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U3Boa: XnaposioWwKM Moaenu cy BEOMa BayKHM 33 ePpUKaCHO yrnpas/barkbe BOAHUM pecypcuma
Ha HMBOY C/1MBa. Y OBOM pajy je NpuKasaHa ynotpeda codpteepckor naketa HEC-HMS-a 3a mo-
Oenunpakbe oTUuaja ca cimea JIyKoBCKe peke. 3a noTpede mogenvparsa KopuwheHu cy nogaum
TOKOM MEeT NOMJIaBHMUX Taslaca OCMOTPEHMX Ha XMAPONOLWKOj cTaHnum Mephes Ha JIYKOBCKOj
peuwn. PaamaTtpaHu noniaBHM Tanacu cy U3 ABa Pas3/IMynTa BPEMEHCKA NepmMoaa 1 13 [iBe ce3o-
He, T.j. Ca Pa3IMYUTUM AOMMHAHTHUM MEeXaHM3MMMa reHepucarba oTuLaja. Ctora cy noniaBHU
Taslacy NoAe/beHU y rpyne ,cafallhboCcT U ,npownoct, ny rpyne ,nponehe” n ,neto”. Ontu-
MaJiHe BpeHOCTM NapamMeTapa 3a CBaKy rpyny Tasaca cy 4odujeHn ocpesaBakbem ONTUMa-
HUX MapameTapa 3a nojeAMHayHe Tasace yHyTap rpyne. [a du ce npoueHuna NnpeHocMBoCT
MOZEena, T.j. herosa NPMMEHHMBOCT 33 CUMYyaLMje NOMNIaBHUX Tasaca Koju HUCY pa3maTpaHu
Yy Kanandpauuju mogena, U3BpLUEHA je YHaKPCHa Basvaaumja. PesyntaT nokasyjy ga ce napa-
METPU MoZena pPasnKyjy 3a NojeauHayHe Tanace U rpyne Tanaca, U Aa npeHoc napameTapa
reHepasiHo A0BOAM [0 3HAYAjHMX rpellaka y MMKOBMMA M 3anpemMrMHamMa XMAporpama, ca usy-
3eTKOM CMMYy/launje neTbux gorahaja ca napameTpuma u3 rpyne ,nponehe”. Ha ocHoBy 0BUX
pesynTaTta gaTe cy NpenopyKe 3a MoZenpare oTULaja o4 NojeanHaYHNX ennsoga.

K/byuHe peun: kanndpaumja, nonnasHu aorahaju, npeHOCUBOCT XMAPOIOLKMX moaena, HEC-
-HMS, xnaponowkun mogenu ennsoaa

YBOA

XnAaponowku (nagaBmHe-oTMLAj) mogenn cy
nojeAHOCTaB/beHE NpeacTaBe npoleca reHepuca-
tba OTMLAja Ha ciMBoBMMA. OBM MOAENN Ce yrnaBs-
HOM KOPMCTE 3a XUAPONOLIKE NPOrHo3e, NpoLeHy
MEepPOAABHMX MPOTOKA 3a NPOjeKTOBakbe XMAPOTEX-
HUYKMX 0bjeKaTa, 3a aHaNn3y rpafacknx cucTema 3a
ofBohere KUWHUX BOAA, MPOLLEHE KOIMYMHE BOA-
HWX pecypca, anu v 3a pasymeBsarbe XMAPOIOLIKMUX
npoueca Ha cimBy. pyrum peunma, XMaponoLKu

MOAENU CY HEOMXOAHU WM BaXKHWU Yy ynpas/bakby
BOZHMM pecypcrma 1 30T Tora ce of, HbUX OYEKy-
je Aa npeumsHO penpoayKyjy OCMOTPEHe Xuapo-
NoLwKe BennunHe. Mopea TayHOCTU pesynTaTta cu-
Mynaunja, NoXesbHO je Aa XMAPONOLIKMA MoAeNN
MMajy LWTO jeflHOCTaBHUjy CTPYKTYpY, Kako du n
bUXxoBa npumeHa duna WTO jeAHOCTaBHWja
(Gayathri et al., 2015).
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MpUMeHa XMAPONOLIKNX MOAENA PE3YATYje CU-
MYJIMPAaHUM XUAPONOLWKUM BEIMYMHAMA, NPBEH-
CTBEHO OTMLAja Ha M3nasy ca C/vBa, Ha OCHOBY
METEOPO/IOLIKNX BEANYMHA (HNp., NajaBuHa, Te-
MenpaTtypa, NoTeHUMjaHe eBanoTpaHcnupayuje).
3axTeBaHe y/sa3He BeJIMUYNHE, Kao U XMAPO/IOLLKE
BE/IMYMHE KOje Ce CMMYNPajy 3aBKCe 0f, KOHKPEeT-
HOr MoZieNa, O4HOCHO, Pa3/IMYUTU MOLENW 3aXeBa-
jy pasnunumTe ynasHe nofaTtke v CUMyAUpPajy pasnu-
YyuTe BE/IMYMHE (HNP. OTULLA], BNAXKHOCT 3eMJ/bULLTA,
nog3emMHe BoAe, CTBapHa eBanoTpaHcnupauumja).
Mopes, NPOMeH/bUBHMX CTakba (HMNpP. CafpKaj Boae y
3eM/bMLITY) U GAyKceBa (HNp. oTUUAj, MHOUATPa-
UMja, eBanoTpaHcnupauymja), jeaHauymHe mogena
cagp:Ke n napametpe. Hekn napameTtpu ce mory
OfPEAMUTU HAa OCHOBY MepPEeHa (HMp. NpoLeHaT He-
NPOMNYCHUX MOBPLUMHA Ha C/IMBY, HAarMd peyHor
OHa, uTa.), ann BehnHa napameTapa NpeacTas/ba
T3B. NPOLLECHE NapaMeTpe Ynje ce BPeLHOCTU MOTY
oApeamnTn camo Kanndpaumjom mogena. Kanmdpa-
uMja NogpasymeBa Bapvparbe BPeLHOCTM Napame-
Tapa ca uu/bem ga ce goduje wro dosbe cnarakbe
CUMYNIMPAHUX M OCMOTPEHMX BEIMYMHA, NPe CBera
npotoka (Beven, 2003).

Pa3B0j HEKOT XMAPOOLIKOr Mogena odyxBaTa
Buwe ¢asa. Mpea dasa je popmunparse nepuenTy-
anHor mogzena (peTekumja n KBaIMTAaTUBHM ONKUC
npoueca dopmuparba oTMLAja Ha cauBy), Apyra
¢dasa je bopmuparbe KoHUENTyanHor mogena (ma-
TeMaTU4KM onuc npoueca dopmuparba otTmuaja),
Tpeha ¢asza nogpasymesa bopmuparse npoueay-
panHor moaena (Koaupakbe KOHLENTyanHor Moae-
na). Nocneare Age pasze y pa3Bojy Moaena cy He-
roea Kanudpauwja v Banmpaumja (Beven, 2012).

MoCTOju MHOTO XVMAPOOLWKNUX MOZENa Kao U
HUXOBUX Knacuobukaumja. Mpema Tome Kako Tpe-
TUpajy NPOCTOpHE HEPAaBHOMEPHOCTH, XMAPOO-
WKW Mmoaenun mory dutu auctpndympaHu, cemu-
-AMcTpmudymMpaHM M NPOCTOPHO XOMOTEHMW.
MpPOCTOPHO XOMOreHU MOAENU He MPEeNo3Hajy
NPOCTOPHY XETEePOreHoCT, TaKo A3 je CAUB npesa-
CTaB/bEH jefHUM CKYNom napameTapa, a MeTeopo-
JIOLWKE BE/IMYMHE Cy YIPOCEYEHe 3a Liesly NOBpPLUK-
Hy cnuBa. Kog auctpubympaHux mogena cius je
nogesbeH Ha padyHcke henvje (mpexy), 1 xuapo-
JIOLLIKe Be/IMYMHe ce payyHajy nocedHo 3a cBaky
henujy, npu yuemy cBaka henanja uma ceoje napa-
meTpe v cBoje ynasHe nogaTke (Pechlivanidis et
al., 2011). Cemun-gnucTPUOYMUpPaAHM XMAPONOLLKN
mozenu odyxsaTajy NpoCTOpHy BapujadunHocT
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BE/IMYMHA HA CIMBY KPO3 NOAENY Ha MOACINBOBE,
npu Yemy ce 3a CBaKM NOACAUB Kpenpa moaen ca
XOMoOreHMm napametpuma (Jovanovié, Radic,
1990). Sorooshian et al. (2008) cy noaenvan mo-
aene Ha mogene gorahaja (enn3oga) M KOHTUHY-
anHe mopene. KOHTUHYaNHU MOAENU YKY/bYYYjy
KOMMOHEHTE 3a CUMyNaLMjy PasandmnTUX npoLieca
Ha ciuBY (HNP., MHTEpLenLUMja, KanauuTeT NoBp-
WMHCKUX genpecuja, HduATpaumja, TpaHcdop-
MalMja oTUUaja, Ton/bere cHera, §asHu oTULAj U
nponarauuja xuaporpama). Kog mogena envsogna
HEKM MPOLLECH Kao LUTO Cy UHTepLenLmja, ToMn/be-
H€ CHera 1 eBanoTpaHcnMpaLmja ce Mmory 3aHema-
puTK, 3801 penaTMBHO KpaTKor Nnepuoaa cumyna-
umje (1li¢ etal., 2018).

BesivKkM Npodsiem y XnApOoNoLWKOM MOAenunpa-
kY NpeacTas/ba oapehusarbe BpeLHOCTM Napame-
Tapa. [NlapameTpu mogena ce Hajuewhe oNTMMMK3Y-
jy Y nocTynKy Kanudpaumje Tako Aa ce goduje Wwro
bosbe cnaratbe CUMYIMPAHUX U OCMOTPEHMUX BENW-
ymHa (Hajuewhe camo NpoToKa). Jpyrum peurma,
y nocTynky Kanudpauyuje notpedHo je oueHUTH
Be/IMKM Opoj napameTapa Ha OCHOBY Hajuewhe
CaMo jefHe OCMOTPEHE BE/IMYMHE, Na je npodnem
onTUmMu3aLmje napameTapa HeogpeheH. OBa Heo-
ApeheHocT ce A0AaTHO NoropLiasa TUMe LITO ce
Cnaratbe OCMOTPEHUX U CUMYIMPAHUX BENYMHA
ce Hajuewhe npeacTas/ba CaMo jegHUM MNoKasaTe-
Jbem edUKaCHOCTM MOZENa, KOoju ce padyHa arpe-
raumjom Husa pesugyana. Ycneg HeogpeheHoctu
npodnema onTMmM3aLumje NnapameTapa moaena,
pPasANYUTK CKYNOBW NapameTapa MoZena mory aa
pesynTyjy (npudaunskHo) uctom edpukacHowhy mo-
aenay kanudpauumju (eHr. equifinality), anu, ako ce
npvMmeHe BaH KanndpaLumoHor nepuoaa, mory aa
pesynTyjy NOTAYHO Apyrayvjum xuaporpammuma
(Wagener etal., 2003). logaTHo, nopea noKasa-
Te/ba epUKACHOCTM MoAena y Kanndpaumju, Ha
oLEeHe MapameTapa Mogena yTudy U Hen3BecHo-
CTW y OCMaTparbuMma, nepuog, kanndpaumje, ogHo-
CHO NMOMNaBHM Tafacu Ha OCHOBY KOjWUX CE& MOZEeNn
Kanndpuuy y cnydajy mogena enmsoga (Beven,
2012). Ha npumep, napameTpu mogena ce Mory
,nogecutTn” Tokom Kanndpauuje aa y Hekoj mepu
KOoMneH3yjy Henoayaapake nsamehy ocmatparba
nagasuHa M npoTtoKa (Beven, Westerberg,
2011). AgekBaTHa ugeHTUOMKauMja NnapameTepa
nogpasymeBa LOBO/bHO Ayrayke U MHGOPMATUBHE
HM30Be Nnogartaka. Ha npumep, jeaHoCcTaBHM Moae-
/1 env3ofa Koju MMajy camo YeTupu uau net na-
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pameTapa, 3axTeBajy Hajmarbe 15 go 20 ocmoTpe-
HUX Xuaporpama Kako Ou ce napameTpu
NAeHTUOUKOBANN. YKOIMKO je U3pakeHa Ce30H-
CKa BapujadbunHocT nagasuHa notpedaH je u
LYW nepuog ocmaTparba, ogHocHo Behu Spoj
OCMOTPEHMX NOMMABHMX Tasaca 3a uaeHTudmKa-
umjy napametapa (Hnp. Kirkby, 1975; Gupta,
Sorooshian, 1985; Hornberger et al., 1985).

