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Abstract. The deadly combination of short to no warning is an inevitable choice to achieve a sufficient lead time for
lead times and the vulnerability of urbanized areas makesnitigating the effects of such hazardous events. Although
flash flood events extremely dangerous for the modern sothe early detection of flash floods is highly uncertain, even
ciety. This paper contributes to flash flood early warning by very weak signals should be considered in the early warning
proposing a multi-stage warning system for heavy precipita-stage. In fact, a pre-selection of areas where heavy precipi-
tion events based on threshold exceedances within a probaation is forecasted is important to correctly address further
bilistic framework. It makes use of meteorological products targeted analysis. This streamlines the triggering of prompt
at different resolutions, namely, numerical weather predic-emergency actions, in case the early signal is confirmed.
tions (NWP), radar-NWP blending, and radar nowcasting. In the recent literature, research has mainly faced the is-
The system is composed by two main modules. First, a Eusue of flash flood early warning through hydrometeorological
ropean Precipitation Index based on a simulated Climatologysimulation of NWPs within distributed and semi-distributed
(EPIC) and probabilistic weather forecasts is calculated tohydrological models (e.g., Reed et al., 2007o&ihl et al.,
pinpoint catchments at risk of upcoming heavy precipitation.2008; Younis et al., 2008). Some empirical methods use
Then, a Probabilistic Flash Flood Guidance System (PFFGSinstead a combination of rainfall thresholds and initial soll
is activated at the regional scale and uses more accurate inpuioisture conditions to predict severe events (Martina et al.,
data to reduce the estimation uncertainty. 2006; Georgakakos, 2006; Collier et al., 2007; Javelle et al.,
The system is tested for a high flow event occurred in Cat-2010). However, most systems currently implemented for
alonia (Spain) in November 2008 and results from the differ-operational flash flood warning are adapted to specific re-
ent meteorological input data are compared and discussedjions and input data. This leads to a wide variety of systems
The strength of coupling the two systems is shown in its abil-which are difficult to transfer outside their calibrated regions
ity to detect areas potentially at risk of severe meteorologicalWwithout some prior knowledge on the selected area, particu-
conditions and then monitoring the evolution by providing larly for ungauged catchments.
more accurate information with higher spatial-temporal res- In this paper, we propose a multi-stage probabilistic warn-
olution as the event approaches. ing system for heavy precipitation events with no calibra-
tion parameter, based only on rainfall threshold exceedances.
Differently from existing meteorological products aimed at
1 Introduction detegting extreme weather conditions (e.qg., Lalaurette, 2003;
Golding, 2009), the proposed method relates rainfall accu-
Flash flood early warning is among the most challenging top-mulations to the local drainage network. This makes it suit-
ics in the scientific research in hydrometeorology. Despite@ble to detect areas at risk of flooding, particularly for flash
the large uncertainty embedded in Numerical Weather Prefloods in small catchments driven by extreme rainfall intensi-

dictions (NWPs) at fine resolution, the use of these productéies over short durations. The system is designed to (1) detect
catchments at the continental scale (e.g. in Europe) where se-

vere precipitation is forecasted and (2) subsequently down-
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The full system is being tested in the Catalonian region, intemporal resolution 6 min. A radar processing system is in-

the Eastern Spain, where different meteorological input dataluded in the Catalan EHIMI early warning system (Corral

are operationally available. et al., 2009) and provides real-time rainfall estimates. More-
The basic principle of this warning system is predicting over, a radar-based rainfall nowcasting with 2h lead time

extreme events by comparing the accumulated upstream préBerenguer, 2005) is currently operational in the EHIMI sys-

cipitation with reference values corresponding to a low prob-tem and is particularly suitable for monitoring severe rain-

ability of occurrence (i.e., in the upper tail of its probabil- storms.

ity distribution). Although a number of simplifications are  Information on regional rainfall climatology has been

induced by not considering initial conditions and the hydro- made available by the Ministerio de Fomento (1999) with

logical processes, the strength of the method is the absendatensity-Duration-Frequency (IDF) maps for Spain.

