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Abstract. An atmospheric depression passed over northwesshort period of time, with water levels in the drainage net-
Slovenia on 18 September 2007 producing precipitation thatvork reaching a crest within minutes to a few hours result-
exceeded 300 mm/d and a 100-year return period runoff iring in a very limited opportunity for warnings to be prepared
Zelezniki tributary. The resultant flash flood in the study and issued (Borga et al., 2007; Collier, 2007). The rare oc-
area, which consisted of five basins, was simulated with thecurrence of flash floods contributes to a poor understand-
conceptual distributed hydrological model HBV (Hydrolo- ing of flood processes and large uncertainties, thus, there
giska By#&ns Vattenbalansavdelning). The model was cali-has been a resurgence on flash flood research (Borrell et al.,
brated and validated with past rainfall — runoff events with 2002). Koutroulis and Tsanis (2010) provide a summary
satisfactory results producing values of Nash — Sutcliffe co-of flash flood research using multilateral investigation ap-
efficient between 0.82 and 0.96. The validated model wagroaches in order to reduce uncertainty in event interpreta-
applied to the flash flood case with stream gauge failuretions. Mountainous catchment areas represent a great chal-
driven by spatiotemporal precipitation produced by a set oflenge to current flood forecasting models and only allow for
rain gauges and radar data. The model delivered satisfactorghort warning periods (Schmitz and Cullmann, 2008) due
results on three out of five basin outlets while the other twoto their steep slopes and short flow paths, high nonlinearity
had stream gauge failure during the event. The internal basiand pronounced dynamics, as documented in the Zelezniki
dynamics of the most affected area in Zelezniki, was successease study. Montz and Gruntfest (2002) denote that real-time
fully tested in eight of its sub-basins by comparing the peakobservations with large multi-sensor networks, more precise
discharges with the ones evaluated by the slope-conveyanamapping capabilities using remote sensing and GIS, time ef-
method during a detailed intensive post event campaign. Théicient hydrological and meteorological models, and increas-
added value of this method is in the reduced uncertainty ining forecast lead times have not reduced flood losses. Grunt-
peak discharge estimation and event interpretation and in afest and Handmer (2001) noted that losses will rise in the
effective flash flood warning system for the study area wherfuture, in part, due to climate change, but also because of
it is combined with radar nowcasts and operational high resincreases in human activities in flash flood prone areas. Reli-
olution short range weather forecast models. able quantitative precipitation forecasts (QPFs) are essential
information for flash flood forecasting. A wealth of scien-
tific achievements has been produced in the research areas of
radar nowcasting (Germann et al., 2009; Sharif et al., 2006)
1 Introduction and operational atmospheric forecasting (Rotach et al., 2009)
related to flash flood forecasting. Lin et al. (2005) tested the
Flash floods are one of the most significant natural hazardgrecipitation forecast skill of four numerical weather pre-
in Europe, causing serious risk to life and the destructiondiction models and radar nowcasts based on convectional
of buildings and infrastructure (Gaume et al., 2009). Flashmeasures of precipitation forecast skill: probability of de-
floods are those floods that follow the causative storms in gection (POD), false alarm rate (FAR), critical success index
(CSI) and conditional mean absolute error (CMAE). They
i . concluded that the radar nowcasts based on Lagrangian ad-
Corrgspondence td: K. Tsanis vection (Germann and Zawadzki, 2002; Turner et al., 2004)
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Fig. 1. Case study area divided in five subbasins. Crosses represent the available stream gauges, while cross dots correspond to raingaug
used in the present study. Gray dots represent other areas of interest.
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better capture the initial precipitation distribution and for model is performed for the entire Sora river basin (Fig. 1),
lead times up to 6 h, they perform better than weather predicwhile the internal dynamics of the model are examined in
tion models. Rainfall runoff modelling is the link between greater detail in the Zelezniki basin where the 2007 catas-
precipitation and a flash flood forecasting system. trophic flood consequences were significant.

On 18 September 2007, an intensive precipitation event
over northwest Slovenia triggered a sequence of flash floods Methodology
in the regions of Baska Grapa, Davca, Cerkljansko and
Skofja Loka. Within a few hours precipitation up to 300mm 2.1 HBV Model
was recorded, causing extreme flash flooding in some terri-
tories such as Zelezniki (Fig. 1). This area was hit by threeThe HBV (Hydrologiska Byans Vattenbalansavdelning)
flood events during the last 20 years (1990, 1995 and 1998jnodel is a conceptual model of catchment hydrology which
(Robic, 2008; Rusjan, 2009). From a meteorological per-simulates discharge using rainfall, temperature and estimates
spective, the primary reasons for the extreme precipitation irof potential evaporation. HBV is used for flash flood fore-
a very short time were the continuous flow of moist air from casting in northern Austria (Bloschl et al., 2007). The model
the southwest, the strong instability, the wind shear in theconsists of different routines representing snowmelt by a
lower troposphere and orographic effects (Fig. 2). Althoughdegree-day method, soil water and evaporation, groundwa-
there was a significant skill in forecasting extreme precipita-ter described by three linear reservoir equations and channel
tion in Zelezniki 4 days in advance using ECMWF EFl index routing by a triangular weighting function (Seibert, 1997).
(EFI — Extreme Forecasting Index, which is an integral mea-Descriptions of the model can be found in Bergsir(1992,
sure of the departure between the Ensemble Prediction Sy€995) and Harlin and Kung (1992). The HBV model
tem forecast and the reference climate distribution) (Strajnar(Bergstbm, 1976) has been applied in numerous studies,
2008), unfortunately flooding resulted in seven human casue.g., to compute hydrological forecasts, for the computation
alties (three on Zelezniki) and severe damage on infrastrucef design floods or for climate change studies. The version
ture and buildings (Fig. 3). The estimated direct economicof the model used in this study corresponds to the version
damage on the streams was 91.5million Euros (Kobold etdescribed by Bloschl et al. (2007). This version of HBV
al., 2008), while the total estimated indirect damage was 285nodel uses quarter hour time step for precipitation and tem-
million Euros (Bouilloud et al., 2009). In this study, the ca- perature data while the spatial scale is one kilometre. The
pability of a parsimonious conceptual rainfall runoff model model is based on five basic processes through which the
is examined for flash flood forecasting application in Slove-rainfall runoff process is simulated. Snowmelt, Soil Mois-
nia Sora river basin. The HBV model is already operationalture Accounting and Hillslope Scale Routing are addressed
in Northern Austria. The calibration and validation of the in the model at pixel scale which is the smallest spatial unit
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Mean sea level Pressure at 06:00 18/09/2007  Mean sea level Pressure at 12:00 18/09/2007

Fig. 2. Mean sea-level pressure for 17 —18 September 2007 over Europe. The depression over Northern Europe is interpreted clearly at
17/9/2007 18:00, when it moved to central Europe. At 18/9/2007 06:00 it clearly moved southward while at 12:00 it passed over the Slovenia
(marked in red).