OBaj pag ce 6asu npodnemuma Kanndpaumje
MmoZena env3ona U Herose NPUMeH/bUBOCTH 3a
CUMynaumje NonNaaBHUX Tanaca U3 PasnnyunTUX ne-
puona v U3 ABe ce3oHe ca Pas/IMYNUTUM AOMU-
HaHTHUM MexaHU3MMMa reHepucarba oT1Laja. 3a
dbopmuparbe mogena y osom pagy KopuwheH je
codpTtBepckn naketr HEC-HMS (Hydrologic
Engineering Centre-Hydrologic Modelling System),
Koju je omadpaH 360r cBoje pAeKkcMdunHocTm u
yCrewHe NnpuMeHe Npu MoAennparby peuHux cam-
BOBa M3 pas3nnumMtux genosa cseta (McColl,
Agget, 2007; Yusop et al., 2007). Ha ocHoBy net
NoniaBHUX Tanaca je NpuKasaHa yHaKpPCHa Kanu-
dpaumja u Bannzaumja moaena, a pesyaTatu cy
aHanM3upaHu ca reauwTa NpUumeHe mogena y
BPEMEHCKM yAa/beHUM Nepuoauma u y Apyrum
Cce30HaMa y Kojuma AOMUHUPAjY Apyraymnjmu mexa-
HU3MU reHepucara oTuLaja.

METOAOAOTHUJA
Onwuc chnsa u pacnonoXKusu nogaum

JlyKoBCKa peka je aecHa nputoka peke Tonau-
Le Koja npunaaa camsy JyxHe Mopase. OBaj civs

k.5 Selova
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Cnuka 1. Cnus JlyKOBCKe peke M1 MeTeopOo/IoLLKe CTa-
Huue

npeacTas/ba npumep SyjudHOr cMBa y Kome [0-
MWHMPajy BeIMKK HarMbu. HagmopcKe BUCUHE Y
cnusy ce Kpehy og, 515 m go 1652 m. MospwmnHa
cnvBa usHocu 114.3 km? (Bukic, 2010).

MeponolwkKa KapTa caMBa yKasyje Aa je xymy-
CHOCWU/IMKATHO 3eM/buLUTe 3acTyrn/beHo Ha 70%
YKyMNHe noBpLnHe cAnBa, a Ha npeoctanunx 30%
NnoBpLUMHE je eyTpuyHO cmehe 3emsbuLuTe Ha dau-
Wwy. XYMYCHOCUIMKATHO 3eM/bULUTE je Beoma
NAUTKO W 33a4pXKaBa Many KOAMYMHY BOAe AOK
Behu geo oTMYe NOBPLUMHCKUM nyTem. EyTpmnyHo
cmehe 3emmwuwiTe, yenes sehe gebbuHe npodu-
Na, MoKe Aa 3aapKu Behy KonnuumHy Boge. LLTo ce
THYe BereTaumje Ha CIMBY AOMUHMPAjY LYME, Koje
3ay3umajy oko 80% noBpLuMHe CANBA, AOK je OCTa-
TaK cMBa Nog, No/boNpmMBpPeaHMM NOBPLUMHAMA,
opaHuuama, nawmwaumma, Bohrauuma v 1Meaga-
ma (Bbuki¢, 2010).

Tabena 1. KapaKkTepumcT1Ke pasmaTpaHux NOMaaBHMX Tafaca U KULWHKUX enn3oaa Koje cy Ux u3assane

Mepvopg cumynauuje b Pu L Vet Q.. n
(h) (mm) (mm/h) (mm) (m?/s) (/)

07.05.1974. (08:00h)

111.05.1974. (23:00h) 12 41.51 3.77 15.54 9.2 0.37

05.06.1976. (00:00h)

108.06.1976. (05:00h) 47 80.44 1.71 25.33 34.6 0.32

21.08.1979. (07:00h) -

24.08.1979. (00:00h) 11 45.61 4.15 10.17 14.1 0.22

17.04.2014. (18:00h)

23.04.2014. (13:00h) 60 92.51 1.47 48.8 36.8 0.53

UALIvk 200, (D040 - 79 70.46 0.72 39.81 11.1 0.57

10.06.2016. (06:00h)
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Mephes je XMApooLWKa CTaHUL,A Ha KOjoj ce
BpLUEe CBaKogHEeBHa ocmaTparba og, 1960. roguHe.
Y 6/11M3UHM cAMBA Hanasu ce aBHa KAMMAToNO-
WKa cTaHmua Kypwymauja, rae ce Bpe nayBuo-
rpadcka mepera nagasuHa (cavka 1) (Bukic,
2010). 3a xnaponoLLKe cumynaumje y oBom paay
KopuwheHa cy YacoBHa ocmaTparba MPOTOKA Ha
XNOPONOLWKOj cTaHnLM Mephes 1 YacoBHe naga-
BMHE PEerMcTpoBaHe Ha METEOPO/IOLIKO]j CTaHULM
Kypwymauja. Ha pacnonarakby cy 6unm nogaum us
cefamaeceTmx rogMHa M noaalum 13 Hosujer nepu-
oga, y Toky 2014. 1 2016. roguHe. Y Tabenun 1 cy
npuKasaHe Cy KapaKTepucTMKe pasamaTpaHux no-
nnasHMx Tanaca (3anpemuHa otMuaja, v, , makcu-
MaJlHX NPOTOK, Qmax n kKoeduumjeHT oTmuaja, n),
KA0 M KapaKTepUCTUKE KULIHUX enm3oga Koje cy
13a3aBa/ie OBe MNonaaBHe Tanace (Tpajatbe KuLe,
t, YKYMHa BUCKHA Kuwwe, P . 1 MPOCEYHU MHTEH3K-
TeT Kuwe, i ).

HEC-HMS xugponowku moaen

HEC-HMS (Hydrologic Engineering Center-
-Hydrologic Modeling System) je jaBHO gocTynaH
copTBEP KOjU CE KOPUCTU 33 XMAPOJIOLLKE CUMYNa-
umje. OBaj coptBep omoryhasa KopMcHULMMA Be-
JIMKY GNEeKCUOUNHOCT: KOHKPEeTHO, oH omoryhasa
Kpeuparwe mogena envMsona U MoAena 3a KOHTU-
Hya/siHe cMMynaumje, Kao 1 pPa3Boj MPOCTOPHO XO-
MOTeHUX, CEMU-ANUCTPUOYTUBHUX U AUCTPUSYTUB-
HUX xuaponowkux mogena (Todorovic¢, Plavsic,
2013). AopatHo, HEC-HMS omoryhaBa KopuCHU-
LMMa Aa pa3Bujajy CONCTBEHE CTPYKType mogena
Y 3aBUCHOCTW 0Z, HAMEHE MOAENA U OZ AOCTYMHUX
nogataka. HEC-HMS mopgen reHepanHo npeacra-
B/ba MOAENMpPatbe KOMMOHEHTU Kao LUTO CY: UH-
Tepuenumja, NOBPLUMHCKO 3a4pKaBake Boae, MO-
Aen rydutaka (Tj. pasaBajatbe NagaBmnHa Ha OTULAj
U MHPUATPaUMjy), TpaHchopmaLmja edeKTUBHUX
nafaBuWHa y NOBPLUMHCKM (AMpPEKTHU) oTUuaj, da-
3HM OTULAj M Nponaraunja Taaaca y BogoToLnma
(Feldman, 2000).

Y oBom paay ctpyktypa HEC-HMS mogena je
dbopmupaHa y ckiagy ca HAMeHOM MoZena u npe-
Ma AO0CTynHMM nogaunma. Umajyhu y Buay aa je
noBpLUMHA cnvBa JIYKOBCKe peKe mana U ca ma-
JIMM BapujaLmjama y HAMEHU U TUMOBUMA 3EM/bU-
LUTa, KAao U Aa Cy AOCTYMHM Nodalm o nagaBmMHama
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Ca Camo jegHe MeTeOPO/IOLLIKe CTaHWULE, YCBOjEH je
NPOCTOHO XOMOreH Tun mogena. Mogen je Hame-
HEH CUMyaLMjaMa 30/10BaHUX NOMIaBHUX TaNa-
ca (mogen ennsoga), na je popmmupaHa CTpyKTypa
MoZieNa Koja CafipXM KOMMOHEHTe 33 cumynaumje
oT1Laja, OHOCHO epEeKTUBHUX NaSaBMHA, AUPEKT-
Hor oTMuaja n dasHor oTnuaja. MHTepuenumja, no-
BPLUMHCKO 3aApyKaBakbe BOAge, TON/beke CHera u
eBanoTpaHcnMpaumja cy 3aHeMapeHu y OBOM
pagy. ChvB ce Hanasu Ha Be/IMKOj HaLMOPCKO] BU-
CUHU TaKo Aa nponehHM NonnaBHU Tanacu mory
OUTK y3POKOBAHM KOMOMHALMjOM NaaBMHA U TO-
n/berem cHera. Mehytum, cumynauuje popmmpa-
Ha M TOM/berba CHEXHOT MOKPMBAya 3axTeBa Ayra-
YakK nepuog, ocMmaTpakba Kako du ce oTMMKM30BaNU
napameTpu Be3aHU 3a moaen cHera. Mogen cHera
je 06MYHO A.e0 KOHTUHYANHWUX XMAPOIOLIKUX MO-
Aena, oK ce Kog, mojena ennsopa saHemapyje. Y
OBOM pajy je npeTnocTas/beHo Aa he ce eBeHTy-
a/IHO MPUCYCTBO CHera Ha C/IMBY HEMoCpeaHo npe
1 TOKOM pa3maTpaHuX NOMIaBHMX Tasaca o4pasu-
TM Ha OoLeHe MapameTapa mogena ryduTaka (no-
yeTHu rydutak | n &poj CN kpuse), unme he ce
WHAWPEKTHO 0OyXBaTUTU U YyTULLAj CHEra y OBOM
mozeny.

3a XxnaponoLIKe cumynalmje y oBom pagy oaa-
SpaHe cy jegHocTaBHe meToze. 3anpeMurHa oTuLa-
ja je cumynupana SCS (Soil Conservation Service)
MEeTOAOM, KOja je NPUANYHO jeAHOCTaBHA U 4YecTo
Ce KOPUCTU Y NpaKcu. JUPEeKTHN OTULAj je cumynu-
paH KnapKoBuMM jegMHUYHMM XMAporpamom
(Clark’s Unit Hydrograph) Koju npy»Ka Benuky
dnekcndunHoct. basHM 0TULAj CUMYMPaH je me-
TOAOM peuecuje, Koja je jegHOCTaBHA M NorogHa
3a cumynaymjy enmsoga (Feldman, 2000). MeTo-
e Koje ce KopucTte y pafly Cy YKPaTKO onucaHe y
HaCTaBKYy.

