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Abstract

Numerical weather prediction models can be couplgd hydrological models to generate
streamflow forecasts. Several ensemble approaches lbeen recently developed in order to
take into account the different sources of errod provide probabilistic forecasts feeding a
flood forecasting system. Within this frameworke thresent study aims at comparing two
high-resolution limited-area meteorological ensesaplcovering short and medium range,
obtained via different methodologies, but implensentvith similar number of members,

horizontal resolution (about 7 km), and driving liggb ensemble prediction system. The
former is a multi-model ensemble, based on thresostwle models (BOLAM, COSMO, and

WRF), while the latter, following a single-model pgpach, is the operational ensemble
forecasting system developed within the COSMO cdiso, COSMO-LEPS (Limited-area

Ensemble Prediction System).

The meteorological models are coupled with a digted rainfall-runoff model (TOPKAPI)
to simulate the discharge of the Reno river (Narthikaly), for a recent severe weather
episode affecting northern Apennines. The evalunatibthe ensemble systems is performed
both from a meteorological perspective over theireniNorthern ltaly and in terms of

discharge prediction over the Reno river basin mdutwo periods of heavy precipitation
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between 29 November and 2 December 2008. For eawbdp ensemble performance has

been compared at two different forecast ranges.

It is found that both mesoscale model ensemblesniaably outperform the global ensemble
for application at basin scale as the horizontabligion plays a relevant role in modulating
the precipitation distribution. Moreover, the mutiodel ensemble provides a better
indication concerning the occurrence, intensity éimiing of the two observed discharge
peaks, with respect to COSMO-LEPS. A thorough amslgf the multi-model results shows
that this behaviour is ascribable to the differagmdracteristics of the involved meteorological

models and represents the added value of the moltiel approach.

Finally, a different behaviour comes out at différéorecast ranges. For short ranges, the
impact of boundary conditions is weaker and theeagprcan be mainly attributed to the
different characteristics of the models. At lonfmecast ranges, the similar behaviour of the
multi-model members forced by the same large smaiditions, indicates that the systems are
governed mainly by the boundary conditions, althotige different LAMs characteristics
may still have a not-negligible impact.

1 Introduction

Coupling Numerical Weather Prediction (NWP) and roejagical models is an essential
practise in order to generate short- to medium-eamgdrological forecasts. Moreover, it is
certainly a necessary step for implementing anyeaarning system suitable for a medium-
sized catchment (1000-10000 Rmcharacterized by complex orography and shopaese

times. A timely prediction of the hydrological resise of these river basins, suitable for
emergency planning, cannot rely on observed prtatipn, but needs an alternative forcing

function available at earlier times (Melone et 2005), that is meteorological forecast fields.

The provision of accurate streamflow forecastseeigly in case of flood events, represents a
major research and operational challenge (Rotachl.et2012). In such an effort, early
warning systems have been developed, based onetbsfate-of-the-art meteorological and
hydrological models. When data from different mod#hulations are combined, such
systems provide different scenarios and valualbdeatilistic information that acknowledges

the different sources of errors affecting the métgdrological forecasting chains.



0o N o o A W DN P

10
11
12
13
14
15
16
17
18

19
20
21
22
23
24
25
26
27
28
29
30

31
32

Although each component of the system is affectedtd source of error, the available

literature (Krzysztofowicz, 1999, Hapuarachchi ét 2011, Zappa et al., 2011) seems
inclined to indicate that the uncertainty affecti@gantitative Precipitation Forecasting (QPF)
is dominant. Recently, the hydrological model utaiaty was estimated to be ten times less
pronounced than the uncertainty from rainfall fass (Zappa et al., 2011). Errors in QPF
arise from uncertainties in the initial (and bourylaconditions and in the models

formulation, growing during the forecasting procemsd propagating from atmospheric

(rainfall) to hydrological (runoff) predictions (Bpa et al., 2010).

Considering such problems, the main efforts for itherovement of discharge prediction
have been devoted to: (i) development of NWP maodads increasing their resolution and
improving the representation of the relevant plalsigrocesses in order to attain better
rainfall forecast skill (Weusthoff et al., 2010; iga et al., 2011), especially at the small scales
that are particularly relevant for hydrological pations; (ii) development of meteorological
ensemble prediction systems, which represent aaldaitway to cope and deal with
uncertainties, as they provide probabilistic fostsdhat represent an attractive product to be
used for flood predictions. Cuo et al. (2011) pdavan overarching review of this topic and
an up-to-date description of the main open isseéstaed to integrated meteo-hydrological

forecasting systems.

Ensemble prediction is a well-established pradtseaglobal meteorological models, initiated
in the 90’s, since it proved to provide greateret@st skill than any single deterministic
prediction (Buizza, 2008). Perturbed initial coratits, generated using either singular vectors
(Palmer et al.,, 1997), bred vectors (Toth and KgIne©97), perturbed observations in
multiple data assimilation cycles (Houtekamer et H096), or Ensemble Transform Kalman
Filter (Wei et al., 2006), were employed to initi@l a number of different forecasts, which
form all together an ensemble prediction systemSjERIore recently, multi-analysis and
multi-model procedures, obtained by combining dédfé ensemble systems, each based on a
different NWP model, proved to be even more skilMlylne et al., 2002; Bowler et al.,
2008), thus leading to the implementation of supesembles (Krishnamurti et al., 1999; Park
et al., 2008) and to specific international initias, such as TIGGE (THORPEX Interactive
Grand Global Ensemble; Bougeault et al., 2010) qarogne.

