja&uact=8&ved=0ahUKEwiT3bHi7ofbAhXHEVAKHZgjBv4QFghYMAg&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FDidymoteicho&usg=AOvVaw38nVPtWTI-lu63tzXKE_Rz

2.5.7.3Wind
Data provided by the station that is located on Didymoteicho’s bridge show that the
average wind direction is 211.07° (SSW) and average wind speed is 1.92 m/s (Table 9).

Table 9: Wind characteristics according to measurements from the gauging station on
Didymoteicho’s bridge.

Month Wind direction (°) | Wind speed (m/s)
January 241.39 2.46
February 216.84 2.38
March 217.78 2.39
April 194.08 1.76
May 189.03 1.54
June 195.53 1.49
July 197.46 1.80
August 189.98 1.80
September 235.04 1.56
October 213.89 1.86
November 212.25 1.72
December 229.56 2.28
Average 211.07 1.92

2.5.7.4 Climatic and bioclimatic characteristics

Precipitation and temperature are the main climate factors influencing vegetation and
the configuration of vegetation zones in a certain region.

Based on Koppen’s climate classification, the drainage basin of Erythropotamos’
River belongs to the Hot-summer Mediterranean climate (Csa) category in accordance
with precipitation and temperature data provided by the gauging station on
Didymoteicho’s bridge. These indicate that the coldest month (January) averages above
0 °C, at least one month's average temperature is above 22 °C (June, July and August)
and at least four months are averaging above 10 °C (Table 7). Furthermore, precipitation
gauges show at least three times as much precipitation in the wettest month of winter
(February) as in the driest month of summer (August) and the driest month of summer
receives less than 30 mm (Table 8)

The pluviothermic quotient (Q) was created by Luis Emberger in 1939 and it has been

designed in order to classify the Mediterranean climate into four types: arid, semi-arid,
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humid and sub-humid. Therefore, regarding Mediterranean regions, the aforementioned

quotient can be estimated with aid of the following formula (6):

1000 X P

Q= —(M;m)x(M—m) ©)

Where P stands for annual rainfall, M stands for the average temperature of the
maximums of the hottest month and m stands for the average temperature of the
minimums of the coldest month. Additionally, P is measured in mm, while M and m are
measured in Kelvin degrees (°K). Moreover, in formula (6) the term (M+m)/2 is used in
order to indicate the range of temperature values in which plants can grow, while the term
(M-m) indirectly refers to evaporation, which is considered as an expression of the
continental “characteristics” of a climate.

The measurements for precipitation and temperature from Didymoteicho’s gauging
station were used in order to estimate the pluviothermic quotient for the study area.
Therefore, according to Tables 7 and 8, P = 687.5mm, M = 273.15 + 32.28 = 305.43 °K
and m = 273.15 - 0.9 = 272.25 °K, which means that Q = 71.74.

In order to complete the determination of the Mediterranean climate type, to which
the study area belongs, it is necessary to employ Emberger’s two-dimensional climate
diagram, which uses the average minimum temperature, in Celsius degrees, of the coldest
month in its X axis and values of the pluviothermic quotient (Q) in its Y axis.
Furthermore, the diagram’s area is separated into zones that are related to the arid, semi-
arid, humid and sub-humid Mediterranean climate characteristic, while lines
perpendicular to the X axis determine the Mediterranean climate subtype in relation to
the values of m according to the following categorization:

e m>7°C (hot winter)
e 3°C<m<7°C (mild winter)
e 0°C <m<3°C (cold winter)

e m < 0°C (Severe winter)
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Mavromatis (1980) plotted on Emberger’s climatic diagram the meteorological
stations of Greece according to their Q and m values. Likewise, by plotting the values of
Q and m that were calculated for the gauging station on Didymoteicho’s bridge the

Mediterranean climate type of the study area was determined to be sub-humid with
severe winter (Figure 15).
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Figure 15: Modified Emberger’ s climate diagram (adapted from Mavromatis 1980).
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2.5.7.5 Bagnouls — Gaussen ombrothermic diagram

The ombrothermic diagram that was introduced by Bagnouls and Gaussen (1957)
depicts the monthly progression of the of mean monthly temperature and precipitation
values, which are measured in Celsius degrees and millimeters respectively. Additionally,
regarding the aforementioned diagram, the scale of the temperature axis is higher than the
scale of precipitation axis so that P (mm) = 2T (°C).

A month is considered dry if its mean precipitation value is equal or lower than two
times its mean temperature value (P (mm) < 2T (°C)) (Bagnouls and Gaussen 1957) and
the total amount of days that comply with this condition are defined as “dry season”.
Regarding the drainage basin of Erythropotamos River, the Bagnouls — Gaussen
ombrothermic diagram that was compiled according to measurements provided by the
gauging station on Didymoteicho’s bridge (Table 10) indicated that the study area’s “dry
season” begins during mid-April and ends during mid-August (Figure 16).

Table 10: Temperature and precipitation data from Didymoteicho’s gauging station that were
used in order to construct the Bagnouls — Gaussen ombrothermic diagram for the study

area.
Month Mean Temperature (°C) | Mean total precipitation (mm)
January 2.23 81.00
February 5.40 123.50
March 7.14 86.00
April 12.03 30.50
May 19.74 29.00
June 22.01 27.00
July 23.67 25.00
August 24.76 22.00
September 18.50 65.50
October 14.22 72.00
November 9.25 43.50
December 6.74 82.50
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Bagnouls - Gaussen ombrothermic diagram (Didymoteicho G.S.)
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Figure 16: The Bagnouls — Gaussen ombrothermic diagram of Didymoteicho’s gauging station.

2.5.8 Notable flood events

The catchment of Erythropotamos River contains cities and villages, which are
frequently plagued by flood phenomena that threaten both human lives and properties.
Initially, the sole source of information for such phenomena was observations made from
eye-witnesses. This condition changed in 2008 with the installation of a gauging station
on the bridge of Didymoteicho, which is located approximately 2 km from the confluence
between the rivers of Erythropotamos and Evros, that enabled the measurements of
meteorological and hydraulic characteristics (discharge, water depth, rainfall etc.) during
flood occurrences. Unfortunately, by the end of June in 2010 the gauging station went out
of order.

Data regarding measurements of discharge and water depth were used in constructing
the discharge versus stage curve for the gauging station of Didymoteicho (Figure 17).
Specifically, the x axis involved values of measured discharge (Q) and y axis contained
values of water depth (h). The trend line that connects these parameters can be described
by the following equation (7), while the value of the coefficient of correlation is 0.82

(R=0.82):
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h =0.6041In(Q) + 1.852 (7)
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Figure 17: The discharge versus stage curve for the gauging station of Didymoteicho

Furthermore, the most notable flood event that has been recorded by the
aforementioned gauging station has taken place from the 8" to the 18™ of February in
2010 (Figure 18). Specifically, intense rainfall on the 7" of February, which reached the
amount of 48mm within 24 hours, lead to discharge values that exceeded 200 m*/s on the
8™ of February that signified the onset of the flood event.
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Figure 18: Photos of the February 2010 flood depicting inundated areas in Didymoteicho’s Farm
location, which is on Egnatia Motorway. (R.E.M.TH. 2018)

During the flood, discharge peaked three times (Figure 19) by reaching the values of:
1) 1,189.46 m*/s at 1:00 a.m. on the 12" of February, 2) 1,086.53 m%s at 7:00 p.m. on the
13" of February and 3) 1,255.05 m®s at 7:00 p.m. on the 15" of February.
Correspondingly, water depth also peaked three times (Figure 20) reaching: 1) 7.42 m at
5:00 a.m. on the 12" of February, 2) 7.14 m at 7:00 p.m. on the 13" of February and 3)
7.18 m at 5:00 a.m. on the 15" of February. The flood event was attributed to heavy
rainfall that started on the 6th of February at 5:00 p.m. and reached the value of 48mm by
the end of 7™ of February. Rain continued pouring until the end of the 17" of February
and by that time a total of 151mm of rainfall have been measured by the Didymoteicho
station, which corresponds to approximately 80% of the total rainfall that was gauged for
the whole of February in 2010. Fortunately, although the damage on properties was

extensive, no lives were claimed during the disaster.
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Figure 19: The plot shows the fluctuation of discharge values according to Didymoteicho station
measurements from 8/2/2010 to 18/2/2010.
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Figure 20: The plot shows the fluctuation of water depth according to Didymoteicho station

measurements from 8/2/2010 to 18/2/2010.
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Except for the aforementioned major flood event, other lesser flood events occurred
during the period from 2010 to 2018 in the study area. Since exact measurements are no
longer available, in order to obtain a more detailed description of the phenomena,
information gathering relies solely on eye-witness testimonies and images published by
local news. More recently, from the 16™ of April to the 20™ of April in 2017 and from the
25™ of March to the 1% of April in 2018, heavy precipitation caused again extensive
flooding within the river basin of Erythropotamos (Figures 21 & 22). Information
regarding these recent flood events was provided by statements from members of the
Department of Civil Protection of the region of Evros, who were tasked with the
evaluation of damages that were caused by these floods (C. Papapostolou, personal

communication, 2018).

Figure 21: Photo taken from the April 2017 flood that affected Didymoteicho. (Inevros.gr 2017)
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Figure 22: Photo taken from the March 2018 flood that affected Didymoteicho. (E-evros.gr
2017)

70


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=9&cad=rja&uact=8&ved=0ahUKEwiT3bHi7ofbAhXHEVAKHZgjBv4QFghYMAg&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FDidymoteicho&usg=AOvVaw38nVPtWTI-lu63tzXKE_Rz

3. Methodology

3.1 Inundation mapping

Regarding the detection of inundated areas in the drainage basin of Erythropotamos
River, an initial approach involved the application of a simplified change detection
methodology with the aid of SAR data that was proposed by ESA (2008). The main
objective of the suggested procedure was to create RGB images that enable the
distinction between areas that are flooded and permanent water bodies. This could be
achieved by using one SAR image that was acquired during the flood event (crisis image)
and another image (archive image) that was acquired outside the disaster period. By
placing the “crisis image” in the Red channel and the “archive image” in both the Green
and Blue channels, inundated areas appear dark-colored in the red channel and bright-
colored in the Green and Blue channels. Therefore, regarding the resulting false color
RBG image, the flooded pixels should appear in bright cyan colors. Moreover, permanent
water bodies are depicted as dark in all channels and all other areas appear in various
tones of grey as the backscatter intensity should be the same (ESA, 2008).

In the case of Erythropotamos’ catchment, this procedure was applied to the February
2010 flood. To this end, ENVISAT/ASAR (Appendix B) images of VV (Vertical
transmit — Vertical receive) polarization (Table 11), which were taken from the year 2002
up to the year 2010, were utilized. These images, which were acquired through the
submission of a CAT-1 proposal to ESA (European Space Agency) for the completion of
the present dissertation thesis, were initially pre-processed with the aid of ESA’s NEST
(Next ESA SAR Toolbox) (Appendix C) satellite image analysis software (Mouratidis,
2011). The images were firstly despeckled using a 3x3 Gamma map filter and after that
step they were co-registerd and terrain-corrected with the use of SRTM DEM (Shuttle
Radar Topography Mission Digital Elevation Model) whose horizontal spatial resolution
is 3 arc second (approximately 90 m). Specifically, the image that was acquired on
16/2/2010 (Figure 23) was chosen as the “crisis image” and the ENVISAT/ASAR image
that was acquired on 23/12/08 (Figure 24) was chosen as the “archive image”. The

selection of the “archive image” was based on the weather conditions during the time that
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the image was taken and information on that matter were provided by Didymoteicho’s
gauging station. First of all, the “archive image” was taken during winter, which is the
same season in which the “crisis image” was taken. Furthermore, according to Marti-
Cardona et al. (2010), when deep bare soil areas are flooded, their backscattering is
highly dependent on the wind-induced surface roughness at steep incidence angles with
wind speed exceeding the value of 1.5 m/s. Therefore, according to measurements from
the gauging station of the study area, during the date and time that both images were
acquired, wind speed did not exceed 1.5 m/s, so the water surface of the river could be
considered as calm. Finally, ESA (2008) suggests that good amplitude threshold values
(in Digital Number/DN) for flooded areas (on SAR images) could be those less than 800
for the “crisis image” and those more than 900 for the “archive image”. So, in the case of

the 2010 flood event, these thresholds were applied on the resulting RGB image.
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Figure 23: ENVISAT/ASAR image that was taken on 16/2/2010 (crisis image).
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Figure 24: ENVISAT/ASAR image that was taken on 23/12/2008 (archive image).

Table 11: Product information of ENVISAT/ASAR imagery that was used for the application of
ESA’s (2008) methodology in the study area.

Satellite ENVISAT
Flood image: 16/2/2010 (1)
Dates Reference images: 5/8/2008
to 27/4/2010 (10)
Resolution 0m<30m
Pass Ascending
Mode IMP
Type GRD
Level 1
Polarization \AY
Relative Orbit 14

On another approach that was employed to perform inundation mapping in the study
area, eleven ENVISAT/ASAR and twenty seven SENTINEL — 1 A/B (Appendix D)
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images of VV (Vertical transmit — Vertical receive) polarization were used to map the
flood extents of the February 2010, April 2017 and March 2018 flood events. Their
detailed product characteristics appear on table 12. Generally, for flood mapping with the
use of SAR imagery, co-polarization images are preferred over cross-polarization images
(Gan et al. 2012). Although HH (Horizontal transmit — Horizontal receive) polarization
SAR images are generally preferable for flood mapping, VV- polarized data have been
successfully used for flood mapping in many previous studies (Schumann et al. 2009,
Matgen et al. 2011, Schlaffer et al. 2015, Giustarini et al. 2015b, Clement et al. 2018).

Table 12: Product information of ENVISAT/ASAR and SENTINEL - 1 A/B imagery that was
used for the application of Cian’s et al. (2018) methodology in the study area.

Satellite ENVISAT SENTINEL - 1
Flood image: 16/2/2010 (1) | F1°°d ';“6"’}%/62361188’(42’)2017 &
Dates
Reference images: 5/8/2008 | Reference images: 8/10/2016
to 27/4/2010 (10) to 28/9/2018 (25)
Spatial Resolution 30m x30m 20m x 20 m
Pass Ascending Descending
Mode IMP W
Type GRD GRD
Level 1 1
Polarization \AY/ \AY
Relative Orbit 14 109

The aforementioned SAR images were pre-processed with the aid of ESA’s SAR
satellite image analysis software SNAP (Sentinel Application Platform) (Appendix E).
Initially, they were calibrated to 6° backscatter coefficient values and despeckled using a
3x3 Gamma map filter. Regarding the co-registration step, the SAR images were co-
registered with the use of EU-DEM. Furthermore, during the co-registration step, SAR
multi-temporal series were created according to the date that the floods occurred and
according to the SAR sensors that managed to capture these events. Subsequently, for the
2010 flood event two stacks were created. The first stack, which will be henceforth called
the ‘reference stack’, contained only the 10 reference images from ENVISAT/ASAR,
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while the second stack, which will be henceforth called the ‘reference and flood stack’,
contained both the reference and the images of the flood under investigation, for a total of
11 images. The same practice was followed for the 2017 and 2018 floods that were
captured by SENTINEL -1 A/B and resulted in the creation of two more stacks. A
‘reference stack’ that included only the 25 reference images and a ‘reference and flood
stack’, which contained both the reference and the flood images, for a total of 27 images.

Cian et al. (2018) proposed a Change Detection And Thresholding methodology
(CDAT), based on the work of Long et al. (2014), that involves the calculation of the
minimum, maximum and mean, for each pixel of both the ‘reference stack’ and
‘reference and flood stack’. The calculated temporal statistics are used to compute the
Normalized Difference Flood Index (NDFI) and the Normalized Difference Flood in
short Vegetation Index (NDFVI) images.