AmepunyKa areHumja Soil Conservation Service
(SCS) pasBuna je meToay 3a NnpopadyH eGekTUBHUX
nafaBuHa, Koja ce 3aCHMBA Ha NPeTnocTaBLUM Aa je
OAHOC CTBapHe BUCKHE edeKTnBHE Kuwe, P, (Tj.,
oTuuaja) u noTeHumjanHe edpekTusHe Kuwe (P-/)
je4HaK ofHOCY CTBApHE KO/IMYMHE BOAE YrnjeHe y
3eM/bULLTE HAKOH NoYeTKa oTuuaja, F, N Makcu-
MmanHor kanauutetaa, d, (Chow et al., 1988):

L _5
P—1 d (1)
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P=P +1,+F, (2)

I,=4d (3)

P (P-1,)*  (P-1,)’
‘" P-I.+d P-(1-1)-d

CN

(4)

BpeaHocT dpoja kpuse CN 3aBUCK 04 HameHe
3eM/bMLUTA, TUMA 3eM/bULLITA U NpEeTXoAHe Bra-
*KHOCTM 3emsbuiTa (Chow et al., 1988). OBaj na-
pameTap mogena yTuue Ha NuK xuaporpama: seha
BpegHocT CN dpoja y3pokyje Behe nuKkose u
odpatHo. Mo4eTHu rydutak (/) oduyHo ykbydyje
WHTepLenumjy, NOBPLUMHCKO 3a4pKaBakbe Boae U
MHOUATPaLMjy Knwe npe popmuparba oTMLAja, a
npoLetbyje ce Kao Ae0 MaKCMMaaHOr KanauuTera
Tna. CN BpegHOCTH 3a MpoceyHe NpeTxoaHe yco-
Be Koje ce 0dMYHO HaBoAe y MTepaTypu ogHoce
ce Ha A BpegHoctn og 0.2 (Woodward et al.,
2003). MehyTtum, Tpeda HaNnoMeHyTH fa ce y AnTe-
paTypu npeanaxe Aa ce BpeLHOCTU A NpoLeHe Ha
OCHOBY OCMOTpPEHMX NaaBMHa U OTULLAja, aKo cy
poctynHu (Petroselli et al., 2013; Walega,
Rutkowska, 2015). SCS metoga y HEC-HMS-y
yK/byuyje cnepehe napametpe: noueTHu rydutax |
(mm), 6poj CN kpuse (-) 1 yaeo HENPONYyCHUX Mo-
BPLWMHA Ha camBy (Impervious (%)). NagaBuHe ca
HenponycHWX NOBPLUMHA Ce ANPEKTHO yCMepaBajy
y BOAOTOK, €3 MKaKBe HaKHaZHe MHOUATpaLumje.
AKO HWje apyrayunje 3aaTo, NOYETHU ryduTak (y
MWUAUMETPUMA) CE ayTOMATCKM pavyHa Ha OCHOBY
BpegHoctn CN bpoja ca BpeaHowhy A og 0.2
(Feldman, 2000).

TpaHcdopmaumja edeKTUBHUX NagaBMHa Y An-
PEKTHU OTMLLAj ca CAUBA je cumyMpaHa nomohy
Knapkosor jeguHu4Hor xugporpama. Osa metoga
CUMY/IMpa TPaAHC/ALMjy OTMLAja A0 U3NA3HOT Npo-
¢duna cnvea nomohy Kpvse Bpeme-noBpLUMHA, a
ydnasxere oTuLaja cMMynnMpa METOLOM IMHeapHor
pesepBoapa, Koja yK/byyyje jeaHauYnHy KOHTUHYU-
TeTa (6) v jeAHauMHY IMHeapHor pesepsoapa (7).

dv() _ B
- U@ —-1@) (6)
V(it)=R-U(t) (7)

roe je U(t) moTok y pesepsoap u I(t) nsnas us pe-
3epBoapa y TPeHyTKy t, a V(t) 3anpemuHa y pesep-
BOApY Y TPeHyTKy t. MapameTap mogena R je KOH-
CTaHTa IMHaepHor pesepBoapa. Knapkosa metoaa
y HEC-HMS-y nma gga napameTpa: Bpeme KOHLEH-
Tpauuje, t_(h), koje je notpebHo aa bu ce pobuna
33aBUCHOCT BpeMe-MOoBPLUMHA, U KOHCTAHTY JINHe-
apHor pesepBoapa, R (h), Kojom ce KoOHTponMLe
3a4prKaBakbe (peTeH3npare) oTuLaja Ha CaunBy.

Y onwTem cay4ajy, Bpeme KOHLeHTpauuje
npeacTas/ba BpeMe Teuerba 04 HajyAasbeHuje Tau-
Ke Ha cMBY A0 n3nasHor npoduna Ha camsy. Me-
hytim, y moaeny KnapKkoBor jeAMHUYHOT XUAPO-
rpama ce nog BpeMEeHOM KOHUeHTpauuje
noapasymeBa Bpeme 0, 3aBplueTKa edeKkTuBHe
KMLe 00 NpeBOjHe Tayke Ha PeLecroHoj rpaHu
xugporpama (Straub et al., 2000; camka 2). Bpe-
Me KOHUeHTpauumje je notpedHo ga du ce geduHu-
cana Kpmea Bpeme-nospwmHa. ¥ HEC-HMS-y no-
cToju npepeduHncaHa Se3aMMEH3NOHA, TUMCKA
KpvBa Bpeme-noBpLUMHa (cAnKa 2), ¢ TUM je mory-
he 1 Ja KOPUCHUK yYHece U apyrayujy Kpusy Bpe-
Me-noBpLKHa. Y onwTem cayyajy, Tpedano du
AedunHUCATU KPUBY Bpeme-MoBpLUMHA 3@ CBAKM
cnuvB, y3umajyhu y 0d63up rwerosy tonorpadujy.
MehyTum, ctyamje Koje cy cnposegeHe y HEC-y cy
nokasase ga TUMNCKa KpuMBa Bpeme-MoBpLINHA Y
oksupy HEC-HMS-a moxe aa ce npunaroam pasnu-
YUTUM KOHUrypaLmjama CIMBOBA Ha OCHOBY 3a-
AaTe NoBpPLUHE U BpeMeHa KOHLeHTpauumje, u aa ce
TaKBOM NPMMEHOM TUNCKE KPMBE BpemMe-NnoBpLIn-
Ha mory noctuhu 3agoBosbaBajyhu pesyntati xu-
Aponowkunx cumynaumja (Feldman, 2000). Crora
je y oBom pagy je kopuwheHa TMNCcKa Kpuea Bpe-
me-nospwmHa geduHncaHa y HEC-HMS-y.

BpepHocTn napameTtapa Knapkosor jeanHmy-
HOT xMaporpama (BpemeHa KoHueHTpauuje t u
KOHCTaHTe NnHeapHor pe3epBoapa R) cy ouereHe
Kanndpaumjom mogena. MoyeTHe BpegHOCTU OBUX
napameTapa y NocTynky Kanudpauuje cy godujeHe
Ha OCHOBY eMnMpujcKMX M3pasa Kirpich-a (1940)
(8) u Clark-a (9):
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Cnuka 2. KnapKos jeAMHUYHU xuaporpam (rope) u npegeduHncaHa Kpusa speme-nospinHa y HEC-HMS-y

(aone)
L0.77
oL

roe je L pyxkvHa Toka y km, S npeacrassba Harnd
CAMBA U a je KoedULMjeHT (BpeaHOCTU Bapupajy
04,0.4 no 1.4) (Kanak et al., 2015). OBu napame-
TPY HajBUWLLE YTUYY HA MUK 1 OBANK XMAporpama.
Mogen peuecuje NnpeTnocTas/ba Aa Ce cuaasHa
rpaHa xuaporpama Moe anpoKCMMUPATU eKcro-
HeHuwujanHo onagajyhom kpusom (10) (Scharff-
enberg, Fleming, 2010):

0,=0, k' [m'fs

(10)
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rae je Q, noyeTHa BPeAHOCT dasHor NpoToka, k
KOHCTaHTa peuecuje n t Bpeme. KoHcTaHTa
peuecuje aeduHuwe dp3vHy onagarba dasHor
NpoTOKa U y3uma BpegHoctn namehy 0 n 1. Behe
BpeAHOCTU k 3Ha4Ye cnopuje onagake dasHor npo-
TOKa, [IOK je peLecrMoHa KpUBa XOPU30HTAJIHA -
HUWja Kaga je k = 1. Osa metoga y HEC-HMS-y Tako-
hHe 3axTeBa Aa ce geduHMLIE TayuKa Ha Xuaporpamy
KOja je yje4HO v noyeTHa TayKa onagajyhe Kpuse
(Scharffenberg, Fleming, 2010). Y paay je oBa
Tayka gedurHMCaHA Kao NMPOTOK KOju NpeAcTaB/ba
[,e0 MaKCMMAJIHOT NPOTOKA Ha xuaporpamy. Meto-
na peuecunje y HEC-HMS-y uma aga napametpa:
peLecMoHy KOHCTaHTY kK 1 yAeo MaKCMMaHor npo-
ToKa (Ratio). Tpeba umaTn y BUAY Aa OBaj MoAaen
ba3Hor oT1Laja HMje KoH3epBaTUBaH, OAHOCHO Aa
5a3HM OTWLAj He 3aBWCKU Of, CaZpiKaja Boae y 3e-
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M/bULLTY U pe3epBoapy nogszemHux soga. Ca apy-
re cTpaHe, naeHTUGMKaLMja NnapameTapa cnoxe-
Hujer mogena &asHOr oTuuaja 3axTeBana Owm
Ayrayke HM30Be ocmaTpakba Koju Ou odasesHo
YK/BYUNAN U1 cylwHe nepuoge. Umajyhu y suay aa
Cy NpegMeT OBOr paja MOALENM enNn30aa, CNoXKe-
HUju moZenu dasHor oTuLaja HUCY pasmaTpaHm,
Beh je meToAa peLecuje ycBOjeHa Kao NPUXBaT/bu-
Ba 3a notpede cMmynaumja nojeanMHa4yHMUX Nonnas-
HUX Tanaca.

Kanundpauuja moagena u npoueHa werose
NpPeHOoCUBOCTU

3a noTpede Kanmdpauuje v yHakpcHe Bannaa-
Lumje XMAPO/IOLWKOr Moena, Ha pacnosaraty je
net enusoga (tadena 1) U3 ABa BPEMEHCKM pas-
ABojeHa nepuoga (1970-e 1 2010-e) n ABa pas3nu-
ynTa nepuoga y roauHun (nponehe n neto). Ha
OCHOBY 0BMX Tanaca GopmUpaHe cy YeTUPU rpyne
NoniaBHWX Tanaca 3a Kanmdpauujy v Banugaumjy
mogena. Mp.a rpyna je ,npowwnoct” y Koju cnaga-
jy enusoge 1974, 1976 n 1979, a rpyny “caga-
WHOCT” ynHe ennsoge 2014 n 2016. Mpyna ,npo-
nehe” ydyxsarta enusoge 1974, 2014 n 2016 u
rpyny ,,neto” umHe enusoge 1976 n 1979. Mpynu-
catbe Tasaca Kao npownoct/cagawroct omoryha-
Ba MPOLEeHY NPEHOCMBOCTU MOZENa Y BPEMEHY,
LWITO MOXKe dUTM OMeTaHO NMpoMeHama y C/MBY,
Kao LUTO CY KIMMATCKe NPOMEHE AN NMPOMEHE Y
HameHu 3emsbUlITa (ypdaHuM3aumja, ceva Wwyma).
MonnaBHW Tanacu Koju cy ce goroguau y nponehe
M3a3BaHM Cy KMLIAMa Koje cy nase Ha Beh 3acuhe-
HO T/10 yC/1es, NPETXOAHOT TON/bekba CHera, ¢ TUM
4a je moryhe fa je Ton/bere CHera NocTojano Ha
HEKMM [leN0BMMA C/IMBa M TOKOM camux nponeh-
HUx enunsoaa. C Apyre cTpaHe, MOMNIABHU Tanacu
TOKOM /1eTa CYy U3a3BaHU KPAaTKUM KULLUHUM enNu3o-
Zama BUCOKOT MHTeH3uTeTa. [la &1 ce npoueHuna
NPeHOCMBOCT MOZesla KPOo3 pas/inynTe ce3oHe u
BPEMeHCKe nepuoae, BpWK ce Kanudpaumja u
yHaKpcHa Banangaunja HEC-HMS mogena.