EPS forecasts have been used as an input for logital models (Gouweleeuw et al., 2005;
Hamil et al., 2005; Hou et al.,, 2007; Thielen et, &009; Rotach et al., 2012), thus

3
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propagating the meteorological uncertainty alorgyftbod forecasting system (Pappenberger
et al., 2005) in order to provide a probabilistimlanore informative hydrological prediction.
Recently, there is a general agreement on the ibefiefsing ensemble forecasting for early
flood warning applications. However, although reygr@ting a progress with respect to a
deterministic approach, EPSs based on global mosigifer from their coarse spatial
resolution and often turned out to be not accueateugh for basin-scale applications,
especially in areas characterized by complex opdgraln response to such a limitation,
during the last decade different ensemble appr@abheed on limited area models (LAMS)
have been developed (Marsigli, 2009; Garcia-Moyal.e2011; Iversen et al., 2011; Montani
et al.,, 2011) sometimes involving convection-petimit models (Davolio et al., 2008;
Gebhardt et al., 2011, Vié et al., 2012). This kifidimited-area ensemble prediction systems
(LEPSs), that have recently become operationaleweral centres, basically perform a
dynamical downscaling of global EPSs and repregbet state-of-the-art for meteo-
hydrological forecasting applications (Cloke anganberger, 2009; Adams and Ostrowsky,
2010; Addor et al., 2011), suitable especiallyriek-related events. During MAP-DPHASE
(Rotach et al., 2009), the forecasters apprecitdiedavailability of ensemble information
much more than being provided with a plethora dfecent models. Apparently, the usual
probabilistic output (probability maps, etc.), a®yded by ensemble modelling systems,
meets their needs (Rotach et al., 2012).

However, the accurate description of analysis andehuncertainties at the mesoscale is still
an open issue and the research is still far frosessng an optimal way for providing
perturbed initial and boundary conditions to LAMsembles (Marsigli et al., 2013). New
methods of combining different LEPSs in a multi-rabdystem are being developed; in
particular, multi-analysis multi-model approachegm able to provide a suitable way to

describe the uncertainties affecting the forecgstystem.

Within this framework, a meteorological ensemblstesn COSMO-LEPS coupled with a
hydrological model (TOPKAPI) has been running ofierally at ARPA-SIMC for several

years, in order to provide discharge predictionscfail protection purposes. Previous studies
(Marsigli et al., 2008; Diomede et al., 2008, 2080ygested the possibility of improving the
performance of this ensemble system. At the same, ticollaborative research activities
involving ARPA-SIMC and CNR-ISAC (Davolio et al.0@8; Diomede et al., 2008) have

been carried out, exploiting different state-of-tre limited area models, developed or
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implemented in the two Centres, for a multi-modgbraach to discharge forecasting. These
activities highlighted the promising capability tfe multi-model meteorological system,
coupled with the hydrological model, in providingppabilistic discharge peak predictions.

Thus, it appears necessary to investigate systeafigitivhether it is possible to improve the
performance of a single-model ensemble (the sanpemented in Addor et al., 2011), in
terms of hydrological prediction, using the infotioa that can be conveyed by an available
multi-model system. Within this framework, the aohthe present paper is a comparison
between the two ensemble systems for a single esexant, looking not only at the short-
range (as in Adams and Ostrowsky, 2010), but atstorager lead times. A case study
approach clearly does not complete the investigatisk, but represents just the starting point
of a long and complex study.

Therefore, in the present study, two different emsle approaches, both focused on the short-
to-medium range, are compared: a multi-model enkenilased on three LAMs developed
independently, and a single-model ensemble. Bo#ferables receive initial and boundary
conditions from a limited number of members sel@emong the whole European Centre for
Medium-range Weather Forecasts (ECMWF) global BfR8Sugh a clustering analysis. In
order to allow a fair comparison, the two ensemhlese implemented with a similar set up.
The ensemble implementation is described in detabect. 2, together with models and
clustering procedure description. Both the enseshbéee been used to generate probabilistic
precipitation maps, analysed in Sect. 3, and tovigeo the input fields to the same
hydrological model. The results, in terms of disgeapredictions, are presented in Sect. 4
and allow to evaluate the ensembles performaneer@tent severe weather episode affecting
the Reno river basin, located in Northern Italyg(FL) in the Apennines. The multi-model

ensemble is further analysed in Sect. 5, while.&eist devoted to concluding remarks.

2 Numerical models and ensembles generation

The multi-model ensemble implemented here is basethree mesoscale models, BOLAM,
COSMO and WREF, briefly described in the followinghile the single-model approach is
based on the COSMO model only (COSMO-LEPS ensembleg¢ two ensembles have
almost the same characteristics, such as the nuwibenembers, the model horizontal
resolution (about 7-8 km), the driving global EPRlfle 1). Also, the integration domains
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(Fig. 1) are very similar, although the grid poiai® not exactly coincident. In the present

section, a short description of the numerical modeld of the ensembles is provided.

