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Abstract. An analysis to evaluate the impact of multiple radstectivity data with athree dimensionaVariational
(3D-Var) assimilationsystem ora heavy precipitation everg presentedThe main goal igo build a regionallytuned
numerical prediction model araldecisionsupport system foenvironmental civil protection servicesidd demonstrate

it in the central Italian regionslistinguishingwhich type of observationgonventional and ndpbr a combmnation of
then) is more effective in improving the accuracy of the forecasted raiffiathat respect, dring the first Special
Observation Period (SOP1) of HyMegHydrological cycle in theMediterranean Experimenicampaignseveral
Intensive Observing dtiods (IOPs) were launcheohd nineof which occurred inltaly. Among themIOP4is chosen
for this studybecause of its low predictabilityegarding the exact location and amount of precipitafidiis eventhit
central Italy on 14 September 2012 prodigciheavy precipition and causing several damages to buildings,
infrastructures and roadReflectivity datataken from three @andDopplerradars runningperationallyduring the
eventare assimilaed using 3D-Var techniqueto improve high resolution itial conditions In order toevaluate the
impact of the assimilation procedure different horizontal resolutianand to assess the impact of assimilating
reflectivity data from multiple radarseveralexperiments using Weather Research and Forecg$tiRl) model are
performed. Finallytraditional verification scoreasaccuracy,equitable threat score, false alarm ratio and frequency
bias interpreed analyzing tleir uncertainty through bootstrap confidence intervals (Gis3, used to objectively

compare the experimentasing rain gagedataas benchmark

Keywords:radar data assimilation, WRF, 3War, MET, bootstrap confidence intervaldyMeX

1 Introduction

In the last fewyears,a large number of floods caused by different meteorological eveatsred in Italy. These events

mainly affected smakhreagfew hundreds of square kilometgrsaking their forecast very difficult. Indeed, one of the
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most important factors in producinglashflood was found to be the persistence of the meteorologysaém over the
same arean the presence of specifttydrological conditions(the size of the drainage basin, the topography of the
basin, the amount of urban use within the basin, and salbmjing for accumulating large amount of rgdoswell et

al., 1996) In complex orography areasuch the Italian regi@nthis is largely due to the barrier effect produced by the
mountains such as the Apenninddoreover, the Mediterranean bassrnaffected bya complex meteorology, due to the
peculiar distribubn of land and wateand to the MediterranearSeatemperature, whiclis warmer tharthat of the
European northern seas (BalBeaand NorthSeg. These factoramay produceseveremeteorological eventsfor
example, if precipitation persists over urbadizeatersheds with steep slopes, devastating floods can occur in a

relatively short time.

The scientific communitwidely recognizegshe need ofiumerical weather prediction (NWP) mod&sbe run athigh
resolutionfor improving very short ternguantitative precipitationforecass (QPF)during severe weather events and
flash floods The combination of NVP modelsandweather radar observatiohasshown improved skill with respect to
extrapolatiorbased techniques (Sun et al., 201Mevertheless, the accuasa of the mesoscale NWP models is
negatively af fupdt «Daeei®PA)arid és mastypepandent on the errors in the initial and lateral

boundary conditions (IC and B@espectively, along with deficiencies in the numerical models thelves,and at the

resolution of kilometers even more critical because of the lack of high resolution observations, beside for radar data

Severalstudiesin the meteorological fielthave demonstratedhat the assimilation odippropriatedatainto the NWP
models especiallyradar (Sugimoto et al., 2009nd satelliteones(Sokol 2009) significantly reducs the "spinup’
effect andimproves the IC and BC of the mesoscalaodels.Classical observations such aEMP (upper level
temperature, humidity, and wds observationsor SYNOP (surface synoptic observatigrdo nothave enough density
to describefor example local convectigmvhile radar measurementanprovide a sufficient density of dat&laiello et

al. (2014) showed the positiveffect of the assimiation of radar data into the precipitation forecast of a heauyfall
eventoccurredin central Italy. The authorsshowedthe gainby using assimilating radar data with respect to the
conventional onesSimilar results areobtainedfor a case of severeonvective storm in Croatiay Stanesic and
Brewster (2018.