Y 0BOM pagy NapameTpu cy py4yHO NogeLuaBa-
HU (T3B. ,,py4Ha Kanubpauwuja“, eHrn. ,trial-and-
-error”) 3a cBaKy eno3oay nocedHo Kako ou ce
[obune WTo NoBo/bHUje BPefHOCTU 0fadbpaHmx
noKasaTtesba edpMKacCHOCTU MoZena, Koju cy odja-

WHeHW y HacTaBky. ONTMManHKM CKyn Nnapamertapa
je oapeheH 3a cBaKy rpyny nonnaBHMX Tasnaca
ocpejHaBarbeM BPeAHOCTU NapameTtapa foduje-
HUWX 33 CBAKM NOMJIaBHU Tanac y OKBUPY rpyne Ta-
naca. Ha oBaj HauMH AodujeHa cy YeTMpu cKyna
napameTapa mofena Koju Cy O3HayeHW Kao:

npownocT, Ca,CLaIJ.IPbOCTI nponehe M OJ!ETO. HaKOH Kanwépa-
umje moaena ypaheHa je yHakpcHa Banangauuja
npownocT/cagawHocT u nponehe/neTo, Tako WTO
ce KanndpucaHu napameTpu 3a jeaHy rpyny Tana-
ca KopuwheHu 3a cumynaumje Tanacuma u3 apyre
rpyne, u odpHyTO.

EdunkacHocT mogena npeacras/beHa je nomohy
Nash-Sutcliff koedunumjenTa (NS), rpewwke y nuky
xuaporpama (12), rpelke y 3anpemmHun otuuaja
(13) n rpewwke y BpemeHy nojaBe NuMKka xmaporpa-
ma (14). OBM nokasaTes/byn KBaAUTETA MoAeNa Cy
onadpaHu Aa ce KBaHTUOUKY]Y PasNNUUTKL acnek-
TW KBa/MTeTa MOAENa, Kao LWTO Cy AMHAMMUKA U
3anpemuHa otnuaja. Nash-Sutcliffe je nodujen 3a
CBaKM Tasac npema HapeaHOM U3pasy:

ﬁ : 2 (Qsim,i - Qo.s‘m,f)
i=l1 5 (_) (11)

osm

NS =1-

fne cy: N—6poj nogatakay Husy, Q. (m3/s)— cu-
My/NMpaHun NpoTok, Q. (m3/s) — onaskeHn NpoTOK
wo, - CTaHfapfHa AeBujalmja OCMOTPEHNX Npo-
Toka. Nash-Suttcliffe koeduunjeHT uma BpegHocT
nsmehy 1 n—eo, rae 1 npeactaB/ba MALANHO Cna-
rarbe, AOK BpeaHocTM mame o 0 yKasyjy Henpu-
XBaT/bMBO /0Ly ePUKACHOCT MoAena. 3a KOHTUHY-
asHe mogene ca AHEBHUM PavyyHCKMM KOPaKoOM
BpegHoctn NS n3Hag 0.4 ce cmaTpajy 3a40BO/ba-
Bajyhum, AOK BpegHocTn usHag 0.75 o3HauaBsajy
Beoma aodpy edpukacHocT mogena (Moriasi et
al., 2007). He nocToje oapeheHe npenopyke 3a
mogene enn3oaa ca YacCoBHUM BPeMeHCKMM Kopa-
KOM, anu ce y OnwTem C/ayyajy of, oBUX mogena
o4yeKyjy Behe BpegHocTM NS-a Hero Koa, KOHTUHY-
a/IHMX MOJeNa ca AHEBHUM PAYYHCKMM KOPaKOM.

lpeLKa y NUKy xuaporpama ce padyHa nomohy
cnepeher nspasa:

_ Qsim B Q

€ ot = o 100%  (12)

osm
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Mpewka y 3anpemunu je geduHucaHa npema
cnepehem nspasy:

V., =V
g, = __—om . 100%

osm

(13)

lpewwKa y BpeMeHy nojase nuKka xmaporpama je
feduHucaHa npema cnegehem nspasy:

g = tsim - tosm (h) (14)

t

Mo3nTMBHE BPeAHOCTM €, YKasyjy Aa je moae-
NIMPaHM MaKCUMasIHW NPOTOK OA/10%KeH (Tj. Aa Ka-
CHW) Y O4HOCY HAa OCMOTPEHU U 0OPHYTO.

PE3YATATU 1 AMCKYCHJA

OnTMManHu ckyn napameTapa je godujeH 3a
CBaKy rpyny nonaaBHUx Tanaca. Kao wro je npuka-
3aHo y Tabenu 2, napameTpu ce 3HayajHO Pas3nKy-
jy og, porahaja go porahaja. Hajsehy Bapujadun-
HOCT MMa noYeTHM rybuTak (/ ), WTo ce o4eknsano
dyayhwv ga cy npeTxofHM yCNOBM Ha CAMBY CneLm-
dUYHM 3a cBakM og, gorahaja. Bapujaumje y osom
napameTpy He noKasyjy ogpeheHn obpasauy, (Hnp.
nsmehy nponehHux nam netrwmx gorahaja). CN

O6poj Takohe nokasyje BeNNKy BapujabUAHOCT: Ha
npumep, BpegHoct CN-a Koz, nojeAnHavyHux fora-
hHaja Bapupa namehy 60 1 81.30. Behe BpegHOCTH
CN 6poja pobujeHe cy 3a rpyny ,,nponehe” u rpyny
,CaflalWHoCT”, Koja je yjeiHO M noAcKyn rpyne
»nponehe”. Kuwe ce yecto jassmwajy y nponehe, a
3ajeHO ca ToM/berbeM CHera y3poKyjy BUCOK ca-
AprKaj Boge y Ty, wro ogrosapa sehum CN Bpea-
HocTMMA. HacynpoT Tome, T/10 je YrnaBHOM CyBO U
ca Behum KanauuMteTom MHOUATPaALMje TOKOM
neta, wWTo oarosapa HMxum CN BpegHocTMMa y
rpynu ,neto”. Cnue JIyKOBCKe peke je manu ca
npouereHMM BpeMeHOM KOHLLeHTpauwmje 3a Knap-
KOB jeaMHUYHKN xmngporpam namehy 1.5 h n 2 h.
Huje 6uno 3HauvajHe ypdaHM3aLmje Ha CAUBY, LITO
je y cknagy ca NpudANNKHO UCTUM BpegHOCTUMA
BPeMeHa KOHLeHTpaLmje Koja cy godujeHa 3a no-
niaBHe Tasace M3 NPOLIOCTU U cagaLbocTy. Mo-
CTOjM 3HaTHa Bapujaunja y oLeHama KoepuumjeH-
Ta NnHeapHor pesepBoapa R, Koje cy 3a cse
ronsiaBHe Tasace BuwecTpyko Behe of AodujeHunx
oueHa t. Y onwTem cny4ajy ce odyekyje Aa oueHe
0BUWX NapameTapa KnapKoBor jeaMHUYHOT XMApo-
rpama dyay NnpuOANNKHO jeiHaKe, maza ce y anTe-
paTypu HaBoae U Nnpumepw rae cy godujeHe 3HaT-
He pasnuke namehy BpeiHOCTM OBUX NapameTapa
(Straub et al., 2000; Che et al., 2014). Benuke
pasnuke y oueHama napametapa R v t_Knapkosor

Tabena 2. ONTMMMU30BAHKN NapameTpu 33 YETUPU rpyne NOMAaBHUX Tanaca

Mogen ryburaka

TpaHchopmaumja edek. PR e

Hasus MonnaBHu KULLE Yy AUPEKTHU OTULAj
rpyne Tanac 5 CN t R k Ratio
(mm) () (h) (h) () ()
1974 0 74 2 50 0.999 0.30
1976 8 60 2 11.90 0.90 0.30
npoLwocT
1979 8 60 2 11.20 0.90 0.30
NMPOCEK 5.33 64.67 2 24.37 0.933 0.3
2014 10 81.30 1.5 20 0.999 0.30
cafawHOoCT 2016 0 70 2 20.20 0.95 0.30
NMPOCEK 5 75.65 1.75 20.10 0.975 0.3
1974 0 74 2 50 0.999 0.30
2014 10 81.30 1.5 20 0.999 0.30
nponehe
2016 0 70 2 20.20 0.95 0.30
NMPOCEK 3.33 75.10 1.83 20.20 0.983 0.3
1976 8 60 2 11.90 0.90 0.30
neto 1979 8 60 2 11.20 0.90 0.30
MPOCEK 8 60 2 11.425 0.90 0.30
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jeAMHUYHOr XMaporpama y OBOM pasy ce Moxe
0djacHWUTU 1 TUMe fa cy Ha pacnonaraky duna
OCMaTpara NagaBunHa ca Camo jefHe MeTeoposio-
LKe CTaHWULE, YNME MOKAA HUje y NMOTNYyHOCTU
npeacTaB/beHa BPEMEHCKA M NMOCTOPHA HEPaBHO-
MEPHOCT NafiaBMHa Ha cAMByY. JMHaMUKa CUMYU-
paHOr xuaporpama oTuuaja y BeSIMKOj mepu
3aBWCKU 04, AMHAMMKe NafaBMHa, @ CBaka HeycKna-
hHeHocT nsmehy ocmoTpeHux nagaBMHa U oTULAja
y OBOM CMUCAY Ce OApaKaBa Ha oLeHe napamera-
pa Koju KOHTPONWLLY AUHAMWKY OTMLaja (y oBOM
mogaeny cy To napameTpu KnapKkosor jeAnHUYHOr
xuapopama). Jpyrum peuymma, y nocTynky Kaau-
Opaumje ce godujajy oueHe napamerapa Kojuma
ce 0Ba HeycKNaheHOCT Ha HajOo/bM HAUYUH KOM-
neHsyje. OBu pesyntatv Kanudpaunje mogena
YKasyjy Ha BEOMa Be/IMKy 0CeT/bUBOCT NapameTa-
pa KOju KOHTPO/IULLY ANHAMWKY FreHepucakba OTu-
Laja Ha KBanuTeT yaa3HUX nogaTtaka (npe csera
ocmaTparba NagaBuHa v NPOTOKa) Kog, mozena ca
YAaCOBHMM BPEMEHCKUM KOpaKom. lNapameTpu

KOju ce ogHoce Ha a3HM 0TMLAj NOoKasyjy pena-
TUBHO MaJly BapnjabUaHOCT: MPpU CBAKOj Kanmdpa-
LMju NoyeTHa TayKa onagajyhe KpuBe ce Hanasm
Ha 30% og MaKcMManHoOr NpoToKa, Ratio je 0.3,
[OK Ce BPeAHOCT KOHCTaHTe peLecuje kpehe y pa-
cnoHy oz 0.90 oo 0.999.
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Cnuka 3. OCMOTPEHU U CUMYAMPAHU XMAPOTrPam 3a
Tanac 1974 (npownoct) — Kanudpaumja
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Cnuka 4. OCMOTPEHU N CUMYAUPAHU XMOpPOrpam 3a
Tanac 1976 (npowsnoct) — kaandpauyuja