2.1 BOLAM

BOLAM (BOlogna Limited Area Model; Davolio et al2008) is a hydrostatic, primitive
equation meteorological model with prognostic Malea distributed on a non-uniformly
spaced Lorenz grid. The horizontal discretizatiosesu geographical coordinates, with
latitudinal rotation on the Arakawa C-grid. BOLAMes a hybrid vertical coordinate system,
in which the terrain-following sigma coordinate dually tends to a pressure coordinate with
increasing height above the ground, and with thexieg factor prescribed as a function of
the maximum orographic height present in the domaire model implements a Weighted
Average Flux scheme for the three dimensional adwecThe temporal integration scheme is
split-explicit, forward-backward for the gravity mes. The lateral boundary conditions are
imposed using a relaxation scheme that minimisegevemergy reflection. The water cycle
for stratiform precipitation is described by meadfsfive additional prognostic variables:
cloud ice, cloud water, rain, snow, graupel. Deapvection is parameterized using the Kain—
Fritsch (Kain, 2004) convective scheme. The surtawe boundary layer parameterization is
based on the E-lI approximation, in which turbul&metic energy is predicted explicitly
(Zampieri et al., 2005). A four-layer soil schengeimplemented for the computation of
surface balances, heat and water vertical trangégretation effects at the surface and in the
soil, taking into account different soil types aptlysical parameters. The radiation is
computed with a combined application of the Gelegeheme (Ritter and Geleyn, 1992) and
the ECMWEF scheme.

2.2 COSMO

COSMO model (http://www.cosmo-model.org/; Steppeteal., 2003) is the non-hydrostatic
limited-area model of the COSMO Consortium, desigfer both operational NWP and
various scientific applications on the mgs@nd mesao- scale. COSMO is based on the
primitive thermo-hydrodynamical equations descwigpicompressible flow in a moist
atmosphere without any scale approximation. Thecbaguations are written in advection
form and the continuity equation is replaced byragpostic equation for the perturbation
pressure. The model equations are solved numeriaaihg the traditional finite difference
method. A basic state, represented by a time-intbge dry atmosphere at rest, is subtracted

6
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from the equations to reduce numerical errors aatsuatwith the calculation of the pressure
gradient force in case of sloping coordinate s@$ad he model equations are formulated in
rotated geographical coordinates and a generaiezeain following height coordinate.

The parameterization schemes used operationally-#awo stream radiation scheme of Ritter
and Geleyn (1992) for short- and long-wave fluxegth full cloud-radiation feedback;

Tiedtke (1989) mass-flux convection scheme withildium closure based on moisture
convergence; precipitation formation with a bulkcrophysics parameterization including
water vapour, cloud water, cloud ice, rain and snath 3D transport for the precipitating
phases; prognostic turbulent kinetic energy closatréevel 2.5; multi-layer version of the

Jacobsen and Heise soil model.

2.3 WRF

The Weather Research and Forecasting (WRF) modsd (gtp://www.wrf-model.org;
Skamarock et al., 2008) is a numerical weather iptied system that solves the fully
compressible, non-hydrostatic Euler equations. Thedel uses the terrain-following,
hydrostatic-pressure vertical coordinate with wadtgrid stretching. The prognostic equations
are cast in conservative (flux-) form for conservediables, while non-conserved variables
like pressure and temperature are diagnosed fromgnpstic conserved variables. The

horizontal grid is Arakawa-C.

WREF offers multiple options for physics parametatian schemes that can be selected based
on the specific problem that is investigated. le f@iresent model configuration (version
ARW-3.1), the following schemes have been chosémwnmpson et al. (2004) microphysics,
which includes six classes of moisture species plusber concentration for ice as prognostic
variables; Kain (2004) cumulus parameterizationpiBd&adiative Transfer Model for long-
wave radiation and Dudhia (1989) scheme for shartenrradiationa turbulent kinetic energy
closure, the Mellor-Yamada-Janjic scheme, for tbhandary layerthe Noah land-surface
model (Niu et al., 2011).

2.4 Ensemble systems: COSMO-LEPS and Multi-model

COSMO-LEPS is the mesoscale limited-area ensembieloped and implemented by
ARPA-SIMC in the framework of the COSMO Consortitand running operationally at
ECMWEF since November 2002 (Montani et al., 2011)e Ensemble is based on 16 runs of
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the COSMO model and was designed for high-resaiutimbabilistic forecasts up to day
five. The ensemble is generated from the global BY{FMEPS and combines the forecast
potential of a high-resolution non-hydrostatic led-area model with the probabilistic
information of the ensemble approach. Due to thestraints on the computational resources,
the methodology on which COSMO-LEPS is based rexittte number of global-ensemble
elements driving the limited-area runs, but stdegs a large fraction of the driving-ensemble
information. Specifically, an ensemble-size reduttis performed on 102 members of two
successive ECMWF EPS runs (00 and 12 UTC of d)aysince each EPS consists of one
control run plus 50 perturbed members. EPS mendrergrouped into 16 clusters, following
a cluster analysis (see Montani et al., (2011)details) performed over the area shown in
Fig. 1. From each cluster, a representative mer(®kl) is selected, which provides initial
and boundary conditions to each COSMO model rurreliher, for each COSMO-LEPS run
the procedure chooses randomly either Kain-FritschTiedtke convection scheme, and

perturbs turbulence and other physics parameterizathemes randomly.

The same clustering procedure described abovepigedmgain for selecting 5 RMs in order
to drive the multi-model forecasting system. Siribe results of the cluster analysis are
different from that for COSMO-LEPS, different irtlboundary conditions may force the two
ensembles. For each initialization time, the mulaeel is therefore based on 5 forecasts
issued by each implemented LAM, producing 15 fosecaverall.