Weatherradarhasa fundamentalrole in showingtridimensionalstructures of convective stornand theassociated
mesoscale anohicroscale system@Nakatani, 2015)As an example, Xiao and Sun0(7) showed that the assimilation
of radar observation at high resolution (2km) can improve convective systems predieimentresearchesn
meteorologyhave establishedhat the assimilation of redime datg especiallyradarmeasurementgadial velocities
and/orreflectivities), into the mesoscal&NWP mode$ can improve predicted precipitations for the next few hqers.
Xiao et al., 2005; Sokol and Rezacova, 2(D&pn et al., 2009; Salonen et al., 2010).

The aim of this study is to investigatee potential ofimproving NWP rainfall forecasts bgssimilathg multiple radar
reflectivity datain combination or not with conventional observatioi$is may have a direct benefitalso for
hydrological applicationsparticularly for real time flash flood prediction and consequently for civil protection
purposesMajor obstaclesthatmakes the assimilation o&dar reflectivitiesnto NWP models a challenging problem
both mathematically and physicallje in the nonlinear relation between radar reflisity and precipitation intensity

as well as intie rapid evolution of mesoscale systeihile radial velocities observation operator is linear and based
directly on prognatsc model variables (i.e. wind)h¢ simulation of radar reflectivity is more dleaging than radial
velocity, because the observation operator of radar reflectivity is highlylimear and has a neBaussian error

probability density function
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The novelty of tle paperis in exploringthe impact on thenhigh-resolution forecast ahe assimilation of multiple radar
reflectivity datain a complex @ography areasuchascentralltalian regiors, to predict intense precipitatiomhis aim is
reached by using th®P4 of the SOP1in the frameworkof the HyMeXcampaign(Ducrocq et al. 2014zerretti et al.
2014 Davolio et al. 2016 The SOP1was held from 5 September to Blovember 2012the IOP4 wasissuedfor the
centralltaly target area on 18eptember 2012ndit was tagged both asHeavy Precipitation Event (HPE) and a Flash
Flood Event (FFE). The flectivity measuredy three C-band weatheradas was ingestedtogether with traditional
meteorological observatiofSYNOP and TEMPusing3D-Var to improve WRFmodelperformane. So far, several
studiesabout reflectivity data assimilati in heavy rainfall cases have been performed.Ha et al. 2011, Das et al.
2015)alsoincluding multiple radars data and in complex orogragghg.(ee et al. 2010, Liu et al. 20LHowever this

is thefirst experiment conducted on the Italian temy taking advantage ahe reflectivity datacollectedby all the

radarsthatcove central Italy

The manuscript is arrangeds follows. Section 2provides informationon the flash flood eventand WRF model
configuration.Section 3presentghe observéions to be assimilatethe WRF 3D-Var data assimilation systerand the
evaluation method usetdhe results areshowedandassesseuh the fourth and fifth Section Summary and conclusions

arereflectedin the last Section

2 Study area andmodel set up

Flash floods are still one of the natural hazards producing human and economic losses (Llasat et al. 2013). Moreover, an
increasing trend ofhe occurrence ddevere events in the whole Mediterranean area has been found by seheral au
(Hertig et al.2012 Martin et al. 2013Diodato and Bellocchi2014. These open issues drove the HyMagdégramme
(http://Iwww.hymex.org) aims at a better understanding of the water cycle in the Mediterranefotugtin extreme

weather eventsThe observation strategyf HyMeX is organized in a lonterm (4 years) Enhanced Observation
Periods (EOP) and sherm (2 months) Special Observation Periods (SOP). During the SOP1, that was heid from
September to 5 November 20d#th the major aim of investigating stilinclear mesoscale meteorological mechanisms

over the Mediterranean ardhree Italian hydremeteorological sitewere identified within the Western Mediterranean
Target Area (TA): LiguriaTuscany (LT), northeastern Italy (NEI) and central Italy (S&veralintensive Observing

Periods (IOPs) were issued during the campaign to document Heavy Precipitation Events (HPE), Flash Floods Events
(FFE) and Orographic Precipitation Events (ORP).

