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Abstract

In Mediterranean Europe, flash flooding is one of the most devastating hazards in terms of loss of
human life and infrastructures. Over the last two decades, flash floods have caused damage
costing a billion Euros in France alone. One of the problems of flash floods is that warning times are
very short, leaving typically only a few hours for civil protection services to act. This study
investigates if operationally available short-range numerical weather forecasts together with a
rainfall-runoff model can be used for early indication of the occurrence of flash floods.

One of the challenges in flash flood forecasting is that the watersheds are typically small, and good
observational networks of both rainfall and discharge are rare. Therefore, hydrological models are
difficult to calibrate and the simulated river discharges cannot always be compared with ground
measurements. The lack of observations in most flash flood prone basins, therefore, necessitates
the development of a method where the excess of the simulated discharge above a critical
threshold can provide the forecaster with an indication of potential flood hazard in the area, with
lead times of the order of weather forecasts.

This report is focused on four case studies in Mediterranean part of Europe: i) The September
2002-flash flood event in the Cévennes-Vivarais region in the Southeast of the Massif Central in
France, a region known for devastating flash flood; ii) the August 2003-flash flood event in both
Fella subcatchment of Tagliamento watershed and upstream part of Isonzo river basin, iii) the
October 2006-flash flood event in Isonzo river basin and iv) the September 2007-flash flood event in
Upper Sava river basin in Slovenia. The French case study is described in more detail with the
principles and metholodigies being explained that are then applied to the remaining three case
studies. Also, there were more data available for the 1% case study.

The critical aspects of using numerical weather forecasting for flash flood forecasting are being
described together with the threshold — exceedance approach previously postulated for the
European Flood Alert System (EFAS). The short-range weather forecasts, from the Local model of
the German national weather service, are driving the LISFLOOD model, a hybrid between
conceptual and physically based rainfall-runoff model. Results of the study indicate that high
resolution operational weather forecasting combined with a rainfall-runoff model could be useful to
determine flash floods more than 24 hours in advance.
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1. Introduction

Flash floods are rapidly developing floods with devastating effects for the environment and
high risk of loss of life. In Mediterranean Europe, flash flooding is classified as one of the
most devastating hazards in terms of human life loss and infrastructures (Gruntfest and
Handmer, 1999). Over the last two decades, flash floods caused a billion Euros of damage in
France alone (Hauet et al., 2003, in French). Apart from the economic impact, flash floods
are life threatening: 11 victims were reported in the Nimes event (1988), 58 during the Vaison
la Romaine flash flood (1992) (Senesi et al., 1996), 35 for the Aude storms (1999) (Ducrocq
et al., 2003) and 24 for the 2002 Gard event (Delrieu et al., 2005; Hauet et al., 2003) which is
presented here. Vulnerability to flash floods will probably increase in the coming decades
due to evolving land use and the modification of the pluviometric regime associated with the
evolution of the climate (Parry, et al., 2007, Palmer and Raisanen, 2002, Rosso and Rulli,
2002).

A flash flood is typically the consequence of a short-duration storm event. The term “flash”
refers to the rapid response, with water levels in the drainage network reaching a crest within
minutes to a few hours after the onset of the rain event, leaving extremely short time for
warning. Flash flood generating storms can accumulate more than 200mm during less than 6
hours over natural watersheds ranging in area from 25 to 2500 km? (Creutin and Borga,
2003; Collier, 2007). Over built-up areas of 1 to 100 km?, flash floods can be produced by
storms of even shorter duration with accumulations of over 50mm in less than one hour
(Creutin and Borga, 2003; Collier, 2007). The rising rate of waters of several m.h™" and the
flow velocity of several m.s™' make these floods far more dangerous for human lives than
large river floods (excluding dam breaks). Furthermore, the danger also comes from the rarity
of the phenomenon which imposes a new observation strategy as well as new forecasting
methodology.

One of the greatest difficulties in addressing flash flood problems is defining them (Montz and
Gruntfest, 2002) and the conditions playing roles in flash flooding are their sudden
occurrence with short lead time for warning, fast-moving and generally violent, jeopardizing
life, damaging properties and infrastructure. They are also distinguished by their small spatial
scales (generally less than 1000 km?) of drainage basins in which flooding occur. Aside from
intense rainfall and small net storm motion, factors that contribute strongly to flash flooding
are low permeability or saturated soils, impervious ground surfaces, and steep slopes.
Failure of small to medium-sized dams, including debris dams, contributes significantly to the
fatalities and damage associated with flash floods. A majority of flash-flood-related deaths
occur in motor vehicles as people seek shelter and/or try to escape from rising waters.

The meteorological conditions leading to flash floods are mostly severe convective systems
that typically develop under potentially unstable conditions released by localized trigger
mechanisms. Due to their very localized nature, the observation of these events with a
gauging network is problematic. Weather radars can provide better spatial rainfall
estimations. However, it has been demonstrated that the more intense the rainfall, the less
reliable the rainfall estimates from radar become (Austin, 1987, BASC, 2005, Borga et al.,
2002, Ciach et al,, 2000,). Therefore accurate monitoring and prediction of severe storm
rainfall intensities continue to be a major challenge. Prediction of these events with numerical
meteorological models is even more difficult (Fritsch et al., 1998; Anquetin et al., 2005;
Chancibault et al., 2006; Yates et al., 2007) due to the strong interaction of different physical
and micro-physical processes across different scales.



One accepted method for predicting flash floods in ungauged river basins is so called “flash
flood guidance” (Georgakakos, 2006). Flash flood guidance is a general term referring to the
average rain needed over an area and during a specific time necessary to initiate rapid
flooding in small streams. Depending on the method also the antecedent soil moisture or
precipitation from previous days is taken into account.

However, there is no unique and simple theory about the runoff production on watersheds
during flood events. The main reason is that a variety of processes can be involved which are
usually grouped in two categories: saturation excess (Dunne process) or infiltration excess
(Horton runoff). Due to the high heterogeneity and space variability of the watershed
characteristics (land use, soil type and depth, subsoil, local slope, upstream contributing
area) and to antecedent moisture conditioning, these processes are likely to be active at the
same time in various combinations.

Therefore, in order to forecast flash-floods reliably, the temporal and spatial resolved scales
of the meteorological and hydrological model should be linked. Recognition of the need to
couple meteorological and hydrological processes in interpretative studies and in the
development of predictive models for flash floods has been demonstrated (Anquetin et al.,
2004).

In this study a regional approach for flash flood warning also in ungauged river basins is
being proposed. The concept is based on the principle of discharge threshold exceedances
as opposed to a rainfall exceedance (Georgakakos, 2006). A discharge threshold
exceedance approach is currently being explored for river flood forecasting (Thielen et al.,
2008, Ramos et al., 2007), but has also been recently applied for flash floods, for instance
by Reed et al. (2007).

In section 3 three case studies were chosen for regions lying within the Mediterranean
climate zone, the Cévennes - Vivarais region in Southern France, the Friuli region of Eastern
Italian Alps with its neighboring Isonzo watershed in Slovenia and the Goriska and Gorenjska
Regions North-West part of.



2. Hydrological model, input data and methodologies
2.1. The hydrological LISFLOOD model

LISFLOOD is a GIS-based hydrological rainfall-runoff-routing model that is capable of
simulating the hydrological processes that occur in a catchment. The specific development
objective was to produce a tool that can be used in large and trans-national catchments for a
variety of applications, including flood forecasting, and assessing the effects of river
regulation measures, land-use change and climate change. Although a wide variety of
existing hydrological models are available that are suitable for each of these individual tasks,
few single models are capable of doing all these jobs. Besides this, our objective requires a
model that is spatially distributed and —at least to a certain extent- physically-based (van der
Knijff, Younis and de Roo, 2008). A brief model description is given below, more detail can
be found in the LISFLOOD manual (van der Knijff and de Roo, 2008).

Figure 2.1.1 gives an overview of the structure of the LISFLOOD model. Basically, the model
is made up of the following components:

e a 2-layer soil water balance sub-model

e sub-models for the simulation of groundwater and subsurface flow (using 2 parallel
interconnected quasi-linear reservoirs)

e a sub-model for the routing of surface runoff to the nearest river channel

e a sub-model for the routing of channel flow (not shown in the Figure)

The processes that are simulated by the model include snow melt (not shown in the Figure),
infiltration, interception of rainfall, leaf drainage, evaporation and water uptake by vegetation,
surface runoff, preferential flow (bypass of soil layer), exchange of soil moisture between the
two soil layers and drainage to the groundwater, sub-surface and groundwater flow, and flow
through river channels. Upward vertical soil moisture and groundwater flow (capillary rise)
are not simulated, and neither are deep groundwater systems. This poses some limitations
on the use of LISFLOOD in areas that are either very dry or have a hydrology that is heavily
influenced by deep groundwater, or combinations of both. (van der Knijff, Younis and de
Roo, 2008).
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Fig 2.1.1: Overview of the LISFLOOD model. P = precipitation; Int = interception; EWint =
evaporation of intercepted water; Dint = leaf drainage; ESa = evaporation from soil surface;
Ta = transpiration (water uptake by plant roots); INFact = infiltration; Rs = surface runoff;
D1,2 = drainage from top- to subsoil; D2,gw = drainage from subsoil to upper groundwater
zone; Dpref,gw = preferential flow to upper groundwater zone; Duz,lz = drainage from upper-
to lower groundwater zone; Quz = outflow from upper groundwater zone; QI = outflow from
lower groundwater zone; Dloss = loss from lower groundwater zone. Note that snowmelt is
not included in the Figure (even though it is simulated by the model) (van derKnijff et al.,
2008).