Summarizing, the main difference between the twaepibles resides in the relative
importance attributed to the representation ofbinendary condition error with respect to that
of the LAM error. For the single-model ensembles #ame LAM has been run 16 times
receiving initial and boundary conditions from l&lested members of the ECMWF EPS,
while for the multi-model ensemble, only 5 EPS memskhave been selected out of the EPS,
but 3 different LAMs have been run on each EPS nemBoth ensemble systems are
integrated in time for 132 hours, and three ini&ion times 24 hour apart have been
selected: 12 UTC of three consecutive days, 262V 28 November 2008. Hourly rainfall
fields produced by the two ensemble systems areiqed to the same hydrological model

TOPKAPI in order to produce ensemble dischargectsts.
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2.5 Hydrological model: TOPKAPI

The streamflow predictions are provided by TOPKARTOPographic Kinematic
APproximation and Integration) (Todini and Ciarapi2002), a distributed rainfall-runoff
model. TOPKAPI couples the kinematic approach i topography of the catchment and
transfers the rainfall-runoff processes into thisteucturally-similar” zero-dimensional non-
linear reservoir equations. Three equations, whitive from the integration in space of the
non-linear kinematic wave model, describe the dmgénin the soil, the overland flow on
saturated or impervious soils, and the channel,fleapectively. The parameters of the model
are shown to be scale independent and obtainatre dligital elevation maps (DEM), soil
maps and vegetation or land-use maps in termsopks| soil permeabilities, topology and
surface roughness. Land cover, soil propertieschadnel characteristics are assigned to each
grid cell that represents a computational nodegtfermass and the momentum balances. The
flow paths and slopes are defined starting from @DeM, according to a neighbourhood
relationship based on the principle of minimum ggeiThe evapo-transpiration is taken into
account as water loss, subtracted from the soiemiaslance. This loss can be a known
quantity, if available, or it can be calculatedngsitemperature data and other topographic,
geographic and climatic information. The snow acglation and melting component is
driven by a radiation estimate based upon air teatpee measurements. A detailed
description can be found in Liu and Todini (2002).

The calibration and validation procedures of TOPKARer the Reno river basin are based
on an hourly meteo-hydrological dataset availaldenf1990 to 2000. TOPKAPI is currently
used for the real-time flood forecasting systenrajenal at ARPA-SIMC.

3 Meteorological analysis

3.1 Case study

The severe weather period between 29 November &et@mber 2008 was characterized by
the presence of a deep cold trough over the weMediterranean Sea (Fig. 2) in the middle
troposphere. This synoptic configuration was asdedi with a cyclonic circulation affecting

all western and northern Europe, driving seve@btfl systems towards the Italian peninsula.
The presence of a blocking anticyclone located dwastern Europe, together with the

meridional flow along the western side of the triougaintained the synoptic situation nearly

9
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unchanged for several days. Intense warm and reoigh-westerly flow on the eastern side
of the trough, impinging on the northern Apenningas responsible for severe weather and
heavy precipitation in the area. In particular, tperiods of intense precipitation (Fig. 3),
during the nights of 29 November and in a 24 hoeniga between 30 November and 1
December produced two relevant discharge peakshef Reno river, a medium-sized
catchment (total dimension about 5000 °kmwhose upstream portion (about 1000%km
belongs to the north-eastern slopes of the NortApennines. The Reno river basin has been
studied in the past (Davolio et al., 2008; Diomexdeal., 2008) and was the subject of
investigation in several European research projectslation to the application of real time
flood forecasting systems. In both periods of heagfall analysed in the present study, the
warning threshold was exceeded at the closureaseofi the mountain portion of the Reno
catchment, Casalecchio Chiusa, characterized lpneeatration time of about 10-12 hours.
In the operational practice, a flood event at sunér section is defined when the water level,
recorded by the gauge station, reaches or overctimegalue of 1.6 m (corresponding to a
discharge value of about 630%s). This value represents the warning thresholiijeathe

alarm level is set to 2.5 m (corresponding to attisge value of about 148C°/s).

3.2 Ensemble results: probability of precipitation

The evaluation of the ensemble systems is firsterfggmed from a meteorological

perspective over an area larger than the singlehoant (e.g. entire Northern Italy). The
attention is focused on the two periods of intepsecipitation: 6 hours between 29
November, 18 UTC and 30 November, 00 UTC, and 24rshdetween 30 November, 12
UTC and 1 December, 12 UTC. Moreover, for sakeretiby, only the simulations starting

on 26 and 28 November are thoroughly analysed @&wlisked: thus, for each period, the
ensemble performance will be compared at two differforecast ranges. For reference,
global EPS results are also shown. They refer ® daperational ECMWF ensemble,

composed of 51 members, run at a horizontal speegalution T399 (about 50 km).

During the 28 of November, intense precipitation in excess ofr2f/6h (Fig. 3) affected the
whole northern Apennines (with peaks close to 100/6h, locally) and also some Alpine
areas. Results of the two LEPSs and the global EFP3erms of probability maps of
occurrence of precipitation exceeding 20mm/6h, sltewn in Fig. 4, for two different
forecast lead times. At longer range (78-84 hijaliation time 12:00 UTC, 26 November),
the global EPS does not provide any indicationnténse precipitation over the Reno basin,

10
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but only over western Apennines (probability up6td %). On the other hand, both LEPSs
forecast some probability of rainfall (up to 60% fbe multi-model, 30% for COSMO-LEPS)

over the Reno river basin. Moreover, only the mutdel provides a signal also over the
central Alps, where precipitation did occur. Simifafor shorter forecast range (30-36 h;
initialization time 12 UTC, 28 November), only theo LEPSs are able to forecast the
possible occurrence of intense precipitation (u@P®%6) over the target basin. Very high

probability is assigned to intense rainfall oversteen Apennines and the Alpine chain by all
the prediction systems, with a progressively insirgg probability with shorter lead times,

thus improving the confidence in the predictiontlas event approaches. It is worth noting
that, in the multi-model forecasts, broader argasiradicated as possibly affected by heavy
precipitation, showing more uncertainty in the tast.