Before the flash flood event After the flash flood event

Fig. 3. Images presenting the impact of the 2007 flash flood at two locations of Zali Logealzaea (source: Environmental Agency of the
Republic of Slovenia).
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where the abovg referred processes takg place. The W,ithi'?able 1. Case study area land use according to Corine Land Cover
Catchment Routing and the Stream Routing processes simiaps of 2000.

late the runoff process for each catchment and between the
catchments, respectively. The snow routine represents snow
accumulation and melt by a simple degree-day concept. Soil

Land use Percentage

Moisture Accounting process is calculated as the sum of rain- Arable land 2.29
fall and snowmeltP, + M, which splits into a componentds ~ Forests ) 69.11
that increases soil moisture of a top layey, &nd a compo-  Heterogeneous agricultural areas 17.78
nent Q, that contributes to runoff. The components are split :ndUStr'al’ commercial and transport units 0.68
. nland waters 0.03

as a function of @ Pastures 733

Sy B Scrub and/or herbaceous vegetation associations 0.78
Op= <L_s> (P +M) 1) Urban fabric 2.00

whereL; is the maximum soil moisture storage afds a
nonlinearity parameter (Bergstrom, 1976). The only process
that decrease$; is evaporatiort 4 which is calculated from
potential evaporation p, by a piecewise linear function of 2-2.1 Coefficient of determinationRk?
the soil moisture of the top layer:
S, _ The coefficient of determinatioR? is defined as the squared
Es= EPEifSS <Lp otherwise Ex=Ep (2)  value of the coefficient of correlation according to Bravais-

i o . Pearson (Rodgers, and Nicewander, 1988). It is calculated
whereL p is a parameter termed the limit for potential evap- o< t5110ws with © observed and® predicted values. Bars
oration. Potential evaporation was estimated by the modifieq,, jicate mean values.

Blaney Criddle method (DVWK, 1996) as a function of air
temperature. The iterative EqB)(summarizes the overall
process for each pixel.

2

M=

(0;~0) (i~ P)

Ss.i=3Ssi—1+dS—Ea)At 3) F2— i=1 )
Hillslope scale routing, is represented by three reservoirs. i (Oi _5)2 i (Pi _ﬁ)z

The contributionQ , of rain and snowmelt to runoff entres -1 -1

the upper zone reservoir and leaves this reservoir through two

paths: (a) percolation to the lower and groundwater zonesy » 5 Nash-Sutcliffe efficiencyl

and (b) outflow from the upper zone reservoir. The later out-

flow from the upper reservoir can occur in two ways, the nor- - . .
mal contribution to the outflow, but if a threshold, of the ¢ efficiencyE proposed by Nash and Sutcliffe (1970) is

storage state is exceeded, through a very fast additional ougﬁzgg(é:;\g;i mlgu?etgi t?e lfjn;r?; tgssi?fgéu\t,zigﬁg?ﬁ;ﬁgg q
let. On the Within-catchment routing, the outflow from the P

reservoirs,Q;, is convoluted by a transfer function that rep- by the variance of the observed values during the period un-

resents the runoff routing in the streams within each of theder investigation. Itis calculated as:

catchments. As a transfer function, a linear storage cascade

is used. The convolution is performed in the state space no- i (0 — P)?

tation (Szolgay, 2004) with discharge dependent parameters. 00

The sum of this convoluted runoff over each direct catch-£ =1~ o ®)
ment is used as the lateral inflow to the stream routing model > (Oi - 0)

of each river reach. Stream routing processes are formulated i=1

directly at the reach scale by making use of a lumped routing}g

model. A linear storage cascade in the state space notation _hereO indicates observed arfl pre(jlcted values.. Bars in-
2004)" icate mean values. The normalization of the variance of the

observation series results in relatively higher value& of
2.2 Efficiency criteria catchments with higher dynamics and lower valuegdfi

catchments with lower dynamics. To obtain comparable val-
Different efficiency criteria were adopted in order to assessues ofE in a catchment with lower dynamics the prediction
the model delivered results. Efficiency criteria frequently has to be better than in a basin with high dynamics. The range
used for hydrological applications and flow comparisonsof E lies between 1.0 (perfect fit) andoo. A result lower
such as Nash-Sutcliffe efficiency and coefficient of determi-than zero indicates that the mean value of the observed time
nation were used for this study (Krause et al., 2005). series would have been a better predictor than the model.

used with discharge dependent parameters (Szolgay,
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3 Case study

Zelezniki

1;)8 Observed
The case study area terrain is mountainous with steeply ris- %71 ¢ Simulated
ing hills at the western parts. Elevation ranges from 306 m 6o
to 1676 m with an average of 685m. At the eastern part 10
of the basin, the slope becomes smoother. The total case 39 )
study area is 645.7 kin The main watershed land use as 5] J\\—-_ ] _,J' ]
derived from Corine land cover maps is mainly covered by E8888888888888888¢88
forests (70.52%), heterogeneous agricultural areas (18.15%) gaggoadoagdoaaadaagad
and pasture (7.48%). Land use types are presented in more sSg88gEssssEssssssssgsg
detail in Table 1. TooonneesemmmmmannH

Vester

3.1 Model setup 140 -

120 +
The Sora basin was delineated at five stream gauging loca- 100
tions resulting in five basins of total area 645.7%{fig. 1). 80 -
At the outlet of each basin, discharge data was available for 60 1
the period 1/1/2004 to 31/12/2007. The basin outlets were 49 ]
defined at Zelezniki (upstream area 104knand Vester 20 7
(213.8kn?) for the Northern river branch and at Zminec 0