2.2. Mathematical Formulations of the hydrological processes in LISFLOOD

Rain and snow

If the average temperature is below 1°C, all precipitation is assumed to be snow. A snow
correction factor is used to correct for undercatch of snow precipitation. Unlike rain, snow
accumulates on the soil surface until it melts. The rate of snowmelt is estimated using a
simple degree-day factor method. Degree-day factor type snow melt models usually take the
following form (e.g. see WMO, 1986):

M = Cm (ravg _Tm) (2-1)



where M is the rate of snowmelt, T, is the average daily temperature, Tm is some critical
temperature and Cm is a degree-day factor [mm °C-1 day-1]. Speers et al. (1979) developed
an extension of this equation which accounts for accelerated snowmelt that takes place when
it is raining (cited in Young, 1985):

M =(0.074+0.007-R)(T,, —T») 2-2)

where R is the daily rainfall and both M and R are expressed in cm (rather than mm). The
equation is supposed to apply when rainfall is greater than 3 cm in 24 hours. Moreover,
although the equation is reported to work sufficiently well in forested areas, it is not valid in
areas that are above the tree line, where radiation is the main energy source for snowmelt).
Currently LISFLOOD uses a variation on the equation of Speers et al. The modified equation
simply assumes that for each mm of rainfall, the rate of snowmelt increases with 1%
(compared to a ‘dry’ situation). This yields the following equation:

M =C,_(1+0.01- RAt)(T

avg

—T.)-At (2-3)

where M is the snowmelt per time step [mm], R is rainfall (not snow!) intensity [mm day-1],
and At is the time interval [days]. T, has a value of 0 °C, and C, is set to a default value of
4.5 mm °C-1 day-1. However, it should be stressed that the value of Cm can actually vary
greatly both in space and time (e.g. see Martinec et al., 1998). Therefore, in practice this
parameter is often treated as a calibration constant. The amount of snowmelt can never
exceed the actual snow cover that is present on the surface.

Frost index soil

When the soil surface is frozen, this affects the hydrological processes occurring near the soil
surface. To estimate whether the soil surface is frozen or not, a frost index F is calculated.
The equation is based on Molnau & Bissell (1983, cited in Maidment 1993), and adjusted for
variable time steps. The rate at which the frost index changes is given by:

dF —0.04-K- we,
EZ—(l—Af)F—TaV-e 0.04Kds/ o

dF/dt is expressed in [°C day ' day” ]. Aris a decay coefficient [day™], K is a snow depth
reduction coefficient [cm-1], ds is the (pixel-average) depth of the snow cover (expressed as
mm equivalent water depth), and wes is a parameter called snow water equivalent, which is
the equivalent water depth water of a snow cover (Maidment, 1993). In LISFLOOD, Arand K
are set to 0.97 and 0.57 cm”’ respectively, and we;s is taken as 0.1, assuming an average
snow density of 100 kg/m3 (Maidment, 1993). The soil is considered frozen when the frost
index rises above a critical threshold of 56. For each time step the value of F [°C day‘1] is
updated as:

F(t) = F(t—1)+‘fj—fm (2-5)



F is not allowed to become less than 0.

Interception

Interception is estimated using the following storage-based equation (Aston, 1978, Merriam,
1960):

Int =S, -[L1—exp(—k-RAt/S )] (2-6)

where Int [mm] is the interception per time step, Smax [mm] is the maximum interception, R
is the rainfall intensity [mm day-1] and the factor k accounts for the density of the vegetation.
Smax is calculated using an empirical equation (Von Hoyningen-Huene, 1981):

S, =0.935+0.498- LAl —0.00575- LAl [LAI >0.1]
S, =0 [LAI <0.1]

(2-7)
where LAl is the average Leaf Area Index [m2 m-2] of each model element (pixel). k is
estimated as:

k =0.046- LAI (2-8)

The value of Int can never exceed the interception storage capacity, which is defined as the
difference between Smax and the accumulated amount of water that is stored as
interception, Intcum.

In LISFLOOD the simulation of preferential bypass flow —i.e. flow that bypasses the soil
matrix and drains directly to the groundwater is carried out by:

C pref

Wl
= VVav

D
fl
pref ,gw w,, (2.1.1)

Where Dyrergw is the amount of preferential flow per time step[mm], W,y is the amount of
water that is available for infiltration, and Cyr is the empirical shape parameter, which is
used as a calibration constant. The equation results in a preferential flow component that
becomes increasingly important as the soil gets wetter. The actual infiltration INF.: [mm] per
time step is now calculated as:

INFact = mln(INFpot ,Wav - Dpref‘gw). (21 2)
Finally, the surface runoff Rs[mm] is calculated as:
Rs = Rd + (1 - fdr ).(Wav = DprefY gw ~ INFact) (21 3)

Where, Ry is the direct runoff (generated in the pixel's ' direct runoff fraction’). Equation
(2.1.3) thus gives the surface runoff for the whole pixel (pervious+impervious fraction).



As far as we know there is no general equation that accounts for preferential bypass flow, but
ignoring it completely will lead to unrealistic model behavior during extreme rainfall
conditions. Equation 2.1.1 is a very simple approach used in LISFLOOD. During each time
step, a fraction of the water that is available for infiltration is added to the groundwater
directly (i.e. without first entering the soil matrix). It is assumed that this fraction is a power
function of the relative saturation of the topsoil (van derKnijff et al., 2008, van der Knijff and
de Roo, 2008).

In LISFLOOD the simulation of fast subsurface flow through macropores (preferential flow), it
is assumed that the fraction of the water on the soil surface contributing to preferential flow is
a non-linear function of the relative saturation of the topsoil, and that the importance of
preferential flow increases as the topsoil gets wetter. For the remaining water that falls on the
soil surface, infiltration and surface runoff are simulated using the Xinanjiang approach (Zhao
& Liu, 1995; Todini, 1996). The moisture fluxes out of the top- and subsoil are calculated
assuming that the flow is entirely gravity-driven. The groundwater system is described using
two parallel interconnected linear reservoirs, similar to the HBV-96 model (Lindstrom et al.,
1997). The upper zone represents a mix of fast groundwater and subsurface flow, including
flow through macropores. The lower zone has a much slower response and generates the
base flow. Routing of water through the river channel can be simulated with the kinematic or
the dynamic wave descriptions (Chow, 1988). Whenever possible parameters in LISFLOOD
are linked to physical properties, e.g. soil or landuse properties, however, default values for
five parameters are proposed but need to be calibrated for better model performance (Feyen,
2005, van der Knijff and de Roo, 2006). Analysis of model parameter uncertainty and its
impact on discharges simulated by the LISFLOOD model is presented in Feyen et al., 2007.

For this study the model has been set-up for a region including all basins with a 1 km? grid.
Time steps are adapted to the resolution of the input variables available for this study. For
the long term simulations these are daily and for the detailed case study calculations hourly.
Since the aim of the study is to test the approach for ungauged river basins, the available
discharge data have been used for comparison and validation only, and not for calibration.
Instead, default values for the parameters have been used throughout the study (van der
Knijff and de Roo, 2006, van der Knijff et al, 2008).

2.3. Input data

For the determination of the hydrological regime over the past years, synoptic meteorological
station data from the data archive of the AgriFish' unit at the DG Joint Research Centre have
been used. Their database holds reliable meteorological data from about 2000 stations
across Europe since 1990. In the areas under study the meteorological stations are available
for which daily values of temperature and rainfall have been reported and potential
evaporation estimated.

High-resolution operational weather forecasting data are provided to the JRC for research by
the German national weather service (DWD). In 2002 the Local model of the DWD had a grid
spacing of 7 km, an hourly temporal resolution, and a forecasting lead time of 48h. The DWD
forecasts are provided every 12 hours starting at 00UTC and 12UTC.

L http://agrifish.jrc.it



2.4. Methodology of discharge threshold exceedances

In order to issue a flood warning a decision making element needs to be incorporated: is the
discharge going to exceed a critical threshold or not? The determination of the critical
thresholds is crucial, in particular when dealing with watersheds where only few or no
discharge measurements are available. For this study a model consistent approach which
has been tested previously for early flood warning in large river basins (Ramos et al., 2007,
Thielen et al, 2007) is proposed:

1) A long time series simulation based on observed meteorological data is calculated
with LISFLOOD. Obviously, the denser the station network, the better rainfalls and
subsequent discharge peaks can be captured.