of calibration parameters and the easy transferability to any

geographical context. The proposed system is fit to catch-

ments with drainage area up to 1000-200@kmhere the 3 The multi-stage warning cascade

most hazardous events are induced by storms of duration u o

to 24h (see e.g., Reed et al., 2007; Gaume et al., 2009) and1 A European precipitation index based

often shorter than the basin time of concentration (Alfieri et on climatology

al., 2008). As Guillot and Duband (1967) described in the

Gradex method, the gradient of the statistical distribution of

discharges tends to follow asymptotically that of rainfall, for

high return periods. This behavior is more evident for smal

The first stage of the forecasting chain is the continuous mon-
itoring of the European domain for upcoming heavy precip-
|itati0n through a European Precipitation Index based on Cli-

catchments, where the most severe events are caused by hiﬂ‘?tfl?g% (gglscnzowrggsls Caliﬁlatid on atdall1)_/hbalsJ|s ftrom
rainfall depths over short durations, and the associated rain-'c ‘2> ) weather forecasts. 1ne Upstream

rates are well above the infiltration capacity of the soil. cumu[att_ed PrgC|p|tat|on (4fp) for each gf'd point Of t.he.
domain is defined as the double summation of precipitation

depth over the upstream area and over a certain durdtion
preceding the considered time Then, the EPIC index can

2 Meteorological data .
be defined as

Probabilistic weather predictions are provided by COSMO
(Consortium for Small-scale Modeling). Operational mete-
orological forecast considered is the Limited-Area Ensem-

ble Prediction System (LEPS) of COSMO model (Marsigli pic(r) — max UPgi (1) di=(6,1224h (1)
et al.,, 2005). COSMO-LEPS consists of 16 members and vdi | 1 % max(UPg)yi
are provided on a rotated spherical grid that covers a large Mzt Uyl

portion of Europe with horizontal resolution of about 7 km
(~10 km before December 2009) and temporal resolution of The annual maxima in the denominator of Eqg. (1) are
3h. COSMO-LEPS is initialized once a day at 12:00 UTC calculated from the COSMO climatology for each year yi
and spans 132h. ranging between 1 an =30. The rationale of EPIC is to

In addition, a long-term continuous meteorological clima- rescale the forecasted upstream precipitation by the corre-
tology was created from a set of 30-year hindcasts (Funsponding mean of the annual maxima for the same duration,
del et al., 2010). It consists of a set of COSMO hindcasts,and then take the maximum value among the typical dura-
initialized every 3 days from ECMWF control run by us- tions of storms producing flash floods. The resulting coeffi-
ing ERA 40 re-analysis dataset as initial and boundary con<ient gives a measure of the severity of upcoming precipita-
ditions. A continuous climatology is obtained by joining tion, and it can be easily expressed in terms of return period
the data of each subsequent forecast, to produce a searof the occurrence.
less meteorological dataset that is coherent with operational The strength of this methodology is the low computational
COSMO-LEPS forecasts. Long-term coherent reference clitequirement compared to the hydrological simulation, which
matology is particularly useful for flash-floods, as they oftenis currently not feasible for the whole continental domain on
take place in small watersheds, where little or no measurethe considered resolution (1 km). Some analyses previously
ment is available. carried out (not shown in this paper) indicate a strong correla-