NDFI was used for highlighting temporary open water bodies and is defined by the

following equation (8):

mean o, (reference stack) — min o, (reference + flood stack)

NDFI =
mean a, (reference stack) + min o, (reference + flood stack)

This index categorizes as flooded only areas that are temporarily covered by water,
excluding non-water land cover types and permanent water bodies. The average behavior
of the earthly surface is represented by each pixel’s mean value (Figures 25 and 26).
Moreover, the minimum value of each pixel in the ‘reference and flood stack’ was used
in order to detect discontinuities within the time series, such as pixels that during the
flood attain very low backscatter values (Figures 27 — 29). Specifically, the difference
between the mean and the minimum backscatter pixel values identifies such
discontinuities, which in turn indicate flooded areas. NDFI values range from 0 to 1 and
this helps to set a threshold value that will aid in discerning flooded areas. Surface
features that do not present significant change have NDFI index values that are close to 0

and can be easily detected. Such features, which do not change their backscatter
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significantly, include permanent water bodies and non-water pixels with low

backscattering such as smooth tarmac, dry bare soil and roads. (Cian et al. 2018)
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Figure 25: The mean o, value image that was derived from the ‘reference stack’ which contained
ENVISAT/ASAR imagery.
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Figure 26: The mean o, value image that was derived from the ‘reference stack’” which contained
SENTINEL — 1 A/B imagery.
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Figure 27: The minimum o, value image that was derived from the ‘reference and flood stack’

which contained ENVISAT/ASAR imagery.
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Figure 28: The minimum o, value image that was derived from the ‘reference and flood stack’

which contained the SENTINEL — 1 A/B image that was acquired on 18/4/2017.
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Figure 29: The minimum o, value image that was derived from the ‘reference and flood stack’
which contained the SENTINEL — 1 A/B image that was acquired on 26/3/2018.

In order to detect shallow water in short vegetation, the NDFVI index was used to
detect the increase of backscatter that occurs in such circumstances. Using the statistics
on the corresponding stacks NDFVI was computed according to the following formula

(9):

max o, (reference + flood stack) — mean o, (reference stack)
max a, (reference + flood stack) + mean g, (reference stack)

NDFVI = )

Regarding the NDFVI index, the maximum value of the pixels highlights the
discontinuity, which is caused by shallow water in short vegetation, in the time-series
(Figures 30 — 32). Pixels that indicate a notable increase in their respective backscatter
values can be detected via their difference with the mean backscatter pixel values. (Cian

et al. 2018)
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Figure 30: The maximum o, value image that was derived from the ‘reference and flood stack’
which contained ENVISAT/ASAR imagery.
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Figure 31: The maximum o, value image that was derived from the ‘reference and flood stack’

which contained the SENTINEL — 1 A/B image that was acquired on 18/4/2017.
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Figure 32: The maximum o, value image that was derived from the ‘reference and flood stack’
which contained the SENTINEL — 1 A/B image that was acquired on 26/3/2018.

According to Cian et al. (2018) NDFI values that are greater than 0.7 and NDFVI
values that are greater than 0.75 can be used to delineate inundated areas in open land and
in short vegetation respectively. However, the resulting flooded areas require further
processing according to the following three criteria:

a) Flooded areas with extent smaller than the size of 10 pixels in NDFI and NDFVI
images were excluded because they can be considered as spurious (Cian et al.
2018). Specifically, in the case of ENVISAT/ASAR imagery (2010 flood event)
these areas have an extent of less than 1,231.2 m? while in the case of
SENTINEL — 1 imagery (2018 and 2017 flood events) spuriously flooded areas
might cover an extent of less than 788.5 m?.

b) Pixels with Gomean) Values less than 0.015 (Gomeany < 0.015), which correspond to

permanent water bodies, and pixels with 6omin) values greater than 0.03 (Gomin) >
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0.03) that represent pixels that consistently decrease their backscatter during the

flood, indicating that something happened, but not enough to reach a 6omin) Value

typical of water pixels, have to be filtered out from the resulting inundation maps

(Cian et al. 2018).

Finally, the methodologies of ESA (2008) and Cian et al. (2018), regarding
inundation mapping of the 2010 flood with the use of ENVISAT/ASAR imagery, were
compared in order to find out if there are important differences in their corresponding
flood extent areas. Moreover, the flood extents of the inundated areas that were produced
by the application of Cian et al. (2018) methodology were compared in order to
determine not only the common area that they covered, but also the total area that they

covered when combined together.

3.2 Flood hazard and risk mapping

3.2.1 Preparation of geometric data with the aid of HEC-GeoRAS
The application of flood hazard mapping in the drainage basin of Erythropotamos

River aimed at delineating the extents of inundated areas and depicting the spatial
distribution of water depth for specific return periods. This procedure was applied to both
the thalweg (Domakinis et al. 2015) and river reaches of the 5™ order and higher, because
according to Das (2016), low values of bifurcation ratio, such as the value of 3.66
between streams of the 4™ and 5™ order of the drainage network of Erythropotamos River
(Table 4), indicate which part of the drainage basin is more likely to flood. To this end,
the geometric data of the drainage network, such as the stream centerline, bank lines,
flow paths, land cover and cross-sectional cut lines were created using ArcGIS’s
extension HEC-GeoRAS (Appendix G) (Figure 33). Moreover, EU-DEM and the DEM
of NCMA were used in order to provide the elevation characteristic for the geometric
data and convert them from 2D features to 3D features.
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Figure 33: Erythropotamos’ drainage network geometric data that were constructed with the use
of the ArcGIS™ extension HEC-GeoRAS.

3.2.2 Steady flow hydraulic analysis with the aid of HEC-RAS
The next step involved importing all the aforementioned data to HEC-RAS software

in order to conduct steady flow hydraulic analysis. Flood discharge was calculated with
the aid of rational method (10) (Giandotti 1934, Soulios, 1996 and Voudouris 2013):

Q=0278%XE XP; xI; (10)

Where Q stands for flood discharge measured in m*/s, E stands for the area of the
drainage basin measured in km? (1,618.5 km?), P; stands for critical rainfall intensity for a
specific return period measured in mm/h and |, stands for the runoff coefficient, which is

dimensionless.
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The value of the runoff coefficient for the part of the drainage basin of
Erythropotamos River that was used for conducting hydraulic analysis was calculated
according to the guidelines proposed for road construction surveys by the Ministry of
Environment and Energy. Specifically, the runoff coefficient is the sum of runoff
coefficients regarding: 1) surface relief (C;), 2) soil permeability (C;), 3) vegetation cover
(C,) and 4) soil storage capability (Cs) according to the following formula (11) (Ministry
of Environment and Energy 2002):

I, = C +C +C, +C;(11)

The values for C,, C;, C, and Cs were determined according to Table 13.

Therefore, by considering that C, = 0.1, C; = 0.1, C, = 0.05 and Cs= 0.1, the value of
I, has been calculated equal to 0.35. Furthermore, this value had to be multiplied by a
modifier that depended on the return period according to table 14.

Consequently, the value of I equaled to 0.42 for the 50 year return period and 0.4375
for the 100 year return period. However, since there were no multipliers suggested for
return periods higher than 100 years, the multiplier of 1.25 was considered valid for such
cases.

Critical rainfall intensity was initially calculated by the universal equation (12)
(Giandotti 1934 and Soulios 1996):

P, = (30 x logT + 15)t;9%¢ (12)

Where T stands for the return period measured in years and t. stands for concentration

time measured in hours.
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Table 13: Runoff coeffient values for drainage basins which are located in non-developed areas.
(Ministry of Environment and Energy 2002)

Runoff Coefficient Extreme values High values Common values Low values
0.14-0.20 0.08-0.14
0.28-0.35 0.20-0.28
Wavy-shaped Generally flat

Surface relief (C,)

Rough surfaces with
mean slope angle

values >30%

Hilly surfaces with
mean slope angle
values 10-30%

surfaces with mean
slope angle values 5-
10%

surfaces with mean
slope angle values 0-
5%

Soil permeability

0.12-0.16
Soil cover is either

rocky or fine-grained

0.08 -0.12

Clays or shallow

0.06 - 0.08
Well — drained soils

of normal

0.04 - 0.06
Deep sand of high

. soils of low N . permeability or soils
(C) along with . permeability. Soils
o permeability or low that absorb water.
insignificant . N composed of sand or . .
N drainage capability ) Well-drained soils
permeability silt.
0.08-0.12
0.06 —0.08
Poor to average
] Average to good
vegetation cover. . 0.04 - 0.06
vegetation cover.
Non-vegetated . Good to excellent
) Approximately 50% .
0.12-0.16 agricultural areas or vegetation cover.

Vegetation cover

Bare soils or sparse

poorly naturally

of the surface is

Approximately 90%

(Cv . composed of topsoil )
vegetation cover vegetated areas. Less of the drainage area
or forests. Less than . .
than 20% of the contains topsoil or
) ) 50% of the surface
drainage area is . . forests.
o contains agricultural
sufficiently covered
. . areas.
with vegetation
0.04 -0.06
0.06 —0.08 . .
0.10-0.12 0.08 -0.10 ) High soil storage
o . Normal soil storage .
) Insignificant number Low soil storage . capability. Not well-
Soil storage capability.

capability (Cy)

of troughs. Shallow
floodways. No

swamps.

capability. Well-
defined floodways.

No lakes or swamps.

Significant number
of troughs. No lakes

or swamps.

defined floodways.
Large amount of
lakes and inundated

areas.

Table 14: Multipliers of the runoff coefficient according to the return period. (Ministry of

Environment and Energy 2002)

Return period (years) 25

50 100

Multiplier

11

12 | 1.25
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However, the formula (13) suggested by the Ministry of Environment and Energy
(2016) based on a survey that was conducted by Koutsogiannis et al. (2010) was also

taken under cosidaration:

P = AT* =) (13)

1+ g)"

Where « is the shape parameter, A is the parameter of scale, v is the parameter of the
position of the distribution function, while 6 and v are parameters of the duration
function. The parameters of this equation (13) were calculated for each rainfall gauging
station across Greece. The rainfall gauging stations that could be located within the
drainage basin of Erythropotamos River were those of Mega Dereio, Mikro Dereio,

Metaxades and Didymoteicho and the parameters for each station are shown in table 15.

Table 15: The parameters of formula (13) for each rainfall gauging station which is located
within the drainage basin of Erythropotamos River. (Ministry of Environment and Energy

2016)

Name Elevation (m) K A ] 0 v
Mega Dereio 381.6 0.04 1108.9 0.87 0.082 0.708
Mikro Dereio 116.2 0.04 981.2 0.891 0.082 0.708

Metaxades 138.7 0.04 982.6 0.886 0.082 0.708
Didymoteicho 24.7 0.093 499.1 0.839 0.082 0.708

For both equations (12) and (13), concentration time was calculated with the use of
Giandotti’s formula (14) (Giandotti 1934, Soulios, 1996 and VVoudouris 2013):

4x\VE+15x%L
0.8 Xz

tc = (14)
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Where E stands for the area of the drainage basin measured in km? (1,618.5 km?), L
stands for the length of the longest flowpath measured in km (104,17 km) and z stands
for the difference between the values of mean basin elevation and basin outlet elevation
measured in m (328.22m — 15.9m = 312.32m). Consequently, the value of concentration
time for the catchment of Erythropotamos River was found equal to 22.43 h.

Additionally, regarding formula (13), rainfall intensity-duration-frequency curves for
the rainfall gauging stations of Mega Dereio, Mikro Dereio, Metaxades and
Didymoteicho were compiled in order to further aid in the calculation of rainfall intensity
(Figures 34 — 37).

Mega Dhereio
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Figure 34: The Rainfall intensity-duration-frequency curve for the rainfall gauging station of
Mega Dereio.
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Figure 35: The Rainfall intensity-duration-frequency curve for the rainfall gauging station of
Mikro Dereio.
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Figure 36: The Rainfall intensity-duration-frequency curve for the rainfall gauging station of
Metaxades.
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Figure 37: The Rainfall intensity-duration-frequency curve for the rainfall gauging station of
Didymoteicho.

Rainfall intensity values were then calculated using formulas (12) and (13).
Specifically, equation (13) used the corresponding parameters referring to the rainfall
gauging stations of Mega Dereio, Mikro Dereio, Metaxades and Didymoteicho (Table
15). The return periods that were selected were: 1) 50 years, which is the return period
value that corresponds to the high probability flood hazard scenario according to the
2007/60/EC Directive, 2) 100 years, which is the return period value that corresponds to
the medium probability flood hazard scenario according to the 2007/60/EC Directive and
3) 500 years, which is the return period value that corresponds to the low or extreme
probability flood hazard scenario according to the 2007/60/EC Directive. The calculated
rainfall intensity values for each case are presented in table 16.

Having considered all the aforementioned cases regarding rainfall intensity
calculation, the flood discharge values that were used in the steady flow analysis step in
HEC-RAS were finally based on the rainfall intensity values of Mega Dereio (Table 17),
since the elevation at which the rainfall gauging station is located (381.6 m) is closer to

the mean elevation of the drainage basin of Erythropotamos River (328.22 m). Moreover,
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the return periods that were used in the steady flow analysis were: 1) 0.5 years, which is
the return period value that corresponds to the value of discharge that was measured by
the Didymoteicho station during the time that the ENVISAT/ASAR image that was taken
on 16/2/2010, 2) 50 years, which is the return period value that corresponds to the high
probability flood hazard scenario according to the 2007/60/EC Directive, 3) 50.6 years,
which is the return period value that corresponds to the maximum value of discharge that
was measured by the Didymoteicho station during the time of the February 2010 flood
event, 4) 100 years, which is the return period value that corresponds to the medium
probability flood hazard scenario according to the 2007/60/EC Directive and 5) 500
years, which is the return period value that corresponds to the low or extreme probability
flood hazard scenario according to the 2007/60/EC Directive (Figures 38 & 39)

Table 16: Rainfall intensity values that were calculated with the use of formulas (12) and (13).

) Mega Dereio | Mikro Dereio Metaxades Didymoteicho Equation
Return period ) ) ) )
Equation (13) | Equation (13) | Equation (13) Equation (13) (12)
50 years 6.23 5.12 5.23 5.62 10.23
100 years 6.91 5.73 5.83 6.52 11.63
500 years 8.58 7.2 7.31 8.84 14.88

Table 17: The values for flood discharge that were used for each scenario of the steady flow
hydraulic analysis.

Return period | Flood Discharge (m*/sec)
0.5 years 311.64
50 years 1177.35
50.6 years 1,255.05
100 years 1360.23
500 years 1,688.97
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Figure 38: Locations of sample cross-sections that were utilized by HEC-RAS in order to
perform steady flow hydraulic analysis.

Figure 39: Sample Cross-sections that were utilized by HEC-RAS in order to perform steady
flow hydraulic analysis. The water surfaces for the 50, 100 and 500 years return period
scenarios are presented.
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3.2.3 Flood hazard and risk mapping with the aid of HEC-GeoRAS
During the final step of the procedure, the results of the steady flow hydraulic

analysis were imported back to the ArcGIS software and there, with the aid of the HEC-
GeoRAS extension, the data layers that depicted the spatial distribution of flood extent
and water depth for the corresponding return periods were produced. However, in order
for the resulting flood hazard maps to have a more practical meaning and value, it was
deemed appropriate to compile additional flood risk maps for each return period, which
included data layers that contained information about elements that will be potentially
threatened by floods such as urban and protected areas. From this procedure the scenarios
that involved only the thalweg were excluded on the grounds of not representing "worst

case” scenarios.