Cnuka 5. OCMOTpEHU N CUMYAUPAHU XMOPOrpam 3a
Tanac 1979 (npownoct) — Kanudpauuja
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Cnuka 6. OCMOTpPEHN 1 CUMYNPaHK XMAPOrpam 3a
Tanac 2014 (cagawrocT) — Kanmdpaumja

Cnuka 7. OCMOTpPEHU U CUMYANPaHK XMAPOrpam 3a
Tanac 2016 (cagawHocT) — Kanndpaumja
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Cnuka 8. OCMOTPEHM U CUMYAUPAHN XMAPOrpam 3a
Tanac 1974 (nponehe) — kanndpayuja

Cnuka 9. OCMOTPEHU U CUMYAMPAHU XMAPOTrpam 3a
Tanac 2014 (nponehe) — kanudpauuja
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Cnuka 10. OCMOTpPEHU U CUMYIPAHU XMAPOrpam 3a
Tanac 2016 (nponehe) — kanndpayuja
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CnukKa 12. OCMOTPEHM U CUMYIMPAHU XMAPOrpPam 3a
Tanac 1979 (neto) — kaandpauyuja

MokaszaTtesbu epUKaCHOCTN MOoAeNa TOKOM Ka-
nmdpaumje cy npukasaHu y Tadenu 3 v nokasyjy aa
edunKacHOCT moZena Beoma Bapupa 3a pasnnuute
nonnaeHe Tanace. BpegHoctu NS Behe oz 0.8, Koje
ce podujajy y Kanmdpaumjama 3a roToBo CBe Tana-
ce, yKasyjy Ha nobpy eduKkacHocT mogena. NMukosu
W 3anpemuHa oTuLaja cy NpeLereHn am notue-
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Cnuka 11. OcMOTpeHU U CUMYANPaHW XMAPOorpam 3a
Tanac 1976 (neto) — kanndpaumja

HEHM, Ca HarNaWeHMM OACTYNatbMMa Y HEKUM Ta-
Nacuma us rpyne ,npownoct” n ,nponehe”, nako
cy BpegHocTtn NS-a Benuvke. MHTepecaHTHO je ga cy
NUKOBW XMApPOrpama Tokom gorahaja 1976. n 1979.
roAviHe Ta4YHO PenpoAyKoBaHM ca rpynom napame-
Tapa “neto”, AoK je 3a rpyny napameTapa 13 npo-
LW/IOCTU MOZEN PEenpoayKoBao HenpuxBaT/bMBO
BE/IMKO MOTLEHMBAMKE NUKA XMAPOrpama, LTo
Huje fodpo 3a mozenuparse nonnasHux gorahaja.
3anpemuHa oTULaja je reHepanHo 4odpo penpoay-
KOBaHa y CBMM Kanndpaumjama, y3 HEKONIMKO U3y-
3eTaKa ca oacTynarbem nsHag 10%. Mogen je Tako-
He npeymsHo cUMyaAMpao BpemeHa Mojase
MaKCMMaNHOT NMPOTOKa, ocum 3a gorahaj us 2016.
rogvHe. Tpeba HaNOMeHYTU fa rpPeLLKe Y BpemMeHy
jaB/batba MaKCMMaHOT NPOTOKA He 3aBMCe CaMo
04, XMAPONOLLKOr Moaena, Beh 1 o xujeTorpama m
NPOCTOPHE pacnopege nagasuHa. Bapujaymje y
edUKACHOCTM MoAena BULLE Cy U3paKeHe y rpynum
,NPOLAOCT 1 ,,CafallHOCT”, HEFO Y Fpynama ,,npo-
nehe” u ,,neto”. OBO yKasyje Aa Cy MeXaHW3MM 33
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cTBapakrbe OTMLaja U NPETXOAHMN YCNOBU Ha CUBY
CMYHM TOKOM NponehHuX 1 neTrmx gorahaja, Wro

Tadena 3. MokasaTtesbu edbrKacHOCTM mogena y Kanudpaumjm

je pesyntupano dosbom epuKacHowhy n makbom
BapujadunHowhy napamerapa mogena.

Fpyna MonnaBHM Tanac NS (-) epenk(%) £ ,(%) £(%)
1974 0.781 3.26 -18.85 0
DOWAOCT 1976 0.877 -26.60 -6.83 0
P 1979 0.932 -24.82 -8.46 0
MPOCEK 0.863 -16.05 -11.38 0
2014 0.938 -7.90 -8.25 +3
caZalWwHOCT 2016 0.864 9 -6.05 +11
MPOCEK 0.901 0.55 -7.15 +7
1974 0.821 33.70 1.24 0
aponehe 2014 0.856 -22.55 -17.82 +3
P 2016 0.885 -1.80 -8.82 +11
NMPOCEK 0.854 3.12 -8.47 +4.67
1976 0.956 2.53 -0.40 0
neTo 1979 0.932 -1.42 -4.52 0
NMPOCEK 0.944 0.555 -2.46 0
20 0 70 T v T 0
s ‘I X \IH”H Il )
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g 4= T 40 8 =
E 10 5 E E 10 E
g g 6 & o 30 ne
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5.8.74 5.9.74 5.10.74 5.11.74 6.6.76 6.6.76 6.7.76 6.8.76 6.8.76
t(m/d/yy) t(m/d/yy)

Cnuka 13. Baangaumja mogena: cumynaumja tanaca
13 rpyne ,npownocTt” ns 1974. roguHe ca napame-
Tpma ©

capawrocT

Cnuka 14. Baavgaumja mogena: cumynaumja tanaca
u3 rpyne ,,npownoct” n3 1976. rogmHe ca napame-
Tpuma O
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Cnuka 15. Baangaumja mogena: cumynaumja tanaca
13 rpyne ,npownoct” ns 1979. rognHe ca napame-
Tpma ©

cajawrocT

CnukKa 16. Baangaumja mogena: cumynaumja tanaca
13 rpyne ,cagawroct” us 2014. roanHe ca napame-
Tpuma O

npownoct
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Cnuka 17. Baangaumja mogena: cumynaumja tanaca Cnuka 18. Baangaumja mogena: cumynaumja tanaca
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Cnuka 19. Baangaumja mogena: cumynaumja Tanaca Cnuka 20. Baavgaumja mogena: cumynaumja tanaca
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Cnuka 21. Baangaumja mogena: cMmynaumja tanaca CnukKa 22. Baangaumja mogena: cMmynaumja tanaca
n3 rpyne ,neto” ns 1976. roguHe ca napameTpuma u3 rpyne ,neto” us 1979. rogmHe ca napameTpuma

nponehe Onponehe
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Tabena 4. MokasaTe/by KBaAUTETa MOAeNa TOKOM Baanaaumje

Gpomais/ T w0 o.M W o
1974 0.442 69.60 17.63 0
cagalurbocT / 1976 0.737 13.29 33.16 0
npowwsioct 1979 0.485 26.24 40.41 0
NMPOCEK 0.555 36.37 30.40 0
2014 0.533 -35.05 -34.60 +3
z:::f::ci 2016 0.411 -25.23 -33.23 +11
NMPOCEK 0.472 -30.14 -33.92 +7
1974 0.639 30.44 -19.05 -1
2014 0.490 -28.0 -34.62 +2
neto / nponehe
2016 0.171 -22.52 -37.08 +10
MPOCEK 0.433 -6.69 -30.25 +3.67
1976 0.837 -14.16 16.15 0
nponehe / neto 1979 0.793 -3.55 25.17 0
MPOCEK 0.815 -8.86 20.66 0

Pe3yntaTv Banvaaumje npukasaHu y tabenu 4
YKasyjy Ha nag epuKacHOCTM MOAenNa y O4HOCY Ha
pesynTtate Kanndpaumnje. Beoma je BaxkHo ga NS
y31MMa NOo3UTUBHE BPEAHOCTM NPU CBaKOj Bannaa-
LMju, WITO rOBOPU Aa je MoAen NpuxsaT/bme. Yoye-
Ho je Behe oacTynare y NMKOBMMA HEro NP Kaiu-
Spaumjn, nocedHo y Banvaaumjama nsmehy rpyna
,CafalWHbOCT” 1 ,,NPoLLNOCT”. 3anpemuHa oTmuaja
HUje NpeLm3HO CUMY/IMPAHA HWU Y je4HOj Banuaa-
L1ju, OAHOCHO ancoslyTHe BPEAHOCTU rpeLlaka y
3anpemuHu cy ganeko sehe og 10%. LLTo ce Thue
BpemeHa nojase NuKa xuaporpama, epuKacHocT
MOZEe/Na Y 0BOM CMUCITY je C/IMYHA Kao Yy Kanudpa-
LMju, LWTO CyrepuLle Aa OBaj NOKasaTesb KBaAuUTeTa
MmoZAena NPBEHCTBEHO 3aBUCK O, XMjeTorpama, Tj.
oA, NpPaBWJIHOT NPUKAa3a BPEMEHCKe U NPOCTopHe
pacnogene nagasuHa.

Mogen je HajoceT/bMBMNjU HA NPOMEHY napa-
metapa CN, t v R. OB/ napameTpu 3Ha4ajHoO yTuy
Ha K/by4yHe KapaKTepUCTUKe NONIAaBHUX XMAporpa-
Ma: 3anpemmrHa, NUK 1 08K xuaporpama. NMpema
edukacHocTn mogena (tadena 4), gorahaju us
1976. n 1979. rogmHe 13aBajajy ce ca Hajdbo/bUM
pesyntatuma. Banngaumja nponehe/neto pesyn-
TMpa 60/bUM MOKasaTe/bMMa KBasuTeTa Mogena
oA Banupaumje npownocTt/cagawmoct. [dakne,
NPeHOCMBOCT NapameTapa MOena y PasiuynTum
nepuoanma roamHe je HelwTo dosba Hero y yaasbe-
HUM BpeMeHCKMM nepuogmma. OBaKBO NoHalla-
He ce MOXKe NPUNucaTv BUCOKMM BPeaHOCTUMA

CN-a u R-a rpyne ,,nponehe”, na cy nepdpopmaHce
MOZENa C/IMYHE Kao KoZ rpyne ,NeTo” ca HUKMM
BpegHocTuma CN-a n R-a. OBO yKasyje Ha To Aa
OBa /Ba NapameTpa KOMMeH3yjy cBoje edekTe Ha
CUMy/IMpPaHe xMaporpame, Tj. Aa je mapameTapcka
eKBMBaNeHTHocT (eHrn. equifinality, Beven,
Binly, 1992) yoduuajeHa 1 3a mogene ca jegHo-
CTaBHOM CTPYKTYPOM, Kao LUTO je moAen envsoaa
KOju ce KopucTu y oBom paay. OBu pe3yntaTtu Ta-
Kohe yKasyjy Ha To Aa napameTpu reHepasiHo He
ou Tpedano Aa ce npeHoce KPO3 BPEMEHCKM yaa-
JbeHe gorahaje, ynpKoc HEMPOMEHEHO] HAMEH M
3eMJ/bULLUTA HA C/IUBY.

Tpeda umaTu y BuAy fa Cy 0BY pe3ynTaTu Ao-
OM1jeHn Ha OCHOBY CaMO MeT NOMJIaBHUX Taslaca Ha
jeaHom cnumy. C Tora, oBe 3aK/byyke Tpeda npose-
puUTK cuMmynaumjama ca sehum dpojem nonnaBHUX
porahaja ca pasnnMymMTUX cMBOBa (Tj. U3 PasInUn-
TUX KIMMATCKUX 30HA).