2) For each grid point, the discharges from the long-term time series are evaluated
statistically for threshold values, e.g. for return periods or quantiles. Due to the
relatively short time series for which reliable meteorological data are available for this
study (1990 to 2002) — the quantiles approach was used. Discharges are ranked from
highest to lowest and certain cut-off values chosen as thresholds. The highest
discharge is defined as the severe threshold level. The one corresponding to the 99%
highest discharge is chosen as the high threshold level (comparison with observations
has shown that this corresponds frequently with observed 1-2 year return periods), the
98% as medium and 97% as low.

3) Comparison with observations is performed through exceedance of critical thresholds,
e.g. is Qops > Qritical obs When Qsim > Quritical sim, fOr each available station.

The major advantage of this approach is that any systematic over- or under-prediction of the
model is compensated for. If the model tends to overestimate discharges in a given river
reach, for example because of a non-optimized parameterization or lack of processes such
irrigation or reservoir operations, this would be reflected in the thresholds as well as in the
forecasts. In this way the relative difference of simulated discharge to simulated thresholds
but not the actual values are evaluated. The same procedure was used for the calculation of
observed thresholds. For visualization, the critical thresholds are coded by different colors
(Table 1).

Table 1: EFAS thresholds, their color codes and associated hazard class

EFAS threshold | Color Description
S (Severe) [ Very high possibility of flooding, potentially severe flooding
expected
H (High) ] High possibility of flooding, bankfull conditions or higher
expected
M (Medium) ] Water levels high but no flooding expected
| Water levels higher than normal but no flooding expected




For those stations where observed discharge data are available, the same method has been
applied to calculate the corresponding critical values Q. obs.

One of the major drawbacks for this study lies with the different time and space resolutions
that are imposed by the availability of the data. While for the determination of the thresholds
only daily meteorological and hydrological data are available over a sufficient long time,
flashfloods themselves develop on shorter time scales. It is therefore likely that the calculated
thresholds are low compared to the actual peak discharges occurring during flashfloods. In a
similar way, the weather forecasting data neither entirely match the resolution of the
climatological network nor the high-resolution network. Too low thresholds can lead to a high
number of false alarms that could be reduced if the data used to determine the thresholds
were of higher resolution. For the purpose of this study, which focuses on early warning for
flashfloods, the low threshold values do not necessarily pose a problem as long as the
exceedance of the high and severe thresholds is taken as indication only that flashfloods are
likely. Quantification and localization of these warnings would have to be confirmed through
real-time rainfall measurements with gauges and radar.
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3. Case studies
3.1. The flash flood event 8-9th September 2002 — France
3.1.1. The Cévennes - Vivarais region in Southern France

The Cévennes-Vivarais region (Fig. 3.1.1.1) is situated Southeast of the Massif Central, the
V-shaped Hercynian mountain range of the central part of France (85000 km?; i.e. one sixth
of the country area). The relief is a southeasterly facing slope starting from the
Mediterranean shore and the Rhéne Valley. The altitude of the mountain range varies from
sea level up to 1700m (Mount Lozére) over roughly 70km. The area is characterized by
relatively small catchments (few hundreds of km?) with short response time of less than 12
hours. The main Cévennes Rivers are Virdourle, Ardéche, Céze, and Gard. They are
characterized by a typical Mediterranean hydrological regime with very low level of water in
summer and floods occurring mainly during the autumn. Figures 3.1.1.2 and 3.1.1.3 illustrate
that most of the floods takes place during the autumn and winter months from September to
February.
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Figure 3.1.1.1: Map of the topography of France and zoom into the study area of the
Cévennes region with the catchments used for this study. Rainfall gauges from high density
network (hourly data, blue flags), stream gauging stations (red dots), and synoptic
meteorological stations (daily data, red circles). The location of the Bollene radar is also
indicated in the map.
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Figure 3.1.1.2: Shows that major floods occur during autumn and winter seasons in
Mediterranean region.
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Figure 3.1.1.3: Distribution of observed flood events over the months for Gard River at
Generargues stream gauging station from 1991 to 2006.

For this study four watersheds are analyzed, the Ardeche, the Ceze, the Gard and the
Vidourle. The outlets at which comparison of observed with simulated data are performed are
listed in Table 2. Only those meteorological and hydrological stations with long-term records
from 1990 to 2002 were chosen. In total, 11 meteorological stations and 15 discharge

stations were selected (Fig. 3.1.1.1). Radar information was used from the 2002.09.08 06:00
onward for a period of 36 hours.
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Table 2: This table shows the list of river basins, discharge stations and their upstream areas
used in this study. In addition the observed maximum daily discharge (Qmax) for the study
period 1990-2002 is given, the recorded maximum discharge at this station (Qmax_recorded)
and at what date, the 2, 5 and 10 year observed return periods (RP2,5,10 yrs), and the high
threshold calculated from the observed daily discharges.

Basin Station Upstream | Qnayiee02000Q mar_rwoorgen | Qonsmign
area (1990-2002)
[kn'] RP; . /RP: o RP gy [m*/s]
[méis]
Ardeche | 4rd102-Port de Labeaume - 264 404 5310311182 134
w5004010
220032043590
Aref1 05-Yogue-%501 4010 636 S30/5390023M 077 233
42005005720
Ard501 -Chambonss-YS045020 475 BOSAETIC10M1/78) 115
28004504570
Ceze Cezel02-Beszeges-Vwo5424010 230 2EATE2IN0TT) [T
13002004250
Cezel04-Rogue_sur_Ceze- 1080 1170 M 20002405777 1™
LR A 0/E70/340
Cezel06-Chusclan-v54 74020 1180 1250 M 250 (21 M 0594) 209
s
Gard GART03-Corbes-Y7 135010 263 HBST0CZIN0TT) a4
150/230/280
AR 04-Genéragues-Y7124010 [ 251 FESMAS0CZIN 0T g2
15002204270
GARZO3-5t. Hilaire-Brethmas - 325 302 £302020M 0084 a5
%'7155040 i
ZAR301-Boucoiran-¥7 164010 1057 424 Iinoinfo) 236
I
Vidowle | Wid103-Le Yidourle a Sauve- 180 417 (9972002 47
i 120/ 801220
Wic103- Le Widourle & Salinelles | 5359 8758 fnaoinfo) 53
— 3444010

e total gap in data records >3 years; " total gap in data records 3 < years < 6;  total gap
in data records > 6 years
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3.1.2. Description of the 8-9th September 2002 case study

The 8-9 September 2002 heavy precipitation event was responsible for one of the most
important floods ever recorded in the Cévennes—Vivarais region. It caused 24 casualties and
an economic damage estimated at 1.2 billions euros (Huet et al., 2003).

The event started early in the morning of the 8th September 2002 with first convective cells
forming over the Mediterranean Sea. The convection progressed northward to form inland a
mesoscale convective system over the Gard). The quasi-stationary system stayed over the
same region until approximately the next morning, and then evolved eastward together with a
surface front. For more detail on the event refer to (Delrieu et al., 2005). For the whole event,
the raingauge network locally recorded 24h cumulated rainfall greater than 600mm (Fig.
3.1.2.1a), which is confirmed by the radar observation (Fig. 3.1.2.1b).

Rainfall in mm

N

600

a b

Fig. 3.1.2.1: Accumulated 48 h observed rainfall from 20020908 as observed by gauges (a) and by radar
(b). Locations of the gauges used for the interpolation are shown in Figure 3.1.1.1.

For the Gard and Vidourle river watersheds, the peak discharges were observed to be two
times higher than the ten years return period specific discharge (Delrieu et al., 2005;
Chancibault et al., 2006). In Fig. 3.1.2.3, the maximum specific discharge recorded or
retrieved from a post-event field experiment (Delrieu et al., 2005) presents the intensity of the
hydrological response of the watershed within the region. In Figure 3.1.2.3, most of the
estimated peaks indicate specific discharges of more than 5 m®s”'km™, with some of them
over 20 m’s'km™?. These are the most important values ever reported for watersheds of
similar areas in France (Delrieu et al., 2005). The 10 years return period discharge for such
catchments is about 2 m®s™'km™ in this region. This figure also points out the characteristic
size of the watershed affected by the flood for which detailed rainfall fields have to be
correctly forecasted.

A more detailed description of the case study can be found in Delrieu et al. (2005),
Chancibault et al. (2006) and Nuissier et al. (2007).
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Fig. 3.1.2.3: Observed maximum specific discharges for the flash flood event in September
2002 in the Cévennes-Vivarais region. The plot is based on the data collected in the post-
event field experiment as described in Delrieu et al. (2005).

3.1.3. Input data for the study

For the determination of the hydrological regime over the past years, synoptic meteorological
station data from the data archive of the AgriFish' unit at the DG Joint Research Centre have
been used. Their database holds reliable meteorological data from about 2000 stations
across Europe since 1990. In the study area 11 meteorological stations are available for
which daily values of temperature and rainfall have been reported and potential evaporation
estimated (Figure 3.1.3.1).

Fig. 3.1.3.1: Distribution of synoptic meteorological stations in the study area used for long
term simulation for threshold calculation.
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For the case study hourly meteorological and hydrological data are available from the
databank of the Observatoire Hydrométéorologique Méditerranéen - Cévennes — Vivarais
(OHM?-CV) which has been initiated in 2000 to understand intense Mediterranean storms
that lead to devastating flash floods.