3.3 Flood susceptibility mapping

According to the analysis from Xiao et al. (2018) and Zhao et al. (2018), the factor's
effect on the flood hazard and data availability in our study area, three types of indicators
were utilized in the present dissertation thesis, i.e. hydrological, topographical and
meteorological. Specifically, topographical indicators (Xiao et al. 2018) provide
information of the flow or stagnating of the water on the ground due to the impact of the
terrain. In the current thesis they consisted of elevation, slope angle and drainage density.
On the other hand, hydrological indicators (Xiao et al. 2018) provide information of the
accumulation, infiltration, and intercept of the water and the river network. For the
drainage basin of Erythropotamos River these indicators consisted of Topographic
Wetness Index (TWI), distance from streams, land cover and geology. Finally, the
meteorological indicators (Zhao et al. 2018) provide information on the spatial
distribution of precipitation in the study area and they were represented by the annual
total rainfall.
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3.3.1 Topographical Indicators
3.3.1.1 Elevation

Elevation is considered as an important factor for floods, because flood-prone areas
tend to occupy drainage basin areas with low elevation values. The data layer of elevation
was derived from EU-DEM.

3.3.1.2 Slope Angle

The slope angle data layer was produced by processing the EU-DEM data layer with
the aid of ArcGIS’s toolbox routines. Slope angle is also an important factor when it
comes to discerning flood-prone areas, because areas in a river basin that occupy flat

terrain surfaces tend to flood more easily than areas with more steep surface terrain.

3.3.1.3 Drainage Density
The drainage density is defined as the total stream length per unit area, which can be

calculated according to the following equation (15) (Han et al. 2003; Zhou et al. 2014):
1 S
DD = = X XL (15)

Where DD stands for drainage density, while S indicates the area of the grid and L;°

stands for the length of river i within the grid. Areas with high drainage density indicate

high flood susceptibility.

3.3.2 Hydrological Indicators
3.3.2.1 Topographic Wetness Index (TWI)

This index is considered by Miliaresis (2011) to belong to the indices of soil erosion,
since it is used to relate the effects of runoff with geomorphometry. It is used in order to

assess soil moisture and it is defined by the Beven and Kirkby (1979) equation:
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TWI = 1n($) (16)

In equation (16), o stands for the local upslope area draining through a certain point
per unit contour length and tan(P) is the local slope in radians. High values of TWI

indicate areas more susceptible to flooding.

3.3.2.2 Distance from streams

The drainage network of the drainage basin of Erythropotamos river has been
produced by processing the EU-DEM data layer through ArcGIS’s toolbox routines
(Voudouris et al. 2007). Furthermore, the distance from the streams of the drainage
network data layer was also compiled with the use of ArcGIS routines. This factor is
crucial to flood susceptibility mapping, because areas that are closer to streams are more

likely to be inundated during a flood event.

3.3.2.3 Geology

The synoptic geologic map of SE Rhodope — Thrace from the Institute of Geology
and Mineral Exploration (IGME) of Greece, at a scale of 1:200,000 (1.G.M.E. 2002), was
used in order to produce the part of the data layer that belongs to Greece. Accordingly,
the geologic map of Bulgaria from the Department of Geophysical Prospecting and
Geological Mapping of the Committee of Geology (CoG 1989), at a scale of 1:50,000,
which was compiled on the base of the Geological map of Bulgaria at a scale of
1:100,000, was used in order to produce the part of the data layer that belongs to
Bulgaria.

Geology is considered a significant factor in determining flood-prone areas, because
impermeable geological formations favor surface runoff. On the other hand, permeable

geological formations favor infiltration.
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3.3.2.4 Land Cover

The data layer of Corine Land Cover 2012 (Copernicus 2017) was used to determine
the land cover classes within the limits of the study area. Vieux (2004) correlated land
cover classes with Manning’s n roughness coefficient (Table 18), which participates in

Manning’s formula:
1 2 1
V=—XAX1r3xS52(17)
n

Table 18: Manning's n rougness coefficients for certain land cover types according to Vieux

(2004).
Land Cover Manning's n coefficient
Acrtificial surfaces 0.015
Agricultural areas 0.035
Forest and semi natural areas 0.1
Wetlands 0.7
Water bodies 0.03

In equation (17), V stands for discharge/flow (m*/s), n is Manning’s roughness
coefficient, A is the “wetted” cross-sectional area (m?), r stands for the hydraulic radius
and S is the slope of hydraulic grade or the linear head loss (m/m). Moreover, Manning’s
n roughness coefficient is inversely proportional to discharge, which means that low
Manning’s n values correspond to high discharge values. In that way, areas susceptible to

floods can be related to low Manning’s n values.

3.2.3 Meteorological Indicators
3.2.3.1 Rainfall

The annual total rainfall layer was derived using raw data that were retrieved from the
WorldClim database (Fick and Hijmans 2017). The raw data involve monthly
precipitation totals, which refer to the climatological period 1970 - 2000 and are available

as an approximately 30 seconds by 30 seconds (approximately 824 by 824 m) grid (Fick
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and Hijmans 2017). The total annual precipitation layer was constructed by summing all
12 monthly precipitation - totals with the aid of ArcGIS™, Subsequently,
the aforementioned rainfall layer was converted to a point shapefile, from which the final
rainfall data layer, with a spatial resolution of 25 m, was derived. The downscaling of the
original WorldClim layer (824 x 824 m grid resolution) to the layer that was eventually
used in the current analysis (25 x 25 m grid resolution), was performed by employing the
universal kriging spatial interpolation method (Li and Heap 2014). The interpolated
values were the total annual precipitation values obtained at each point of the original
WorldClim grid. The auxiliary variables used were elevation, slope, aspect and distance
from the sea. The elevation data used was the EU-DEM obtained from the
COPERNICUS Land Monitoring Services data portal (E.E.A.2017) and is provided on a
25 by 25 m grid. Slope and aspect were derived from the EU-DEM using the ArcGIS™
routines available. Distance from the sea was also computed by ArcGIS™ routines at a
spatial resolution of 25 m. Areas with high annual precipitation sums were considered as

more prone to flooding.

3.4 Analytical Hierarchy Process (AHP)

In order to determine the level of importance for each factor by assigning weights to
each one of them, the Analytical Hierarchy Process introduced by Saaty (1980) was used,
which due to its simplicity, continues to be popular even in recent works regarding
susceptibility mapping (Lyu et al 2018, Seejata et al. 2018, Tang et al. 2018). Firstly, in
order to apply the AHP methodology, the data layer of each factor was classified into
three classes according to how prone each one of these classes was to flooding. Classes
that are highly susceptible to flooding were assigned a rating of three (3), while those that
are of medium susceptibility were assigned a rating of two (2) and those of low
susceptibility were assigned a rating of one (1). The next step involved the determination
of importance of one factor in comparison with the rest of the other factors, so that
pairwise comparison could be performed. At this point, in order to deal with the

subjectivity that often accompanies this step of AHP, the importance of each factor was
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determined by utilizing either the results of inundation mapping or the results of flood

hazard mapping.

3.4.1 Determination of the hierarchy of factors with the aid of inundation mapping
In this case the importance of each factor was determined according to the proportion
of the inundated areas of the 2010 flood event (total area of 6.84 km? that was calculated
with the aid of NDFI and NDFVI indices) that intersected with each factor’s high
susceptibility class (Figures 40 — 47 and Table 19) (Domakinis et al.: In press). This
concept was based on the idea that a SAR image that is taken during a flood indicates the
areas where flood water is concentrated. Moreover, the factors or indicators of flood
susceptibility all coexist in these areas and it is known how each factor influences floods.
For example it is known that, regarding e.g. slope angle, flat areas tend to flood more
easily. Thus, the areas where flood water is concentrating are those where the most
favourable conditions for most factors coexist, i.e. where the high susceptibility classes
for most factors or indicators intersect. Subsequently, the more a high susceptibility class
of a factor or indicator is encountered in inundated areas, the more influential this factor

or indicator is in terms of flood susceptibility.

Table 19: Proportion of the total inundated area of the 2010 flood event that intersects with each
factor’s high susceptibility class.

Factor Extent of inundated area (km?) Percent ratio (%o)

Land Use / Cover 0.15 2.19
TWI 0.12 1.75
Geology 0.39 5.7

Distance from streams 3.44 50.29
Rainfall 0.01 0.15

Slope Angle 5.59 81.73

Drainage Density 0.99 14.47

Elevation 6.66 97.37
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Figure 40: The data layer of the inundated areas of the 2010 flood event (calculated with the aid
of NDFI and NDFVI indices) has been superimposed upon the flood susceptibility

classes of the elevation data layer.
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Figure 41: The data layer of the inundated areas of the 2010 flood event (calculated with the aid
of NDFI and NDFVI indices) has been superimposed upon the flood susceptibility

classes of the slope angle data layer.
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Figure 42: The data layer of the inundated areas of the 2010 flood event (calculated with the aid

of NDFI and NDFVI indices) has been superimposed upon the flood susceptibility

classes of the TWI data layer.
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Figure 43: The data layer of the inundated areas of the 2010 flood event (calculated with the aid

of NDFI and NDFVI indices) has been superimposed upon the flood susceptibility

classes of the distance from streams data layer.
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Figure 44: The data layer of the inundated areas of the 2010 flood event (calculated with the aid
of NDFI and NDFVI indices) has been superimposed upon the flood susceptibility

classes of the geology data layer.
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Figure 45: The data layer of the inundated areas of the 2010 flood event (calculated with the aid
of NDFI and NDFVI indices) has been superimposed upon the flood susceptibility

classes of the land cover data layer.
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Figure 46: The data layer of the inundated areas of the 2010 flood event (calculated with the aid
of NDFI and NDFVI indices) has been superimposed upon the flood susceptibility

classes of the rainfall data layer.

e v

A X
Legend
I 2010 Flood (NDFI+NDFVI based)

D Drainage basin

e

[ 215-968 (1)
[ Joee8-1721(2)
B 1721-2474(3)

T
720000

Drainage density (m/sq.m) - Range (Rating) ||

T
4570000

T
690000 700000 710000

Figure 47: The data layer of the inundated areas of the 2010 flood event (calculated with the aid
of NDFI and NDFVI indices) has been superimposed upon the flood susceptibility

classes of the drainage density data layer.

T
720000



The 2010 flood extent was chosen for that purpose, because the measurements from
the gauging station on Didymoteicho’s bridge confirmed that during the date and time
that the ENVISAT/ASAR’s flood image was taken on 16/2/2010, Erythropotamos indeed
flooded. Additionally, ENVISAT/ASAR’s imagery has lower spatial resolution when
compared with SENTINEL-1 A/B imagery. Since the aforementioned gauging station
went out of order in 2012, the only way to collect information for the 2017 and 2018
flood events was to rely on statements from members of the Department of Civil
Protection of the region of Evros (C. Papapostolou, Department of Civil Protection of the
region of Evros, personal communication, 2018).

Having completed the hierarchy of factors, the pairwise comparison of the factors that
affect flood susceptibility was performed. The factors then formed pairs with each other
and arithmetic values ranging from 1 to 8 were assigned to them according to their
significance regarding the factor with which it formed the pair (Table 20) and in
agreement with table 19. Concerning the arithmetic values of table 20, a value of 8 shows
that a row factor is much more important than the corresponding column factor with
which it has been paired. On the contrary, a value of 1 indicates that both of the paired
factors are equally important. Moreover, table 21, which was used for the calculation of
the weights for each factor, was constructed by applying the arithmetic mean method to
the results of table 20.

To sum up, table 22 presents synoptically the factors, the classes of flood
susceptibility into which they were classified, the rating that was assigned for each class
and the weight that was calculated for each factor via the application of AHP
methodology (Kazakis et al. 2015).

In order to check the consistency of the eigenvector matrix of AHP, the consistency

ratio was calculated according to the following formula:

cr=2 (18
=27 (18)
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Table 20: Pairwise comparison of the factors that affect flood susceptibility.

= = g <5 o)
S 2 &2 |2 | B L. — T
T s 8g |2 | 3 = = =
> Q c?® |I8S 3 e S = 3
m S |§® |50 | O |S o
[75) —
&)
Elevation 1 2 3 4 5 6 7 8
Slope angle 1/2 1 2 3 4 5 6 7
Distance from 13 1/2 1 2 3 4 5 6
streams
Drainage s | w3 | w2 | 1 2 3 4 5
Density
Geology 1/5 1/4 1/3 1/2 1 2 3 4
Land Use / 1/6 1/5 s | 13 | 12 1 2 3
Cover
TWI 1/7 1/6 1/5 1/4 1/3 1/2 1 2
Rainfall 1/8 1/7 1/6 1/5 1/4 1/3 1/2 1
Total 2.718 4593 7.5 11.28 | 16.08 21.83 28.5 36

In mathematic formula (18), CR stands for consistency ratio, CI stands for
consistency index, and RI stands for random index. RI depends on the number of factors
that are used to perform AHP and in our case, for an 8 by 8 matrix, RI=1.41 (Table 23),

while RI can be calculated by the following equation:
Amax —n
Cl =———— (19
1 (19)

In equation (19), Amax IS the maximum eigenvalue of the comparison matrix and n is
the number of factors. In the current study, Amax = 8.41 and n = 8, therefore CR=0.042.
According to Saaty (1980), if CR is less than 0.1, then the weights’ consistency is

affirmed.
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Table 21: Calculation of the factor weights with the use of the arithmetic mean method.

c | @ |5 o N
) [=)) =@ D > P 1< =
g |s g5 |8 |2 |2 8§ |5 |¢£ 5
@ g |s£ g8 |8 |3 % = 'S =
o S €% |50 | O & o
%) 2
()]
. 0.327
Elevation 0.368 | 0435 | 0.403 | 0.355 | 0.311| 0275 | 0.246 | 0222 35”0,
0.227
Slope angle 0.184 | 0218 | 0.268 | 0.266 | 0.249 | 0220 | 0211 | 0.194 | (o0
Distance from | 153 | 0109 | 0.134 | 0177 | 0187 | 0183 | 0175 | 0.167 | , 0107
streams (15.7 %)
. . 0.108
Drainage Density | 0.092 | 0073 | 0.067 | 0.089 | 0.124 | 0137 | 014 | 039 | ;e
0.073
Geology 0.074 | 0054 | 0.045 | 0.044 | 0062 | 0092 | 0105 | 0111 | 5l
Land Use/Cover | 0.061 | 0.044 | 0.034 | 003 |0031| 0046 | 007 |0.083 (g'gj)
0.034
TWI 0.053 | 0.036 | 0027 | 0.022 | 0.021| 0023 | 0035 | 0.056 | (500
. 0.024
Rainfall 0.046 | 0031 | 0.022 | 0.018 | 0.016 | 0015 | 0018 [0.028 | 400
1
Total (100%)

Finally, the data layers for each factor were added together in accordance with the

following formula (20):

S =wiX; +wr Xy + wiXs +w X, +wsXs + weXg + wo X, + wgXg (20)

In formula (20), S is the value for each pixel of the final flood susceptibility map of
the study area. Variables W1, W», W3, W, W5, Ws, W7 and Wg are the weight values for

each factor and variables X, X5, X3, X4, X5, Xg, X7 and Xg are the rating values for each

pixel according to the factor to which it is referred.
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Table 22: Synoptic table presenting the factors, their flood susceptibility classes, the rating that
was assigned for each class and the weight for each factor that was assigned through

AHP methodology.

Factor Class Rating Weight

Elevation (m) > 600 1 0.327
150 - 600 2
0-150 3

Slope angle (°) > 15 1 0.227
2-5 2
0-2 3

Distance from streams (m) > 500 1 0.157
200 - 500 2
0-200 3

Drainage density (m/m?) 2.15-9.68 1 0.108
9.68-17.21 2
17.21-24.74 3

Geology Permeable formations 1 0.073
Semi - permeable formations 2
Impermeable formations 3

Land Cover Forests and wetlands 1 0.05
Agricultural areas and water bodies 2
Artificial surfaces 3

TWI -0.22 - 6.06 1 0.034
6.06 - 12.34 2
12.34 - 18.62 3

Rainfall (mm) 579.34 - 623.25 1 0.024
623.25 - 667.18 2
667.18 - 711.10 3
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Table 23: Random index (RI) used to calculate consistency ratios (CR) (Saaty 1980).
n 112} 3 4 5 6 7 8 9 10

RI 0/0]058 090|112 124|132 |141|1.45]|1.49

The resulting susceptibility map was validated by calculating, with the aid of
ArcGIS’s geoprocessing routines, the proportion of the inundated areas of the April 2017
and March 2018 flood events that intersected with its high susceptibility areas.