3AKAYIITH

Mogenuparbe nonnasHux gorahaja (tanaca
BE/IMKMNX BOAA) je BaXKHO 3a NPOLEHY MePOAABHUX
NPOTOKA 33 AUMEH3NOHNCAbE XMUAPAYINYKMUX KOH-
CTpyKUMja (HNp. SpaHe) uam 3a 3aWTuTy oA nonna-
B, KOje Npe/ACTaB/bajy ONacHOCT 3@ CTAHOBHULUTBO
N KUBOTHY CPEAUHY.
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OBaj paa npeacTtas/ba pa3soj HEC-HMS xuapo-
NOLLKOT MoAena enun3osa Koju CNyXu 3a cumyna-
uujy nonnasHux gorahaja Ha cnauBy JlyKoBcke
peke. Mogzen ce KOPUCTK 3a aHa/IM3y NPEHOCUBO-
CTU MOZeNla KPOo3 BPEMEHCKM Yaa/beHe nepuose,
Kao M Kpo3 gorahaje U3 pasivunTUX rogulbux
noba (nponehe n neto), Tj. KPO3 pasMumTe LOMU-
HaHTHe MexaHu3me popmMmuparba oTMuaja. Ha Taj
HauYMH ce nopes NPeHOCUBOCTU MOoAeNla TOKOM
BpemeHa (noa CNMYHUM YCNOBMMA Ha C/AUBY)
MO’Ke OApeauTn yTuuaj ypdaHusaumje 1 ytmuaj
KMMATCKUX MPOMEHa.

YNpKoc HenpomereHoj HAMeHM 3eM/bULLITA HA
CAMBY, yOoUeHa je 3Ha4ajHa BapujaduaHOCT napa-
meTapa mogena. Hajseha BapujabunHoct ce npu-
mehyje kog cneaehumx napametapa: CN dpoj, Koe-
burunjeHT nnHeapHor pesepsoapa (R) U noveTHU
rybutak (/). Cmarberbe epukacHoCcTM moaena y
Ba/IMAaLMjM yKa3yje Aa je MoAen OCeT/bUB Ha Npo-
MeHe napameTapa, Tj., Ha NPUMeHy napameTapa
3a cMmynaumjy apyrux nonnasHux gorahaja. Me-
HyTnm, y cnydajy cnusa JlyKOBCKe peke, pesynTtatu
YKasyjy Aa rpynucarbe nonaasHux gorahaja npema
AOMMHAHTHUM MeXaHM3muma Gopmuparba oTmLa-
ja, Tj. roguwrbmum goduma, pesyntmpa HewTo 6o-
JbOM npeHocmBowhy y o4HOCY Ha BPEMEHCKM Me-
puUoA, HUXOBOT NOjaB/bMUBaHbA.

Byayhu ga ce Hajsehe nonnase Ha 0BOM C/MBY
Aewasajy y nponehHMm meceuuma, 3a NpoLeHy
MepOoAaBHMX NPOTOKA Npenopydyje ce cKyn napa-
meTapa “nponehe” ca mepogaBHUM PavyyHCKUM
Kuwama. NMapametpwm 3a gorahaje us rpyna ,npo-
WnocT“ n ,,cagakbocT” Npenopyyyjy ce 3a AeTasb-
HY aHaNN3y yTULAja KAMME W APpYyrMx NPOMeHa Ha
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causy. imajyhu y Buay aa npeHoc napamertapa
KpPO3 BPEMEHCKW yaa/beHe nepuoae A0BOAU A0
noTLerMBakba NMKOBA XMAPOrpama, CKyn napame-
Tapa fodujeH Ha ocHoBy forahaja U3 cagallHocTu
ce npenopyuyje 3a notpede NporHo3e nonsasa.

PesyntaTu npukasaHu y oBOM pagy yKasyjy Ha
Be/IKe HeM3BEeCHOCTM Y CMMy/aLljama n3onoBa-
HWX NMoniaBHMX Aorahaja, Kao U Ha BEOMA BE/INKY
0OCeT/bMBOCT pe3ynTaTa Ha KBaAUTET yAa3HUX MOo-
AaTaka. 3a nodosbluakbe Mogena enusoaa, Heomn-
XOAHM Cy Noy3gaHu NogaLm Koju 3axTeBajy Aodpo
onpemsbeHe canBoBe. NYCTUHA MepHUX CTaHuMLa
6u Tpedana pa dyae ycknaheHa ca Tonorpadmjom
CnnBa, 04HOCHO noTpedHe cy dpojHuje cTaHuLe Ha
C/IMBOBUMA KOjU MMajy U3paxeH pesbed, Kao WTo
je To cnyyaj ca NNaHMHCKUM ciMBOBMMA. JoaaTtHo,
noTpedHW cy Ay*KU HU30BU OCMOTPEHMX NaJaBuHa
M NPOTOKA KOju OU yK/byunBanu SpojHuje nonnas-
He porahaje. OBO je NpBKM KOpaK Ha NyTy NOdO/b-
LWarba Kanndpaumje v NPeHOCUBOCTM MOAeNa enu-
3043 3a cMmynaumje nonnasHux gorahaja. U3 osux
pasnora, BaXHO je GopmuMpaTu BULLE eKcrepu-
MEHTA/IHUX CNMBOBA M Nodo/blIATU cUCTEME 33
nNpuKyn/bakbe nogataka. [asba UCTpaXKmMBaka cy
notpedHa 3a nodosbliakbe Kanndpaumje mogena
enusoaa. KoHkpeTHo, Tpeda ucnutatm ga au je
ocpejHaBarbe ONTUMANHMX NapameTapa foduje-
HUX 3a NojegMHayvHe aorahaje yHyTap rpyne godap
HauuH 3a ogpehunBarbe NapameTapa Moaena enu-
304a. Kanudpaumja mogena ennsona morna du ce
yHanpeauT npumeHom podycHMX meToga onTu-
MU3aLMje U yAPYKUBAHA PA3INYUTUX MOMNAABHUX
porahaja y Kanmdpaumju.
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Abstract: Hydrologic models are important for effective water resources management at a ba-
sin level. This paper describes an application of the HEC-HMS hydrologic model for simulations
of flood hydrographs in the Lukovska River basin. Five flood events observed at the Meréez
stream gauge were available for modelling purposes. These events are from two distinct peri-
ods and two seasons with different prevailing runoff generation mechanisms. Hence the events
are assigned to either “present” or “past”, and “spring” or “summer” group. The optimal pa-
rameter sets of each group are obtained by averaging the optimal parameters for individual
events within the group. To assess model transferability, its applicability for simulation of flood
events which are not considered in the model calibration, a cross-validation is performed. The
results indicate that model parameters vary across the events, and that parameter transfer
generally leads to considerable errors in hydrograph peaks and volumes, with the exception of
simulation of summer events with “spring” parameters. Based on these results, recommenda-
tions for event-based modeling are given.

Keywords: calibration, flood events, hydrologic models transferability, HEC-HMS, event-based

modeling

INTRODUCTION

Hydrological (rainfall-runoff) models are a sim-
plified representation of runoff generation in ba-
sins. Hydrologic models are widely used for flow
forecasts, design flow estimation, which are used
for e.g. the design of flood protection structures,
analysis of urban drainage systems, water resourc-
es management in a basin, understanding of hy-
drological processes, etc. In other words, hydro-
logic models represent a necessary tool for water
and environment resource management and be-
cause of that, the hydrologic models are expected
to accurately reproduce the observed hydrologic
variables. In addition to the accuracy of the simu-
lation results, preferably hydrologic models should
have as parsimonious structure as possible to facil-
itate their wide application (Gayathri et al.,
2015).

Hydrologic models enable computation of hy-
drological variables, primarily discharge at the ba-
sin outlet, from the meteorological forcing (e.g.,

precipitation, temperature, potential evapotran-
spiration). The required input as well as the simu-
lated hydrological variables depend on the par-
ticular model, i.e., different models require
different data and simulate different variables
(e.g., runoff, soil moisture, groundwater, actual
evapotranspiration). In addition to state variables
(e.g., soil moisture) and fluxes (e.g., flow, infiltra-
tion, evapotranspiration), model equations also
include parameters. Some parameters can be de-
termined from measurements (e.g. share of im-
permeable surfaces in a basin, riverbed slope,
etc.), but most parameters can only be determined
by the model calibration. Model calibration im-
plies adjustment of the parameters in order to get
the best possible agreement between simulated
and observed variables (Beven, 2003).

The process of a hydrologic model develop-
ment involves several phases. The first phase is the
formation of a perceptual model (detection and
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qualitative description of prevailing runoff genera-
tion processes). The second phase implies creation
of a conceptual model (mathematical description
of the perceptual model). The third phase is the
formation of a procedural model (encoding the
conceptual model). The last two phases of the
model development are the model calibration and
validation (Beven, 2012).

Currently, there are numerous hydrologic
models, as well as their classifications. Concerning
spatial heterogeneity, hydrologic models are clas-
sified as distributed, semi-distributed, and spatial-
ly lumped models. Spatially lumped models do not
recognise any spatial heterogeneity, so basin area
is represented by a single parameter set and the
meteorological forcing is averaged over the whole
basin area. In fully-distributed models, a basin is
divided into computational cells (grid) and the hy-
drological variables are computed for each cell
(Pechlivanidis et al.,, 2011). Semi-distributed
hydrologic models imply basin delineation into
sub-basins, and each sub-basin is attributed a
lumped model (Jovanovié, Radi¢, 1990). So-
rooshian et al. (2008) had classified the models
as event based and continuous models. Continu-
ous model consists of various components intend-
ed for simulating various processes in a basin (e.g.,
interception, surface depression storage, infiltra-
tion losses, runoff transformation, snow melting,
baseflow and hydrograph propagation). For the
event-based modelling the processes such as in-
terception, snow melt and evapotranspiration can
be neglected due to relatively short simulation pe-
riod (Ili¢ etal., 2018).

Parameter estimation is a great challenge in
hydrologic modelling. Specifically, parameters are
being optimised during model calibration to obtain
the best fit between simulated and observed vari-
ables (commonly, only flow series). In other words,
model calibration should result in the estimates of
numerous parameters based on the observations
of commonly only one hydrologic variable; hence,
model calibration is referred to as an ill-posed op-
timisation problem. The optimisation ill-posedness
is further augmented by the fact that model good-
ness-of-fit is usually represented by a single per-
formance indicator, which is computed from the
model residuals. This ill-posedness results in dif-
ferent parameter sets can yield the same model
efficiency in the calibration period (equifinality),
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however, they will result in quite divergent simu-
lated variables over an independent period
(Wagener etal., 2003). In addition to model per-
formance indicators used for model calibration,
parameter estimates are affected by observation
uncertainties and calibration period, i.e., flood
events in the case of event-based models (Beven,
2012). For example, parameters can be condi-
tioned in the calibration to compensate for incon-
sistency between the measured rainfall and dis-
charges (Beven, Westerberg, 2011). To enable
proper parameter identification, sufficiently long
and informative observation series are required.
For example, simple, event-based models with up
to four or five free parameters require at least 15
to 20 hydrographs for parameter identification. In
cases of pronounced seasonal variability, even
longer calibration periods or data on more flood
events are needed (see, for example Kirkby,
1975; Gupta, Sorooshian, 1985; Hornberger
et al., 1985).

This paper is about problems of event-based
model calibration and its applicability to simula-
tions of flood events from distinct periods and two
seasons with different prevailing runoff generation
mechanisms. The model is developed using the
Hydrologic Engineering Centre-Hydrologic Model-
ling System (HEC-HMS), which was selected due to
its flexibility and its successful applications across
the world (McColl, Agget, 2007;Yusop et al.
2007). The calibration and cross-validation of the
model over five flood events in the basin is per-
formed. The results are analysed with respect to
the transferability of model parameters across dis-
tant time periods and seasons, i.e., different pre-
vailing runoff generation mechanisms.