2.1Case study

During the day ofl4 September 2012 deepupper levetroughentered théMediterranean basin and deepened over the
TyrrhenianSeaslowly moving south eastwaré. cut-off low developed ovecentral Italy(Figure 1a, chdvectingcold

air along the central Adriatic coast producingtability over central and sdwdrn Italy and enhanced the Bora flow

over thenorthernAdriatic Sea.Convection withheavy precipitations occurred in the mornioigSegemberl4 mainly

along thecentral eastern Italian coastM@rche and Abruzzo regions), associated with theoffutow over the
Tyrrhenian Seaproducingflood in the urban area of Pescara where rainfall reached 150 mm in a few hours causing
several river overflows, a landslide and many damages in the area of the city h&spijatssive motion south
eastward of the cwaff and its filling (Figure 1b, Jl gradually moved phenomena over south of Italy, even if some

instability still remained over medium Adriatimtil the afternoon oSaturday Septembéb. At the same time, a ridge
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developed high pressure on the west paivest Mediterranean domaithis ridge slowly drifts eastwards during the

weelend.

Figure 2 producedusing DEWETRA operational platfornshows he interpolated map o24h accumulated rainfall
recorded fromrain gaugesnetwork from September 14 to Septber 15 (00:00-00:00UTC) with a maximum
accumulated rainfall on tHeighestpeak of Abruzzo regiofCampo Imperatoregpproximatelyreaching 30nmin 24
hours DEWETRA (ltalian Civil ProtectionDepartmeh CIMA ResearchFoundation,2014) is an operationalweb
platform used by the Italian Civil Protection Department (DPC) iamalementedby CIMA Research Foundation
(http://www.cimafoundation.org/en/)DEWETRA allows synthesis, integration and comparison of information
necessary for instrumental monitoringpodels forecasting and to builckaktime risk scenarios and their possible
evolution. Rain gauges time series of some selected staittoMarche and Abruzzo regionehere mossignificant
amount of rainfall is accumulatedare presented inigure 3: Ferno and Pinturadi Bolognola (Marche region)
respectively withnearly 130 mmin 24h (Figure 3a)and 180 mmin 24h (Figure 3b);Campo ImperatoreAtri and
Pescara Colli (Abruzzo regiomjith respectively nearll300 mm (Figure &), 160 mm (Figure 3) and140 mm (Figure
3e) in 24h It is dearly shown (Figure 3) thahe accumulation started around@2UTC of 14 Septembem Fermo,
Atri and Pescara Colli most of rainfall was concentrated in thehf@éof the day, whereas Pintura di Bolognola and
Campo mperatoreprecipitation fell all day longThe large amount ohourly precipitation forAtri and PescaraColli
respectivelyat 06:00UTC and O®OUTC (red ovals inFig. 3d and 3e) reaching 45mm/hindicating convective
precipitation, whereaginfall at Canpo Imperatoreain gauge(Fig. 3c) was much weaker but lasting longehich

allowed for reaching an accumulated amourdggroximate\300mmin 24h

Figure 4 shows the Vertical Maximum Intensity (VMI) reflectiviiyoductfrom the Italian radar networ®/ulpiani et
al., 2008a)superimposed ontdthe Meteosat Second Generation (MSG) 10.8 um image (in normalized inverted
greyscale). A&zoom over theentral Italytarget area highlights a line of convective cells along the Apennines in central
Italy due to tle western flow approaching the orographic barki@il values above 45 dBZ are associatith intense

precipitation thabccurred duringonvectiveevents

2.2 WRF model set up

The numerical weather prediction experiments are pedd in this work usinghe nonrhydrostatic Advanced
Research WRF (ARW) modeling systen3.4.1. It is a primitive equations mesoscale meteorological model, with
terrainfollowing vertical coordinates and options for different physical parameterizations. Skamarock et al. (2008)
provides a detailed overview of the model.