3.4.2 Determination of the hierarchy of factors with the aid of flood hazard mapping

In this occasion the importance of each factor was determined according to the
proportion of the inundated areas, predicted by flood hazard mapping, which intersected
with each factor’s high susceptibility class (Figures 48 — 71 and Table 24). To this end,
the following flood hazard mapping return period scenarios were employed: 1) 50 years
(total area of 44.27 km?), 2) 100 years (total area of 45.16 km?) and 3) 500 years (total
area of 46.46 km?). Additionally, the selection of the aforementioned flood hazard
mapping scenarios also aimed in examining whether there is a correlation between the

hierarchy of factors and the return period of a flood phenomenon.

Table 24: Proportion of the inundated area predicted by each scenario of flood hazard mapping
that intersects with each factor’s high susceptibility class.

Extent of inundated area [km? (%)]
Factor 50 year return 100 year return 500 year return
period period period
Land Use / Cover 0.5 (1.13%) 0.51 (1.13%) 0.54 (1.16%)
TWI 2.98 (6.73%) 3.01 (6.67%) 3.05 (6.56%)
Geology 15.12 (1.13%) 15.39 (1.13%) 15.38 (1.13%)
Distance from streams 31.29 (34.15%) 31.87 (34.08%) 32.75 (33.1%)
Rainfall 0.03 (0.07%) 0.03 (0.07%) 0.03 (0.06%)
Slope Angle 24.4 (55.12%) 24.77 (54.85%) 25.27 (54.39%)
Drainage Density 24.8 (56.02%) 25.26 (55.93%) 25.88 (55.7%)
Elevation 33.36 (75.36%) 34.05 (75.4%) 35.04 (75.42%)




This concept was based on the idea that since flood hazard mapping indicates areas
that are likely to become inundated, these areas are located where the most favourable
conditions for most factors coexist. Thus, the more a high susceptibility class of a factor
or indicator is encountered within the predicted areas of flood hazard mapping, the more

influential this factor or indicator is in terms of flood susceptibility.

640000 650000

A X7
: i 72

"i

1‘-;“/

4570000
I
T
4570000

: 7 D Flood extent (50 yrs)

7 —mﬁi Drainage basin

Elevation (m) Range (Rating) ||

o T
4560000

A |:] 150- 600(2)
" -0150(3
|

T T
700000 710000 720000

4550000

Figure 48: The data layer of the inundated areas that were predicted by flood hazard mapping
(50-year return period scenario) has been superimposed upon the flood susceptibility
classes of the elevation data layer.
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Figure 49: The data layer of the inundated areas that were predicted by flood hazard mapping
(100-year return period scenario) has been superimposed upon the flood susceptibility
classes of the elevation data layer.
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Figure 50: The data layer of the inundated areas that were predicted by flood hazard mapping
(500-year return period scenario) has been superimposed upon the flood susceptibility
classes of the elevation data layer.

107



AP
Wi ,g(/iav,

Datum: GGRS87
Pro]octlon T™M87

Figure 51: The data layer of the inundated areas that were predicted by flood hazard mapping
(50-year return period scenario) has been superimposed upon the flood susceptibility
classes of the slope angle data layer.

Figure 52: The data layer of the inundated areas that were predicted by flood hazard mapping
(100-year return period scenario) has been superimposed upon the flood susceptibility
classes of the slope angle data layer.
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Figure 53: The data layer of the inundated areas that were predicted by flood hazard mapping
(500-year return period scenario) has been superimposed upon the flood susceptibility
classes of the slope angle data layer.
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Figure 54: The data layer of the inundated areas that were predicted by flood hazard mapping
(50-year return period scenario) has been superimposed upon the flood susceptibility

classes of the drainage density data layer.
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Figure 55: The data layer of the inundated areas that were predicted by flood hazard mapping
(100-year return period scenario) has been superimposed upon the flood susceptibility

classes of the drainage density data layer.
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Figure 56: The data layer of the inundated areas that were predicted by flood hazard mapping
(500-year return period scenario) has been superimposed upon the flood susceptibility

classes of the drainage density data layer.
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Figure 57: The data layer of the inundated areas that were predicted by flood hazard mapping
(50-year return period scenario) has been superimposed upon the flood susceptibility
classes of the geology data layer.
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Figure 58: The data layer of the inundated areas that were predicted by flood hazard mapping
(100-year return period scenario) has been superimposed upon the flood susceptibility

classes of the geology data layer.
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Figure 59: The data layer of the inundated areas that were predicted by flood hazard mapping
(500-year return period scenario) has been superimposed upon the flood susceptibility
classes of the geology data layer.

640000 650000

UG I 227

i‘é
sl
2
y -." ':4/:

Flood extent (50 yrs)
= Drainage basin

| Distance from streams (m) - Range (Rating)

[ > 500 (1)

g
g
-

Ry
o)
RN
1| o
'
N
o
o
—
w
Z
T
4550000

T T T
690000 700000 710000 720000

Figure 60: The data layer of the inundated areas that were predicted by flood hazard mapping
(50-year return period scenario) has been superimposed upon the flood susceptibility

classes of the distance from streams data layer.
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Figure 61: The data layer of the inundated areas that were predicted by flood hazard mapping
(100-year return period scenario) has been superimposed upon the flood susceptibility
classes of the distance from streams data layer.
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Figure 62: The data layer of the inundated areas that were predicted by flood hazard mapping
(500-year return period scenario) has been superimposed upon the flood susceptibility

classes of the distance from streams data layer.
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Figure 63: The data layer of the inundated areas that were predicted by flood hazard mapping
(50-year return period scenario) has been superimposed upon the flood susceptibility

classes of the rainfall data layer.
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Figure 64: The data layer of the inundated areas that were predicted by flood hazard mapping
(100-year return period scenario) has been superimposed upon the flood susceptibility

classes of the rainfall data layer.
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Figure 65: The data layer of the inundated areas that were predicted by flood hazard mapping

(500-year return period scenario) has been superimposed upon the flood susceptibility

classes of the rainfall data layer.
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Figure 66: The data layer of the inundated areas that were predicted by flood hazard mapping

(50-year return period scenario) has been superimposed upon the flood susceptibility

classes of the land cover data layer.
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Figure 67: The data layer of the inundated areas that were predicted by flood hazard mapping
(100-year return period scenario) has been superimposed upon the flood susceptibility

classes of the land cover data layer.
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Figure 68: The data layer of the inundated areas that were predicted by flood hazard mapping
(500-year return period scenario) has been superimposed upon the flood susceptibility

classes of the land cover data layer.
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Figure 69: The data layer of the inundated areas that were predicted by flood hazard mapping
(50-year return period scenario) has been superimposed upon the flood susceptibility
classes of the TWI data layer.
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Figure 70: The data layer of the inundated areas that were predicted by flood hazard mapping
(100-year return period scenario) has been superimposed upon the flood susceptibility

classes of the TWI data layer.
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Figure 71: The data layer of the inundated areas that were predicted by flood hazard mapping
(500-year return period scenario) has been superimposed upon the flood susceptibility
classes of the TWI data layer.

With the completion of the hierarchy of factors, the pairwise comparison of the
factors that affect flood susceptibility was carried out. The factors were paired with each
other, in agreement with table 24, forming the pairwise comparison table 25 and then, by
applying the arithmetic mean method on its results, table 26 was produced.

Moreover, table 27 sums up the factors, the classes of flood susceptibility into which
they were classified, the rating that was assigned for each class and the weight that was
calculated for each factor via the application of AHP methodology (Kazakis et al. 2015).
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Table 25: Pairwise comparison of the factors that affect flood susceptibility.

5 @ -
<  »n @ s —
S =2 g2 |2 | % |z |8 5 |B
© o ® 2 © > = 3 c
> c Qo < % <5} [} £ © [ =
2 T ) Q <D % O ©
L Hn L (@] L O s Y
= n
&)
Elevation 1 2 3 4 5 6 7 8
Distance from 1/2 1 5 3 4 5 6 7
streams
Drainage Density | 1/3 1/2 1 2 3 4 5 6
Slope angle 1/4 1/3 1/2 1 2 3 4 5
Geology 1/5 1/4 1/3 1/2 1 2 3 4
TWI 1/6 1/5 1/4 1/3 1/2 1 2 3
Land Use / Cover | 1/7 1/6 1/5 1/4 1/3 1/2 1 2
Rainfall 1/8 1/7 1/6 1/5 1/4 1/3 1/2 1
Total 2.718 | 4.593 75 11.28 | 16.08 | 21.83 28.5 36

According to equations (18), (19) and table 23, because they still refer to an 8 by 8
matrix, consistency ratio (CR) maintains its calculated value of 0.042. Since this value is
less than 0.1, then the weights’ consistency is still considered as affirmed.

Finally, the resulting susceptibility map was compiled by adding each factor’s data
layer in accordance with formula (20). Furthermore, its validation was performed by
calculating, with the aid of ArcGIS’s geoprocessing routines, the proportion of the
inundated areas of the February 2010, April 2017 and March 2018 flood events that

intersected with its high susceptibility areas.
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Table 26: Calculation of the factor weights with the use of the arithmetic mean method.

c g © = 5
S =g |22 | 2 S | = S 3
2 s |82 | |8 |5 |B § | € 5
s |[§5 [8g | & e |F |3 3 3 >
m g% |60 | 8 O 3 o
2 7}
()]
. 0.327
Elevation 0.368 | 0.435 | 0.403 | 0.355 | 0311| 0275 | 0246 | 0222 | (g
Distance from | 4 104 | 9218 | 0.268 | 0.266 | 0249 | 0229 | 0211 | o194 | 9227
streams (22.7 %)
. . 0.157
Drainage Density | 0123 | 0.109 | 0134 | 077 | 0187 | 0183 | 075 | 067 | (1¢7ge
0.108
Slopeangle | 0.092 | 0073 | 0.067 | 0.089 | 0124 0.037 | 0.4 | 0139 | il
Geology 0.074 | 0.054 | 0.045 | 0.044 | 0.062 | 0.092 | 0105 | 0.111 (3'2702)
TWI 0.061 | 0.044 | 0.034 | 003 |0.031| 0046 | 007 | 0083 (%'22)
Land Use/Cover | 0.053 | 0.036 | 0.027 | 0.022 | 0.021 | 0.023 | 0035 | 0.056 (g'gcf’,z)
Rainfall 0.046 | 0.031 | 0.022 | 0.018 |0.016| 0.015 | 0018 | o028 | 9024
(2.4 %)
Total 1 (100%)
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Table 27: Synoptic table presenting the factors, their flood susceptibility classes, the rating that
was assigned for each class and the weight for each factor that was assigned through

AHP methodology.

Factor Class Rating Weight

Elevation (m) > 600 1 0.327
150 - 600 2
0-150 3

Distance from streams (m) > 500 1 0.227
200 - 500 2
0-200 3

Drainage density (m/m?) 2.15-9.68 1 0.157
9.68-17.21 2
17.21-24.74 3

Slope angle (°) > 15 1 0.108
2-5 2
0-2 3

Geology Permeable formations 1 0.073
Semi - permeable formations 2
Impermeable formations 3

TWI -0.22 - 6.06 1 0.05
6.06 - 12.34 2
12.34 - 18.62 3

Land Cover Forests and wetlands 1 0.034
Agricultural areas and water bodies 2
Artificial surfaces 3

Rainfall (mm) 579.34 - 623.25 1 0.024
623.25 - 667.18 2
667.18 - 711.10 3
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3.5 Comparison between the zone of potential high flood risk that is suggested
by the Ministry of Environment and Energy and the results of inundation,

flood hazard and susceptibility mapping

In 2014 the Ministry of Environment and Energy compiled preliminary flood hazard
and risk maps for the drainage basin of Evros River (Ministry of Environment and
Energy 2014) in accordance with the 2007/60/EC Directive. The part of the zone of
potential high flood risk that is included in these maps and intersected with the drainage basin of
Erythropotamos River was compared with the results of inundation, flood hazard and

susceptibility mapping, with the use of ArcGIS™ software, in order to examine whether there is

spatial correlation between the aforementioned data layers.

3.6 Comparison between inundation mapping and flood hazard mapping

The results of flood hazard mapping, concerning the 0,5-year and 50,6-year return
period scenarios, were tested for their accuracy against the results of inundation mapping
of the 2010 flood event that were produced by utilizing the methodology established by
Cian et al. (2018). To this end, the geometric data of the part of the drainage network that
were used for each scenario’ s hydraulic analysis lead to the examination of two cases: 1)
hydraulic analysis that involved solely the thalweg and 2) hydraulic analysis that
involved the river reaches of the 5™ order and higher. The selection of the return periods
was based on the gauges of Didymoteicho’s station, which indicated that the 0.5-year
return period scenario corresponded with the flood discharge value that was gauged by
Didymoteicho’s station during the time that the ENVISAT/ASAR image was taken on
16/2/2010. Likewise, the 50.6-year return period scenario was selected on the grounds of
corresponding to the return period of the maximum flood discharge that was gauged by
Didymoteicho’s station during the flood event, which was observed almost 24 hours
before the time that the ENVISAT/ASAR “crisis image” was taken.
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3.7 Comparison between flood susceptibility mapping and flood hazard
mapping

The flood extent areas that were produced, with the aid of HEC-RAS and ArcGIS’s
extension Hec-GeoRAS, for the 50-year (high probability), 100-year (high probability)
and 500-year (high probability) scenarios were compared with the areas of high flood
susceptibility. To this end, the geometric data of the part of the drainage network that
were used for each scenario’s hydraulic analysis involved the river reaches of the 5t
order and higher. This procedure was carried out in order to discern the spatial correlation

between the aforementioned data layers.

3.8 Comparison between inundation mapping and the combination of flood
susceptibility and hazard mapping

This procedure involved the union of the data layers of high flood susceptibility with
each of the predicted inundated areas of the 50-year (high probability), 100-year (high
probability) and 500-year (high probability) scenarios, with the use of ArcGIS’s
Geoprocessing tools. Moreover, the geometric data of the part of the drainage network
that were used for each scenario’s hydraulic analysis involved the river reaches of the 5"
order and higher. Each of the resulting unified data layers was then compared with the
data layer that unified all inundation mapping results (2010, 2017 and 2018 floods) that
were produced by applying the methodology by Cian et al. (2018). This test was
performed in order to discern whether the combination of flood susceptibility and hazard
mapping can be used to improve their individual predictions of inundated areas at

drainage basin scale.
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4. Results
4.1 Inundation mapping results

According to the results that were produced by flood extent mapping, the inundated
areas within Erytropotamos’ drainage basin, regarding the 2010 flood event, covered a
total of 15.75 km?, regarding the application of ESA’s (2008) suggested methodology
(Figures 72 and 73).
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Figure 72: RGB: (16/2/2010, 23/12/2008, 23/12/2008) false color multitemporal radar image. In
areas that are flooded, pixels appear bright cyan, while permanent water bodies appear in
dark tones.

On the other hand, the results of flood extent mapping for the 2010 flood event, that
were produced with the application of the Cian et al. (2018) methodology, indicate that
the inundated areas covered a total of 6.84 km? (Figures 74 and 75). Moreover, the
inundated areas of the flood events that occurred on April 2017 and March 2018 covered

a total extent o . m igures an an . m lgures an
| f 18.23 km? (Fi 76 and 77) and 20.60 km? (Fi 78 and 79)
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l"é'spé'cti'vely.. The prd_p_ortions of the inundated areas that were detected in open-land
flpd'ded areas and as shallow_'.water in short vegetation areas are presented in more detail
on Table 28.
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Figure 73: The 2010 inundated areas data layer that was produced via the application of ESA’s
(2008) suggested methodology.