Observed
------- Simulated

S CEEEELELEEELEESEEE
(306.5kn?) for the Southern river branch. The two river SSRSSSERRRSSSE8RRER
branches merge just upstream from Suha (5683 knfi- 8882825338338 838583838383
nally, the outlet of the modelled area is the discharge gauge TENARASLIEEIHIZER/NAR
of Medvode (645.7 krf). The precipitation data is available
for 9 raingauges within or near the study area (Fig. 1) were . Zminec
converted into quarter hour grids of a 1 karl km grid, ac- 140 | Observed
cording to the spatial resolution of the model. Four routing 104 & - Simulated

modules were used to route the discharge between Zelezniki 100
and Vester, Vester and Suha, Zminec and Suha and finally 80
between Suha and Medvode. The model was calibrated fora 0 1
40 day period, following a 437 day warming up period. This 40 1
strategy is essential for the model soil moisture state and dis- 201

I

_r‘

charge initialization, and was also adopted for all the simula- 0D LWL DL0LoLooDoY 000
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3.2 The 18 September 2007 flash flood event analysis

A pressure depression over Northern Europe on 18 Septen'F.ig. 4a. Model results for the calibration period, 19/02/2006 to
ber 2007, moved over the west and middle Europe toward€3/03/2006.

the Alps, with a high valley of cold air moving eastwards

over Western Europe (Fig. 2). The system caused strong

southwest winds over Slovenia. The convective system wa§old front was passing and moved towards the south. Pre-
developed above northwest Slovenia, creating precipitatiorfiPitation stopped in the western part of Slovenia around
in the early morning between 04:00 CET (Central European20:00 CET, in the northwest at midnight, and in the south-
Time) and 06:00 CET. After a short pause since 08:00 CET&ast during 01:00 CET and 02:00 CET the next morning.

an intense precipitation event took place due to front ex- The operational high-resolution limited area hydro-
tending from Poseje over Idrija, Cerkljansko an8kofja  static model ALADIN/SI (Aire Limi€e Adaptation dy-
Loka hills to the northern part of Ljubljana basin. The namique Eveloppement InterNational-Limited surface dy-
thunderstorm remained stationary over the basin for nearlynamic Adaptation International expansion) was unable to ac-
two hours. Next, a distinctive stationary thunderstorm line curately predict the spatial and temporal development of the
developed at 12:30 CET with a direction from Tolmin to storm that resulted in an underestimation of the accumulated
Radovljica. Precipitation weakened at 16:00 CET in Bohinj. precipitation by 30% (Rusjan et al., 2009). Moreover, the
New thunderstorm cells formed over Northern Slovenia dur-local operational radar underestimated the rainfall accumu-
ing the afternoon and precipitation strengthened in the northiation by 50% due to several reasons, analysed by Bouilloud
east part of Slovenia. Thunderstorms were formed when thet al. (2009). The main reasons for the underestimation of

www.nat-hazards-earth-syst-sci.net/10/2713/2010/ Nat. Hazards Earth Syst. Sci., 1@72512810
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Table 2. Warm up and simulation periods for each subbasin.

Subbasin Warmingup Warmingup  Simulation  Simulation
start date end date start date end date

Validation  7/7/2003 17/9/2004 17/9/2004  8/11/2004

Zelezniki - coinration  9/12/2004  19/2/2006  19/2/2006  23/3/2006
Validation ~ 7/7/2003 17/9/2004  17/9/2004  8/11/2004

VeSter  calipration  9/12/2004  19/2/2006  19/2/2006  23/3/2006
. Validation ~ 7/7/2003 17/9/2004  17/9/2004  8/11/2004

Zminec  ~olibration  9/12/2004  19/2/2006  19/2/2006  23/3/2006
Validation ~ 7/7/2003 17/9/2004  17/9/2004  8/11/2004

Suha Calibration 9/12/2004  19/2/2006  19/2/2006  23/3/2006
Medvode Validation  7/7/2003 17/9/2004  17/9/2004  8/11/2004

Table 3. Coefficient of determination and Nash-Sutcliffe estima- Suha

tors for calibration and validation periods. For Medvode only daily
observed data were available.

300 4 Observed

------- Simulated

Calibration Validation
RZ  Nash R?2 Nash

Zelezniki 092 090 0.79 0.69

Vester 0.96 0.96 0.88 0.87 100 1
Zminec 093 0.89 0.89 0.85 50 4 -
Suha 0.93 0.89 0.91 0.90 a T :“\T“\ ﬁf' I — 4.\ T |‘ T- T ‘I 1
Medvode 0.86 0.82 0.58 0.47 LWL LD oD 0D0D0 DD D B DD
OO0 0 OO0 0D0O 000000000000
gdoddddaodaodaddgdaogadyg
[ B B B B s e Mo B s Bx s Mo B s B o s o B s e M 5.0 a0
22L2282282022902202090922°0
0 O N ST W ol N ST WO oM™ ST W o s W
HAN NN N0 OO0 A A A N
preC|p_|tat|(_)n were the diversity of terrain, constant inflow Medvode
of moist air from the southeast, a very unstable atmosphere 350 -
and wind shear in a higher atmospheric layer (Kobold et al., 300 4 A e e Simulated
2008). The recurrence interval of the recorded precipitation 25 +  Observed
in some areas exceeded 100 years and was even greater for
shorter time intervals (ARSO, 2007; Kobold et al., 2008). 200 1
The observed maximum daily rainfall in Zelezniki (about 150 f
200 mm) was the highest in the recording period (since 1930) 100 4 b
and the maximum daily accumulation was 303 mm, recorded A\, P A o
R . 4 P Ned
at the Vogel Mountain in NW Slovenia. Hourly accumulated > “90apeged N ey shobe’
precipitation estimates were up to 150 mm/h exceeding a re- 0 T e T
currence interval of 200 years (Marchi et al., 2009). Ob- 2g8s288s28888883328
H T T T e Tl e i
servgd peak discharges on the most affected area exceeded 93533333388 33383383833
existing floods of record values (Kobold et al., 2008). Peak fSdFEddIggSaIggSaTS

discharge at the Zelezniki gauging station was estimated by
the studiersﬁof lKobold et al. (2008) and Rusjan et al. (2009)
up to 300 nT s~ by extrapolation of the rating curve and up . )

to 278 n? s~ 1 using HEC-1 model, exceeding the 100-years tzosigg/sgﬁ)f iimzﬂgggﬁjgszerved hydrograph is plotted with dots due
return period of maximum floods. Peak discharge was also '

estimated just downstream of Zelezniki to 299sn’+10%,

during a well organized post flash flood survey as described

by Marchi et al. (2009), by the slope — conveyance method.