MATERIAL AND METHODS
Basin and data

The Lukovska River basin is the right tributary
of the River Toplica, which belongs to the South
Morava River Basin. This basin is a representative
example of a torrential basin dominated by steep
slopes. The altitude in the basin ranges between
515 and 1652 m. The area of the basin amounts to
114.3 km? (Buki¢, 2010).
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Figure 1. The Lukovska River basin and meteorological
stations

The pedological map of the basin shows that
humus silicate soils cover 70% and the eutric
brown soils on flysch cover 30% of the total basin
area. The humus silicate soil is very shallow and
retains a small amount of infiltrated precipitation,
while a large portion of precipitation comprises
surface overflow. Eutric brown soil can retain more
water due to a larger profile thickness. Concerning
vegetation, the forests are predominant in the ba-
sin covering ~80 % of the basin area, while the re-
maining area is covered by agricultural arable land,
pastures, orchards and meadows (Duki¢, 2010).

Mercez is a hydrological station at which daily
flow observations have been available since 1960.
The meteorological station KurSumlija, at which
precipitation is gauged by a pluviograph, is situat-
ed in the vicinity of the basin (Figure 1) (buki¢,
2010). The hourly flows at the Mercez hydrological
station and the hourly precipitation from the
KurSumlija meteorological station are used for run-
off simulations. Data on flood events in 1970s and
data in the recent period from 2014 to 2016 were

made available for runoff simulations. Table 1.
shows properties of the considered flood events,
such as runoff volume (V_), maximum rate of run-
off (Q__) and runoff coefficient (n) and character-

istics of the rainfall events (rainfall duration, t,
total rain depth, P, and average rainfall intensity,

i)

HEC-HMS hydrologic model

HEC-HMS (Hydrologic Engineering Center-Hy-
drologic Modeling System) is freely-available soft-
ware for hydrologic simulations. This software pro-
vides users with great flexibility: namely, it enables
event-based and continuous simulations, as well
as development of lumped, semi- and fully-distrib-
uted hydrologic models (Todorovi¢, Plavsic,
2013). In addition, HEC-HMS enables its users to
develop their own model structure, depending on
the available data and model application purpos-
es. The HEC-HMS models generally include the
following modelling components: canopy inter-
ception, surface retention, loss model (i.e. parti-
tioning between runoff and infiltration), runoff
transformation to direct runoff, baseflow model,
and flow routing through stream network. A user
can select a computation method for each model-
ling component, or even omit some components
from the model (Feldman, 2000).

The HEC-HMS structure in this study is set ac-
cording to the modelling purposes and available
data. Considering that the Lukovska basin is small
with a slight variation in land use and soil types,
and that observations from only one meteorolog-

Table 1. Characteristics of considered flood and the causative rainfall events

Simulation period t (h) P, (mm) i, (mm/h) V. (mm) Q_ (m?s) n (/)
TSRS n am w ew
O e, ((((’)%‘%%T])) a7 80.44 171 2533 34.6 0.32
Gacsaorsooom M 8L 4 0w oz
oo zen 0 %S 7 s %s 08
01.05.2016. (00:00h) 2 20,46 7 39.81 11.1 0.57

- 10.06.2016. (06:00h)
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ical station are available, a spatially lumped model
setup is adopted. The model is developed to re-
produce individual flood events (event-based
model), thus model structure includes compo-
nents intended for simulations of runoff volume,
direct runoff, and baseflow. The canopy intercep-
tion, surface retention, snow melt and evapotran-
spiration are omitted. The basin is at high alti-
tudes, so spring flood events might be caused by a
combination of precipitation and snow melt. How-
ever, the snow modelling component requires a
long observation period to constrain snow-related
model parameters. Therefore, snow component is
usually part of the continuous models, and it is
omitted from event-based models. In this paper, it
is assumed that the presence of snow in the basin
will be reflected in the parameters of the loss
model (initial abstraction | and Curve Number
CN), thus snow melt is indirectly accounted for in
the model.

Simple, parsimonious methods are selected for
runoff modelling in this paper. Runoff volume is
simulated by employing the SCS (Soil Conservation
Service) method, which is rather simple and often
used in practice. Direct runoff is simulated with
the Clark’s Unit Hydrograph, which provides great
flexibility. Baseflow is simulated with the recession
method, which is simple and suitable for event
simulation (Feldman, 2000). The methods em-
ployed are briefly described below.

The American agency Soil Conservation Service
(SCS) developed a simple method for runoff vol-
ume computations, which relies on the assump-
tion that the ratio between excess rainfall,P,, (i.e.,
runoff) and potential excess rainfall (P-/ ) is equal
to the ratio between the actual volume of water
retained in the basin,F , and potential maximum
retention,d,(e.g., Chow et al., 1988):

L _h
P-I, d W
P=P +I,+F, (2)
I,=24-d (3)

_(r-1,)* _ (P-1,)
" P-I,+d P-(1-1)-d

(4)

(o)
(e}

d=2i41g9—u) (5)
CN

The value of Curve Number (CN) is related to
land cover, soil type and antecedent moisture con-
ditions (Chow et al. 1988). This model parameter
affects the peak of the hydrograph: namely, a larg-
er CN number causes larger peak flows, and
vice-versa. Initial abstraction (/ ) generally includes
canopy interception, surface retention, and rainfall
infiltration prior to runoff onset, and it is estimat-
ed as a fraction of maximum basin retention. The
CN values for average antecedent conditions that
are commonly given in the literature refer to A val-
ues of 0.2 (Woodward et al., 2003). However, it
is noteworthy that literature suggests A values
should be estimated from the rainfall-runoff ob-
servations, if available (Petroselli et al., 2013;
Walega, Rutkowska, 2015). The SCS method in
HEC-HMS includes the following parameters: ini-
tial abstraction /_ (mm), Curve Number CN (-) and
share of impervious area in the basin (Impervious
(%)). The precipitation from the impervious areas
is directly routed to the stream network, without
any subsequent infiltration. If not specified, initial
abstraction (in millimetres) is an automatically
computed form the CN value and with A value of
0.2 (Feldman, 2000).

The transformation of the excess rainfall into
direct runoff at the basin outlet is simulated by us-
ing the Clark Unit Hydrograph (UH). This method
simulates runoff translation to the basin outlet by
employing the time-area curve, and runoff attenu-
ation with the linear reservoir method, which in-
cludes the mass conservation equation (eq. 6) and
the linear outflow equation (eq. 7).

VO _ iy - 10) 6)

Vt)=R-U(?) (7)

where U (t) denotes inflow in the reservoir at time
t, I(t) is the outflow from the reservoir, V(t) de-
notes the reservoir storage at time t, and R the
constant of the linear reservoir, which is a free
model parameter.The Clark’s method in HEC-HMS
has two parameters: time of concentration, t_(h),
is needed for obtaining the time-area curve, while
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Figure 2. Clark unit hydrograph (top panel) and standard, built-in time-area curve in the HEC-HMS model

(bottom panel)

the latter, R (h), represents temporary runoff re-
tention in the basin.

Generally, the time of concentration repre-
sents the duration of water flow from the hydrau-
lically remotest point in a basin from its outlet to
the basin outlet. However, in the Clark UH method
the time of concentration denotes the time
elapsed from the end of net precipitation to the
inflection point on the falling limb of the hydro-
graph (Straub et al., 2000; also see Figure 2). The
time of concentration has to be specified in order
to obtain time-area curve in the HEC-HMS model.
Time-area curve in HEC-HMS can be obtained from
a standard, dimensionless built-in curve (shown in
Figure 2), or, alternatively, it can be user-specified.
Generally, a time-area curve should be obtained
for each basin taking into account its specific to-
pography. Nevertheless, studies at the HEC have

shown that the standard, built-in curve time-area
in the HEC-HMS, adjusted according to the ba-
sin-specific area and time of concentration can
adequately represent various basin configurations
and can yield satisfactorily accurate results of hy-
drologic simulations (Feldman, 2000). Therefore,
built-in time-area curve in the HEC-HMS is used in
this study.

Estimates of the Clark UH parameters (time of
concentration t_and storage coefficient R) are ob-
tained through model calibration. However, initial
estimates of these parameters are inferred by ap-
plying the empirical equations of Kirpich (1940) (8)
and Clark (9), respectively:

0.77
L

1, =0.0663: - () ®)
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_ol
R="=(h).

N )

where L denotes the length of stream (in km),
S represents the land slope of basin and a is coef-
ficient (value varies from 0.4 to 1.4) (Kanak et al.,,
2015). Both model parameters affect hydrograph
shape and, consequently, peak flow.

The baseflow recession model assumes that
the falling limb of a hydrograph can be represent-
ed by the exponentially decreasing curve
(Scharffenberg, Fleming, 2010):

0,=0, k' [m’/s]

where Q, is the initial baseflow rate (initial
condition), and k is the recession constant (a free
model parameter). The recession constant defines
the decrease of the baseflow and takes values be-
tween 0 and 1. Higher values of k imply a slight
baseflow decrease, while at k = 1 the recession
curve becomes a horizontal line. This method in
HEC-HMS also requires specification of the hydro-
graph point, which is a starting point of the reces-
sion curve (Scharffenberg, Fleming, 2010). In
this study, this point is specified as a flow that rep-
resents a ratio to peak flow. This method in HEC-
HMS requires estimation of the following parame-
ters: recession constant k and the ratio to peak. It
should be noted that this baseflow method is not
conservative, i.e. baseflow rates depend neither
on soil water content nor groundwater storage. On
the other hand, the identification of parameters of
a more complex baseflow method requires long
observation series that would necessarily include
prolonged dry periods. Taking into account that
the focus of this study is event-based modelling,
more complex models are not considered and the
recession method is adopted as a suitable method
for the modelling purposes in this study.

(10)

Model calibration and assessment of its
transferability

The considered five flood events (Table 1) are
from two distinct periods (i.e., 1970s and 2010s)
and from two different seasons (i.e., spring and

)]
\S]

summer events) are considered for model calibra-
tion and cross-validation. Four groups of flood
events are formed for the model calibration and
cross-validation. The first group is refered to as
“past”, and it includes events in 1974, 1976 and
1979, while the “present” group includes events in
2014 and 2016. The “spring” group includes the
1974, 2014 and 2016 events, while the “summer”
group consists of the 1976 and 1979 events.
Grouping flood events as past/present enables the
assessment of model transferability in time, which
can be hindered by changes in the basin, such as
climatic changes and/or changes in land use (ur-
banisation, deforestation). Flood events that oc-
curred in the springs ware triggered by rainfall
over saturated soil, and probably augmented by
snow melt. On the other hand, floods during sum-
mers were caused by heavy, convective rain events
of high intensity. To assess model transferability
across different seasons and periods, the calibra-
tion and cross-validation of the HEC-HMS model
over the distinct groups are performed.

In this study, the model parameters are manu-
ally adjusted (“trial-and-error” calibration) for
each individual flood event to achieve the highest
possible efficiency according to the selected per-
formance measures outlined below. The optimal
parameter set of a group of flood events is ob-
tained by averaging parameters of all events with-
in the group. In this way, four parameter sets are
obtained: Opast, Opresem, Ospring and ©_ . After
model calibration, the past/present and spring/
summer cross-validation is done, meaning that the
parameter set optimised for one group of flood
events is used to simulate flood events from the
complementary group.

The model efficiency is represented by the
Nash-Sutcliff efficiency coefficient (NS), and errors
in hydrograph peak magnitude (eqg. 12), in runoff
volume (eq. 13), and in peak timings (eq. 14).
These performance measures are selected to
quantify different aspects of model performance
(e.g. runoff dynamics and volume).