Rainfall data estimated from radar was derived from the Bolléne 2002 experiment (Chapon,
2006; Boudevillain et al., 2006) designed by DSO/Météo-France and LTHE. This experiment
aimed at evaluating the benefit of a radar volume-scanning strategy (8 elevation angles in
5mn) for radar quantitative precipitation estimation in the Cévennes-Vivarais region. The 3
Plan Position Indicators (PPIs) corresponding to the elevation angles needed for the
operational products in real time of the Bollene radar (Météo-France; Fig. 3.1.1.1) were
complemented by two sets of 5 PPIs (elevation angle from 0.4° to 18°), alternated every
5mn. This protocol allowed a good sampling of the atmosphere at a 10mn sampling interval.
The data available at 1x1km? resolutions were the average reflectivity and the mean absolute
reflectivity difference averaged over the individual radar polar bins which centers fall within
the corresponding Cartesian mesh. Innovative algorithms were developed in order to identify
and correct various errors sources in quantitative precipitation estimation in mountainous
regions (i.e. radar calibration, ground clutter identification, vertical profile of reflectivity versus
rainfall). Calibration based on rainfall observations has not been used. For more details on
each step of the radar data treatment see Boudevillain et al. (2006).

High-resolution operational weather forecasting data are provided to the JRC for research by
the German national weather service (DWD). In 2002 the Lokalmodell of the DWD had a grid
spacing of 7km, an hourly temporal resolution, and a forecasting lead time of 48h. The DWD
forecasts are provided every 12 hours starting at 00UTC and 12UTC.

For the long-term simulations discharge data from 15 stream gauging stations were selected
from the Banque d’Eau3, the French National database for discharge. At these stations
discharge records are available from 1990 onwards. Only those stations were selected where
the influence of hydrological structures such as reservoirs, can be assumed to be little. In
addition, for 12 out of these 15 stations, also hourly data are available from the OHM-CV for
the 2002 event.

3.1.4. Hydrological regime and calculation of thresholds

The hydrological regime of the river basins in the Cévennes-Vivarais region is illustrated in
Fig. 3.1.4.1 which illustrates the concentration of peak discharges in autumn and spring for
the two catchments Gard and Ceze. Despite the coarse meteorological station network data
used as input, the simulations capture the periods of high flows reasonably well. Although
peaks are both over- or underestimated, the scatter plot in Fig. 3.1.4.2 shows clearly that the
model rather tends to underestimate the discharges. Particularly severe is the
underestimation of simulated discharge in the example of the Ardéche.

2 http://www.lthe.hmg.inpg.fr/fOHM-CV
® http://www.hydro.eaufrance.fr
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Fig. 3.1.4.1a: Observed (Blue) and simulated (black) Gard discharges at station Corbés (262
km2) from 1/1/1994 to 31/12/98.
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Fig. 3.1.4.1b: Observed (Blue) and simulated (black) Gard discharges at station

Corbés (262 km?) from 1/1/1999 to 31/12/2003, taking into account the difference in
threshold.
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Fig. 3.1.4.1c: Observed (Blue) and simulated (pink) Ceze discharges at station Besseges
(230 km2) from 1/1/2000 to 31/12/2002.

As emphasized before, it is not the absolute discharges that are of interest in this study but
the exceedance of corresponding thresholds. Comparison of the number of threshold
exceedance between simulations and observations yield similar results over the 12 year
period (not shown), indicating that the chosen time interval for the calculation of thresholds is
sufficiently long.

The exceedances of threshold levels for both the simulated and observed discharges have
been summarized in contingence tables (Table 3) for each of the four threshold levels. Figure
3.1.4.3 shows, for the same stations as in Figure 3.1.4.2, the first three components of this
contingence table for thresholds high, medium and low. By definition, the “severe” threshold,
which is defined as the highest discharge of the time series, cannot be exceeded and is
therefore zero in all cases. Positive rejections, the vast majority of the cases, are not plotted
to avoid distortion of the graphs.

The splitting of the contingence tables shows mixed results. When analyzing the data
according to the lowest alert class, there are generally more hits than false alarms or misses.
The number of misses and false alarms is about equally high. When looking in more detail at
the different threshold classes, the results worsen as the severity class increases. These
results have, of course, to be analyzed in view of the quality of the meteorological input data
and the events analyzed. Flash floods are events that are much localized and there is a high
probability that the synoptic station network misses the event — hence a high number of
misses. More surprisingly is perhaps the high number of false alarms. This can be partially
explained with the temporal resolution of the input data and the corresponding daily time step
which can easily introduce a 1 day time shift which in this rigid analysis based on daily values
then counts as a miss or false alarm. If the input data was available at a higher temporal
resolution and derived from a higher density network, the results would very likely be better.
It can be concluded from the long-term study that with the given input data resolution the
simulated discharges tend to be considerably lower than the observed ones. Therefore
quantitative analysis of discharges could not be used for flood warning, while the threshold
exceedance approach allows better identification of events.
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The number of threshold exceedances, shown in Figure 3.1.4.4 as cumulative values over
the 12 year period for both simulated and observed data series, shows that the simulated
threshold exceedances compare well with the observed ones, in particularly for the Gard and
Ardeche. While during certain periods differences can occur, with increasing number of years
the values approach similar numbers, indicating that the 12 year period is sufficiently for the
calculation of the thresholds.
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Fig. 3.1.4.2: Scatter plots for the stations in the Ardéche (a), Céze (b), Gard (c) and Virdourle
(d) with the daily observed discharges in m®/s on the x-axis and simulated discharges in m*/s
on the y-axis during the 1990 to 2002.

Table 3: Definition of contingence table

Qobs 2 Qc obs

Qobs < Q c obs

Qsim 2 Qc sim

H (Hit)

F (False)

Qsim < Q ¢ sim

M (Miss)

PR (Positive Rejection)
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Fig. 3.1.4.3: Contingence tables of hit, false, and missed threshold exceedances for Graviére
in the Ardeche (a), Bessége in the Céze (b), Corbés in the Gard (c) and Sauve in the
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Fig. 3.1.4.4: Cumulative number of threshold exceedances for the observed (solid) and
simulated (dashed) time series starting on 1.1.1990 up to 31.12.2001.
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3.1.5. Forecasting the 8-9th September 2002 event

In LISFLOOD the output of the daily long-term simulations are used as initial conditions for
the hourly flood simulations.

Comparison between accumulated rainfalls from radar (Fig. 3.1.2.1), high resolution rain
gauge network and weather forecasts (Fig. 3.1.5.1) show that there are big differences in
terms of spatial distribution as well as magnitude.

Taking the high resolution rainfall network data as reference, Fig. 3.1.2.1 shows that the
radar produced very similar rainfall in terms of quantity and spatial distribution. There is more
information on the spatial variability in the radar data as compared to the interpolated gauge
data. In contrast, the daily values of the synoptic gauges do not capture the event in its total
spatial distribution. The rainfalls are concentrated in the Southeast of the catchment. Also the
rainfall quantity is much too low. As for the weather forecasts, the rainfall patterns are shifted
too far north as compared to the observation. This is has been observed also for other
meteorological models as documented in Anquetin et al. (2005). Also, the overall volume of
precipitation has been underestimated by the weather forecasting model, which again has
been observed previously for other weather forecasting models.

Rainfall in mm
N
600
500
- 400
300
2

0 Forecast090712:00_48h Forecast0908 00:00_48h Forecast0308 12:00_48h Forecast08090000_48h

ChserD8071200_48h Ohser08080000_48h Ohser09081200_48h Ohser08080000_48h

Fig. 3.1.5.1: Accumulated rainfalls from the 20020907 12:00 20020908 00:00, 20020908
12:00 20020909 and 00:00 48 hours forecasts, and observed (using 101 rainfall gauging
stations (see figure 3.1.1.1) for the same period.

Fig. 3.1.5.2a shows hourly hydrographs based on the radar estimated rainfall and high
density rain gauge network. Both simulated discharges are compared against the observed
discharge at Générargues in the Gard River. In Fig. 3.1.5.2b, the hourly simulated discharges
are based on the 7-km resolution weather forecasts from the German National Weather
Service at the same outlet.