The 18 September 2007 catastrophic flash flood event in

Slovenia resulted in huge infrastructure and property destruc-

Fig. 4b. Model results for the calibration period, 19/02/2006 to

Nat. Hazards Earth Syst. Sci., 10, 272325 2010 www.hat-hazards-earth-syst-sci.net/10/2713/2010/
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Table 4. Site names of IPEC points, IPEC subbasins’ areas, HBV model based subbasins’ areas, IPEC points estimated and model simulatec
peak discharges.

Reference section IPEC points HBV simulation
Ref section  Sé&ka Watershed  Estimated Peak Unit peak HBV watershed Modelled Peak Unit peak
area Discharge discharge area Discharge discharge
No Sora Section [k [m3s4 [m3s~1km=2 [km?] [m3s~Y [m3s~1km=2
1 Downstream Zadnja Sora inflow 9 50-70 5.6-7.8 10 53.76 5.38
2 Downstream Globoka inflow 247 85-125 34-5.1 25 109.18 4.37
3 Downstream Danjarska grapa inflow 40.7 125-155 3.1-3.8 40 160.6 4.02
4 Upstream Zali Log 44.8 140-200 3.1-45 45 179.88 4.00
5 Between Zali Log and Davca inflow 46.8 170-230 3.6-4.9 48 192.06 4.00
6 Upstream Zadnja Smoleva inflow 80.4 290-350 3.6-4.4 81 283.34 3.50
7 Upstream Prednja Smoleva inflow 95.5 330-430 3.5-45 97 325.42 3.35
8 Zelezniki HBV outlet 103.9 - - 104 346.33 3.33

Table 5. Gauges with available data, type of records and time-step.12sh flood event on 18 September 2007, the stream gauges

failed at Zelezniki and Suha. Calibrated radar precipitation
data for the flash flood event were available from Liska C-

Gauge Name Type of data recorded _ Time step band radar, located 100 km away to the East of the study area
Polj Sira Zminec Discharge Hourly (Bouilloud et al., 2009).

Sel Sora Vester ~ Discharge Hourly An intensive post-event campaign was organized two
gslrfcl\’/lr: d%/ilgémkl g:zgg::gg gg:lj;y months after the flash flood event, documenting valuable in-
Sora Suha Discharge Hourly formation and estimates of peak discharge fo_r _22 Iocatl_ons
Bohinjska Cesnica  Temperature Hourly upstream in the most af_fected area of Zele_znlkl (Mar_chl et
Kranj REG Temperature Hourly al., 2009). The peak discharges were estimated using the
Krn REG Temperature Hourly slope-conveyance method (Gaume, 2006).

Vogel REG Temperature Hourly Various discharge estimation methods, also called indirect
Borst AMP Temperature Hourly discharge measurement methods, have been developed in the
Vogel Rainfall Hourly past (Webb and Jarrett, 2002; Benson and Dalrymple, 1967),
Bohinjska Cesnica Rainfall Hourly to homogenize the procedures used and to share the expe-
Borst AMP Rainfall Hourly rience gained by the hydrological community. Experience
gsgfaAMP F?;'r':f]:}:l HHc?l;Jrrllg sur_nmarized in empirical f.or.mulas to computg the Mgnning-
Kal Nad Kanalom  Rainfall Hourly Strickler roughness coefficient. After a major revision of
Knezke ravne Rainfall Hourly these methods, Gaume (2006) concludes that, all in all, es-
Lesce Rainfall Hourly timating peak discharges when no direct current-metre mea-
Suha AMP Rainfall Hourly surement is available is, above all, a question of sound engi-

neering judgment and experience. Empirical relations must
be used with caution, as guidelines, and their systematic use
may have, in the past, led to systematic over-estimations of

tion in the densely populated valleys of Selska Sora, Davcdne largest flash-floods (Jarrett, 1987). A corollary to this
and Kroparica (Figs. 1 and 3) and the loss of seven lives. conclusion is that large efforts must also be put on the critics
of the estimated values during the field investigation.
3.3 Data availability Therefore, for the present study, discharges were estimated
for a minimum of two or three cross-sections for the same
For the HBV model setup and calibration, hydrologic and ge-river reach in order to reduce uncertainties. Moreover, the
omorphologic data were provided by Environmental Agencycross-sectional flow area may vary significantly between sec-
of Slovenia — ARSO (Agencija Republike Slovenije za tions, and a discharge estimate made for one section may
Okolje). Stream gauge measurements were available for themply an unrealistic velocity value for another section and,
period 1/1/2004 to 31/12/2007. Rainfall and temperatureconsequently, be rejected. Uncertainties during the present
data are available for 9 and 5 gauges, respectively, for théPEC (Intensive Post Event Campain) examined by testing
1/1/2003 to 31/12/2007 period (Table 2). Spatial data forthe upstream-downstream coherence of the estimates and
land use (Corine Land Cover maps, 2000), geology and eletheir coherence with the rainfall data. However, the accuracy
vation (DTM) were used to complete the setup tasks. For theof the peak discharge estimates remains highly dependent

www.nat-hazards-earth-syst-sci.net/10/2713/2010/ Nat. Hazards Earth Syst. Sci., 1@72512810
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Fig. 5a. Model results for the validation period, 17/09/2004 to
08/11/2004.