High-resolution rainfall estimates based on radar measuretion between EPIC and the simulated discharge, particularly
ments are used within the regional/local level approach of thdor high flows. In particular, EPIC was found to produce very
warning system. The Catalan Weather Service (SMC) operlittle underestimations of the severity of flood events, which
ates a regional network of four C-band weather radars thats a desirable characteristic for an early warning system.
cover the whole Catalan domain (32 000%anea). The spa- The precipitation index is operationally calculated for
tial resolution of radar-based rainfall field is 1kamd the  each 1km grid cell of COSMO-LEPS domain and shown
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through the web interface of the European Flood Alert Sys-ering the corresponding rainfall durations=dc. Each ref-
tem (EFAS ,http://efas-is.jrc.ec.europa)uAs EPIC is cal-  erence rainfall indicator is associated to a probability of oc-
culated from an ensemble forecast, we show the probabilit)currence (hazard) and a return peribd Operationally, the
of exceedance of two thresholds, i.e., ERQEg =1 (medium  estimated and nowcasted rainfall indicators are compared to
threshold) and EPIGgH = 1.5 (high threshold). Further, two the corresponding reference value at each grid cell and the
sets of reporting points are created at the most downstrearaxceeded return period is considered to issue flood warn-
river pixel with at least 3 members out of 16 (18.75%) aboveings. A map showing the exceeded return periddg2, 5,
each threshold. They are plotted on a geo-referenced map0, 25, 50, 100, 200, 500 years generated every 30 min.
to give a straightforward indication on where severe rainfall Reservoirs and regulated watersheds are taken into account
is forecasted for the subsequent five days. In addition, thesby splitting the rainfall spatial averaging of upstream and
points are taken as outlets where catchment-scale hydrologdownstream area. Similarly to EPIC, antecedent soil mois-
cal simulations are activated on a fine resolution from EFAS-ture conditions are not accounted in this method. Therefore,
FF (Alfieri et al., 2011). links to flood warnings should be made by integrating the
It is worth noting that the calculation of EPIC is car- information of PFFGS with additional parameters particu-
ried out on 1 by 1 krh grid resolution, while COSMO larly for describing the initial conditions in the considered
ensemble weather forecasts have a resolution of Z9kmareas. Since the system is adapted to ensemble forecasts,
(100 kn? before December 2009). Recent work by Sangatiprobability maps of warning threshold exceedance are pro-
and Borga (2009) showed that the error in normalized rain-duced. PFFGS has been setup in three configurations to cope
fall and normalized peak discharge becomes significant whemvith precipitation products at different resolutions and, in
the rainfall resolution is coarser than the characteristic basirparticular, with different forecast lead times. Specifically,
length. This becomes even more important for severe stormtghe PFFGS-2 uses radar precipitation nowcasts up to 2 h lead
producing flash floods, which are often characterized by ventime, the PFFGS-6 uses the radar-NWP blending up to 6 h
high rainfall rates on small areas and strong spatial decorreldead time, and the PFFGS-24 uses COSMO-LEPS ensem-
tion. As a consequence, we set a minimum upstream area dfle forecasts up to 24 h ahead, thus producing a seamless
50 kn for a catchment to be considered within the proposedforecasting chain with EPIC. The PFFGS-2 module takes
methodology. In the web interface, every grid point exceed-advantage of Lagrangian persistence techniques applied to
ing a rainfall threshold is shown, while reporting points are radar rainfall (Berenguer et al., 2005) and generates four
created only for catchments bigger than 5¢km 30-min nowcasted rain-fields at the time{+30, +60, +90,
+120 mir}. The blended forecast product used in PFFGS-6
3.2 The regional Probabilistic Flash Flood Guidance consists of short-term NWP that assimilates radar informa-
System (PFFGS) in Catalonia tion through merging techniques (Atencia et al., 2010) and
achieve improved forecast skills up to 6 h lead time, com-
The second stage of the forecasting chain is the Probabilispared to the two initial products considered separately. Fi-
tic Flash Flood Guidance System (PFFGS) based on highnally, in PFFGS-24, available COSMO-LEPS rainfall fore-
resolution estimated rainfall fields provided operationally by casts are processed and adapted to the resolution required for
regional radar networks. The PFFGS has been initially develthe system through a uniform resampling to 1 km grid reso-
oped, set-up and tested in the Catalonia region, where the opuation and 30 min time steps.
erational EHIMI system supports the present research. Simi-
lar in methodology to EPIC, the PFFGS provides probabilis-
tic warnings for heavy precipitation events based on higher4 Results and discussion
resolution input from observed and nowcasted rainfall fields,
available only at the regional scale. According to the PFFGSAn application of the above described approach is tested for
methodology, the accumulated rainfall is spatially averagedan event of high flows that occurred on 2 November 2008
on the upstream area by considering 1km space resolutioin the Llobregat catchment (5000 Kjnand some smaller
and 30-min time steps. For each grid cell, the upstream rainneighboring catchments of the Tarragona Region (Catalonia,
fall depth is computed for a duration corresponding to theEastern Spain). It was chosen as case study because differ-
concentration time of the catchment, according to the classient sources of meteorological input data were available (i.e.,
cal Rational Method (Chow et al., 1988). Since flash flood COSMO-LEPS forecast, radar-NWP blending, radar now-
prone catchments have small upstream area, the consideredst) and discharge measurements were collected at auto-
rainfall durations are in the range=d0.5-24 h. Concentra- matic stream gauges of the Llobregat river. Up to 130 mm cu-
tion time (c) is previously calculated at every grid cell by mulated rainfall was collected on 2 November in the Tarrag-
using Temez’s equation (Ferrer, 1993). ona region and a peak discharge of 4G0smt was measured
The above described methodology was first applied to then the lower reach of Llobregat river (10 year return period
reference precipitation climatology (IDF maps) to obtain ac- approximately), though no flooding occurred. Weather sys-
cumulated rainfall indicators at every grid cell, by consid- tems that generate severe events in Catalonia often develop
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Fig. 1. EPIC in the web interface for COSMO-LEPS forecast of 31 October 2008 12:00 UTC. Reporting points are plotted through triangles.
Probability of exceeding warning thresholds are shown with red (|gBK3 and purple (EPIG gH) shadings, with the corresponding values
aside each point (%). A rectangle is drawn to indicate the spatial extent of the map in Fig. 2.