The inundated areas between the 2017 and 2018 floods cover a common area of 18.06
km?, while the common area between all the inundated areas that were produced by Cian
et al. (2018) methodology covers an extent of 1.39 km?. Additionally, the total inundated
area that is covered by the combination of all flood events that were employed by Cian et
al. (2018) methodology is 25.16 km?.
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. Table 28 Flood extents of the inundated areas for February 2010, April 2017 and March 2018
Fivs ﬂood events s

] FI o d event — 'NDFI based | NDFVI based , Total inund%ted
inundated area (km?) | inundated area (km?) area (km?)
2010 February 6.49 0.35 6.84
2017 April 17.52 0.71 18.23
2018 March 19.28 1.32 20.60

670000

2010 Flood (NDFI based)

D Dralnage basin

Figure 74: The NDFI based inundated areas of the 2010 flood.
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Figure 75: The NDFVI based inundated areas of the 2010 flood.
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Figure 77: The NDFVI based inundated areas of the 2017 flood.
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Figure 79: The NDFVI based inundated areas of the 2018 flood.
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4.2 Flood hazard and risk mapping results

The flood hazard maps that were compiled for the return periods of: 1) 0.5 years, 2)
50 years, 3) 50.6 years, 4) 100 years and 5) 500 years depicted the spatial extent of the
inundated areas and the spatial distribution of water depth for each scenario. Thalweg’s
geometry was used only in the 0.5 and 50.6 years scenarios, since its main purpose was to
be compared with the 2010 flooded areas of inundation mapping. The inundated areas
predicted by the 0.5-year return period scenario reach a total of 32.03 km? with a
maximum water depth of 62.86m (Figures 80 and 81). Likewise, the 50-year, 100-year
and 500-year return period scenarios predicted 44.27km?, 45.16 km? and 46.46 km? of
inundated areas respectively, with corresponding maximum water depths of 65.9 m,
66.41 m and 67.18 m (Figures 82 - 87). Furthermore, the 50.6-year return period scenario
predicted inundated areas of 44.53 km? with a maximum water depth of 66.04 m (Figures
88 and 89). Finally, regarding the scenarios that involved solely the thalweg’s geometry,
the 5-year return period scenario predicted inundated areas of 23.05 km? with a maximum
water depth of 46.76 m (Figures 90 and 91), while the 20,000-year return period scenario
predicted inundated areas of 34.15 km? with a maximum water depth of 49.19 m (Figures

92 and 93). The results are presented synoptically in Table 29.

Table 29: Inundated areas extent and maximum water depths according to the scenarios that were
used to perform flood hazard mapping in the drainage basin of Erythropotamos.

Return Period Inundated area (km?) Maximum water depth (m)

0.5 year 32.03 62.86

0.5 year
(thaiweg) 23.05 46.76

50 year 44.27 65.9

100 year 45.16 66.41

500 year 46.46 67.18

50.6 year 44.53 66.04

50.6 year
(thalweg) 34.15 49.19
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Figure 81: Water depth flood hazard mapping for the 0.5-year return period scenario.
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Figure 83: Water depth flood hazard mapping for the 50-year return period scenario.
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Figure 85: Water depth flood hazard mapping for the 100-year return period scenario.
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Figure 87: Water depth flood hazard mapping for the 500-year return period scenario.
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Figure 89: Water depth flood hazard mapping for the 50.6-year return period scenario.
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Figure 90: Inundated areas extent flood hazard mapping for the 0.5-year return period scenario

involving only the thalweg of the drainage basin of Erythropotamos River.
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Figure 91: Water depth flood hazard mapping for the 0.5-year return period scenario involving

only the thalweg of the drainage basin of Erythropotamos River.
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Figure 92: Inundated areas extent flood hazard mapping for the 50.6-year return period scenario

involving only the thalweg of the drainage basin of Erythropotamos River.
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Figure 93: Water depth flood hazard mapping for the 50.6-year return period scenario involving

only the thalweg of the drainage basin of Erythropotamos River.
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Concerning the flood risk maps that were compiled according to the aforementioned
scenarios, the extents of the predicted inundated areas were superimposed over the data
layers of the protected areas of Filiouri Valley (GR1130011) and Oreinos Evros — Dereio
Valley (GR1110010) and the areas that are categorized as artificial surfaces according to
Corine Land Cover 2012 (Copernicus 2017) classification types (Figures 94 — 98).
Specifically, this Corine Land Cover 2012 category includes areas of discontinuous urban
fabric, industrial or commercial units, construction sites and sports or leisure facilities.

Furthermore, with the aid of ArcGIS Geoprocessing tools, it was calculated that for
the 0.5-year return period scenario the predicted inundated areas intersected with 4.29
km? of protected zones and 0.39 km? of artificial surfaces. Likewise, the 50-year, 100-
year and 500-year return period scenarios predicted an intersection of 5.81 km?, 6 km?
and 6.27 km? with the protected areas respectively, along with corresponding predicted
intersections of 0.49 km? 0.51 km? and 0.54 km? with artificial surfaces. Finally, the
50.6-year scenario predicted an intersected area of 5.83 km? with the protected zones and
an intersection of 0.5 km? with artificial surfaces. These results are summed up in Table
30.

Table 30: The areas of protected zones and artificial surfaces that are threatened by inundation
according to each scenario.

Return Period Protected areas (km?) Artificial surfaces (km?)
5 year 4.29 0.39
50 year 581 0.49
50.6 year 5.83 0.5
100 year 6.00 0.51
500 year 6.27 0.54
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Figure 94: Superimposition of the predicted inundated areas of the 0.5-year scenario over the
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Figure 95: Superimposition of the predicted inundated areas of the 50-year scenario over the
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Figure 96: Superimposition of the predicted inundated areas of the 50.6-year scenario over the
Natura 2000 zones and artificial surfaces.
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Figure 97: Superimposition of the predicted inundated areas of the 100-year scenario over the
Natura 2000 zones and artificial surfaces.
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Figure 98: Superimposition of the predicted inundated areas of the 500-year scenario over the
Natura 2000 zones and artificial surfaces.

4.3 Flood susceptibility mapping results

Regarding susceptibility mapping, the resulting maps were classified into three
categories, which contained areas of high, medium, and low susceptibility (Figures 99 -
103). Areas of high flood susceptibility were coloured red, while areas of moderate and
low flood susceptibility were coloured yellow and green respectively. Moreover, the
application of AHP methodology produced the criteria weight for each indicator.
According to these results, in the case where the hierarchy of factors was determined with
the aid of inundation mapping, elevation was considered as the most important indicator
with the weight value of 0.327, followed by the slope angle with the weight value of
0.227. Distance from stream and drainage density were respectively considered as the
third and fourth most important criteria, and their weight values are 0.157 and 0.108,

respectively. The weights of the remaining indicators were below 0.1, which indicated
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that they present less important than aforementioned four indicators. The criteria weight
value of geology, land use, TWI and rainfall are 0.073, 0.05, 0.034 and 0.024,
respectively (Table 22). Likewise, in in the case where the hierarchy of factors was
determined with the aid of flood hazard mapping, elevation was again the most important
indicator with the weight value of 0.327, this time followed by the distance from streams
with the weight value of 0.227. Drainage density and slope angle were respectively
considered as the third and fourth most important criteria with weight values of 0.157 and
0.108, respectively. The less important indicators were those of geology, TWI, land use
and rainfall, with criteria weight values of 0.073, 0.05, 0.034 and 0.024, respectively
(Table 27).

Regarding validation, in the case where the hierarchy of factors was determined with
the aid of inundation mapping, by superimposing the delineated areas of the April 2017
and March 2018 inundation mapping onto the resulting susceptibility map, with the aid of
ArcGIS, calculations indicated that the largest part of the aforementioned estimated flood
extents coincided with the areas of high and medium susceptibility of the resulting map
(Figures 99 and 100). Regarding the April 2017 flood, from the total of 18.23 km? of the
total inundated area in both open-land and in short vegetation, 10.6 km? (58.17%)
intersected with the high flood susceptibility class. Additionally, high and medium
susceptibility classes intersected with 17.54 km? (96.22 %) of the resulting flood extent.
Correspondingly, from the total of 20.60 km? of the March 2018 inundated area, 12.22
km? (59.33%) were included within the high flood susceptibility class, while high and
medium susceptibility classes intersected with 19.73 km? (95.8 %) of the resulting flood
extent (Table 31).

Similarly, in the case where the hierarchy of factors was determined with the aid of
flood hazard mapping, by superimposing the delineated areas of the February 2010, April
2017 and March 2018 inundation mapping onto the resulting susceptibility map, with the
aid of ArcGIS, calculations indicated that the largest part of the aforementioned estimated
flood extents coincided with the areas of high and medium susceptibility of the resulting
map (Figures 101 - 103). Regarding the February 2010 flood, from the total of 6.84 km?

of the total inundated area in both open-land and in short vegetation, 4.2 km? (61.4%)
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intersected with the high flood susceptibility class. Additionally, high and medium

susceptibility classes intersected with 6.74 km? (98.54 %) of the resulting flood extent.
Correspondingly, from the total of 18.23 km? of the April 2017 inundated area, 10.04 km?
(55.05%) were included within the high flood susceptibility class, while high and

medium susceptibility classes intersected with 17.25 km? (94.62 %) of the resulting flood
extent. Finally, from the total of 20.60 km? of the March 2018 inundated area, 11.29 km?
(54.83%) were included within the high flood susceptibility class, while high and

medium susceptibility classes intersected with 19.49 km? (94.61 %) of the resulting flood

extent (Table 32).

N & dﬁ’z;;' g -
7] Datum: GGRS87 ov; L

"3 s Projection: TM87 Z

I 2017 Flood (NDFI+NDFVI based)

| D Drainage basin

Flood Susceptibility

T
4560000

T
4550000

T
700000

T
710000

T
720000

Figure 99: Superimposion of the April 2017 inundated areas (both NDFI and NDFV1 based) over

the flood susceptibility map.
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Table 31: Area extent and percentage of the part of the March 2018 and April 2017 inundated

areas, which intersect with high to medium classes of the susceptibility map.

Flood susceptibility classes | Inundated area (km?) | Percentage (%)

2018 March flood

High 12.22 59.33
High and medium 19.73 95.8
2017 April flood

High 10.6 58.17
High and medium 17.54 96.22
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Figure 100: Superimposion of the April 2018 inundated areas (both NDFI and NDFVI based)

over the flood susceptibility map.
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Table 32: Area extent and percentage of the part of the March 2018, April 2017 and February
2010 inundated areas, which intersect with high to medium classes of the susceptibility

map.
Flood susceptibility classes | Inundated area (km?) | Percentage (%)

2018 March flood

High 11.29 54.83
High and medium 19.49 94.61
2017 April flood

High 10.4 55.05
High and medium 17.25 94.62

2010 February flood

High 4.2 61.4

High and medium 6.74 98.54
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Figure 101: Superimposion of the February 2010 inundated areas (both NDFI and NDFVI based)
over the flood susceptibility map.
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102: Superimposion of the April 2017 inundated areas (both NDFI and NDFVI based)

over the flood susceptibility map.
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103: Superimposion of the April 2018 inundated areas (both NDFI and NDFVI based)

over the flood susceptibility map.
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4.4 Results of the comparison between the zone of potential high flood risk
that is suggested by the Ministry of Environment and Energy and the results
of inundation, flood hazard and susceptibility mapping

The zone of potential high flood risk that is included in the flood hazard and risk maps for
the drainage basin of Evros River (Ministry of Environment and Energy 2014) covers an
extent of 18.38 km?, within the drainage basin of Erythropotamos. The comparison between
this zone and the results of inundation mapping regarding the February 2010 flood event
indicated that the common area between these data layers covered an extent of 5.26 km?.
Likewise, the intersected areas between the zone of potential high flood risk and the
inundated areas of the April 2017and March 2018 floods covered an extent of 2.08 km? and 3.54
km? respectively (Figures 104-106 and Table 33).

Regarding the spatial correlation between the zone of potential high flood risk and the
results of flood hazard mapping of the present dissertation thesis, the common area between the
aforementioned zone and the predicted inundated areas of the 0.5 and 50.6 return period
scenarios, concerning solely the thalweg geometry, covered an extent of 2.85 km? and 4.94 km?
respectively. Likewise, the intersection between the zone of potential high flood risk and the
results of flood hazard mapping, which involved the river reaches of 5™ order and higher,
for the of 0.5, 50, 50.6, 100 and 500 years return period scenarios produced areas of 3.27,
3.44, 3.56, 3.56, 3.58 and 3.6 km? respectively (Figures 107-113 and Table 33).

Finally, the comparison between the zone of potential high flood risk and the resulting
high flood susceptibility classes produced common areas of 16.12 km? and 13.2 km?. The
former value refers to the high flood susceptibility class of the resulting map that was
compiled by determining the hierarchy of factors with the aid of inundation mapping,
while the latter value corresponds to the high flood susceptibility class of the resulting
map that was compiled by determining the hierarchy of factors with the aid of flood
hazard mapping (Figures 114 and 115 and Table 33).
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Figure 104: Comparison between the zone of potential high flood risk and the inundated areas of

the February 2010 flood event.
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Figure 105: Comparison between the zone of potential high flood risk and the inundated areas of

the April 2017 flood event.
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Figure 106: Comparison between the zone of potential high flood risk and the inundated areas of

the March 2018 flood event.
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Figure 107: Comparison between the zone of potential high flood risk and the predicted
inundated areas of the 0.5-year return period scenario which involved the thalweg

geometry.
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Figure 108: Comparison between the zone of potential high flood risk and the predicted
inundated areas of the 50.6-year return period scenario which involved the thalweg
geometry.
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Figure 109: Comparison between the zone of potential high flood risk and the predicted
inundated areas of the 0.5-year return period scenario which involved the river reaches of
5th order and higher
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Figure 110: Comparison between the zone of potential high flood risk and the predicted
inundated areas of the 50-year return period scenario which involved the river reaches of
5th order and higher
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Figure 111: Comparison between the zone of potential high flood risk and the predicted
inundated areas of the 50.6-year return period scenario which involved the river reaches
of 5th order and higher
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Figure 112: Comparison between the zone of potential high flood risk and the
inundated areas of the 100-year return period scenario which involved the river reaches

of 5th order and higher
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Figure 113: Comparison between the zone of potential high flood risk and the
inundated areas of the 500-year return period scenario which involved the river reaches

of 5th order and higher

predicted

152



T
4570000

|:] Zone of potential high flood risk

v D Drainage basin

" Flood Susceptibility

T
4560000

4550000

T T T
700000 710000 720000

Figure 114: Superimposition of the zone of potential high flood risk upon the susceptibility map
that was compiled by determining the hierarchy of factors with the aid of inundation

mapping.
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Figure 115: Superimposition of the zone of potential high flood risk upon the susceptibility map
that was compiled by determining the hierarchy of factors with the aid of flood hazard
mapping.
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Table 33: Synoptic table indicating the extents of the intersected areas between the zone of
potential high flood risk and the various results of flood hazard assessment.