Similar results have been obtained for the secambg of intense precipitation. However, in
this case, a longer interval of time has been demed, 24 hours instead of 6 hours. This was
chosen since the observed rainfall lasts for adompgriod, and for accounting some timing
errors that were evident in the precipitation fasts, due to the much longer forecast ranges.
The threshold has been increased accordingly fr@mm2n/6h to 50 mm/24h. Rainfall
exceeding this threshold (Fig. 3) affected both Apennines and the Alps. A nonzero
probability of intense precipitation is forecast bgth the ensembles, five days in advance
(Fig. 5). However, only the multi-model and, pdlyiaCOSMO-LEPS are able to provide a
warning for possible intense precipitation over Reno river basin. Approaching the event,
the pattern of rainfall probability does not chargignificantly and still the multi-model

forecasts intense rainfall over the Reno basi) @iprobability ranging between 30 and 60%.

While the multi-model identifies the Reno river imags likely to be affected by intense
precipitation more than three days in advance,gtbbal EPS probability maps provide no
evidence of heavy rainfall there, even at shoredast range. This result confirms that
structural global model deficiencies, i.e. the lo@solution and consequently the coarse
representation of the orography, pose a limit te kind of ensemble approach at such scales.
Higher resolution models are needed at basin sfmlemedium-sized watershed, thus
explaining the remarkable added value of LAM endemwith respect to global ensembles

for hydrological applications.

11
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4 Hydrological predictions

The two intense precipitation events generated relevant and distinct discharge peaks in
the Reno basin (Fig. 6 top), both exceeding thenimgrthreshold, but not reaching the alarm
level. The river discharge started to increasedigpduring the night of 29 November,
reaching a maximum of almost 90G/mat 06 UTC, 30 November. A second peak, of the
same magnitude, but characterized by a less steepase of water level, occurred in the
morning of 1 December. The discharge computed usimgauges data, spatially distributed
using the Thiessen Polygons method, is in goodeageat with the observation at the basin
closure, thus indicating that the error ascribaiolethe hydrological model is reasonably
limited. In the following analysis, in addition tihe ensemble mean, the 90-percentile is
chosen as an indicator of the ensemble performaniis. choice is based on previous
statistical investigations (Diomede et al., 200802 showing that, at least for COSMO-
LEPS coupled with TOPKAPI, the highest quintile5-@0 %) provide the most informative
support to the forecasters in case of high-disahaxgnts in the Reno watershed.

The ensemble discharge forecasts are stronglyecekat the results shown in the maps of
probability of precipitation. Indeed, at longer doast range (forecasts initialized on 26
November), discharge predictions driven by the gl&PS fail to generate any relevant peak,
while those driven by both LEPSs are remarkablytebefFig. 6, top panels). Although

underestimated in magnitude, the possible occueraichigh discharge peaks is forecast
respectively four and five days ahead by both LERSgarticular, at these long forecast
ranges, some members of the multi-model correcttgeed the warning threshold.

Furthermore, a reasonable reproduction of the teakp, observed 24-h apart, is provided by
the 90-percentile of the multi-model. COSMO-LEPSptys some relevant peaks, although
below the warning level, and the 90-percentile doest represent the occurrence of two

separate peaks.

Even at shorter forecast ranges (initializatiored2® November), up to respectively two and
three days in advance, LEPSs remarkably outpertbenglobal EPS (Fig. 6, bottom panels).
Among the ensemble systems, the discharges obtaiitedhe multi-model display a larger

spread among the members and the 90-percentileédpsova more accurate prediction,
especially concerning the second peak. Also, a$ tlange, the 90-percentile of the
hydrological ensemble driven by COSMO LEPS provideme hints of the occurrence of

two peaks, although underestimating their magnit@e the other hand, the flood event is

12
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still missed using the global EPS. Although impraythe hydrological forecasts with respect
to the system driven by the global ensemble, ineggnboth LEPSs underestimate the
discharge peaks, even considering the 90-percéhite 6, green line).

By analysing each curve of the multi-model ensenfbtecasts at long range (Fig. 7), it is
possible to recognize that the highest peaks a@ceded with mesoscale forecasts driven by
the same global ensemble representative membensefjpamembers 3, 35 and 36 of the
EPS). Moreover, all the meteorological forecastsetr by member 35 produce the two
separate peaks in the discharge prediction, althdlg intensity of the peaks is significantly
different among the models. It means that for lonigad times (more than 3 days) the
behaviour of the different members of the multi-mlodgs dominated by the boundary
condition forcing, although the characteristiceath single LAM still have an impact at least
in modulating the peak intensity. This is not tfoe shorter forecast ranges (not shown),
where it is not possible to identify the same cle@respondence between discharge forecasts
and driving representative members. In this case,impact of the boundary conditions is
weaker and the difference among the members iomah$/ ascribable to the characteristics

of the single models of the ensembile.