M. G. Grillakis et al.: Application of the HBV hydrological model

Suha
500
450 o = Observed
400 T Simulated
350 A
300
250
200
150 4 1
H
\
100 - \ B
Y b\
50 - L )
. . = et
ST T i B I R R T T T R
TS s < <<t
[=lvlslelslelelelolelelelolelelelelelelelelelelelele]elole]e]
[slslslslslslslslslslslslslslslslslolololslololololelelo]e]e]
inininininininininininininininininininin inin in i in Ininin iyl
e M
QOOOOOOOOO0O00OO00000O0C OO A
00000000 A A A A rAdrAdrd A~ A A
L2200 donoandonoodo oA anad
TFTONONTOWHNONTWNONTWROONTWNO =AM~
HAANANANNNMNOOOOO """ —NNANNNMOOoO0O0 O~
Medvode
500 4
450 4 - Simulated pi
400 A
+  Observed
350 4
300 A . !
J b
250 % i
H
200 i i
! '
i |
150 A i i
it ti
100 - [ I nil
[l 1 iy - T
i A R ket
| |
50 | 1{.‘\ A Rey \,_.,"Q,. “: Nl
0 | Sesesas Fibepeporanand, | [T | | T 1T L
STodSSTSTSTS SIS SIS SIS SIS SIS SIS ST
[=lelslelolslslelelelelelelelelelele]e]e]ele]w]e]e]e)ele i)
[slelslelslslslslslelololslslslolololelelololelelelolelelele]
L T e T e T s T i T i e T e e s B M e K i K|
N N o e N o e e S S S S S S S S S S S S S S S S S OSSN
OO NOO00000000000000 =t
[vlelslelelelelelel el e el el ek R K K K o o Ko Ko Ko Ko Ko Ko Ko o |
N e S e e e S e e S e e e e S T S S S S S S O OSSOSO
FTLOOONTLOLOONTLOONTONONTWONO =AM~
HAANANNANANMOOOO A A dNANANNNMOOOO O A

Fig. 5b. Model results for the validation period, 17/09/2004 to
08/11/2004. Medvode observed hydrograph is plotted with dots due
to the daily time resolution.

4 HBV model calibration and validation

Geological and land use data were used to identify model
parameters. Hydrological response units (HRUs) were de-
rived from terrain slope and geology classification into differ-
ent percolation classes and land use characterisation in ma-
jor land use categories. However, the map overlay approach
does not follow the procedure for HRU identification as de-
scribed by Bloschl et al. (2007), who defined HRUs manu-
ally allowing some interpretation of the area’s hydrology to

on the experience of the expert. Experienced hydrologistde introduced. Hence, model parameters were adjusted dur-
from many European countries joined this common IPECing model calibration.

provided valuable knowledge, estimating uncertainty in peak Three extended periods were selected in order to calibrate

discharge estimation ranging froh10% to +25%. This,
“optimistic” low uncertainty estimates are mainly due to

the parameters of the model and evaluate its efficiency. All
three periods were selected using the high discharge crite-

upstream-downstream coherence of the estimates their caion (peak discharge occurrence greater than 2561 on
herence with the rainfall data, the sensitivity of the estimatesmMedvode flow station. The model was used for long-term
on multiple Manning roughness coefficients and expert judg-(continuous) simulation so the calibration and the validation

ment.
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periods included several single — high flow — events. Each pe-
riod is separated in two parts. The first part lasts for 42 000 of
15 min time steps or 437.5 days. The objective of this period
is the model warm up. The following (second) period lasts
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for 3000 to 5000 time steps (up to 52 days) and corresponds
to the period where high outflows were recorded at Suha and
Medvode stations. Before every warm up run, HBV model
was initialized with 50% soil moisture saturation for each
grid cell. The initial soil moisture value does not really affect
the simulation results because the initial value is adjusted in
the warming up period, but the standard value 50% was used
in order to deliver unbiased initial model conditions for all
simulations. Table 3 presents the warming up and simulation
periods. In Figs. 4a, b, 5a and b the produced hydrographs
are presented for all five basins. The efficiency of the model
was derived based on the estimators presented in Sect. 2.2.
Table 4 presents the2 and E values for the model simula-
tions for calibration and validation results for all five basins.
The model Nash values varied between 0.82 and 0.96 on the
calibration period for all basins. For the validation period,
Nash varied between 0.47 and 0.90. Similar results were ob-
tained for the coefficient of determinatidt?, which varied
between 0.86 and 0.96 for the calibration period and 0.58 to
0.91 for the validation period. An important factor of the
poor model estimations on Medvode basin is the temporal
scale of observed discharge data, which were available on
daily time intervals. Hence, Suha outlet can better describe
the model setup performance. Overall, model describes the
runoff dynamics very well, as shown in Figs. 4a, b, 5a and b.

Fig. 6a. Model results for the flash flood period of 18 September 5 Results and discussion
2007 using interpolated raingauge precipitation.
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Model results for the flash flood period of 18 September

hydrograph is plotted with dots due to the daily time resolution.
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The calibrated model was applied to the flash flood event of
18 September (Figs. 6a and b). Available precipitation data
from Lisca C-band radar were also tested for the flash flood
event in addition to the raingauge interpolated data. Using
the raingauge data, the peak discharge on Vester was under-
estimated comparing to the observed peak flow by 27% from
244.3n? s 110 334.6 s~ 1 for observed and simulated dis-
charge, respectively. Using the radar data, the peak discharge
was overestimated against the observed data by 13.4% to
380n?s 1. On Zminec basin both raingauge and radar data
overestimated the observed 128sn! to 211.4nis ! and
235.8nts 1, respectively. For Suha, no observed discharge
was recorded during the flash flood event due to stream gauge
failure. The Medvode observed peak discharge was underes-
timated by the model using raingauge interpolated data by
25%, from 429.8 s ! to 322.8nis ! in observed and
simulated peak discharges, respectively. The radar precipi-
tation delivered peak flow was 43Fmsr 1, thus, simulated

the peak discharge at the outlet very well. It should be noted
that the observed value on Medvode refers to one single mea-
surement, because the stage gauge is not automatic. The
Zelezniki basin results are further discussed in detail, in order

%0 examine the internal model runoff dynamics in combina-

ion with surveyed high-water marks.