Data layer Common area (km?) | Percentage (%)
2010 February flood 5.26 28.62
2017 April flood 2.08 11.32
2018 March flood 3.54 19.26
O.5-year_f|ood hazard 285 1551
scenario (thalweg)
0.5-year rooq hazard 397 17.79
scenario
50-year flood_ hazard 356 19.37
scenario
50.6—year flood hazard 494 26.88
scenario (thalweg)
50.6-year floo_d hazard 356 19.37
scenario
50-year flood_ hazard 356 19.37
scenario
100-year flooc_i hazard 358 19.48
scenario
500-year flooq hazard 36 19.59
scenario
Sysceptlb_lllty mapping 16.12 877
(inundation mapping)
Susceptibility mapping
(flood hazard mapping) 13.20 7182

4.5 Results of the comparison between inundation mapping and flood hazard
mapping

Regarding the portion of the area of the predicted flood extent for the 0.5-year return
period scenario, which involved only the thalweg, that intersected with the inundated
areas of the 2010 flood event that were detected with the use of the methodology
developed by Cian et al. (2018), it covered an extent of 0.95 km? In the same manner,
1.15 km? of the area of the 50.6-year return period scenario that involved only the
thalweg, coincided with the inundated areas of the 2010 flood.

Likewise, 1.05 km? and 1.21 km? of the areas of the 0.5-year and 50.6-year return

period scenarios respectively, which concerned only the river reaches of the 5™ order and

154



higher, intersected with the inundated areas of the 2010 flood. These results are presented

synoptically on Table 34.

Table 34: Area extents and percentage of the intersections between the inundated areas of the
2010 flood and the predicted flood extents of the 5-year and 20,000-year return period
flood hazard mapping scenarios.

Flood Hazard Scenario | Inundated area intersection (km?) | Percentage (%)
0.5-year (thalweg) 0.95 13.89
50.6-year (thalweg) 1.15 16.81
0.5-year 1.05 15.35
50.6-year 121 17.69

4.6 Results of the comparison between flood susceptibility mapping and
flood hazard mapping

The portion of the high flood susceptibility class of the resulting map, which was
compiled by determining the hierarchy of factors with the aid of inundation mapping that
coincided with the areas of predicted flood extent for the 50-year scenario regarding the
river reaches of 5th order and higher, reached a total of 29.39 km?. Correspondingly, the
rest of the intersected areas that involved the predicted flood extents of the 100-year and
500-year scenarios were 29.88 km? and 30.55 km? respectively (Table 35).

In a similar manner, the intersection of the high flood susceptibility class of the
resulting map, which was compiled by determining the hierarchy of factors with the aid
of flood hazard mapping, with the areas of predicted flood extent for the 50-year scenario
regarding the river reaches of 5th order and higher, reached a total of 32.06 kmZ.
Accordingly, the rest of the intersected areas that involved the predicted flood extents of
the 100-year and 500-year scenarios were 32.66 km? and 33.49 km? respectively (Table
36).
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Table 35: Area extents and percentage of the intersections between the high flood susceptibility
class of the resulting map, which was compiled by determining the hierarchy of factors
with the aid of inundation mapping, and the predicted flood extents of the 50-year, 100-
year and 500-year return period flood hazard mapping scenarios.

Flood Hazard Predicted flood extent Intersected area Percentage
Scenario (km?) (km?) (%)
50-year 44.27 29.39 77.53
100-year 45.16 29.88 76.36
500-year 46.46 30.55 73.97

Table 36: Area extents and percentage of the intersections between the high flood susceptibility
class of the resulting map, which was compiled by determining the hierarchy of factors
with the aid of flood hazard mapping, and the predicted flood extents of the 50-year, 100-
year and 500-year return period flood hazard mapping scenarios.

Flood Hazard Predicted flood extent Intersected area Percentage
Scenario (km?) (km?) (%)
50-year 44.27 32.06 84.57
100-year 45.16 32.66 83.47
500-year 46.46 33.49 81.09

4.7 Results from the comparison between inundation mapping and the

combination of flood susceptibility and hazard mapping

The common area between the unified inundation mapping results (25.16 km?) of the
2010, 2017 and 2018 floods and the union of the data layers of high flood susceptibility,
in the case of the corresponding map that was compiled by determining the hierarchy of
factors with the aid of inundation mapping, with the predicted inundated areas of the 50-
year (high probability) return period scenario covered an extent of 13.28 km?. Likewise,
the areas of the unified inundation mapping results that were intersected by the union of
high flood susceptibility’s data layer with the predicted flooded areas of the 100-year
(high probability) and 500-year (high probability) scenarios reached a total of 13.29 km?
and 13.30 km? respectively (Table 37).

Likewise, the intersected area between the unified inundation mapping results and the
union of the data layers of high flood susceptibility, in the case of the corresponding map
that was compiled by determining the hierarchy of factors with the aid of flood hazrd

mapping, with the predicted inundated areas of the 50-year (high probability) return
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period scenario covered an extent of 12.5 km? Likewise, the areas of the unified
inundation mapping results that were intersected by the union of high flood
susceptibility’s data layer with the predicted flooded areas of the 100-year (high
probability) and 500-year (high probability) scenarios reached a total of 12.51 km? and
12.52 km? respectively (Table 38).

Table 37: Area extents and percentage of the intersections between the unified inundation
mapping results (2010, 2017 and 2018 floods) and the union of the data layers of high
flood susceptibility of the resulting map, which was compiled by determining the
hierarchy of factors with the aid of inundation mapping, with the predicted inundated
areas of the 50-year, 100-year and 500-year return period flood hazard mapping
scenarios.

Data Layers Intersected area (km?) | Percentage (%)

50-year flood haga_lrd + high 13.98 5278
flood susceptibility areas

100-year flood hazard +

high flood susceptibility 13.29 52.82
areas

500-year flood hazard +

high flood susceptibility 13.30 52.86
areas

Table 38: Area extents and percentage of the intersections between the unified inundation
mapping results (2010, 2017 and 2018 floods) and the union of the data layers of high
flood susceptibility of the resulting map, which was compiled by determining the
hierarchy of factors with the aid of flood hazard mapping, with the predicted inundated
areas of the 50-year, 100-year and 500-year return period flood hazard mapping
scenarios.

Data Layers Intersected area (km? | Percentage (%)

50-year flood haga_lrd + high 12 50 49 68
flood susceptibility areas
100-year flood hazard +

high flood susceptibility 1251 49.72
areas

500-year flood hazard +

high flood susceptibility 12.52 49.76
areas
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5. Discussion

5.1 Discussion on the results of inundation mapping

Concerning the inundated areas of the 2010 flood (Figures 74 and 75) that were
detected via the methodology developed by Cian et al. (2018), it can be observed that
their major part is concentrated near the basin mouth of the catchment. On the other hand,
the inundated areas of the 2010 flood that were detected by using ESA’s (2008)
methodology (Figures 72 and 73), appeared to be scattered all over the drainage basin
and mostly concentrated on the E and NE parts of the drainage basin. Additionally, there
is noticeable difference between the flood extents that were produced by the two
methodologies, with ESA’s (2008) methodology providing 15.75 km? of inundated areas
in comparison with the 6.84 km? of inundated areas that were detected with the aid of the
methodology by Cian et al. (2018). In ESA (2008) methodology the threshold that is
applied on the change detection image is based on amplitude DN values, making it
difficult to be applied on other radar sensors. It is also empirical and is supposed to detect
inundation in open land only, which may explain why some inundated areas, might have
been misclassified.

Regarding the results that were produced by the application of the methodology
developed by Cian et al. (2018), it appeared that the inundated areas of the 2017 and 2018
floods are strongly correlated, since an area of 18.06 km? is common between them. On
the contrary, the common inundated area between the results of the ENVISAT/ASAR
and SENTINEL-1 A/B imagery is only 1.39 km?. Furthermore, by comparing the flood
extents of the flood events, it appeared that the inundated areas of 2010 are considerably
smaller than the inundated areas of 2018 and 2017. The 2010 flood covered an extent of
6.84 km?, in comparison with the inundated areas of the 2017 and 2018 flood events,
which covered areas of 18.23 km? and 20.60 km? respectively. In the first place, the
aforementioned observations on spatial correlation and size difference, between the
inundated areas that were delineated by ENVISAT/ASAR and SENTINEL-1 A/B
imagery, might indicate that the 2010 flood had probably a lower return period than the
other two flood events. However, according to the river gauges provided by the station on

Didymoteicho’s bridge, it has to be taken under consideration that the date on which the
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ENVISAT/ASAR image was taken (16/2/2010) was after the peak discharge of the flood
event, which took place on the 15/2/2010. Since the station went out of order in 2012,
and there are no such measurements available for the floods that occurred in April 2017
and March 2018, there might be a possibility that the inundated areas of these events
appear to cover a comparatively larger extent either because their respective flood events
had a higher return period or because there is a possibility that the SENTINEL-1 A/B
flood images were most likely taken near the peak discharge of their respective flood
events. Also, another factor that may partly contribute to the size difference between the
aforementioned inundated areas might be attributed to the difference of spatial
resolutions between ENVISAT/ASAR and SENTINEL-1 A/B imagery. Since
SENTINEL-1 A/B imagery has greater spatial resolution than ENVISAT/ASAR imagery
then it is possible that the former has the capability to detect small inundated areas that
cannot be scanned by the sensor of the latter.

Finally, regarding the uncertainties that exist in flood inundation mapping with the
use of Remote Sensing and especially SAR, it has to be mentioned that such techniques
and methodologies suffer mostly from speckle and from under or over-detection of flood
extents especially in urban and vegetated areas. Currently there is no methodology that
can entirely overcome these difficulties. However, flood inundation mapping is still
considered appropriate for validation in cases of flood susceptibility and flood hazard
mapping. Moreover, flood hazard mapping in combination with SAR inundation mapping
appear to produce some promising results. (Giustarini et al. 2013, Giustarini et al. 2015a,
Giustarini et al. 2015b, Schumann and Moller 2015, Refice et al. 2018)

5.2 Discussion on the results of flood hazard and risk mapping

First of all, the resulting values of rainfall intensity that were derived from equation
(12) were much higher in comparison with the corresponding values that were produced
by equation (13). Concerning the results that were derived from the application of
formula (13), the lowest values were observed in the case of Mikro Dereio, while, on the
other hand, the highest values of rainfall intensity were observed in the case of Mega
Dereio (Tablel6).
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Moreover, by examining the results of flood hazard mapping, it can be observed that
the main portion of the predicted flood extents, for all the scenarios that referred both to
the thalweg and the river reaches of the 5™ stream order and higher, is mostly
concentrated on the eastern half of the main watercourse and towards the basin mouth
(Figures 80, 82, 84, 86, 88, 90 and 92). Regarding the spatial distribution of water depth,
high values appear on the W and NW parts of the drainage basin in the case of the
scenarios that utilized the river reaches of 5™ order and higher (Figures 81, 83, 85, 87 and
89), while the scenarios that employed only the thalweg indicated high values of water
depth on the SW part of the catchment (Figures 91 and 93). Moreover, the predicted
flood extent areas of the scenarios that involved the river reaches of 5" order and higher
occupy areas that are approximately 10 km? larger than the corresponding predicted flood
extent areas of the scenarios that involved solely the thalweg (Table 29). In the case of
maximum water depth values, the scenarios that involved the river reaches of 5 order
and higher presented maximum values that were approximately 16-17m higher than those
that were observed by the corresponding scenarios that involved only the thalweg (Table
29). Finally, concerning the scenarios that employed the river reaches of 5" order and
higher, it can be observed, that both the extents of the predicted flooded areas and the
maximum values of water depth increase proportionately with the return period (Table
29). However, the rate, with which the predicted flooded areas and the maximum values
of water depth increased their values for each higher return period scenario, kept
decreasing (Table 29).

Regarding the flood hazard mapping results, it can be observed that the areas that are
mostly affected by floods are the protected areas of Filiouri Valley (GR1130011) and
Oreinos Evros — Dereio Valley (GR1110010), rather than the areas that are categorized as
artificial surfaces according to Corine Land Cover 2012 (Copernicus 2017) classification
types (Table 30). Specifically, the protected area of Oreinos Evros — Dereio Valley
(GR1110010) appeared to be more affected by floods than the protected area of Filiouri
Valley (GR1130011) (Figures 94-98).
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5.3 Discussion on the results of flood susceptibility mapping

The present dissertation thesis tried to overcome the subjectivity of AHP by
introducing the determination of the importance of the factors with the aid of either
inundation mapping or flood hazard mapping. In both cases, according to the resulting
criteria weights for each indicator (Tables 22 & 27), the most important factor regarding
flood susceptibility in Erythropotamos’ drainage basin was elevation, while rainfall, was
the least important. Furthermore, topographical factors seemed to dominate over
hydrological and meteorological factors, since in each case they were included in the top
four most important factors of the resulting hierararchy. Regarding the spatial distribution
of the areas of high flood susceptibility (Figures 99 — 103), in both cases, they are located
on the eastern part of the study area. Specifically in the first half of the main stream and
appear increased toward the basin mouth.

Concerning validation, in the case where the hierarchy of factors was determined with
the use of the results of inundation mapping, the scores that were achieved by the
validation of the susceptibility map were quite high. In particular, approximately 60% of
the inundated areas from the April 2017 and March 2018 floods intersected with the high
susceptibility zones of the map. The percentage rose to approximately 96% in the case
that the aforementioned inundated areas intersect with the map’s high to moderate
susceptibility zones. Likewise, in the case where the hierarchy of factors was determined
with via of the results of flood hazard mapping, the scores that were also satisfactory.
Specifically, approximately 55% of the inundated areas from the April 2017 and March
2018 floods intersected with the high susceptibility zones of the map. The percentage
rose to approximately 95% in the case that the aforementioned inundated areas intersect
with the map’s high to moderate susceptibility zones. Additionally, approximately 61%
of the inundated areas from the February 2010 floods intersected with the high
susceptibility zones of the map and that percentage rose to approximately 98% in the case
where the aforementioned inundated areas intersect with the map’s high to moderate

susceptibility zones.
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5.4 Discussion on the results of the comparison between the zone of potential
high flood risk that is suggested by the Ministry of Environment and Energy
and the results of inundation, flood hazard and susceptibility mapping

Initially, it worths mentioning that the zone of potential high flood risk that is
suggested by Ministry of Environment and Energy is located on the easternmost part of
the drainage basin of Erythropotamos River and towards the river mouth. It also occupies
solely the Greek part of the studied catchment and does not cover any areas that are
located on the Bulgarian part of the watershed.

Regarding the areas that were classified as inundated by the results of inundation
mapping through the application of the methodology that has been introduced by Cian et
al. (2018), they appeared, for the most of their part, to be poorly spatially correlated with
the aforementioned zone (Table 33). Similarly, the common areas between the zone of
potential high flood risk and the results of each scenario of flood hazard mapping that
involved the river reaches of 5™ order or higher were also very small in size (Table 33).
On the contrary, there appeared to be high spatial correlation between the results of
susceptibility mapping and the zone of potential high flood risk. Especially in the case of
the resulting susceptibility map that was compiled with the aid of inundation mapping,
approximately 88% of the extent of the zone of potential high flood risk coincided with

the high flood susceptibility area or the corresponding map (Table 33).

5.5 Discussion on the results that were produced by the comparison between
inundation mapping and flood hazard mapping

The results of the comparison between inundation mapping and flood hazard mapping
indicated that the areas that were produced by the two flood hazard assessment
procedures were poorly spatially correlated, since none of the cases that were examined
presented results above 18% (Table 34). The common areas in each examined case
appeared to be mainly concentrated on the eastern half of the main watercourse and near

the basin mouth.
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5.6 Discussion on the results that were produced by the comparison between
flood susceptibility mapping and flood hazard mapping

The results of the comparison between susceptibility mapping and flood hazard
mapping indicated that the areas that were produced by the two flood hazard assessment
procedures were strongly spatially correlated, since all of the cases that were examined
presented results that exceeded 76% (Tables 35 & 36). Once again, the common areas in
each examined case appeared to be mainly concentrated on the eastern half of the main
watercourse and near the basin mouth. Moreover, it was observed that the highest results
were produced by the correlation between the high flood susceptibility areas and the
predicted flooded areas of the 50-year return period scenario. Finally, it can be noted that
the spatial correlation was highest in the case of the high flood susceptibility areas of the
map that was compiled with the aid of flood hazard mapping rather than with the map

that was compiled with the use of inundation mapping.