This graph clearly illustrates the principle of the threshold exceedance. The simulated
discharges — even with high resolution radar and gauge data — are 3 times lower than the
observed discharges they are reaching (radar) or exceeding (gauges) the EFAS severe
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threshold indicating serious flooding in the Gard. Although the forecasted rainfalls for the
region were shifted too far north compared to the observations and comparatively low
rainfalls were forecasted over the Gard basin (Fig. 3.1.5.1), the high threshold is being
exceeded with all forecasts from the 07th September 12:00 forecast onwards. Also the
timings of the forecasted peaks correspond well with the observed peak on 9th September at
6:00 o’clock +/- 1-2 hours. Thus, although the severity of the event is underestimated, there
is an early warning indication that flooding can be expected within 42 hours. Estimating the
runtimes of the meteorological and hydrological models as well as data transfer and
preparation time of the data to about 6 hours, the leadtime is still of the order of 1 day and
more (Fig. 3.1.5.2c). In contrast to the Gard basin, the discharge forecasts for the Ardeche
overestimated the severity of the event (Fig. 3.1.5.3). Clearly, the benefit of these forecasts
lies with the potential early warning of the flood event. As the events draw nearer, the flood
forecasters would increasingly make use of the observational networks to identify the spatial
distribution and the magnitude of the flooding.
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Fig. 3.1.5.2: a- Observed hydrograph at Générargue in the Gard river with the vertical line
indicating the time of peak at 06:00 on 9th September, while at 07:00 with Radar(Green) and
at 08:00 with the using of high density rainfall gauging network (Grey dashed). b-
Hydrographs of forecasted discharges in m3/s (y-axis) for Générargue (244 km2) in the Gard
river from the 9th-12th Sep 2002 starting at 12:00 in hourly time steps (x-axis). The flood
forecasts based on DWD forecasts start on 0906 00:00 until 0909 00:00 in 12h time intervals.
c- illustrates the visualization of threshold exceedances in hourly time steps for the flood
forecasts based on radar data and 48 hours DWD Lokalmodell forecasts from 20020907
00:00, 20020907 12:00, 20020908 00:00, 20020908 12:00 and 20020909 00:00. The
exceeded thresholds are color coded as purple (severe), red (high), yellow (medium) and
green (low). Grey color indicates no data available.
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Fig. 3.1.5.3: Comparing observed discharge for Ardeche at Vallon Pont d’Arc (1930 km?) with
Radar input rainfall data giving underestimation of the resulting discharge, while with the
model consistent threshold, the severe threshold is reached with the forecast from 7™
September 12:00 onwards.

Fig. 3.1.5.4 illustrates the spatial development of forecasted event. Again the exceeded alert
thresholds are visualized with the colour coding listed in Table 1. Each panel shows the
maximum alert threshold exceeded during the forecasting period in 12 hourly steps. The
panel clearly illustrates that the event is first forecasted on the 07™ 12:00 to take place in the
upstream areas of all 4 river basins. In the next forecasts the emphasis is mostly in the Gard
and Ceéze rivers and less in Ardéche and Virdourle. The panel shows how the flooding is
forecasted to affect almost the whole basins well exceeded the severe thresholds over large
parts of the river basins. Downstream, towards the outlets, mostly only high thresholds are
exceeded.
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Fig. 3.1.5.4: Summary threshold exceedance maps showing the highest threshold exceeded
during the 48 h forecasting time for flood forecasts based on the DWD Lokallmodell weather
forecasts from 20020907 00:00 and in 12 hourly steps until 20020909 12:00. The threshold
exceedances are color coded with purple (severe), red (high), yellow (medium) and green
(low).

Compared to the images delivered by radar (Fig. 3.1.2.1) one can see that the spatial
distribution of the event was well captured by the forecasts but that there was a tendency to
shift the precipitations too far north. As a result, for example the Ardeche, was forecasted
with more rainfall compared with observations while the Gard did not receive rainfall as much
as observed. This is also reflected in the simulations.

In summary one can state that — in this particular case —system as the one presented could
have provided early warning of the event to happen more than 24 hours in advance with a
good estimation of areas affected, timing and magnitude of the event. It appears that the high
thresholds derived from the long-term simulations can be used as indicator for flood events
when limited area meteorological model input data are used to drive the simulations.
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For this period the OHM-CV has classified 11 significant rainfall events (3, 5, 8-9 Sep, 9-10,
21, 30-31 Oct, 14,21 and 24 Nov and 10-11 and 27" Dec), where a significant event is
defined when at least 1 station has reported more than 50 mm of rainfall during the event.
Out of these 11 rainfall events 6 have resulted in a flood event (9 Sep, 10 Oct, 22 and 24-27
Nov, 11-13 and 29 Dec) where a flood event is defined as the observed discharge data
having exceeding the observed high threshold.

Table 4 summarizes the number of hits, false alarms and misses for the period from 5" June
2002-31°% December 2002. Positive rejections are not listed.

Table 4: Number of Hits, False Alarm and Misses out of 178 days of analysis from 5th June-
31st December 2002 of flood forecasting based on the 12:00 DWD weather forecasting data.

Hits False Alarm | Misses
June 0 0 0
July 0 0 0
Aug 0 0 0
Sep 4 4 0
Oct 2 6 0
Nov 6 6 3
Dec 1 1 6
Summary 13 17 9

3.1.6. Assessments of hits, false alarms and missed events over a 6 months
forecasting period

Having demonstrated for the case study that a threshold-exceedance system based on high-
resolution operational weather forecasts is capable of detecting flash floods more than 24
hours in advance, the case study findings are supported by a 6 months analysis to assess
the rate of alarms and missed events. For computational and data availability constraints this
study is limited to running all 12:00 DWD forecasts for a six months period from June to
December 2002. For the 6 months analysis only 9 out of the 15 stream gauging stations were
available. For the assessment of the 6 months analysis a flood event is defined as the
exceedance of the high alert threshold —simulated and observed correspondingly - at least
once during a 24h period. If the high threshold has been exceeded during two consecutive
days it is still only counted as 1 event. If the forecasted hydrographs exceed the simulated
high threshold during any time of the observed event, it is counted as a hit.

Over the 6 months period there are more false alarms (17) than hits (13) and the number of
misses is lowest with 9. From the table it seems striking that missed events occurred mostly
in the winter months. A closer look at the December events showed that the weather
forecasts were shifted too far north where more precipitation was simulated as snow than
was observed. In some cases of false alarms the simulated thresholds were only slightly
exceeded with the simulations while they just did not reach the observed thresholds. One of
the reasons that the number of false alarms is higher than the hits is because the weather
forecasts tend to spread the precipitation over larger areas than actually occur. As a result
flooding was simulated in almost all river basins while it only occurred in 1 or 2. The threshold
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method as presented in this paper does not show whether a threshold is only just exceeded
or reached.

In terms of early warning the missed events are the most serious ones because they do not
induce any precautionary measures, while early warning of false alarms can easily be
identified through weather observations and radar prior to the event.

It can be concluded from the long-term study that a 6 months period for the statistical
assessment of hits and false alarms is not long enough. The analysis indicates, however,
that the method captures the major flood events, the forecasted rainfalls are often too wide
spread resulting in a high number of false alarms. The number of missed events is
comparatively low, which is important since missed events are the most undesired ones in
terms of early flood warning.

The catastrophic 8-9 September 2002 Cevennes-Vivarais flash flood event was mainly
controlled by the space-time structure of the rainfall and of the initial soil water content (Le
Lay M. and Saulnier G.M., 2007). Within the European Flood Alert System, LISFLOOD
produces daily soil moisture maps of Europe, which provide an instantaneous image of the
current situation of the soil water content. The soil water content represented as soil suction
(pF), its normalized value and the seven days trend maps, as well as time series for some
selected regions are updated on a daily basis (G. Laguardia and S. Niemeyer, 2007). Figure
3.1.5.4, shows the high values of pF from June 2002, which refers to low soil moisture
content, until 25" August. Afterwards the pF value for this region sharply decreases
indicating high soil moisture.

S0il moizture development from June till 9th Septenber 2802 for
FRB12 Gard

25726th August rainfall everit

z0il moisture {soil suction, pF}
nornalized soil moisture

2f5th Sept. rainfall event

T T T T T T =8
Bl Jun 15Jun 29.Jun 13Jul 27 Jul 18Aug 24Aug a7Sep

z0il moisture nornalized zoil moisture

Fig. 3.1.5.4: Soil moisture development of Gard basin from 1% June 2002 to 9" September
2002.
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Figure 3.1.5.5, shows the upstream daily rainfall for Gard at Corbes giving an idea about the
rainfall amount from June to September 2002. It is clear that there was a 2-month dry period
over the region till 25" August while intensive rainfall started on 26™ which let the soil to be
highly saturated with water. Although the total amount of rainfall on 26" August was higher
than the amount of rainfall on 8"/9"™ September that generated the flash flood event, but the
soil moisture conditions of the region was extremely dry before 26™ August while on the
contrary the soil moisture was extremely high before 9" September that facilitated the whole
rainfall to be as an excess rainfall and later as surface runoff consequently the peak
discharge was higher than the 26™ — August peak discharge.
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Figure 3.1.5.5, shows the daily upstream rainfall for Gard at Corbes

Table 5 shows the scheme how the results can be viewed in terms of threshold exceedance.
In the left hand column the starting date of the flood forecasts is shown. The time intervals for
which the flood warning information is evaluated is shown on the x-axis, top row. Each 48-
hour forecast is split into 4 periods of 12 hours from 1-12 hours, 13-24 hours, 25-36 and 37-
48 hours. During these 12-hour steps the highest flood alert level exceeded is color-coded
within the table. The exceedance of the low, medium, high and severe thresholds is green,
yellow, red and purple respectively.