The Nash-Sutcliffe efficiency coefficient (NS) is
calculated using the following equation:

L (0000
N P sim i osm,i

NS=1- (-) (11)

o 2

osm
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where N denotes the length of the flow series,
Q... (m3/s) is simulated flow, Q__. (m*/s) is ob-
served flow and o_..is the standard deviation of
the observed flow series. The Nash-Sutcliffe effi-
ciency coefficient takes values from 1 to - ==: 1 in-
dicates a perfect match, while values below 0 indi-
cate unacceptable model performance. For
continuous models with daily time step, NS values
above 0.4 indicate satisfactory, and values above
0.75 very good model performance (Moriasi et al.,
2007). There are not such recommendations for
event-based models that run with hourly time
step, however, these models are generally expect-
ed to yield higher NS values than daily, continuous
models. Errors in hydrograph peak magnitude and
timing are calculated as follows:

_ Qsim - Qosm . 100%

£ (12)

peak

osm

Errors in the runoff volume are defined by the
equation below:

Vi =V,
sim osm | 100%

osm

&y = (13)

Errors in peak timings are defined by the fol-
lowing equation:

£ = tsim - tnsm (h)

t

(14)

Positive values in peak timing error suggest
that simulated peak flow is delayed compared to
the observed one and vice-versa.

RESULTS AND DISCUSSION

Optimal parameter sets are obtained for each
group of flood events. As shown in Table 2, many
parameters considerably vary across the events.
The largest variability is shown by initial loss (/ ),
which is expected since antecedent conditions in
the basin are event-specific. Variations in this pa-
rameter show no apparent pattern (e.g., between
spring or summer events). The curve number CN

also exhibits a great variability: for example, CN
value of individual events varies between 60 and
81.30. Higher CN values were obtained for the
“spring” group, and its subset the “present” group.
Rain events are frequent in spring, and together
with snow melting cause high soil water content,
which corresponds to larger CN values. Conversely,
soil is generally drier and with greater infiltration
capacity during summers, which corresponds to
lower CN values in the “summer” group. The Luk-
ovska basin is small with estimated time of con-
centration for the Clark UH between 1.5 h and 2 h.
There was no significant urbanisation in the basin,
which is consistent with the small differences in
the estimates of the time of concentration for the
Clark UH, particularly between the “present” and
“past” parameter sets. There are considerable var-
iations in the estimates of the reservoir coefficient
R across the events, as well as large discrepancies
from the estimated time of concentrations. Gener-
ally, these parameters of the Clark UH are expect-
ed to be approximately equal, although large dis-
crepancies between them have been reported in
literature (Straub et al,, 2000; Che et al., 2014).
Great differences between the estimates of R and
t_obtained in this study can be attributed to the
runoff simulations from rainfall observations at
only one meteorological station, whereby spatial
rainfall distribution and temporal pattern might
not be properly captured and represented in the
model. Since runoff dynamics is greatly affected by
rainfall pattern, any discrepancies between these
patterns would inevitably reflect in the model pa-
rameters related to runoff dynamics (i.e., the Clark
UH parameters). In other words, model calibration
in such cases yields parameter estimates that can
mitigate discrepancies between rainfall and runoff
dynamics as much as possible. These results reveal
a great sensitivity of runoff dynamics-related pa-
rameters to input data quality (primarily to the
quality of precipitation and flow observations) in
hydrologic models running with hourly time step.
Baseflow-related parameters show relatively low
variability across the events: all calibrations result-
ed in the ratio to peak value of 0.3, while the re-
cession constant ranges from 0.90 to 0.999.
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Table 2. Optimised parameters for the four groups of flood events

Transformation of eff.

Loss model ... Baseflow
Group name Flood event precip. in direct runoff
I, (mm) CN (-) t (h) R (h) k(-) Ratio (-)
1974 0 74 2 50 0.999 0.30
ast 1976 8 60 2 11.90 0.90 0.30
i 1979 8 60 2 11.20 0.90 0.30
AVERAGE 5.33 64.67 2 24.37 0.933 0.3
2014 10 81.30 1.5 20 0.999 0.30
present 2016 0 70 2 20.20 0.95 0.30
AVERAGE 5 75.65 1.75 20.10 0.975 0.3
1974 0 74 2 50 0.999 0.30
. 2014 10 81.30 1.5 20 0.999 0.30
spring
2016 0 70 2 20.20 0.95 0.30
AVERAGE 3.33 75.10 1.83 20.20 0.983 0.3
1976 8 60 2 11.90 0.90 0.30
summer 1979 8 60 2 11.20 0.90 0.30
AVERAGE 8 60 2 11.425 0.90 0.30
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Figure 8. Observed vs. simulated hydrograph for the
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Table 3. Model performance over the calibration

Figure 10. Observed vs. simulated hydrograph for the
event 2016 (spring) — model calibration

Group Flood event NS (-) £, (%) £ (%) £(%)
1974 0.781 3.26 -18.85 0
- 1976 0.877 -26.60 -6.83 0
1979 0.932 -24.82 -8.46 0
AVERAGE 0.863 -16.05 -11.38 0
2014 0.938 -7.90 -8.25 +3
present 2016 0.864 9 -6.05 +11
AVERAGE 0.901 0.55 -7.15 +7
1974 0.821 33.70 1.24 0
. 2014 0.856 -22.55 -17.82 +3
spring 2016 0.885 -1.80 -8.82 +11
AVERAGE 0.854 3.12 -8.47 +4.67
1976 0.956 2.53 -0.40
summer 1979 0.932 -1.42 -4.52
AVERAGE 0.944 0.555 -2.46 0

ul
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Figure 11. Observed vs. simulated hydrograph for the
event 1976 (summer) — model calibration

Model performance measures during the cali-
brations, presented in Table 3, indicate that the
model performs differently across the events, and
with respect to different measures. Values of the
NS greater than 0.8, which are obtained in calibra-
tion over almost all events, suggest quite good
model performance. Peak flows and runoff vol-
umes are overestimated or underestimated, with
rather pronounced discrepancies in some events
of the “past” and “spring” group despite high NS
values. Interestingly, peak flows during 1976 and
1979 events are accurately reproduced with the
“summer” parameter set, as opposed to the
“past” set that resulted in unacceptably large peak
flow underestimation, which is not good for a
flood event model. Runoff volume is generally well
reproduced in the calibrations, with few excep-
tions with volume bias above 10%. The model also
accurately reproduced peak timings, except for the
2016 event. It should be noted, however, that er-
rors in timing can be caused by the hyetograph
and spatial distribution of the rainfall, not only by

Figure 12. Observed vs. simulated hydrograph for the
event 1979 (summer) — model calibration

the hydrologic model. The variation in model effi-
ciency is more pronounced within the group
“past” and “present”, than in the “spring” and
“summer” group. This indicates that the runoff
generation mechanisms and the antecedent con-
ditions in the basin are similar over the spring and
summer events, which resulted in better efficiency
and lower parameter variability.
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Figure 13. Model validation: simulation of the “past”
flood event in 1974 with the © parameter set
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Figure 15. Model validation: simulation of the “past”
flood event in 1979 with the O, recene PATAMeter set
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Figure 17. Model validation: simulation of the
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Table 4. Model performance over the validation

Calibration /

validation Flood event NS (-) gpeak(%) £ (%) £(%)
1974 0.442 69.60 17.63 0
present / past 1976 0.737 13.29 33.16 0
1979 0.485 26.24 40.41 0
AVERAGE 0.555 36.37 30.40 0
2014 0.533 -35.05 -34.60 +3
past / present 2016 0.411 -25.23 -33.23 +11
AVERAGE 0.472 -30.14 -33.92 +7
1974 0.639 30.44 -19.05 -1
. 2014 0.490 -28.0 -34.62 +2
summer / spring 2016 0.171 -22.52 -37.08 +10
AVERAGE 0.433 -6.69 -30.25 +3.67
o 1976 0.837 -14.16 16.15 0
»spring”/ 1979 0.793 355 25.17 0
Lsummer
AVERAGE 0.815 -8.86 20.66 0
The model is shown sensitive to the change in
% I‘H ‘|||| Qoo 2 parameters CN, t_and R. These parameters signif-
» asim 4 icantly affect the key characteristics of flood hy-
20 z drographs: volume, peak, and shape of the hydro-
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Figure 22. Model validation: simulation of the
“summer” flood event in 1979 with the Ospring
parameter set

The validation results shown in Table 4 indicate
a decrease in model efficiency compared to the
calibration results. Most importantly, NS takes
positive values in all validations, which indicates
that the model is acceptable. Greater bias in peak
flows than in calibration is observed, particularly in
transfers between “present” and “past” events.
None of the transfers resulted in acceptably accu-
rate reproduction of runoff volumes (i.e., absolute
values of bias greatly exceed 10%). As for peak
timings, the results are comparable to those dur-
ing calibrations, which suggest that this perfor-
mance measure is primarily affected by hyeto-
graph, i.e., proper representation of rainfall
temporal and spatial distribution.

9)]
e}

graph. According to the performance measures
(Table 4), the events in 1976 and 1979 are singled
out with the best results. The “spring”/”summer”
parameter transfer results in better model perfor-
mance than the past/present. Hence, the model
parameters transferability over different periods
of the year is slightly better than over remote time
periods. Such behaviour can be attributed to the
high CN and R values of the “spring” set, which
resulted in a similar model to the performance as
the “summer” set with lower CN and R values. This
can indicate that these two parameters compen-
sate their effects on simulated hydrographs, i.e.
that parameter equifinality (Beven, Binly, 1992)
is present event in parsimonious models, such as
the event-based model used in this study. These
results also suggest that parameters generally
should not be transferred across time-distant
flood events, despite unchanged land cover in the
basin.

It should be noted that these results are ob-
tained from only five flood events in a single basin.
Therefore, these conclusions should be tested in
simulations of numerous flood events from vari-
ous basins (e.g., from different climates).
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CONCLUSIONS

The modelling of flood events is important for
the estimation of design flows for hydraulic struc-
tures (e.g., dams) or for flood protection, consid-
ering that floods pose a threat to the population
as well as to the environment.

This paper presents a development of a HEC-
HMS event-based hydrologic model intended for
simulations of flood events in the Lukovska basin.
The model is used to analyse model transferability
accords time distant periods, and across flood
events from different seasons (spring and sum-
mer), i.e., different prevailing runoff generation
mechanisms. In this way, the transferability of the
model over time (under similar conditions in the
basin), the influence of urbanization or climate
change can be determined.

Significant parameter variability across the
flood events is shown, despite unchanged land
cover in the basin. The highest variability is detect-
ed in the following parameters: Curve Number
(CN), linear reservoir storage coefficient (R) and
initial abstraction (/). A decrease in model perfor-
mance in validation indicates that the model is
sensitive to changes in parameters, i.e., to param-
eter transfer across events. However, in the case of
the Lukovska basin, results indicate that categoris-
ing of flood events according to the dominant
flow-forming mechanismes, i.e., seasons, results in
slightly better transferability than according to the
period of their occurrence.

Since the greatest floods in this basin occur in
spring months, the “spring” parameter set is rec-
ommended for the estimation of design flows with
design storms. The group of parameters from past
and present events are recommended for thor-
ough analyses of the impacts of climate and other
changes in the basin. Considering that parameter
transfer across time-distant periods results in un-
derestimation of peak flows, the parameter set
obtained from the most recent events recom-
mended for flood forecast purposes.

The results presented in this paper reveal great
uncertainties in hydrologic modelling of flood
events, as well as a great model sensitivity to the
quality of input data. Therefore, for the improve-
ment of event-based models, reliable data are es-
sential, which require well-equipped basins. Spe-

cifically, observation network should accompany
basin topography, i.e., more gauging stations are
needed in basins with a distinct topography (e.g.,
mountainous basins). Additionally, long series of
observed precipitation and flows that would in-
clude numerous flood events are needed. This is
the first step on the way to improve calibration
and transferability of event-based models for the
simulations of flood events. For these reasons, it is
important to form more experimental basins and
to improve the data acquisition systems. Further
research in needed to improve the calibration of
event-based models. Specifically, it should be ex-
amined whether the averaging of optimal param-
eters obtained for individual flood events within
the group is a good way to determine the param-
eters of the event-based model. Additionally, the
calibration of these models could benefit from the
application of robust optimisation methods, and
the inclusion of different flood events in the cali-
bration.
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