In this study, aoneway nestedonfigurationusingthe ndownprogram is used: a In domain 263°185) that covers
central Europe and west Mediterranean basin (referred asi®@fijialized usingthe European €ntre for Medium

Range Weather ForecasEBEQMWF) analyses at 0.25 degreeshofizontal resolutionan innermost domain, that covers

the whole ltaly (referre@s D02), with a grid space ofk®n (4455449 using as BC and IC the output of the previous
forecast at 12km. Both domains run with 37 unequally spaced vertical levels, from the surface up to 1(Eidwra

5).

Taking into account that the performance of a mesoscale model is highly related to the parameterization schemes, the

main physics packagesedin this studyare set as for the operational configurat{Berretti et al., 2014)ised athe
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centre of ExcellencEETEMPS Theyi ncl ude ( Skamarock et al., 2008): the i
scheme, the MYJ (MelleYamadalanjic) schem for the PBL (planetary boundary layer), the Goddard shortwave
radiation scheme and the RRTM (rapid radiative transfer model) longwave radiation scheme, the Eta similarity scheme
for surface layer formulation and the Noah LSM (Land Surface Model) to ptedre physics of land surface. A few
preliminary tests are performed to assess the best cumulus parameterization scheme to be used both for the coarse anc
finest resolution domain for this evehtence the following parameterizations are tested: the Kewni Fritsch and the

Grell 3D schemes. The latter is an enharidadhia of the GreltDeveneyi scheme, in our simulations only used on the

lowest resolution domain, whetlge optioncugd_avedXsubsidence spreading) is switched Based on the results of

these two cumuluparameterization schemebe one producing the best precipitation forecast will be used to evaluate

the impact of data assimilation.

3 Data and methodology

This section will be focused on tldescription 6types ofobservations ingsgted into theassimilationprocedurenamely
both ®mnventional and radaand on the3D-Var methodologyas well asthe observation operatarsed for the
calculation of the reflectivityMoreovet a briefoverviewof the evalation method adoptetb assesshe performance

of numerical weather predictiongll be given

3.1 Observations to be assimilated

Conventional observatior®YNOP and TEMP were retrieved fralre ECMWFMeteorologicalArchival andRetrieval
System (MARS). They have been packed in a blétdormat for ingest into the assimilation procedure using the
Observation Preprocessor (OBSPROC) module provided by th¢aBBystem Among itsmain functionsthere are
alsoto perform a quality control check and to assign observational errors basegrespecified error file. In shorg
total of 983 observations (967 SYNOP and 16 TEMP) are ingested into the coarse resolution domain, whereas a total of
338 (333 SYNOP and 5 TEMP) observations into the high resolution one.
Reflectivitiestaken from thee Gband Doppler radars operational during the IOP4 have been assimilated to improve IC.
The radarsdave different technical characteristics and were operated with different scanning strategies and operational
settings ashown in Table leach radahasa half power beam idth of 1.6, 1 and 0.9 degreespectively for Monte
Midia (MM), Polar55C (P55C) and San Pietro CapofiuBC)and a range resolution of 500, 75 and 2%res
MM and SPCradars are included in the Italiareatheradar network, whé P55Cradar is a research radar working on
demand butwas operational durinthe IOPs of thédyMeX campaign(Roberto et al., 2016).
It is worth mentioning thatadar data can be affected by numerous sources of errors, mainly due to ground clutter,
atteruation due to propagation or beam blocking, anomalous propagation and radio interferences. This is the reason
why a preliminary "cleaning” procedure is applied to teasuredadar reflectivity from the three radars before the
assimilation processonsising of the following3 steps

1 a first quality check of radar volumes filter out radar pixels affected by ground clutter and anomalous

propagation. Furthermore, Z was corrected for attenuation using a methodology based on the specific

differential phasehift (Kq;) available for dual polarization radars (Vulpiani et al, 20h%oreover reflectivity
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is not corrected for partial beam blockiral the data that are affected by partial beam blocking and clutter

have been filtered out;

91 volume reflectivity adar datare converted from their native polar coordinates (range, azimuth and elevation)

into geographical Cartesian ongtitude, longitude and elevatign)

1 the minimum assimilated reflectivity is set-20 dBZ

Moreover, noobservation thinning is p®rmed because this procedure is not yet developed into théaBBystem for
radar datalnstead an iterative approach has been applied to extract more information from radadudiaig the

assimilation procedur¢his is the multiple outer loops technigeeplained later in Section 4.