5 Further considerations on multi-model performance

In order to provide some support to these conchssind to investigate in more detail the
behaviour of the multi-model ensemble, a furthetenmlogical analysis is performed. In the
following, the attention is thus focused on the tmmlodel results, and the precipitation fields
forecast by its single members are shown for diffedead times. Only the first period of
intense precipitation (night of 29 November, Fig.is3considered, since it allows to analyse
the forecasts behaviour at both short- (+36 h)lang-range (+84 h).

At longer forecast range (simulations initializedld UTC, 26 November), the variability of
the rainfall fields (Fig. 8) among the five foretassued by the same LAM is larger than the
variability among the forecasts issued by the thr&Ms driven by the same representative
member. In the latter case, although the same l@wyndonditions provided by the
representative member tend to force the three LAMsards a similar prediction, the
different model characteristics seem able to puesetill remarkable differences in the
forecasts. Therefore, in a qualitative way, it iste simple to identify the worst forecast for
each of the three LAMs as the one driven by theesglobal representative member (m12)
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(Fig. 8, second panel of each row). The three noad@gpredictions that use the initial and
boundary conditions provided by this representathember are affected by a remarkable
underestimation of the precipitation all over thepthyed domain, both over the Apennines
and over the Alps, missing completely the heav\cipiation over northern Italy and the

Reno basin.

A straightforward explanation of the LAM forecaatlfire may be found comparing the large
scale fields of the m12 forecast (that drives tA&Lpredictions) with the ECMWF analysis,
both at 18 UTC, 29 November 2008, correspondinth&beginning of the heavy rainfall
period (Fig. 9). Indeed, the geopotential field580 hPa of the m12 simulation presents a
remarkable and evident error, displaying a westahd slightly anti-cyclonic mid-
tropospheric flow over Northern Italy and in pauter over the Apennines, instead of the
observed south-westerly flow, typically harbingérh@avy precipitation in the target area.
Also the forecast temperature field in the lowseladoes not agree with the analysis. Being
driven by a forecast characterized by such a larger, at long forecast range (more than
three days in advance) all the corresponding LAKedasts are consequently affected by a
similar and remarkable error too. It is worth ngtithat an error of the same magnitude is not
present in the forecasts provided by any otheressptative members. Moreover, it is
possible to assess that mesoscale forecasts dryweepresentative member m36 display a

pretty good forecast.

Therefore it seems reasonable to conclude thairagf forecast range (day 3-5) the forcing
provided by the boundary conditions is evidenthi& behaviour of the multi-model ensemble.
However, LAMs characteristics may remarkably imp#et forecast, although often at a less
extent, and this represents the main expected addied of the multi-model approach.

Indeed, BOLAM generally forecasts more intense ipition with respect to the other two

models of the ensemble. Also, small qualitativdedé@nces among the model precipitation
fields are amplified in terms of hydrological resge, so that pretty similar rainfall patterns,
produced by the three LAMs forced by the same ssmative member (Fig. 8), generate
significantly different discharge predictions (Fig). This sensitivity of the hydrological

response to small-scale rainfall pattern is a clealication that coupled atmospheric-
hydrological simulations may serve as an effectigkdation tool for atmospheric models at

regional (or sub-regional) scale (Jasper and Kanfma003).
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Repeating the analysis of the multi-model resutsshorter forecast range (36 hours) during
the same period of heavy rainfall (Fig. 10), thesfforecasts issued by the same mesoscale
model present much less variability than that olkestibefore for long forecast range. In this
case, the different forecast “trajectories”, duedifferent initial conditions, have not fully
diverged yet, since the initial perturbations hans grown enough during such a short
forecast range. This is partially due to the propsrof the global EPS whose initial
perturbations are optimized for the medium rangetha clustering window is between +96
and +120 hours. Also, the large scale fields dgwime multi-model (not shown) as boundary
conditions are quite close to each other and irdgmgreement with the global analysis, and
have not fully entered the integration domain frthra boundaries. At short forecast ranges,
the strong similarities between the LAM forecagisaeh by the same representative member
(as seen for long lead times) are not present anger and it is not easy anymore to
recognize if a specific representative member efdglobal EPS drives the worst or the best
forecast for all the LAMs. However, moving from omedel to the other, large differences
among the precipitation fields are evident. Theefib is reasonable to speculate that the
variability among the LAM forecasts is dominatedtbg model characteristics. This is one of
the positive aspects of the multi-model, whichablaa quite large spread among the forecasts
also at short ranges. Similar considerations cadraen from the second period of intense
precipitation.

6 Conclusions and future plans

In the present study, two different meteorologitialited-area ensemble approaches to
guantitative precipitation forecasting have beeplamented in order to provide a range of
possible meteorological scenarios to the same hygical rainfall-runoff model: a multi-
model ensemble based on three mesoscale modelsABOCOSMO and WRF, and a
single-model approach, the COSMO-LEPS ensembletder to allow a fair comparison, the
two ensembles have been implemented with almosts#me characteristics; also, both
ensembles are driven by a limited number of memtadmsn from the same large scale EPS,
to which the two limited-area ensembles have atsmltompared. The implementation of the
proposed systems is presented for a case studwotbared by two periods of intense
precipitation over Northern Apennines, whose groeffécts are evaluated over the Reno

river basin, a medium-sized catchment in Northealy|
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Although limited to a single event, the comparisomong EPSs highlights important aspects,
which deserve further investigations. In particulahighlights the added value of mesoscale
models for ensemble forecasting with respect tagtbhbal ensemble. At variance with LEPS,
the global EPS forecasts do not provide evidencarof relevant probability of intense

precipitation over the Reno river basin, even artsforecast ranges. This points out that
structural large scale model deficiencies (i.e. l@golution, coarse representation of the
orography) negatively affect the rainfall predictiat the scales typical of hydrological

applications. Instead, higher resolution modelsraeded: both LEPSs remarkably improve
the forecast quality with respect to the “drivirgjbbal model ensemble for this case study, in
terms of both probability of precipitation over tlagea affected by intense rainfall and
discharge prediction over the Reno river basin.