Nat. Hazards Earth Syst. Sci., 1@ 72613810
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Rainfall-runoff simulation resulted in a double peak hy-
drograph. The raingauge precipitation delivered two peaks of
216.9nfstand 231.9s ' at 13:15 CET and 19:15 CET,
respectively, while for the radar precipitation the simulated
peaks were 346.4%s 1 and 293.9s 1 at 12:30 CET and
18:00 CET, respectively. The radar precipitation simulation
agrees with the eyewitness delivered peak time of the flood
at 12:30 CET, while the second peak time agrees with pre-
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22888888888888888888888888888 vious simulation by Marchi et al. (2009). The simulation

°§ é é é § § g é é é é é § § g é g é § é § § E é g g § é § of radar precipitation peak at 12:30 CET overestimated the
Sesgssdsdsgasddsdagasdasgdasay raingauge simulation peak at 13:15 CET by 37.4% and the
SEESssEsee0590555999959558R57 raingauge simulation peak at 19:15 CET by 33%. Figure 8

presents the two different flow hydrographs. Information
Fig. 8. Calibrated radar and raingauge interpolated precipitationcollected by means of eyewitness interviews (Marchi et al.,
simulated hydrographs for Zelezniki subbasin for the flash flood2009) and high-water marks resulted to reliable reconstruc-
event on 18 September 2007. tion of the time evolution, the magnitude and the flow pro-

cess of the flood. Marchi et al. (2009) concluded an approxi-

mately 300 M s~ peak discharge at 12:30 CET. Similar re-
5.1 Zelezniki subbasin 18 September analysis sults were obtained from Kobold et al. (2008).

A detailed hydrological analysis of the event performed by

The flash flood event of 18 September 2007, caused failur&anon etal. (2010) through a high resolution distributed rain-
to the stream gauges of Zelezniki and Suha stations. In théll runoff model, derived peak discharge within a range from
most affected area of Zelezniki, radar calibrated precipitation312 m* s~ to 350n#s~1, based on spatially averaged and
was tested against the raingauge interpolated precipitatiorgpatially distributes rainfall rates, at 12:30 CET. The compar-
Figure 7 presents the two different estimates of storm totaison of HBV model results based on radar precipitation data
rainfall for the 18 September 2007 flood based on radar obwith the previously estimates shows a fairly good agreement
servations and interpolated raingauge measurements with iad the timing and the magnitude of the flood. Runoff results
spatial resolution of 1km. The radar precipitation observa-based on raingauge data presents a significant underestima-
tions were available from Liska C-band radar located aboution of the peak flow and the timing of the event. The HBV
100 km to the East of Zelezniki and were calibrated based orsimulated total runoff volume based on radar data is higher
47 hourly raingauges using the Mountain Reference Techby 30% than the corresponding one based on gauged data,
nique (MRT) (Bouilloud et al., 2009). The storm total pre- due to higher intensity occurring in shorter time period and
cipitation depth over the Zelezniki basin was estimated athigher total precipitation volume. This produces an increase
214.8 mm from the raingauge interpolated data for the 18thof the total discharge volume, increasing the runoff coeffi-
of September. The corresponding total precipitation from thecient from 0.44 to 0.49. The simulated peak discharges were
radar data was about 17% higher at 252 mm. Furthermoretfanslated to specific peak discharges at 2.283mhkm=2
the two precipitation time series show different peak timesand 3.35 Ms~1km~2, respectively.
and maximum intensities with the radar data showing a max- To investigate the ability of the model in capturing the in-
imum 30-min intensity of 39.9 mm between 10:30 CET to ternal watershed dynamics, the Zelezniki subbasin was di-
11:00 CET and rain gauge interpolated rainfall data showingvided into 8 subbasins. The model spatial resolution was
maximum 30 min intensity of 27.8 mm between 11:00 CET kept at 1 km grid size in order to keep the model dynam-
and 12:00 CET. ics consistent to the single basin setup. The model results

Nat. Hazards Earth Syst. Sci., 10, 272325 2010 www.nat-hazards-earth-syst-sci.net/10/2713/2010/
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using the calibrated radar precipitation were compared to theainty range, the contributing area based on HBV setup, the
peak discharge computed with the slope-conveyance methoHBYV simulated peak discharge at each IPEC point and the
(Zanon et al., 2010) as they occurred by a detailed intensiveinit peak discharges estimated from the IPEC and the HBV
post event campaign (IPEC), upstream from Zelezniki. Pealsimulation. Minor differences in the model used and the ac-
discharge data from seven locations were compared to th&ual surveyed watershed area for each one of the seven IPEC
modelled peak discharge (Fig. 9). Table 5 presents the conpoints occurred due to the coarse model spatial scale. The
tributing basin area to each IPEC point — outlet, the dischargeeomparison among the IPEC estimation and the modelled
estimated by the slope-conveyance method within an unceresults is clearly shown in Fig. 10, where both the former
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results are presented for each point of interest. The correthe HBV model and their generous support and wish to thank
lation between the average IPEC discharge estimations anil. Borga and F. Zanon for their valuable comments and sugges-
the simulated peak discharges delive®d value of 0.98. tions. L. Bouilloud is thankfully acknowledged for providing the
The simulated results are within the range of IPEC resultscalibrated radar data used in this study.

with only the Selka Sora downstream from the Danjarska
grapa section being slightly out of the IPEC range. The
coarse spatial resolution distributed rainfall-runoff model,
HBV, can adequately represent flash flood hydrograph and
internal basin dynamics.
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References