3.23D-Var data assimilationmethod

Data assimilation(DA) is atechniqueemployedin many fields of geosciencgmrhaps most importantly imeather
forecastingandhydrology: In this contat it is theprocedureby which observationare combined witlthe productfirst
guessor background forecaytof a NWP modebnd theircorrespondingerror statisticsto produce a bettered estimate
(the analysig of the true state of the atmosphe(&kamarock et al., 2008T.he variational DA methodrealizesthis

through the iterative minimization ofgenaltyfunction (Ide et al., 1997):

e 0O e 0 e - « Oe =| « Oe o o || e o h (1)

wherex” is the first guesstate vectary’is the assimilated observatioector, H is the observation operator that links

the model variabketo the observation variables ané the unknown analysis state vectob®found by minimizing

J(x). Finally, B and R are the background covariance error matrix and the observation covariance error matrix,
respectively.

The minimization of the penaltyfunction J(x), displayed byEquation (1) is the aposteriori maximum likelihood

estimate of the true atmosphere stgieenthetwo source®f a priori data that ane” andy® (Lorenc, 1986).

In this study the 3B/ar system developed by Barker et 2003, 2004)s usedfor assimilating radar reflectityi and
conventional observations SYNOP and TEMme penalty function minimization is performed in a preabtioned
control variable space, whetee preconditioned control variables guseudo relativehumidity, stream function,
unbalanced temperature, unbalanced potential velocityuahdlanced surface pressuBecause of radar reflectivity
assimilation isconsideredthe total water mixing ratiog; is chosen ashe moisture control varde. The folowing
equationpresentshe observation operatarsedby the 3D-Var to calculatereflectivity for the comparison with the
observed one (Sun and Crook, 1997):

® T® pRAE™ h )

where} andq, are the air density in kgfand the rainwater mixing ratio g/kg, respectively, whil& is theco-polar
radarreflectivity factor expressedn dBZ. Since the total water mixing ratm is used as the control variable, a warm
rain process (Dudhia, 1989) is introduced into the VWBRFVar systento allow for producing the increments of moist

variables linked to the hydrometeors
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The perbrmance of theDA systemstrongly depends on thquality of the & matrix in Equation(1). In this studya
specific background error statistics computedfor both domaindor the entire SOPMHuration using the National
Meteorological Center (NMC) method (Parrish and Derber, 19912%.techniqueestimates the initlsstate error using
differences of couples of forecasts valid at the same time, but with one of them having a delayed stanetmfiche
advantage of this method is thatitintairs information on the dynamic of the model itself, but it may not ghee t
proper correlation structure on dajparse observation€ommonly,for regional applications and to remove the diurnal
cycle, a delay of 24 hoursbetween the forecas{§+24 minus T+12)is used neverthelessthis delaycan produce
overestimated corrationlength scalesompared to those needed by a variational data assimilation technique, because
of too dynamically evolved structuréSadiki et al., 2000)Since 3DVar is applied to the Mediterranean arBahas to

take into account the scale of theotions of this orograptc and meteorologicallgomplex area: the model grid
resolution ranges between kfh and 3km, therefore the errors have to describe the physical phenomena relative to
these scales.