Looking in more detail at the multi-model resuttse system seems able to identify the Reno
river basin as likely to be affected by intensecpi¢ation almost four days in advance, with a
progressively increasing probability at shortedlgianes, thus improving the confidence in
the prediction as the event approaches. The multielhensemble provides better results with
respect to COSMO-LEPS. In particular, it allows pgmperly address the potential threat
associated with the specific event discussed, cityradicating the occurrence, intensity and
timing of the two discharge peaks 24-hour aparte Thulti-model approach takes into
account both the uncertainty associated with thdeherror and that related to the initial and
boundary conditions. The latter is accounted for GSMO-LEPS too, but the former,
namely the model error, is addressed only via peations of few parameters of the model
physical scheme, this approach being far from aprehensive representation of the model
error. The mesoscale model diversity implementethe multi-model approach permits to
account for a larger fraction of the model errorthhe multi-model forecasts, the areas with
high probability of heavy precipitation are genbrabroader, and the differences in the
forecast members are larger. The 90-percentileecafthe discharge forecasts, issued using
the multi-model system coupled with TOPKAPI, iseabb correctly reproduce, especially at
longer range, the occurrence of two separate iatpesks. Based on the local forecasters
experience, as well as on previous statistical yargl this would have been a valuable
information for the actual forecast of the floocheTpossible flood occurrence would have
been predicted with a sufficient lead time, and rtiegnitude of the event could have been

properly estimated by the decision makers.
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Still focusing on the multi-model ensemble, a dd#f®@ behaviour can be identified
considering short and long forecast ranges. Fortstuvecast ranges, the large scale
conditions are similar and have not affected thtegration domain yet, thus the impact of
boundary conditions is weaker and the spread camaialy attributed to the different
characteristics of the models. At longer forecemtges, the similar behaviour of the
corresponding multi-model members indicates thal tare governed mainly by the large
scale boundary conditions. Nonetheless, the difteleAMs characteristics still have a

significant impact on the forecasts even at thesg Fanges.

However, it is worth stressing again that the obesitions of the present research are
confined to just one case study. Further evenscated with different synoptic conditions,
need to be analysed in order to support these gsinds. Also, the present paper is limited to
ensembles based on convection-parameterized mddedorizontal resolution adopted here
(7-8 km) is close to the “no man's land” (Weismanak, 2008) separating classical
convective parameterization schemes from explictbnvection-resolving models. As a
result, the ability of mesoscale models to acclyateproduce atmospheric phenomena on
such fine spatial scales can be questionable. &usimulations using short-range ensembles
employing convection-resolving models at higheohason, which should be able to better
represent the small scales and to better simulatgective rainfall, will be analysed in a
future study.
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Table 1. Model set up: horizontal and vertical heon, grid characteristic and

initial/boundary conditions.

Model Horizontal Number of Number of Initial/boundary
Resolution Grid Points ~ Vertical Levels conditions

BOLAM 8 km 426 x 354 50 EPS (5 members)

COSMO 7 km 511 x 415 40 EPS (5 members)

WRF 7.5 km 460 x 380 40 EPS (5 members)

COSMO-LEPS 7 km 511 x 415 40 EPS (16 members)
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FIGURE CAPTIONS

Figure 1: (a) Localisation of the Reno river basirthe Emilia-Romagna Region, Northern
Italy. The upper basin closure at Casalecchio Ghiiser section is indicated. (b) Model

integration domains (blue area), and domain empldgethe cluster analysis (red line).

Figure 2: ECMWF analysis at 00 UTC, 30 November&0Beopotential height at 500 hPa
(gpm, colour shading) and mean sea level preshir@, Contour).

Figure 3: Observed precipitation (mm) for the twaripd of most intense rainfall: (a) 6-h
accumulated rainfall at 00 UTC, 30 Nov. 2008; (B)iRaccumulated rainfall at 12 UTC, 01
Dec. 2008.

Figure 4: Maps of probability of precipitation excing 20 mm in 6h obtained at long (+84 h,
top panels) and short (+36 h, bottom panels) fate@nges: multi-model (left), COSMO-
LEPS (middle) and ECMWEF global EPS (right) foresasalid at 00 UTC, 30 Nov. 2008.

Reno river basin is also indicated by the blackamegle.

Figure 5: Maps of probability of precipitation excieng 50 mm in 24h obtained at +120 h
(top panels) and +72 h (bottom panels) forecasgggamulti-model (left), COSMO-LEPS
(middle) and ECMWEF global EPS (right) forecasta2JTC, 1 Dec. 2008.