5.7 Discussion on the results that were produced by the comparison between
inundation mapping and the combination of flood susceptibility and hazard
mapping

The results of the comparison between inundation mapping and the unified
susceptibility mapping and flood hazard mapping results indicated that the areas that
were produced by these flood hazard assessment procedures were moderately spatially
correlated, since all of the cases that were examined did not managed to exceed 53%
(Tables 37 & 38). The common areas in each examined case appeared to be mainly
concentrated on the eastern and northeastern half of the main watercourse, as well as near

the basin mouth.
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6. Conclusions

This dissertation thesis contributes to the fields of Hydrology and Physical &
Environmental Geography by initially assessing flood hazard in the drainage basin of
Erythropotamos River, for which, although it is the recipient of frequent flood
occurrences, so far no flood hazard assessment studies have been carried out. Even
though the Ministry of Environment and Energy has conducted Flood Hazard
Management Plans for the drainage basin of Evros River (Ministry of Environment and
Energy 2014), it did not include the part of the catchment of Erythropotamos River that
lies outside of the Greek borderline. Furthermore, this work applies various
methodologies of flood hazard assessment to the watershed of Erythropotamos River and
also compares and combines their results. This approach does not follow the current trend
of the vast majority of the literature that covers flood hazard assessment, which tends to
focus on developing or improving a single methodology of flood hazard assessment.
Finally, regarding flood susceptibility mapping, this research introduces a concept that
helps in dealing with the subjectivity that involves the determination of the importance of
factors with the use of AHP. Specifically, the aforementioned hierarchy is determined
according to the proportion of either the inundated area that is delineated by radar
imagery or the inundated area that is predicted by hydraulic modelling that intersects with
the factor’s high susceptibility zone.

Therefore, having examined how Remote Sensing and GIS techniques contribute to
flood hazard assessment in the drainage basin of Erythropotamos River, a number of
conclusions could be drawn from the methodologies that were employed and the results
that they produced.

6.1 Features of the study area

The drainage basin of Erythropotamos River covers an area of 1,618.5 km? and its
elevation values range from 16m to 1,285m, while mean elevation is 328.22m. The
greatest proportion of the study area is hilly (150m — 600m) and strongly inclined (5° —
15°). Furthermore, the geologic formations that dominate Erythropotamos’ watershed are

metamorphic and the prevalent land cover type is “forests and semi-natural areas”.
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Regarding the drainage network of the study area, it is of the dendritic type and the
highest order of its reaches is the 7" order. Additionally, the catchment’s drainage density
is low, while the drainage basin belongs to the “old age” stage of the Erosion Cycle.
Concerning the climate characteristics that are encountered within the drainage basin, the
climate type is characterized as Sub-Mediterranean, sub-humid with severe winter, with
the dry season lasting from mid-April until mid-August. Finally, within the watershed of
Erythropotamos River lie parts of Filiouri Valley (GR1130011) and Oreinos Evros —
Dereio Valley (GR1110010), which are Special Protection Areas (SPA) that belong to the
Natura 2000 network.

6.2 Flood inundation mapping

Regarding flood inundation mapping with the aid of SAR imagery, the methodology
suggested by ESA (2008) did not produce satisfactory results and proved to be difficult to
apply to sensors other than ENVISAT/ASAR. On the other hand, the methodology
developed by Cian et al. (2018) proved to be very reliable and versatile, because it can be
applied successfully on both ENVISAT/ASAR and SENTINEL-1 A/B imagery.
Although this procedure suffers from uncertainties such as the over and under-detection
of floods in urban areas, which present varying degrees of difficulties, until today, in all
SAR-based inundation mapping methodologies, this was not a major hurdle for applying
it to the study area, because artificial surfaces covered only 1.1% of Eythropotamos’
watershed.

Concerning the methodology developed by Cian et al. (2018), except from the
observed size difference between the delineated ENVISAT/ASAR and SENTINEL-1
A/B inundated areas, there appeared to be strong spatial correlation between the
inundated areas that were captured by SENTINEL-1 A/B imagery. On the other hand,
there appeared to be weak spatial correlation between the delineated inundated areas
between SENTINEL-1 A/B and ENVISAT/ASAR imagery. All of the aforementioned
observations can be potentially attributed either to the different return periods of the flood
phenomena that were captured by SAR imagery or the time during which the imagery

was taken in relation with the peak of the flood. However, the difference in spatial
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resolution between SENTINEL-1 A/B and ENVISAT/ASAR imagery might also partly
explain the spatial differences that appear in their respective resulting inundated areas,
since high spatial resolution can reveal inundated areas that cannot be captured by low
spatial resolution imagery.

6.3 Flood hazard and risk mapping

The flood hazard mapping and subsequently the flood risk mapping procedures had to
be applied to the whole of the drainage basin, which raised the question of which part of
the drainage network would be involved in this task since involving the entire drainage
network would increase the input of data volume to such a degree that it would be
extremely difficult for HEC-RAS and HEC-GeoRAS to handle the calculations. For this
reason, except from carrying out the flood hazard mapping procedure with the use of only
the thalweg, this dissertation thesis suggested the use of bifurcation values in order to
determine by geomorphological criteria which part of the drainage network is more prone
to flooding (Das 2016). Although this methodology produced some promising results, it
needs to be tested more thoroughly in order to become established.

Regarding the calculation of rainfall intensity, through which flood discharge, which
is the input of steady flow hydraulic analysis that is performed by HEC-RAS, the
universal equation (12) (Giandotti 1934 and Soulios 1996) produced higher values in
comparison with equation (13) (Koutsogiannis et al. 2010, Ministry of Environment and
Energy 2016). Additionally, the resulting predicted inundated areas covered a greater
area and presented higher water depth values in the case where the geometry of the river
reaches of 5™ order and higher were employed.

Finally, flood risk mapping indicated that the protected areas of Filiouri Valley
(GR1130011) and Oreinos Evros — Dereio Valley (GR1110010) are threatened even by
floods of high probability, with the former having to deal with the brunt of the threat
rather than the latter.
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6.4 Flood susceptibility mapping

Concerning the AHP, this research introduced the idea to use either inundation or
flood hazard mapping in order to amend for its subjectivity when determining the
importance between flood susceptibility factors. The larger the part of the inundated area
delineated by radar imagery or predicted by hydraulic modelling that intersects with the
factor’s high susceptibility zone, the more important the factor is over the others.

Furthermore, the resulting susceptibility maps appeared to be in consistency with the,
April 2017, March 2018 and, in the case where the hierarchy of factors was determined
by the results of flood hazard mapping, February 2010 flood extents. The aforementioned
inundated areas, which, according to each case, were not involved in the determination of
the importance of the flood susceptibility factors, so that no bias could be assumed,
coincided mostly with the high flood susceptibility class of the resulting maps.

According to the results of AHP, elevation was found in both cases to be the most
dominant flood susceptibility factor in the catchment of Erythropotamos. This can be
further ascertained by considering more future flood events in the same area and by
taking advantage of the current and prospective availability of SENTINEL-1 imagery
data. Furthermore, in the case where the hierarchy of factors was determined with the aid
of flood hazard mapping, the aforementioned hierarchy did not appear to be affected by
the various return period scenarios that were tested.

It also remains to be seen if the application of the presented methodologies on other
drainage basins shall indicate each time another factor as more prevalent in flood
susceptibility, thus maintaining the argument that the conditions that affect flood
susceptibility are unique for each catchment.

6.5 The zone of potential high flood risk that is suggested by the Ministry of
Environment and Energy

First of all, it is important to mention that the zone of potential high flood risk that is
suggested by Ministry of Environment and Energy does not involve areas that are located
on the Bulgarian part of Erythropotamos’ catchment. This zone presented poor spatial
correlation with either the areas that were delineated by inundation mapping or the
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predicted flooded extents of the various return period scenarios that were employed by
flood hazard mapping. On the contrary, high spatial correlation was observed between the
aforementioned zone and the results of susceptibility mapping. Especially in the case of
the resulting susceptibility map that was compiled with the aid of inundation mapping.

6.6 Combinations between the results of flood hazard assessment
methodologies

Regarding the various combinations that were tested between the results of each flood
hazard assessment procedure that was carried out in this dissertation, it was observed that
the various scenarios of flood hazard mapping, regardless of the part of the drainage
network that was involved into the analysis, did not produce flood extents that were
strongly correlated with the inundated areas produced by SAR imagery. Furthermore, the
areas of high flood susceptibility, regardless of what methodology was followed to
determine the hierarchy of factors, appeared to be strongly correlated with the predicted
flood extents of the of the various flood hazard mapping probability scenarios, especially
when these employed the river reaches of the 5™ stream order or higher. Additionally, the
unified flood extent areas of high flood susceptibility mapping with each of the predicted
flood extent areas that were produced by the various scenarios of flood hazard mapping
appeared in general moderately correlated with the unified inundation mapping results.

6.7 Overall conclusions

Having examined how the flood hazard assessment procedures of inundation
mapping, flood hazard and susceptibility mapping operate within a drainage basin, it has
been observed that each methodology, when used individually, produces satisfactory
results but struggles to overcome its limitations. Inundation mapping with the use of SAR
imagery suffers from under or over-detection of flood extents in urban and vegetated
areas, whereas flood susceptibility mapping strives to overcome subjectivity in the
determination of the hierarchy of the weighted factors and flood hazard mapping depends

heavily on the precision of the DTM and the geometry that will be utilized. These flaws
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are further exacerbated when the aforementioned methodologies are applied in drainage
basins of large extent.

Inundation mapping and flood hazard mapping produced results that were poorly
spatially correlated, even when each one of them was tested against the zone of potential
high flood risk that is suggested by Ministry of Environment and Energy. However when
flood hazard mapping was combined with the results of flood susceptibility mapping, the
spatial correlation of their unified data layers with the unified resulting data layers of
inundation mapping presented a significant increase. In the case of flood susceptibility
mapping there is strong spatial correlation between its high susceptibility zone, the
inundated areas that were delineated with SAR imagery, the predicted areas that were
produced via HEC-GeoRAS and the zone of potential high flood risk that is suggested by
Ministry of Environment and Energy. This might be attributed to the indirect inclusion of
inundation and flood hazard mapping results into the flood susceptibility results via the
AHP.

When it comes to flood hazard assessment in drainage basins, perhaps the more
appropriate way to produce effective results might be to combine the aforementioned
procedures rather than employ them individually. Flood susceptibility mapping can
indirectly incorporate flood inundation and hazard mapping results, with the aid of AHP,
within its own results and thus provide a vehicle for the combination of flood hazard
assessment procedures. Of course this hypothesis ought to be further examined by being

applied to other drainage basins in order to test its validity.
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Appendices

Appendix A - Didymoteicho’s gauging station

The gauging station that is located on Didymoteicho’s bridge, on the northern part of
the city, has been installed by the Department of Civil Protection of the region of Evros
and is comprised of three measurement instruments: 1) the Argonaut — Side Looking (SL)
system, which is an acoustic Doppler current meter, 2) the Rain Gauge Transmitter
OMC-210 and 3) the Y.S.I. (Yellow Springs Instrument Company) 6600 V2

multiparameter water quality sonde.

Al. Argonaut — SL

The Argonaut — SL (Figure 116) is an acoustic Doppler current meter with the ability
to scan horizontally across water bodies such as channels, harbors and rivers. It is not
only used in measurements of total water flow, water levels and velocity, but it can also
be easily installed on all kinds of vertical structures such as bridge abutments, river banks
etc. (Son Tek / YSI Inc. 2006)

Figure 116: The Argonaut —SL acoustic Doppler current meter. . (Son Tek / YSI Inc. 2006)
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Specifically, Argonaut — SL enables velocity measurements in a user-programmable
cell that extents horizontally up to 120m from the instrument. The maximum gauging
distance depends on the operational frequency and the system also includes a vertical
acoustic beam for water level measurements, which can be used in order to compute total
flow when combined with channel geometry (supplied by the used) and velocity.
Moreover, this instrument employs user — friendly Windows — based software along with
a contemporary acoustic Doppler instrumentation. Also, with the use of a single mode of
operation, the aforementioned instrument provides confident measurements of water flow
and current velocities that can easily achieve high levels of accuracy. (Son Tek / YSI Inc.
2006)

Additionally, Argonaut — SL can operate in a wide range of sites and can be useful in
lots of water resource applications such as water supply, velocity indexing, river
discharge monitoring, irrigation channels, flood alert systems, offshore platforms, vessel
traffic/ship berthing and pollution monitoring.

Finally, it is worth mentioning that, for many years, it has been established that the
acoustic Doppler current meters, are among the most reliable ways to effectively gauge
water velocity. Furthermore, Argonaut — SL measurements are carried out with the aid of
a remote sampling volume that can filter flow distortion, while Doppler technology can
deal with extremely low velocity values, thus allowing for accurate calculations in the
case of low flows. Additionally, the computational algorithms are the same for velocity
values that range from1l cm/s to 6 m/s, meanwhile the gauging system has no moving
parts and is not only resistant to biofouling contamination, but also allow for the use of
anti-fouling paint in order to cover growth. Finally, Argonaut — SL does not require
calibration since velocity data are free from drift. (Son Tek / YSI Inc. 2006)

A2. Rain Gauge Transmitter OMC-210

The Rain Gauge Transmitter OMC-210 (Figure 117) is used in rainfall measurements.
This instrument has been devised in order to perform with high precision under the most
adverse conditions. OMC-210 collects rainfall with the use of a funnel whose inside

diameter is 22.57 cm and its circular area covers an extent of 400cm?. The construction of
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the funnel has been performed in such a way so that, through the application of the proper
area and shape, the prevention of raindrop loss can be achieved. Regarding the funnel’s
operation, it concentrates rainfall water to a gold plated double bucket that automatically
empties when it becomes full. The proper emptying of the bucket is achieved via the
shape and the gold plating of the bucket. The tipping of the bucket, which occurs when
the later empties its contents, causes a reed contact that has been placed beside the bucket
to become activated and generate a signal. The bucket empties when its contents reach 4,
8 or 20 cm® of rain water and then they are lead through stainless steel pipes to the
system’s outlets that have been placed in its base plate. Moreover, the outlets are encased
in stainless steel mash which prevents animal interference. (Observator Instruments B.V.
2008)

Figure 117: The Rain Gauge Transmitter OMC-210. (Observator Instruments B.V. 2008)

When needed, rain measurements can be produced via a film heater that is placed
inside the housing. A switch that is affected by temperature, which operates on
temperatures of £ 2 °C, controls the heater whose consumption is approximately 2A.