3.3 Evaluation

ThePointStat Tool ofMET (Model Evaluation Tools) application (DTC, 2013), developed at the DTC (Developmental
Testbed Center, NCAR), has been used to objectively evaluate the 12 hours accumulated precipitation produced by
WRF onbothdomairs. The interpolation method used to match thiddpd model output to the point observation is the
distance weighted mean in a 3 x 3 squafrgrid points The observations used for the statistical evaluation were
obtained from the DEWETRA platform of the Department of Civil Protection and the coopéEs been performed

over central Italy target area using about 3000 rain gauges with a good coverage througltaliaithgerritory
Moreover, forinterpreting results from the verification analybmotstrap confidence intervals (Cls) have been used
analyze the uncertainty associated witle score's valuesBootstrapping is anon parametric computationally
expensive statisticaltechnique(Efron & Tibshirani, 1993 for estimatingparameters and uncertainty informatitmat

allows to make inferazes from data without making strong distributional assumptions about the data or the statistic
being calculatedTherefore the idea was to estimate Cls to set some bo(inaiststrap upper and lower confidence
limits) on the expected value of the verificat score helping to assess whether differences between competing
forecastaresignificant

4 Design of the numerical experimentsdiscussionof the results

The simulations on the coarser resolution domain (D01) are run from 12:00UTC of 13 Septerdban®tegrated

for the following 96 hours, whereas runs on the finest resolution domain started at 00:00UTC of September 14 for a
total of 48 hours of integration. The previous coarser resolution WRF forecast@tW@@0C i s used imas t he
the 3D-Var experiment, because 00:00UTC has been selected amtigsis timé of the assimilation procedure. After
assimilation, the lateral and lower boundary conditions are updated for the high resolution forecast. Finally)@Ghe new

and BCare used fothe model initialization (in a warm start regime) at 00:00UTC. As already pointed out a set of
preliminary experiments are performed using different cumulus convective scheme to assess the best one to be used.

The following experiments are performed withoassimilation and using the convective scheme on the coarser
7
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resolution domain only: KAINFRITSCH (KF_MYJ); GRELL3D (GRELL3D_MYJ); GRELL3D associatadgth the
CUGD factor (GRELL3D_MYJ_CUGD)The best performance is obtained by Grell3D scheme which istable
simulate the pdaprecipitation cumulated in 24bver Campo Imperatore, whereas KARRITSCH completely misses

it (not shown here). The MET statistical analysis support the previous finding and the simulaticrugudttavedx
activated showa significant performanceén terms ofuncertainty othe calculated scorekan the other two simulations
(not shown) Here after GRELL3D_MYJ_CUGD is referred as the control experiment (CTL) performed without any

data assimilation.

At this pointanalysis ofa new s¢ of simulations igperformedallowing to establistthe best model configuration for the

radar reflectivityassimilation The DA experiments aim to investigate:

1. the impact of the assimilation at low and high resolution by assimilating both conventionaloand
conventional data at both resolutions;

2. the impact of the assimilation of different types of observations;
the impact of the different radars, which is investigated by performing experiment by assimilating conventional
data and then adding radar oneone.

Thereforein Table 2 together withCTL simulation the following DA experimentaresummarized: ithe assimilation

of conventional data only (CON); ii) the assimilation of reflectivity data from MM only (CONMM) are added; iii) the
assimilation ofP55C radar reflectivity is added to the previous experiments (CONMMPOL); iv) the assimilation of the
third radar reflectivity data is added to the previous (CONMMPOLSPiGally, an experiment to assess the role of the
outer logs is performed (CONMMPOLSE30L): o include nodinearitiesinto the observation operator and to
evaluate the impact of reflectivity data entering for each cycle, the multiple outer loops strapgleid Hsiao et al.
2012. According to this approach, the néinear problem isolved iteratively as a progression of linear problems: the
assimilation system is able to ingest more observations by running more than one analysis outdlolwiog
observations rejected the previousloop to beenter into the subsequent osnce radar data are non linearly related

to the analysis control variables, the outer bogethodis particularly helpful to extract more information from such

data

In the following section the results will be presented and discussed following the etdné previously introduced
experiments andnalyzingthe uncertainty{confidence level of 95%ip the realized scorg§orecast AccuracfACC),
Frequency BiaqFBIAS), Equitable Threat ScoréETS), False Alarm RatioFAR)) for performance quantitative