within very short spans and produce highly variable rainfall drell, Salou) were damaged by local flooding and some con-
rate fields. Although the event was not among the most senections of the regional railway were disrupted. In Fig. 3
vere ones it is useful to describe the sequence of steps inne show the ensemble EPIC index for the Vendrell outlet
volved in the warning process, and how different weather(ungauged catchment) pinpointed in Fig. 2. Figure 3 shows
products can first pinpoint and predict more accurately thea clear signal of heavy precipitation about two days ahead,
characteristics of the events as they approach. when the event was recorded. Although the EPIC ensemble
mean was slightly above 0.5, the 87.5% forecast quantile was
A first indication from EPIC index at the European scale ghove the medium threshold.
is shown in Fig. 1 for COSMO-LEPS forecast of 31 Oc-
tober 2008, 12:00 UTC. Overall, 85 reporting points above The probability of exceedance of EPIC warning thresholds
EPIGuep and 3 above EPIGicn were created in Spain, is often found rather low (i.e P (EPIC> EPIGvED HiGH) <
France and Italy, with probability up to 65% of exceeding the 50%) also when flash flood events do occur. A probable ex-
medium threshold (in North-Western Italy) and up to 25% planation to this outcome is that different LEPS members
of exceeding the high threshold (in North-Western Spain).simulate the same event in slightly shifted areas. Further,
Follow-up reports confirmed some events of heavy precip-small scattered storms cannot be captured by the resolution
itation and flooding over the following days in the Italian of meteorological forecasts, especially for long lead times.
regions of Piedmont (north-west), Friuli (north-east, Taglia- As a result, a higher success in predicting a severe event
mento river basin) and Sardinia, as well as in the South4is achieved when the signal detected by the EPIC index is
Eastern France (Provence, Alpes, Rhone Region) (see Alspread through a large area, rather than very localized, even
fieri et al.,, 2011). In Catalonia, no reporting points were though the probability of threshold exceedance is relatively
created, though in some flash flood prone catchments southew. Such findings can be interpreted as “spatial persis-
ern of Barcelona and in the Tarragona region (typically un-tence”, which is linked and complementary to the “tempo-
gauged Mediterranean torrents) we found some probabilityral persistence” of subsequent forecasts (Bartholmes et al.,
of exceeding both the medium (12%) and high (6%) thresh-2009) as a way to improve the warning skill. In fact, this
old (see Fig. 2). Follow-up reports from the local press andhelps delineating the limits of predictability of current NWP
media confirmed the event as high alert flow, though belowwith regard to short and severe precipitation events. Fur-
the highest level (i.e., severe alert). Some coastal cities (Venther, it stresses the importance of using limited area ensemble
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Fig. 2. EPIC probabilities for COSMO-LEPS forecast of 31 Octo-
ber 2008 12:00 UTC. Probabilities of medium threshold exceedancq:ig 3. Ensemble EPIC index at the Vendrell outlet indicated in

glrjesgfé’l": in red shadings. Vendrell outlet is also shown with &g 5 for cOSMO-LEPS forecast of 31 October 2008 12:00 UTC.

forecasts with high spatial resolution, for better characteriz-tlonS and extensions shown in PFFGS-6 are slightly different

. s X X from those in PFFGS-2, which provides higher accuracy at
;r;sahfel(jgé?ﬁga reliability and the areas potentially at risk 0fthe expense of lower warning lead time. The main affected