(Observator Instruments B.V. 2008)

A3. YSI 6600 V2 multiparameter water quality sonde.
The YSI 6600 V2 sonde (Figure 118) is a multi-parameter, water quality

measurement, and data collection system, which is widely used in assessments, research
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and the checking of compliance according to certain environmental regulations.
Furthermore, a sonde, which might involve multiple probes that may in turn contain more
than one sensor to monitor water quality data, is an instrument that is shaped like a
torpedo and can be immersed in water in order to collect water quality data. (Y.S.l. Inc.
2006)

Figure 118: The YSI 6600 V2 sonde. (Y.S.I. Inc. 2006)

The aforementioned monitoring system is made of PVC and stainless steel, it can
operate in fresh, sea or polluted water at temperatures ranging from -5 to +50°C and at
depths ranging from 0 to 200m. The sensors that are available for the YSI 6600 V2 sonde
can measure: temperature, conductivity, rapid pulse dissolved oxygen, pH, ORP
(Oxidation Reduction Potential), ammonium, nitrate, chloride, depth. There is also the
option of two total optical sensors that can measure turbidity, chlorophyll, rhodamine
WT, Phycocyanin-Containing Blue-Green Algae (BGA-PC) and Phycoerythrnin-
Containing Blue-Green Algae (BGA-PE). (Y.S.I. Inc. 2006)

Appendix B — ENVISAT and ASAR (Advanced Synthetic Aperture Radar)
ENVISAT (Environmental Satellite) (Figure 119) succeeded ESA's ERS (European

Remote Sensing) satellite series. It launched successfully in 1/3/2002 carrying 10
instruments in its payload and, by weighting 8t, it had been registered as the largest

civilian Earth observation mission. ENVISAT instruments enhanced ERS data sets, not
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only with the aid of radiometers that are capable to measure temperature, radar altimeters
and state-of-the-art imaging radars, but also with the use of newly introduced instruments
such as the medium-resolution spectrometer that is able to discern with equal ease ocean
color and land features. Moreover, trace gases could be monitored via the two
atmospheric sensors on board the ENVISAT satellite. On 8/4/2012, the sudden loss of
contact with the ENVISAT satellite marked the end of the mission. (E.S.A. 2019a)

The continuity between the ERS-1/2 AMI (Active Microwave Instrument) and the
image mode (SAR) was achieved through the Advanced Synthetic Aperture Radar
(ASAR) that was operating at C-band. Additionally, the instrument presented a wider
variety in terms of modes of operation and improved performance concerning
polarization, coverage and range of incidence angles. The instrument improvements that
contributed in the successful performance of ASAR comprised of: 1) a digital waveform
generation for pulse "chirp” generation, 2) a ScanSAR mode of operation by beam
scanning in elevation, 3) a full active array antenna equipped with distributed
transmit/receive modules which provided distinct transmit and receive beams and 4) a
block adaptive guantisation scheme. The detailed technical characteristics of ASAR are
presented in Table a. (ESA 2019b)

Figure 119: Model of Envisat. (E.S.A. 2019a)
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Table 39: Characteristics of ENVISAT’s ASAR instrument. (E.S.A. 2019b)

Type Imaging microwave radars

Technical Characteristics

Global Monitoring mode: approximately
1000m x 1000m Wide Swath mode:
Spatial Resolution approximately 150m x 150m. Image, Wave
and Alternating Polarisation modes:
approximately 30m x 30m.

Radiometric accuracy: 0.65 dB,

Accuracy Radiometric resolution in range: 1.5-3.5 dB

Microwave: C-band, with choice of 5
Waveband polarisation modes (VV, HH,VV/HH,
HV/HH, or VH/VV)

Wide swath and global monitoring modes:
400km or more, Wave mode:5km, Image
and alternating polarisation modes: up to

100km

Swath Width:

Appendix C — NEST software

The Next ESA SAR Toolbox (NEST) is an open source toolbox that was created by
ESA. The GPL (General Public License) license allow the software to visualize, analyze,
process and read not only ESA (SENTINEL-1, ENVISAT, ERS-1/2) but also other
spaceborne (ALOS PALSAR, COSMO-SkyMed, TerraSAR-X, JERS-1, RADARSAT 1-
2) SAR data processed to Level-1 or higher. (E.S.A. NEST 2014)

NEST has been replaced by ESA’s SNAP (Sentinel Application Platform) software.

Appendix D — SENTINEL-1 A/B

The Copernicus, which was previously known as GMES (Global Monitoring for
Environment and Seurity), is a joint initiative between the European Space Agency
(ESA) and the European Commission (EC) produced the SENTINEL-1 (Figure 120)

mission to be used as the European Radar Observatory. The aforementioned European
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initiative aims for the implementation of information services that deal with security and
environment. Its research field relies not only on ground-based information but also on
the collection of observation data from Earth Observation satellites. (E.S.A. Sentinel
Online 2019a)

Figure 120: Sentinel-1 satellite. (E.S.A. Sentinel Online 2019a)

Additionally, the radar on board the SENTINEL-1 mission operates at C-band using
four exclusive imaging modes with different coverage (up to 400 km) and resolution
(down to 5 m), enabling prompt product delivery, very short revisit times and dual
polarisation capability. Furthermore, accurate measurements of spacecraft attitude and
position are available for each observation. (E.S.A. Sentinel Online 2019a)

The mission is comprised of two satellites, namely SENTINEL-1A and SENTINEL-
1B, which were launched at 3/4/2014 and 25/4/2016 respectively, sharing the same
orbital plane. (E.S.A. Sentinel Online 2019a)

The SENTINEL-1 mission is functioning in a conflict-free, pre-programmed
operation mode, providing high resolution imagery of shipping routes, coastal zones and
even global landmasses, while it is also covering the global ocean by providing vignettes.
This not only guarantees the compilation of a long term data archive that is invaluable for
applications that require such long time series, but also ensures the provision of high
quality services that are required by operational services. (E.S.A. Sentinel Online 2019a)

Concerning the instruments that can be found on board onboard SENTINEL-1

mission there is a single C-band synthetic aperture radar that functions at the 5.405 GHz
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frequency. This instrument includes a right-looking active phased array antenna that
allows for fast scanning in both azimuth and elevation, whereas enabling 520 Mbit/s X-
band downlink capacity and data storage capacity of 1 410 Gb. (E.S.A. Sentinel Online
2019b)

Two parallel receive chains for H and V polarisation and a transmit chain, which can
switch between V and H, support C-SAR instrument’s function in dual polarisation
(VV+VH and HH+HV). (E.S.A. Sentinel Online 2019b)

The acquisition modes that operate for the SENTINEL-1 mission are the following:
1) Extra-Wide swath (EW), 2) Wave mode (WV) 3) Stripmap (SM) and 4)
Interferometric Wide swath (IW). From the aforementioned modes, the IW mode over
land and the WV over open oceans are the primary conflict-free ones.

The continuity with ENVISAT and ERS missions is achieved through the Stripmap
(SM) imaging mode, which allows coverage with a 5 m by 5 m resolution over a narrow
swath width of 80 km. Furthermore, by changing the elevation beamwidth and the beam
incidence angle, the selection of one out of six imaging swaths can be achieved.

The combination between a moderate geometric resolution (5 m by 20 m) and a large
swath width (250 km) can be enabled through the Interferometric Wide swath (IW)

imaging mode, which, with the use of Terrain Observation with Progressive Scans SAR
(TOPSAR), captures images from three sub-swaths. High quality images can be produced
and scalloping can be prevented via the TOPSAR technique, which not only can allow
the electronical steering of the beam from backward to forward in the azimuth direction
for each burst, but also allows the steering of the beam in range such as in SCANSAR.
Adequate overlapping between the wave number spectrum (in the elevation domain) and
the Doppler spectrum (in the azimuth domain) can enable the conduction of
Interferometry. Moreover, homogeneous image quality for the whole of the swath can be
achieved by the application of the TOPSAR technique.

The need for short revisit times and wide coverage that are of paramount importance
in cases that concern maritime, ice and polar zone operational services is being covered

with the aid of the Extra Wide swath (EW) imaging mode. The latter operates like the

IW mode, the only difference being the use of a TOPSAR technique that employs five
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sub-swaths, which provide a better resolution (20 m by 40 m). Likewise the IW mode the
EW mode can also be used for interferometry.

Ocean wave models, when combined with SENTINEL-1 Wave mode (WM), can
provide information regarding the heights, wavelength and direction of waves on open
oceans. Moreover, the stripmap imagettes of 20 km by 20 km, which cover wave mode
acquisitions, are produced on two different incidence angles. Wave imagettes are
acquired on 100 km intervals, while imagettes of the same incidence angle have a
distance of 200 km between them.

Appendix E — SNAP (Sentinel Application Platform) software
This software, developed by C-S, Array Systems Computing and Brockmann
Consult, has been created in order to unify all Sentinel Toolboxes. (E.S.A. STEP 2018)
Generic EO Data Abstraction, Portability, Extensibility, Graph Processing
Framework, and Modular Rich Client Platform Tiled Memory Management are the
technological innovations that enable SNAP architecture for effective Earth Observation
analysis and processing. (E.S.A. STEP 2018)

Appendix F — HEC-RAS (Hydrologic Engineering Center — River Analysis System)

software

Sediment transport-mobile bed modelling, water temperature analysis and one
dimensional steady and unsteady flow river hydraulics calculations can be carried oiut via
the U.S. Army Corps of Engineers’ River Analysis System (HEC-RAS) software. It was
developed at the Hydraulic Engineering Center (HEC), which is a division of the Institute
for Water Resources (IWR), U.S. Army Corps of Engineers.

Interactive use with the aid of a multi-tasking environment is a major characteristic of
the HEC-RAS software. The software architecture includes data storage and management
capabilities, a graphical user interface (GUI), graphics and reporting facilities and

separate analysis components.
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The one-dimensional river analysis components that are utilized by HEC-RAS are the
following: 1) water quality analysis, 2) movable boundary sediment transport
computations, 3) unsteady flow simulation and 4) steady water flow water surface profile
computations. It is noteworthy that all the aforementioned components utilize common
geometric and hydraulic computation routines, along with common geometric data
representation. Additionally, HEC-RAS includes several hydraulic design features that
can be used as long as the computation of the basic water surface profiles has been
completed. (HEC 2010)

River Analysis Components

Steady flow water surface profiles. The calculation of water surface profiles by

conducting steady flow analysis can be achieved by carrying out this component of the
hydraulic modelling system. Drainage networks that range from a single reach to a
complete dendritic system can be handled by HEC-RAS, while the aforementioned
component enables dealing with the modelling of supercritical, subcritical and mixed
flow regimes of water surface profiles.

The one-dimensional energy equation forms the foundation of HEC-RAS main
computational  procedures, while energy losses can be computed by
contraction/expansion (coefficient multiplied by the change in velocity head) and by
friction (Manning’s equation). Moreover, rapid variations of the water surface profile are
handled by the momentum equation in situations that might involve hydraulics of
bridges, profiles at river confluences (stream junctions) and mixed flow regime
calculations (i.e. hydraulic jumps).

The aforementioned computations include cases such as structures in the floodplain,
culverts, dams, bridges and weirs. Flood insurance studies and floodplain management
evaluate floodway encroachments by employing the steady flow system. Furthermore,
levees and channel modifications can be incorporated in the calculations in order to cater
for the changes that they cause in water surface profiles.

Steady flow components in HEC-RAS contain special features such as: 1) stable

channel design and analysis 2) culvert opening analysis 3) multiple plan analyses 4)
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multiple bridge and/or, split flow optimization and 5) multiple profile computations.
(HEC 2010)
Unsteady flow simulation. This component is utilized in the simulation of one-

dimensional unsteady flow via a network that is comprised of open channels. An adapted
form of the UNET model that was conceived by Dr. Robert L. Barkau provides the
unsteady flow equation solver (Barkau 1992 and HEC 1993). This component initially
created for calculations that concerned subcritical flow regime, but the release of version
3.1, enabled mixed flow regime (drawdowns, supercritical subcritical and hydraulic
jumps,) calculations in the unsteady flow calculations module.

The unsteady flow model also contained hydraulic structures that were initially used
in the steady flow component such as hydraulic calculations for culverts, bridges, cross-
sections etc.

Also, the unsteady flow component involves the following special features: 1)
pumping stations, 2) levee breaching and overtopping, 3) pressurized pipe systems, 4)
dam break analysis and 5) navigation dam operations. (HEC 2010)

Sediment transport/movable boundary conditions. This HEC-RAS component aims in

carrying out simulations of one-dimensional sediment transport/movable boundary
calculations, which are produced by deposition and scouring over various time intervals
that typically involve years, while applications to single flood events are still feasible.

This mode uses the grain size fraction in its computations, thus enabling the
simulation of hydraulic armoring and sorting. The main features of this component
enable the following: 1) hydraulic modeling of channel dredging, 2) hydraulic modelling
of complete drainage networks, 3) the employment of a plethora of equations regarding
the sediment transport computation and 4) inclusion of encroachment and levee
alternatives.

Additionally, the main goal of this component is the simulation of long-term trends in
a stream channel concerning deposition and scour that might be caused by changes in
channel geometry or the duration and frequency in water stage and discharge. The
application of the aforementioned component concerns: 1) prediction of the influence of

dredging on the rate of deposition, 2) evaluation of deposition in reservoirs, 3) designing
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of channel contractions required to maintain navigation depths, 4) evaluation of
sedimentation in fixed channels and 5) the estimation of maximum possible scour during
large flood. (HEC 2010)

Water quality analysis. This function of HEC-RAS enables the conducting of riverine

water quality analyses. The current HEC-RAS version can carry out detailed temperature
analysis and gauges concerning a limited number of water quality constituents such as:
Dissolved Organic Phosphorous, Dissolved Nitrite Nitrogen, Dissolved Organic
Nitrogen, Algae, Carbonaceous Biological Oxygen Demand, Dissolved Nitrate Nitrogen,
Dissolved Ammonium Nitrate, Dissolved Orthophosphate and Dissolved Oxygen. (HEC
2010)

Appendix G — HEC-GeoRAS software

HEC-GeoRAS is an extension of the Geographic Information System software
program ArcGIS™, which was copyrighted and developed by the Environmental
Systems Research Institute Inc. (E.S.R.1.) in Redlands at California.

The initial compilation of the extension was carried out by ESRI and the Hydrologic
Engineering Center (HEC) via a Cooperative Research and Development Agreement that
ensures the constant development of HEC-GeoRAS with the aid of Research and
Development funds.

Geospatial data employed by Hydrologic Engineering Center’s River Analysis
System (HEC-RAS) can be processed and analyzed through the HEC-GeoRAS set of
ArcGIS tools. Digital Terrain Models (DTM) and complementary data sets can be used in
order to produce the geometric data HEC-RAS import file with the use of the
aforementioned extension and its interface enables the procedure to be carried out by
even amateur users. Likewise, the results of hydraulic analysis exported from HEC-RAS
can also be processed by HEC-GeoRAS.

The viewing of files that are exported from HEC-RAS, along with files of geometric
data that are imported into it, are compiled by HEC-GeoRAS. A Digital Terrain Model
(DTM), which can be represented by a Triangulated Irregular Network (TIN) or a GRID,

and data extracted from data sets (ArcGIS Layers) are used in order to produce the import
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file. The RAS Layers employed by the extension include the DTM and the data layers,
while the intersection of the RAS Layers forms the basis under which the geometric data
are compiled.

The completion of the geometric data is necessary in order to be imported in HEC-
RAS for hydraulic computations that require flow data as input. HEC-GeoRAS spatial
analysis can be carried out on the exported water surface and velocity results derived
from hydraulic computations that were conducted in HEC-RAS and were imported back
to ArcGIS™. The data exchange file (*.sdf) is used in order to transfer GIS data between
HEC-RAS and ArcGIS™. (HEC 2011)
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Photos

Photo 2: The gauging station on Didymoteicho.
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Photo 3: Erythropotamos’ main watercourse near the basin mouth.

Photo 4: Aspect of the upstream part of Erythropotamos River taken from the bridge of
Didymoteicho.
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Photo 5. Aspect of the downstream part of Erythropotamos River taken from the bridge of
Didymoteicho.

Photo 6: Erythropotamos’ left part of the floodplain, near Didymoteicho.
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Photo 7: Boats that are used for fishing have been chained on trees on Erythropotamos’

floodplain in order not to be carried away by floods.
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Photo 8: The old brigde of Didymoteicho crossing over Erythropotamos’ main watercourse.
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Photo 10: A tributary of Erythropotamos River.
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Photo 11: Mafic rocks (02) formation comprised of gabbros, gabbrodiorite, diabase and

pillow lavas located approximately 1 km NW of Didymoteicho.

Photo 12: Mafic rocks (02) formation comprised of gabbros, gabbrodiorite, diabase and

pillow lavas located approximately 1 km NW of Didymoteicho.
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