assessment

5 Impact of conventionalmeasurementsand radar reflectivity assimilation on rainfall forecast low versus high
resolution

In figure 6 a preliminarycomparisoramonglow resolution (R) simulationsis shown.The control simulation (CTL)
without data assimilatiors shown inFigure &; whereaghe other panelé, c, d, ef) showthe experimentperformed

usingthedata assimilation

The outputs of different experimerits Fig. 6 have beenyebalked andwe found thatCONMMPOLSPC_LR_12KM
(bladk arrow in Fig. 6eshowsthe most encouragingerformancecompared to th@bservedaccumulated rainfall of

Figure 2 the rainfallmaximum over Campo Imperataevery well simulateghowever aslight cell displacement at the

8



305
306
307
308
309
310
311
312
313
314

315
316
317
318
319
320
321
322
323
324
325

326
327

328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343

border between Marche and Alazo regions is noticeabl@herain cumulatedy the gauges 24hrelated to this cell

is around 300 mnfFig. 3c) in the simulatons shown in Figures 6b and tbis cell is reproducedilthoughits position

is shifted in another region. Furthermore, frecipitation pattern along the northern coasts of Abruzzo (blackimval
Fig. 66 is also quite well forecastedAt an objective comparison of the statistical indifest shown herewith their
relative upper and lower confidence limits for the 12 Bagcumulated precipition and for two thresholdé mm and
40 mm for light and heavy rain regimes respectivelyg, obtained likely good values for ACC and FAR for all the
experiments and for heavy rain regimes, strengthened by a small uncertaintgl.iderthe other hand, for the lower
thresholdthe values ofBIAS for all simulations considering also the confidence interyaee greater than on@ne
possibleinterpretationof the impact of the lowethresholdis that with 95% confidence all the meriments are

overestimating the frequency of precipitation around 1 mm/12h.

Similarly to the above comparisom, figure 7high resolution resultéHR) obtainedperformingreflectivity assimilation

on 12 km domain (column 1)pn 3 km (column 2) and on 1m and 3km together(column 3)are presentedo the top

of figure 7 the CTL experiment on @ is shown Figure7 is organized as followsiewing panels by lineon line 1all

the simulatios with conventional data assimilah only (CON*) are found on line 2 all the experimenstwith the
assimilation of thereflectivity daa from MM radar addedCONMM?*); on line 3 all the experimest with the
assimilation othereflectivity data from 2 Gband radaradded(  CONMMPOL*); on line 4all the experimerst withthe
assimilation ofthe reflectivity data from all 3 Gand radaradded(CONMMPOLSPC*); on line %he simulatios
where the strategy of outer lamig adopted (CONMMPOLSPC30L*)n order to quantify the uncertainty associated to
these experimentshebootstrap 95% confidence intervals for verification statishEC, FBIAS, ETS, FARhave been
summarized over tabldfrom 3to 9) reportingthe two thresholds of precipitatiofor light andheavyrain regimes1

mm/12h andi0 mm/12hrespectively

In orde to investigatethe impact of the assimilation at differer@solutions,we examinefigure 7 by column and

comparing it withthe availableobservatios (Fig. 2) using also the statistical analysis:

1 column 1(12KM): CTL producesanoverestimatiorof the minfall that is not corrected byne assimilation of
conventional datebut assimilating theeflectivity from the 3 radar&olumn 1 line4) andalsointroducingthe
3 outer loops(column 1 line5) the main cellsare better reproduce®MET indices(not stown here)suggest
that CTL and CON_HR_12KM have the largest difference between the Cls bounds for higher thresholds of
FBIAS: this result suggests that the remaining simulations, with smallest difference in Cls limits and with both
bounds lower than 1, sely underestimate the frequency of heavy precipitating evAntsther aspect to point
out is that some indices for all simulations are quite close to each other and within the Cls, so it is not possible
to discern which is the best experiment over all