Figure 6: Discharge forecasts s) as a function of the forecast range (h). THeemint
(grey) curves have been obtained by feeding the KIKBFR hydrological model with the
precipitation forecast by the ensemble memberstiimddel (left), COSMO-LEPS (middle)
and ECWMF global EPS (right). The raingauge-driydnck blue line) and the observed
(blue dashed line) discharges are also plottedrdtarence. The pink line represents the
ensemble mean, while the two green lines reprabeniOth and the 90th percentile curves.

Top panels refer to forecasts initialized at 12 Y26 Nov. 2008 (short-range in the text);
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bottom panels to those initialized at 12 UTC, 28/N2008 (long-range in the text). Orange
(red) horizontal line indicates warning (alarm)dév

Figure 7: Discharge forecasts ¥8) as a function of the forecast range (h) obthibg
feeding the TOPKAPI with the rainfall predicted the five members of each model of the
multi-model ensemble system and for the five regmestive members of the ECMWEF global
EPS. Forecasts are initialized at 12 UTC, 26 N@@8&(long-range, see text). The raingauge-
driven (thick blue line) and the observed (bluehaasline) discharges are also plotted for
reference. The forecasts driven by a particularesgntative member of the global ensemble
are indicated with arrows and with the member numBeange (red) horizontal line indicates

warning (alarm) level.

Figure 8: 6h accumulated precipitation (mm) at 00CJ 30 Nov. 2008 forecast by the
different members of the multi-model ensemble aglcange (+84 h, see text). Five forecasts
for each model: COSMO (top), BOLAM (middle) and WRbottom). Models are initialized
at 12 UTC, 26 Nov. 2008. The driving global repreagve member (m) is indicated below

each column of panels.

Figure 9: Geopotential height at 500 hPa (gpm, amontines) and temperature at 850 hPa
(colour shading) at 18 UTC, 29 Nov. 2008. (a) ECMWffalysis. (b) Forecast fields issued
by the ECMWF representative member number 12 (m12).

Figure 10: as in Fig. 8, but for the forecastdatized at 12 UTC, 28 Nov. 2008 (short-range,
+36 h, see text)
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Figure 1: (a) Localisation of the Reno river basirthe Emilia-Romagna Region, Northern
Italy. The upper basin closure at Casalecchio Ghiiser section is indicated. (b) Model

integration domains (blue area), and domain empldgethe cluster analysis (red line).
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Figure 2: ECMWF analysis at 00 UTC, 30 November&0Beopotential height at 500 hPa

(gpm, colour shading) and mean sea level preshif@, Contour).
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Figure 3: Observed precipitation (mm) for the twaripd of most intense rainfall: (a) 6-h
accumulated rainfall at 00 UTC, 30 Nov. 2008; (BjRaccumulated rainfall at 12 UTC, 01
Dec. 2008.
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Figure 4: Maps of probability of precipitation erceng 20 mm in 6h obtained at long (+84 h,
top panels) and short (+36 h, bottom panels) fatec@nges: multi-model (left), COSMO-
LEPS (middle) and ECMWEF global EPS (right) foresasalid at 00 UTC, 30 Nov. 2008.

Reno river basin is also indicated by the blackamegle.
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Figure 5: Maps of probability of precipitation exceng 50 mm in 24h obtained at +120 h
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(top panels) and +72 h (bottom panels) forecasgaamulti-model (left), COSMO-LEPS
(middle) and ECMWEF global EPS (right) forecastaatUTC, 1 Dec. 2008.
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Figure 6: Discharge forecasts ¥8) as a function of the forecast range (h). THéemint
(grey) curves have been obtained by feeding the KIKBRP hydrological model with the
precipitation forecast by the ensemble memberstiimddel (left), COSMO-LEPS (middle)
and ECWMF global EPS (right). The raingauge-driydnck blue line) and the observed
(blue dashed line) discharges are also plottedrdtarence. The pink line represents the
ensemble mean, while the two green lines reprabeniOth and the 90th percentile curves.
Top panels refer to forecasts initialized at 12 Y26 Nov. 2008 (short-range in the text);
bottom panels to those initialized at 12 UTC, 28/N2008 (long-range in the text). Orange

(red) horizontal line indicates warning (alarm)dév
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Figure 7: Discharge forecasts ¥s) as a function of the forecast range (h) obthibg

feeding the TOPKAPI with the rainfall predicted the five members of each model of the
multi-model ensemble system and for the five regmestive members of the ECMWEF global

EPS. Forecasts are initialized at 12 UTC, 26 N@@&(long-range, see text). The raingauge-
driven (thick blue line) and the observed (bluehaaksline) discharges are also plotted for
reference. The forecasts driven by a particularesgntative member of the global ensemble

are indicated with arrows and with the member numBeange (red) horizontal line indicates

warning (alarm) level.
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Figure 8: 6h accumulated precipitation (mm) at 00CJ 30 Nov. 2008 forecast by the
different members of the multi-model ensemble agtoange (+84 h, see text). Five forecasts
for each model: COSMO (top), BOLAM (middle) and Wbottom). Models are initialized
at 12 UTC, 26 Nov. 2008. The driving global repréatve member (m) is indicated below
each column of panels.
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Figure 9: Geopotential height at 500 hPa (gpm, @mantines) and temperature at 850 hPa
(colour shading) at 18 UTC, 29 Nov. 2008. (a) ECM¥fralysis. (b) Forecast fields issued
by the ECMWF representative member number 12 (m12).
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Figure 10: as in Fig. 8, but for the forecastsatited at 12 UTC, 28 Nov. 2008 (short-range,
+36 h, see text)
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