The information from each forecast is shifted in a way that the time for which the forecasts
are valid is aligned, e.g. the information for the 12 hour period from 9th September 00:00 to
12:00 are aligned in one column, and overlapping sections allow to see at one glance if the
forecasts are persistent and consistent with the previous forecast.

This type of representation has been adopted from the visualization and decision rules of the
European Flood Alert System (e.g. see Ramos et al., 2007). Persistent forecasts are treated
with more confidence than non-persistent forecasts. Bartholmes et al. (2008) have shown
that by taking into account persistence the number of false alarms decreases significantly.

Table 5 hereinafter shows which time steps correspond to the forecasting leadtime and
dates. Overlapping periods between different forecasts are colour coded. For example the
last 12-hours of forecast ALDWD200209071200: (AL37-48) overlap in time with the the 12-h
time interval (AL25-36) of the subsequent forecast ALDWD200209080000.
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Figure 3.1.5.6a to 3.1.5.6e show for each of the overlapping periods, the highest thresholds
exceeded during each 12 hour interval, e.g. the highest threshold exceeded between time
steps 1 to 12, 13-24, etc. The results are shown as maps and are colour coded according to
the thresholds listed in Table 1.

Figure 3.1.5.6.a illustrates that no information could be drawn from the 20020907 00:00
forecast to indicate that a flashflood may take place. But already starting from the next
forecasts at 20020907 12:00 (3.1.5.6.b) a clear indication of risk of flooding is present and
also persistently forecasted in the subsequent forecasts. The results are equally consistent
for the overlapping time periods.

Table 5: Temporal overlap of forecasted weather with 12-hours lead-time.

Forecasting Day and Time |To [0712 [0soo  [os12  [osoo  [os12  [1ooo  [1012 [1100  [1112 [1200

AIDWD200209070000 AL1-12 [AL13-24 [AL25-36 |AL37-48 |Overlap |Overlap |[Overlap |Overlap

AIDWDZ200208071200 AL1-12 [AL13-24 |AL25-36 [AL37-48

ADWD200209080000 AL1-12 |AL13-24 |AL25-36 |AL37-48

ADWD200209081200 AL1-12 |AL13-24 |AL25-36 |AL37-48

ADWD200209080000 AL1-12 |AL13-24 |AL25-36 AL3748

AIDWDZ200208081200 AL1-12 |AL13-24 AL25-36 |AL37-48

ADWD200209100000 AL1-12 |AL13-24 |AL25-36 |AL3T-48
Overlap [Cverlap |Overlap [Overlap |Overlap |[Overlap |Owverlap | Owerlap

AL1-12, AL13-24, ALE-36, ALS7-48
Maximurm Alert during the period frarm first hour of farecasting to 12th hour and so on for the others

The procedure has been carried out for calibrated and non-calibrated model and to show the
reliability of flash flood forecasting particularly for 37-48 hours lead-time and for 25-36 hours
as well.

alDWD2002090700003748 alDWD2002090712002536 alDWDZ2002090800001324 alDWD2002090812000112

Figure 3.1.5.6a:
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alDWD2002090712003748 alDWD2002090800002536 alDWD2002090812001324 alDWD2002090900000112

Figure 3.1.5.6b:

alDWD2002090800003748 alDWD2002090812002536 alDWD2002090900001324 alDWD2002090912000112

Figure 3.1.5.6¢:

alDWDZ002090812003748 alDWD2002090900002536 alDWD2002090912001324 alDWD2002091000000112

Figure 3.1.5.6d: legend
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alDWD2002090900003748  alDWD2002090912002536  alDWD2002091000001324
Figure 3.1.5.6e:

Figures 3.1.5.6 a-e: Spatial maps of highest thresholds exceeded during 12 hour intervals
between overlapping time periods of successive forecasts Each 48-hour forecast is split into
4 periods of 12 hours from 1-12 hours, 13-24 hours, 25-36 and 37-48 hours.

In the end | would like to emphasize that in this case the reliability of deterministic weather
forecasts driven by DWD is high for detecting this flash floods at least for the lead-time
between 44-20 hours as shown in figure 3.1.5.7. This figure shows the spatial distribution of
threshold exceedances for the event for three successive 12-hours lead-time forecast taking
the 9th of September 2002 at 08:00 as a maximum observed peak discharge reached over
the affected area.

a) Forecast at 20020907 12 (leadtime 44 hours)
b) Forecast at 2002090800 (leadtime 32 hours)
c) Forecast at 2002090812 (leadtime 20 hours)

Figure3.1.5.7: Spatial distribution of threshold exceedances for the event for three
successive 12-hours lead-time forecast as indicated in a, b, and c.
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3.2. Flash flood event 29th August 2003 in river basins in Italy and Slovenia
3.2.1. The Fella River Basin of Eastern Italian Alps

The region considered in this case study (Figure 3.2.1.1) includes a portion of the central
chain of eastern Alps and of the Alpine foreland region. The arc-shaped mountainous range
of the eastern Alps constitutes the major topographic feature within the analysis domain. The
most prominent valleys are aligned along the main ridge in the west-east direction for some
tens of kilometers. The area is included within the Friuli-Venezia Giulia region, which borders
to the north with Austria, to the east with Slovenia and to the west with Veneto. The region is
characterized by three distinct pluviometric regimes: (i) the upper plain area, with mean
annual precipitation (herewith called MAP) ranging from 1200 to 1500 mm; (ii) the Alpine
foreland area, where MAP locally increases up to 3300 mm, which represents the highest
mean values for the Alps; (iii) the inner Alpine area, where MAP decreases to 1600-1800
mm, due to rain shadow effect of the southern ridges (Borga, et al, 2007).

A description of the climatology of extreme subdaily rainfall is provided by the maps of the
point average values of annual precipitation maxima (herewith called APM) for duration of 1,
3 and 6 h (Figure 3.2.1.2). The maps show clearly (i) the relatively high values of these
rainfall accumulations, and (ii) the orographic control on the spatial distribution of the average
values. It is interesting to note that the highest values for 6 h duration are located on the
Alpine foreland area, while for 1 h duration high values are also found on the south-eastern
coastal plain. The maps reveal also a marked decrease of the average APM values (for all
durations) in the inner Alpine region.
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Figure 3.2.1.1: Topography of the study area, eastern Alps and of the Alpine foreland region,
with the catchments used for this study.
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The Tagliamento River is a braided river and the dominant river system in the region flowing
from the Alps to the Adriatic Sea at a point between Trieste and Venice. The watershed
covers an area of 2,916 km? From north to south (a linear distance of <100 km), the
Tagliamento traverses four major regions: (i) the Julian and Carnian Alps, (ii) Alpine foreland
area, (iii) the upper and lower Friulian plain, and (iv) the coast (Figure 3.2.1). The alpine area
of Friuli mainly consists of limestone, with a spatial sequence of Silurian, Devonian, Triassic,
Jurassic and Cretaceous formations north to south (Astori, 1993; Martinis, 1993; Cucchi et
al., 2000). Some portions of the regions are characterised by karstified limestone. The
catchment is tectonically active, continuously developing faults and overthrusts. Many
tributary streams, like the Fella, have sharp bends following the direction of these faults
(Figure 3.2.1.3). The pre-alpine mountains mainly consist of limestone (Jurassic-Cenozoic)
and Flysch (calcareous flysch, molasse) (Ward et al., 1999).

The Tagliamento is characterized by a flashy pluvio-nival flow regime, with the highest
average discharges in spring (snowmelt runoff) and autumn (rainy period). At Pioverno
(catchment area around 1866 km2) the average annual precipitation amounts to 2150 mm
and average discharge is 91m3s™. The August 2003 flood focused on the 705 km2-wide
Fella basin (Figure 3.2.1.1), which is a major left-hand tributary of the Tagliamento river
system. This basin has a mean altitude of 1140m.

From a geomorphological and hydrogeological prospective this plain is subdived in two
provinces which are separated by a resurgent line. The Upper Friuli Plain is mostly
composed of calcareous and dolomitic gravels and hosts a well developed phreatic aquifer.
The Lower Friuli Plain is characterized by multi-layered artesian aquifers that are composed
of gravels and sand interbedded by clay and silty layers that become thicker in a southwards
direction (Cucchi, et al, 2000)
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Fig. 3.2.1.2 a, b, c: Maps of point average of maximum yearly rainfall for durations of (a) 1
hours, (b) 3 hours, and (c) 6 hours, for the Friuli region. Triangles represent the position of
the stations used to draw the maps (Borga, et al, 2007).
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Figure 3.2.1.3: Catchment map of the upper Tagliamento river basin, with subcatchments of
the Fella river basin. (1): Uqua at Ugovizza; (2) Fella at Pontebba; (3) Fella at Dogna; (4)
Raccolana at Raccolana; (5) Resia at Borgo Povici; (6) Fella at Moggio Udinese; (7)
Tagliamento at Venzone; (8) Rio del Lago at Cave del Predil; (9) Slizza at Tarvisio (Borga, et
al., 2007).
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3.2.2. The Soca (Isonzo) River Basin

The river Isonzo, in Slovenia known as the Soca, has its source in Slovenia and empties into
the Adriatic Sea. So that Slovenia (upstream country) and Italy (downstream country) share
the Isonzo basin Figure 3.2.2.1.The basin has a pronounced mountainous character with an
average elevation of about 599 m above sea level. Major trans-boundary tributaries include
the rivers Natisone, Vipoacco and ludrio.