6 Conclusions ARSO: Izjemen padavinski dogodek 18. Septembra 2007
(Extreme rainfall event on 18.9.2007-in Slovenian), En-
The aim of the study is to present the capability of a parsimo- vironmental Agency of the Republic of Slovenia, Ljubl-
nious conceptual rainfall runoff model to describe the inter- jana, http://www.arso.gov.si/vreme/poro%c4%8dila%20in%
nal basin dynamics of flash flood events and eventually the 20projekti/padavinel8sep07.pd2007.
capability for flash flood forecasting applications. The simu-Benson, M. A. and Dalrymple, T.: General field and office proce-
lated results give a very good perspective of the model in the dures for indirect discharge measurements, Tech. Water-Resour.
case study basin simulations. The overall model performanceB elrrg;\/s?ts')trﬁ(%s.Dc;sg:és;th] :r?é"; spli:gt iﬁrlllolf_asc?(’):c?f;ual unoff
for the calibration and validation period was very good. For SN -
the flash flood event, even while the observed data were not mgﬂﬁéfﬁ;SCfg%navuan catchments. SMHI Reports RHO, No. 7,
sufﬁcient 'FO _evaluate the_ model,_ the resqlts were rep_resenBergstf)mp, Sg The.HBV model — its structure and applications.
tative. This is fully consistent with the raingauge available gy Reports RH, No. 4, Noriping, 1992.
data, consisted of three raingauges within the 6457  Bjoschl, G., Reszler, C., and Komma, J.: A spatially distributed
basin that cannot capture in detail the spatial variability of the  flash flood forecasting model, Environ. Modell. Software, 23,
precipitation depth and the spatial intensity associated with 464-478, 2007.
the flash flood event. In addition, calibrated radar precipi-Borga, M., Boscolo, P., Zanon, F., and Sangati, M.. Hydrom-
tation that was tested, showed better performance in some eteorological analysis of the August 29, 2003 flash flood in
cases such as Zelezniki and Vester basins. The closer ex- the eastern ltalian Alps, J. Hydrometeorol., 8(3), 1049-1067,

amination of the Zelezniki subcatchment show a very goodB d°i|:|10\'/11E75/i:"M5|9%1" Zodog b Flash flood f
performance of the model in terms of peak discharge, water20e!» V- E., Llovel, €., :and Dartus, D.: Flash flood forecast
hydrological model. Development and application of computer

Shed. response_ time and internal Water_shed dynamics. Data techniques to environmental studies, 449-458, 2002. ISBN:1-
provided for this work come from three installed rain gauges 85312-909-7, 2002.
inside the case study watershed and six external rain gaugeBoyilloud, L., Delrieu, G., Boudevillain, B., Borga, M., and Zanon,
A denser rain gauge network could deliver more accurate F: Radar rainfall estimation for the post-event analysis of a
precipitation grids and a better simulation due to precipita- Slovenian flash-flood case: application of the Mountain Refer-
tion over/under-estimation avoidance. Real-time calibrated ence Technique at C-band frequency, Hydrol. Earth Syst. Sci.,
radar data could improve the representation of precipitation 13, 1349-1360, doi:10.5194/hess-13-1349-2009, 2009.
distribution combined with the point measurements. Finally,Collier, C. G.: Flash flood forecasting: What are the limits
it is important to utilize a combination of information from ~ of predictability?, Q. J. Roy. Meteor. Soc., 133(622), 3-23,
intensive post event surveys with rainfall-runoff modelling _ d0i:10.1002/qj.29., 2007.
that will decrease the uncertainty in peak discharge estimaP¥ VK (German Association for Water, Wastewater and Waste):
tion and event interpretation. As a consequence, the con- Ermittiung der Verdg nstung von Land- und Wassefien Heft

. . . ) . ’ . 238, DVWK-Merkbktter, Bonn, 1996 (in German).
cept of parsimony in rainfall runoff modelling can be applied

_ 4 Gaume, E.: Post flash-flood investigation — methodological note,
towards a low computational demand-effective flash flood  fFjoogsite European Research Project, Report number T23-06-

warning system for the study area, when combined with op- 02, Revision Number D_P01, http://www.floodsite.net/2006.
erational radar nowcasts or high resolution weather forecastaume, E., Bain, V., Bernardara, P., Newinger, O., Barbuc,
models. M., Bateman, A., Blakovieowa, L., Bldschl, G., Borga, M.,
Dumitrescu, A., Daliakopoulos, |., Garcia, J., Irimescu, A,
AcknowledgementsThe European Commission’s Sixth Frame- Kohnova, S., Koutroulis, A., Marchi, L., Matreata, S., Med-
work Programme supported this work through the grant to the ina, V., Preciso, E., Sempere-Torres, D., Stancalie, G., Szol-
Project HYDRATE, Contract GOCE 037024. The Environmental gay, J., Tsanis, l., Velasco, D., and Viglione, A.: A compila-
Agency of Slovenia (ARSO) is gratefully acknowledged for the tion of data on European flash floods, J. Hydrol., 367, 70-78,
availability of the data used on this work and especially Nejc  doi:10.1016/j.jhydrol.2008.12.028., 2009.
Pogarik for his exclusive assistance on data processing. TheGermann, U. and Zawadzki, .. Scale dependence of the pre-
authors are grateful to G. 8schl and J. Komma for providing dictability of precipitation from continental radar images. Part

Nat. Hazards Earth Syst. Sci., 10, 272325 2010 www.hat-hazards-earth-syst-sci.net/10/2713/2010/


http://www.arso.gov.si/vreme/poro%c4%8dila%20in%20projekti/padavine_18sep07.pdf
http://www.arso.gov.si/vreme/poro%c4%8dila%20in%20projekti/padavine_18sep07.pdf
http://www.floodsite.net/