, . area identified by PFFGS-2 is slightly reduced, compared to
_After the EPIC index spots areas at risk of extreme pre-prrGs_g, and shifted towards the Tarragona region. Further,
cipitation, the PFFGS-24 is activated at the regional scaley,q radar nowcasting provides a more detailed description of
It consists of a similar analysis to that of EPIC, the ma- o rainta|l field, giving an accurate qualitative picture of the

jor difference being the reference thresholds. Indeed, whilegj; ¢ 4nd the shape of convective fronts and their evolution.
EPIC thresholds are derived from a simulated climatology

(i.e., COSMO 30-year), the PFFGS warning thresholds are
derived from interpolation of actual rainfall point measure- 5 Conclusions
ments at the ground. Results of PFFGS-24 (not shown) are
similar to those provided by EPIC. In particular, the spa- A probabilistic warning system for heavy precipitation
tial pattern of warnings is partially shifted eastwards com-events is presented hereby and results are discussed for an
pared to PFFGS-2, and peak rainfall intensities of convectiveevent occurred in November 2008. The main goals of the
storms are smoothed and spread over larger areas. PFFGSpfoposed warning system are: (1) to set up an integrated
enhances the detection of small scale storms and associatequlti-level approach aimed at detecting severe storms poten-
floods due to including radar data in the blended meteorologiially leading to flash floods, working on different spatial and
ical forecasts. Finally, short lead time forecasts in PFFGS-2emporal scales; (2) to provide the end-users with probabilis-
(up to 2 h) provide a more accurate spatial description of thetic warning maps easy to read; (3) to create a system with low
warnings, especially in small fast-reactive watersheds (i.e.computational cost, able to monitor very large domains (e.g.,
area smaller than 100 Ky where the flow routing plays a the whole Europe) and to downscale to fine resolution anal-
minor role and floods are mainly driven by short-lived in- ysis when some signal of upcoming flooding is detected; (4)
tense storms. to achieve increased system robustness against operational
Results of the high resolution PFFGS-2 (radar nowcast)failures by integrating independent warning modules, which
are shown in Fig. 4. The main flood warnings are correctly partially overlaps in scale ranges.
located in catchments around Tarragona (Francoli river, Sa- We defined a new simple dimensionless index (EPIC) to
lou and Vendrell torrents, 200-800 Rmpstream area). Very measure the severity of forecasted rainfall. It is a combina-
locally some warnings withl" =25 years were estimated, tion of a pure meteorological product and the catchment river
though in general, warnings were bel@=10 year return  network, useful to detect small catchments at risk of upcom-
period. Furthermore, probabilistic flood warning maps of ing flash floods driven by short-lived rain storms. The pro-
the PFFGS-6 (blending radar-NWP) for 6 hour forecast leadposed EPIC index is a first indication to identify areas where
time are shown in Fig. 5 for return periods of 2 and 5 years.severe rainfall is forecasted. As severe events draw closer,
Maps indicate low probability of exceeding both the 2 and 5the Probabilistic Flash Flood Guidance System (PFFGS) is
year return period thresholds:85%). Results in Fig. 5 are activated and uses more accurate rainfall data, which gives
in agreement with the EPIC index. However, warning loca- enhanced skills on small-scale flash-flood prone catchments.
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Because of its own nature, this warning system can be
linked only to a specific kind of flood occurrences and pro-
vides results sometimes very different to those based on hy-
drological simulations. In fact, the hydrological components
related to the rainfall-runoff process (i.e., initial water stage,
soil moisture, accumulated snow and melting process, among
others) are not considered. On the other hand, the proposed
method has the strength of producing no additional uncer-
tainty, as there are no calibration parameters. This is of cru-
cial importance for an operational implementation to large
areas like Europe, where the aim is to detect events in small
catchments often without gauge measurements for calibra-
tion and validation. Besides, the computational requirements
of this method are much reduced in comparison to actual hy-
drological simulations. This enables the implementation of
the system on the European domain using a fine grid resolu-
tion (1 km).

Further steps are foreseen in PFFGS-2 and PFFGS-6 with
the use of radar ensemble precipitation nowcasting (Pegram
at al., 2010). The uncertainty associated to radar rainfall esti-
mation will be used to improve the statistical characterization
of the warnings, particularly at small scales.
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