~cypldrsko

o Kobarid

i oSIam Selo

(¥ Log Cezsoski

Figure 3.2.2.1: Topography of the upstream part of Isonzo River Basin in Slovenia showing
the steep sloop mountainous landscape.

As shown in Figure 3.2.2.2 the major floods during the last 6 decades were occurred during
autumn season between September and November.
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Flood Events Above Observed High Threshold for
Isonzo river at LogCezsosik from 1948 to 2004

Nov, 32%

Figure 3.2.2.2: Distribution of observed flood events over the months for the Isonzo River at
Log Cezsosilk stream gauging station from 1948 to 2004.

3.2.3. Description of the 29th August 2003 case study

The area under study is characterized by frequent heavy precipitation. Daily rainfall amounts
exceeding 500 mm may be locally recorded in this area in a 20 to 30 years time span (Villi et
al., 1986; Ceschia et al., 1991). During late fall, winter and spring, heavy precipitations are
normally related to synoptic circulations and to southerly humid flows. During summer and
partially during fall, the contribution from convective or mesoscale rainfall becomes significant
or even prevailing. Due to the rugged topography of the region, together with its densely
fractured bedrock and its high seismicity (Querini, 1977), heavy convective precipitations
result often in flash floods, associated to diffused land sliding, debris flows and sediment
transport.

The exceptionally hot June and the long term average significantly warmer July, has followed
the extremely hot in August and rounded up by far the warmest summer ever. With few
exceptions, August 2003 was so far warmer than the warmest month with we ever had, this
is August 1992; in a large number of stations was also the highest ever measured air
temperature. In most of the country was extremely severe drought in August at above-
average sunny and hot weather and the absence of rainfall escalating. Despite the extreme
heat storms were also common, although few storms were accompanied by a strong local
wind and hail and cause damage. Extremely heavy rainfall last days of August have caused
problems in Zgornjesavski valley. Due hudourniSkih coatings grus¢a and sludge to the
ground and landslides have been for some time, disconnected from all road links with
Zgornjesavsko valley. Last August, while the penetration of cold air announced, at sea,
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strong Tramontana surprised many sailors and done much damage; along the coast were
also victims of the death.

On 29™ August 2003, at the end of a prolonged drought, a large atmospheric disturbance
interested a wide area in the Central and Eastern Alps, from the Tessin Valley (Switzerland)
to Lower Carinthia in Austria. A Meso Scale Convective System affected the study area,
starting at 10:00 LST and lasting for approximately 12 hours. Prior to the development of
convection, the atmosphere was characterized by strong instability as evidenced by the very
high CAPE value on the Udine radio sounding of 29 August 2003 at 06:00 UTC (about 4000
J kg-1 for the CAPE computed based on the most unstable parcel. Precipitated water
computed for these radio-sounding amounts to 44mm and shows that the humidity content of
the atmosphere was already high. The storm affected a 1,500 km2 wide area, and caused
loss of lives and substantial disruption of the local economy, with damages close to 1 billion
Euros (Tropeano et al., 2004).

The 29" August 2003 flood is also of particular interest because it provides an end member
in the spectrum of impacts of antecedent soil moisture on extreme floods (Borga, et al, 2007).
The event resulted indeed as a combination of two extreme events, since very large
accumulations of rainfall over 3-6 hours occurred at the end of a climatic anomaly of
prolonged drought and warm conditions in Europe and over the Mediterranean. Analysis of
temperature records over Europe shows that the 3 months period June—August 2003 has
been probably the warmest since 1500 over Western Europe (Casty et al., 2005). The
drought culminated in August, but precipitation accumulations were below average since the
beginning of the year. At the Udine raingauge station, close to the study area, the cumulative
precipitation total for the first eight months of 2003 was around 50% of the climatological
average. These conditions brought to very low soil humidity at the beginning of the event. A
heavy localized thunderstorm which occurred the day before the flood on a portion of the
Fella river system introduced elements of spatial variability in the pattern of soil moisture
initial conditions.

Whereas it is generally recognized that antecedent soil moisture is of little importance in
determining the magnitude of extreme floods (Wood et al., 1990), the August 2003 flood
provides a counter example of the possible role of low antecedent soil moisture conditions,
when combined with high soil moisture capacity, on reducing the flood response of extreme
storms. Large initial losses and non- linearities related to the wetting-up processes and to the
extension of the river network to unchannelised topographic elements are examined in this
study. These non-linearities and the concentration of rainfall on quasi-stationary convective
bands provided a dominant control on scale-dependent flood response in watersheds of the
upper Tagliamento river basin (Borga, et al, 2007).

Figure 3.2.3.1 shows the soil moisture conditions of the study area expressed in pF value
before and after the flood event which gives an idea about the soil moisture content and the
degree of scarcity of water in the soil. High pF means low moisture content and vice versa. In
addition, this figure shows that before the flood event the pF value was about 3.7 in both
Tagliamento and Isonzo watersheds while pF value after the event was about 3.4. The soil
moisture and the 12-years daily average values of the soil moisture simulated by the model
for the upstream area of each selected outlet point for July, August and September are
shown in Figure 3.2.3.2. The runoff response was rapid, despite dominantly forest cover, due
to thin soils, steep slopes (mountainous region) Figure 3.2.2.1. Therefore the role of
antecedent moisture in flood response in this flash flood event can be negligible.
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Figure 3.2.3.1: Shows the pF value in the region before and after the flood event
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Soll moisture for Udinese 1.7.2003 - 30.9.2003
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Figure 3.2.3.2: Shows the soil moisture contents upstream of each stream gauging station.
The simulated daily average soil moisture for July, August and September for long-term
simulation, from 1995 to 2006, has been plotted as well.
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3.2.4. Input data for the two studies

For the determination of the hydrological regime over the past years, synoptic meteorological
station data from the data archive of the AgriFish" unit at the DG Joint Research Centre have
been used. Their database holds reliable meteorological data from about 2000 stations
across Europe since 1990. In the study area few meteorological stations are available for
which daily values of temperature and rainfall have been reported and potential evaporation
estimated. These data have been used to calculate the water balance and the initial
conditions for running the model for the forecasting periods.

The missing of long-term observed discharge data of all stream gauging stations in the study
area was the reason for skipping the long-term simulation study comparable with the
observed discharge. The estimated discharge data for the flood period have been used for
comparing with the forecasted ones.

High-resolution operational weather forecasting data are provided to the JRC for research by
the German national weather service (DWD). In 2002 the Lokalmodell of the DWD had a grid
spacing of 7km, an hourly temporal resolution, and a forecasting lead time of 48h. The DWD
forecasts are provided every 12 hours starting at 00UTC and 12UTC.

Figure 3.2.4.1: shows the rainfall amount causing the flood event in Upper Isonzo.
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Figure 3.2.4.1: Monthly precipitation amount in August 2003 and the 1961.1990 normals
(after Slovenian Monthly Bulletin, Lublijana, August 2003, Number 8)
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3.2.5. Results

The hydrological regime of the Fella and Isonzo river basins is illustrated in (Fig. 3.2.1.1).
Despite the coarse meteorological station network data used as input, the simulations
capture the periods of high flows reasonably well. Although peaks are both over- or
underestimated, the model rather tends to underestimate the discharges particularly severe
alert levels.

Figure 3.2.5.1 shows the spatial distribution of threshold exceedances, i.e. highest threshold
exceeded during forecasting period. In this figure, a signal of having flash flood was detected
on 27" August 2008 at 12 o’clock forecast run, that means more than 48 hours from the peak
time in the most downstream at Udinese stream gauging station.

ALDWD2003082700 ALDWD2003082712 ALDWD2003082800

'

-
ALDWD?2003083012 ALDWD?2003083100
u —

I

Figure 3.2.5.1: Summary threshold exceedance maps showing the highest threshold
exceeded during the 48 h forecasting time for flood forecasts based on the DWD
Lokallmodell weather forecasts from 20030827 00:00 and in 12 hourly steps until 20080831
12:00. The threshold exceedances are color coded with purple (severe), red (high), yellow
(medium) and green (low).

Figures 3.2.5.2, 3.2.5.3, and 3.2.5.4 show the hydrographs of observed hourly discharge
against the forecasted discharges for two gauging stations in Fella watershed and one in
Upper Isonzo watershed in Slovenia.
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Fig. 3.2.5.2: a- Observed hydrograph at Udinese in the Fella River with the vertical line
indicating the time of peak at 19:00 on 29th August 2003. Hydrographs of forecasted
discharges in m3/s (y-axis) for Udinese (623km2) in the Fella River from the 25th-30th Aug
2003 starting at 00:00 in hourly time steps (x-axis). The exceeded thresholds are color coded
as purple (severe), red (high), yellow (medium) and green (low).
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Fig. 3.2.5.3: Observed hydrograph for Fella River at Racollana gauging station.
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Fig. 3.2.5.4: Observed hydrograph for Isonzo River at Log Cezsoski gauging station.
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3.3. The flash flood event 24th October 2006 — Slovenia

3.3.1. The Goriska Region North-West part of Slovenia
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Figure 3.3.1.1: Map showing the study area.