M. G. Grillakis et al.: Application of the HBV hydrological model 2725

I: description of the methodology, Mon. Weather Rev. 130(12), Rotach, M. W., Ambrosetti, P., Ament, F., Appenzeller, C., Arpa-
2859-2873, 2002. gaus, M., Bauer, H. S., Behrendt, A., Bouttier, F., Buzzi,
Germann, U., Berenguer, M., Sempere-Torres, D., and Zappa, M.: A., Corazza, M., Davolio, S., Denhard, M., Dorninger, M.,
REAL-Ensemble radar precipitation estimation for hydrology in ~ Fontannaz, L., Frick, J., Fundel, F., Germann, U., Gorgas,
a mountainous region, Q. J. R. Meteorol. Soc., 135(688j: T., Hegg, C., Hering, A., Keil, C., Liniger, M. A., Marsigli,
//dx.doi.org/10.1002/qj.37%20009. C., McTaggart-Cowan, R., Montani, A., Mylne, K., Ranzi, R.,
Gruntfest, E. and Handmer, J.: Dealing with flash floods: con- Richard, E., Rossa, A., Santos-Rbe, D., Schr, C., Seity,
temporary issues and future possibilities. in: Coping with Flash Y., Staudinger, M., Stoll, M., Volkert, H., Walser, A., Wang,
Floods, edited by: Gruntfest, E. and Handmer, J., Kluwer Aca- Y., Werhahn, J., Wulfmeyer, V., and Zappa, M.: MAP D-
demic Publishers, Dordrecht, 3—10, 2001. PHASE: Real-time Demonstration of Weather Forecast Quality
Harlin, J. and Kung, C. S.: Parameter uncertainty and simulation of in the Alpine Region, B. Am. Meteor. Soc., 90 (9), 1321-1336,
design floods in Sweden, J. Hydrol., 137, 209-230, 1992. doi:10.1175/2009BAMS2776.1, 2009.
Jarrett, R. D.: Errors in slope-area computations of peak dischargeRusjan, S., Kobold, M., and Mil&g M.: Characteristics of the ex-
in mountain streams, J. Hydrol., 96, 53-67, 1987. treme rainfall event and consequent flash floods in W Slovenia
Kobold, M. and Brilly, M.: The use of HBV model for flash in September 2007, Nat. Hazards Earth Syst. Sci., 9, 947-956,
flood forecasting, Nat. Hazards Earth Syst. Sci., 6, 407-417, do0i:10.5194/nhess-9-947-2009, 2009.
d0i:10.5194/nhess-6-407-2006, 2006. Sharif, H. O., Yates, D., Roberts, R., and Mueller, C.: The Use of
Kobold, M., Sinik, M., Robg, M., Ulaga, F., and Laliee, B.: Hy- an Automated Nowcasting System to Forecast Flash Floods in an
drological analysis of high waters and flash floods occurred in  Urban Watershed, J. Hydrometeor., 7, 190-202, 2006.
September 2007 in Slovenia, Earth Environ. Sci., 4, 012008,Schmitz, G. H. and Cullmann, J.: PAI-OFF: A new proposal for on-
doi:10.1088/1755-1307/4/1/012008, 2008. line flood forecasting in flash flood prone catchments, J. Hydrol.,
Koutroulis, A. G. and Tsanis, |. K.: A method for estimating flash 360, 1-14, doi:10.1016/j.jhydrol.2008.07.002, 2008.
flood peak discharge in a poorly gauged basin: Case study for th&eibert, J.: Estimation of Parameter Uncertainty in the HBV Model,
13-14 January 1994 flood, Giofiros basin, Crete, Greece, J. Hy- Nord. Hydrol., 28 (4/5), 1997, 247-262, 1997.
drol., 385, 150-164, d0i:10.1016/j.jhydrol.2010.02.012, 2010. Strajnar, U.: Forecasting of Extreme Stationary Convection —
Krause, P., Boyle, D. P., and Base, F.: Comparison of different effi- 18/9/2007 Zelezniki Flash Floodhttp://ams.confex.com/ams/
ciency criteria for hydrological model assessment, Adv. Geosci., pdfpapers/140913.pdfiast access: 24.7.2008, Extended Ab-
5, 89-97, SRef-ID:1680-7359/adge0/2005-5-89, 2005. stracts of the 13th Conference on Mountain Meteorology, 2008.
Lin, C. A., Vasiee, V., Kilambi, A., Turner, B., and Zawadzki, Szolgay, J.: Multilinear flood routing using variable traveletime dis-
I.: Precipitation forecast skill of nhumerical weather prediction  charge relationships on the Hron River, J. Hydrol. Hydromech.,
models and radar nowcasts, Geophys. Res. Lett., 32, L14801, 52(2), 303—316, 2004.
doi:10.1029/2005GL023451, 2005. Turner, B. J., Zawadzki, |., and Germann, U.: Predictability of
Marchi, L., Borga, M., Preciso, M., Sangati, M., Gaume, E., Bain, precipitation from continental radar images. Part llI: operational
V., Delrieu, G., Bonnifait, L., and Poganik, N.. Comprehensive  nowcasting implementation (MAPLE), J. Appl. Meteorol., 43(2),
post-event survey of a flash flood in Western Slovenia: observa- 231-248, 2004.
tion strategy and lessons learned. Hydrol. Process. 23(26), 3761Webb, R. H. and Jarrett, R. D.: One-dimensional estimation tech-
3770, doi:10.1002/hyp.7542, 2009. nigues for discharges of paleofloods and historical floods, in: An-
Montz, B. E. and Gruntfest, E.: Flash flood mitigation: recommen-  cient Floods, Modern Hazards: Principles and Applications of
dations for research and applications, Environ. Hazards 4, 15-22, Paleoflood, edited by: House, P. K., Webb, R. H., Baker, V. R.,
2002. and Levish, D. R., Water Sci. Appl. Series, 5, American Geo-
Nash, J. E. and Sutcliffe, J. V.: River flow forecasting through con-  physical Union: Washington, D.C, 111-125, 2002.
ceptual models, Part | — A discussion of principles, J. Hydrol., Zanon, F., Borga, M., Zoccatelli, D., Marchi, L., Gaume E., Bon-

10, 282-290, 1970. nifait, L., and Delrieu, G.: Hydrological analysis of a flash flood
Robic, M.: Investigating floods in the Selska Sora Valley, on 18 across a climatic and geologic gradient: the September 18, 2007
September 2007, with Hydrate international grolp://mww. event in Western Slovenia, submitted, J. Hydrol., preprint pro-

sos112.si/slo/tdocs/ujma/2008/111.pd0.12.2008, Ujma, 22, vided after personal communication, 2010.

111-116, 2008 (in Slovenian).

Rodgers, J. L. and Nicewander, W. A.: Thirteen ways to look at
the correlation coefficient, The American Statistician, 42, 59-66,
doi:10.2307/2685263, 1988.

www.nat-hazards-earth-syst-sci.net/10/2713/2010/ Nat. Hazards Earth Syst. Sci., 1@725126810


http://dx.doi.org/10.1002/qj.375
http://dx.doi.org/10.1002/qj.375
http://www.sos112.si/slo/tdocs/ujma/2008/111.pdf
http://www.sos112.si/slo/tdocs/ujma/2008/111.pdf
http://ams.confex.com/ams/pdfpapers/140913.pdf
http://ams.confex.com/ams/pdfpapers/140913.pdf