The Soca River basin is in its upper part a typical glacial valley with steep gradient
tributaries, and is situated along the Slovenian-Italian border. With an average annual
precipitation of over 3000mm, and locally of nearly 4000mm, it is one of the wettest places in
the Eastern Alps. Due to the prevailing sub-Mediterranean climate in the region and its
location near the Po River plain and the Genoa area of low pressure, it is known to be hit by
more than 40 thunderstorms a year on average, as shown by Brilly et al. (2000). Throughout
history, local residents have accommodated to such wet climate and frequent flash floods,
Mikos M., et al (2004).
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3.3.2. Description of the 24th October 2006 case study

On 23™ / 24"™ October 2006 a sudden and unexpected heavy precipitation event was
responsible for causing a flash flood in north-western part of Slovenia, particularly the
upstream part of Soca (Isonzo) river basin, Figure 3.3.2.1 shows the observed rainfall
caused the flood event.

Rainfall in mm

Adriatic sea Adriatic sea
Observed rainfall on 23 October Observed rainfall on 24t October
2006(MARS-JRC) 2006({MARS-JRC)

Figure 3.3.2.1: Observed daily accumulated rainfall from 23" to 25" October 2006.

The event started just before the midnight of 23™ October and continued till the morning of
24™ October which lased for about 8-9 hours. This might be due to convective cells forming
over the Adriatic Sea. The convection progressed northward to form inland a mesoscale
convective system over this region. The quasi-stationary system stayed over the same region
until approximately the next morning. This was diminished westward.

Input data for this event study are the same as mentioned in 3.2.4 with different time-related
inputs. The forecasted rainfall data from DWD are shown in the figure 3.3.2.2 below:
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Figure 3.3.2.2: Accumulated 12-hours lead-time forecasted rainfalls from the 20061019
00:00 to 20061024 12:00.
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3.3.3. Results
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Figure 3.3.3.1: Comparing observed discharge from 1km grid resolution for Log Cezsoski
with the forecasted discharge giving underestimation of the resulting discharge, while with
the model consistent threshold; the high threshold is reached with the forecast from 22nd
October 12:00 onwards.
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Figure 3.3.3.2: Comparing observed discharge from 5km grid resolution for Log Cezsoski
with the forecasted discharge giving underestimation of the resulting discharge, while with
the model consistent threshold; the high threshold is reached with the forecast from 23rd
October 00:00 onwards.
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Comparing the results from 1x1 km2 grid resolution with 5x5 km2, it is clear that with the 5km
grid resolution the DWD06102212 12:00 is not exceeding the high threshold while it does
with the 1km grid. (Compare also the results from figure 3.3.3.1 with figure 3.3.3.2). This is
not a surprising result since the 1km grid is more suitable to resolve the small scale
processes playing a maijor role for flashfloods. Probably the grid spacing should even be
higher. The threshold exceedance maps are shown in figure 3.3.3.3.
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Figure 3.3.3.3: Flood threshold exceedance maps with 1km grid resolution for the Isonza
catchment.
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Figure 3.3.3.4: Spatial distribution of flood threshold exceedances, i.e. highest threshold
exceeded during forecasting period for Slovenian part of Isonzo river basin with 5km grid

resolution.
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4. Summary and Conclusions

In this report the feasibility of interfacing short-range numerical weather forecasts with a
spatially distributed rainfall-runoff model for early flash flood warning in ungauged river basins
has been explored for several case studies. The methodology is based on flood threshold
exceedance approach that was first postulated for the European Flood Alert System (EFAS)
where the thresholds are derived from long-term simulations with an essentially uncalibrated
hydrological model. The same model is then used with weather forecast data and the model-
consistent thresholds applied for the analysis.

The proposed forecasting strategy addresses a number of shortcomings typically present in
flash flood forecasting, namely coarse meteorological station networks and few or no
discharge station data. Further, the advantage of using a distributed hydrological model
together with this approach is that conditions of the soil, e.g. antecedent soil moisture, are
directly calculated by the model and do not need to be estimated through other means. The
study has shown that the the initial soil moisture condition plays a vital role for the generation
of the flash flood event.

Results of the study show that by looking at relative differences and model-consistent
thresholds, early warning for flash floods can be given with lead-times exceeding 24 hours. In
the case of the 8-9th September 2002 event, the weather forecasts together with threshold
exceedance method enabled the timing and severity of the event to be captured with an
absolute lead-time of more than 36 hours. In terms of spatio-temporal distribution the event
was forecasted too far north, leaving the Gard river basin only with high and not severe
threshold values exceeded. Taking into account computing time, processing time and
analysis time, the effective lead-time could still have been in the order of 24 hours. A six-
month analysis confirms that the approach is capable of capturing major events. However,
due to the more widely spread forecasted rainfalls; the number of false alarms is relatively
high. Therefore the results of such an early warning system should only be used by local
flood forecasters as a first indication that a severe event might take place, and should not be
distributed to the public.

The number of misses, on the other hand, is comparatively low. This is important since
missed events in terms of early warning are more important than false alarms, which can be
easily identified in the subsequent hours. In the case of a missed event, however, the benefit
of early preparedness measures is lost.

Due to the high uncertainty in heavy precipitation forecast the next step would be to explore
these simulations with high resolution ensemble prediction system forecasts rather than
deterministic forecasts. This would imply, however, a high computational burden. One
possibility would be to simulate the hydrological processes on a coarser grid, e.g. 5km, and
then zoom onto a higher grid resolution in case the coarser grid indicates a possibility of
flooding. This is proposed to be explored during an upcoming research project called
IMPRINTS. Tests with different grid resolutions have been performed for this study, e.g
between 5 and 1km grid spacings, which indicate that although the higher resolutions yield
better results, simulations on 5km can be informative. Relying entirely on coarse simulations
does, however, not seem to be feasible.

A first attempt of combined analysis of the physical and human responses to this devastating
Mediterranean storm (Ruin et al., 2007) shows that most of the casualties were not prepared
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for (1) the strength of the event and its consequences in terms of water speed, and (2) the
time evolution of the storms. In 2002, the warning system, mainly based on the
meteorological forecasts, was not designed to give a hydrological signature of the forecasted
event. Today, such information could be effectively transmitted through the Schapi?, a flood
forecasting centre that has been recently established following the devastating series of flash
floods during the last decade. Together with the Observatoire Hydro-Météorologique
Cévennes-Vivarais (OHM-CV) which has now established a high-density measuring network,
the performance of such a forecasting system could be greatly improved with better initial
conditions, calibrated hydrological model and more realistic thresholds. The radar network
could then be used for confirmation of the event and more precise developments. The results
show, however, that the principle can also be useful for those areas where no data are
available and where the approach could greatly contribute to the preparedness for flash flood
events, specifically in terms of awareness, identification of regions at risk, and potential
magnitude and timing of the event.
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In Mediterranean Europe, flash flooding is one of the most devastating hazards in terms of loss of
human life and infrastructures. Over the last two decades, flash floods have caused damage costing a
billion Euros in France alone. One of the problems of flash floods is that warning times are very short,
leaving typically only a few hours for civil protection services to act. This study investigates if
operationally available short-range numerical weather forecasts together with a rainfall-runoff model
can be used for early indication of the occurrence of flash floods.

One of the challenges in flash flood forecasting is that the watersheds are typically small, and good
observational networks of both rainfall and discharge are rare. Therefore, hydrological models are
difficult to calibrate and the simulated river discharges cannot always be compared with ground
measurements. The lack of observations in most flash flood prone basins, therefore, necessitates the
development of a method where the excess of the simulated discharge above a critical threshold can
provide the forecaster with an indication of potential flood hazard in the area, with lead times of the
order of weather forecasts.

This report is focused on four case studies in Mediterranean part of Europe: i) The September 2002-
flash flood event in the Cévennes-Vivarais region in the Southeast of the Massif Central in France, a
region known for devastating flash flood; ii) the August 2003-flash flood event in both Fella
subcatchment of Tagliamento watershed and upstream part of Isonzo river basin, iii) the October
2006-flash flood event in Isonzo river basin and iv) the September 2007-flash flood event in Upper
Sava river basin in Slovenia. The French case study is described in more detail with the principles
and methodologies being explained that are then applied to the remaining three case studies. Also,
there were more data available for the 1st case study.

The critical aspects of using numerical weather forecasting for flash flood forecasting are being
described together with the threshold — exceedance approach previously postulated for the European
Flood Alert System (EFAS). The short-range weather forecasts, from the Local model of the German
national weather service, are driving the LISFLOOD model, a hybrid between conceptual and
physically based rainfall-runoff model. Results of the study indicate that high resolution operational
weather forecasting combined with a rainfall-runoff model could be useful to determine flash floods
more than 24 hours in advance.
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