1 column 2 (3KM): a partial correction of the rainfall overestimation compared to column 1 isvelser
especially ifreflectivity fromall the radas are assimilatetbgether with conventional dasand theouter loofs
strategy is applie@column 2 line %; the statistical indiesin Table3 showas themostcompetitiveexperiment
among the assimilated ondee CONMMPOLSPC30L_3KMfor lower thresholdf rain for ACC (0.83) and
FBIAS (0.96) on the other han@ONMM_3KM is the most promising simulatidar heavy ain thresholdor
theindicesFBIAS (0.31)and ETS0.13)

1 column 3(12KM_3KM): rainfall overestimation was partially corrected compared to caduinand 2oy all
the experimentsthe MET statisticsin Table4 shows that CTL and CONMMPOLSPC30L_12KM_BM are

9



344 the experimentsvith encouragingvalues and small uncertainfgr ACC and ETSespecially for light rain

345 regimes although there is a quite broad spread in FBf&ISCTL experiment(score0.47,with a lower and
346 upperCls limit of respectively 0.14 antl.61) if we consider higher thresholds.
347 The frequency of rainfall wunderestimation for higher t

348  are assimilated in DO1 only has been reduced by switching to a higher resolution domain, moreover, the overestimation
349  of the frequency folower thresholds has been corrected because the FBrABouslysystematically above 1 is found

350 approximately 1 (indices not showiRurthermoregeneraimprovementgespecially fof-BIAS and ETStome out for

351 heavy rain regimes when radaflectivity assimilation has been performed on the highest resolution domain, whereas
352 the ingestion of conventional observations produbesvorst resultsfor FBIAS and ETSsince asmallernumber of

353 them wereassimilatednto thefinestresolution domairffor instance one soundingn five total) than that the coarser

354  one Data assimilation, operated on both 12 km and 3 km, shows similar perforntanttes experiments where

355  assimilation is performed only on D01 (table 4), but a worse resgons$egher thresholdstébles 3 and 4jhan the

356 ones where asgilation is carried out on D02

357 In order toexaminethe impact of the assimilation of different data aadars,we cannow analyze the experiments
358 showedin figure 7 line by line. The results areompaed with the dservationf Fig. 2. The following considerations

359  are worth discussing

360 1 line 1 (CON): a strongreduction of the rainfalis found with respect to CTLif conventional data are
361 assimilatedbut therainfall pattern remims unchangedSatistical indcesof CON experimen{Table5) do not
362 improvethe performances of CTl(despite a reductioim some casesf the spread between the Cls limits for
363 higher thresholdsof the FBIAS). Some indices values suggest a slightly better performance when the
364 conventional obervations are assimilated only on tiigger doma and for higher threshold$BIAS 0.48),
365 together with an improvement of FAR index for heavy rain rediffeR 0.001)

366 1 line 2(CONMM): afurther reductiorin the precipitatioroverestimations foundas wél as some variations in
367 the pattern of the rainfalithe scoresn Table6, together with their bootstrap upper and lower limits, shuat
368 MM radarreflectivity and conventional observatioassimilation improves the modelperformance above all
369 for lower thresholdsrespect to the experiments where only SYNOP and TEMP were ing@stegbaring
370 scores oflable 6 withones ofTable 5) It appliesalso for some of the scores at higher thresh@idsexample
371 for ETS)

372 7 line 3 (CONMMPOL). a quite strong immvement in the rainfall amount is fourfdr all simulations
373 However, fom the gatistics ofTable7, compared to the one in Tallewe found ageneralworsening of the
374 results both for light antieavy rain regimes when POL is addedpecially forFBIAS and ETS in some
375 cases also for ACC and FAR lower thresholgs

376 1 line 4 (CONMMPOLSPC) a clearcorrectionof the rainfall pattern i$ound the oveestimation produced by
377 the simulation wheréhe reflectivity fromall theradars are assimilated on th&® domain has been corrected
378 by the experiment in which threflectivity is assimilated both on @ and M2; the uncertainty in the realized
379 scores offable 8 sugges that the addition of SPC radar improves the results, furthermore they are not better
380 than those where only MM is ingested;

381 1 line 5 (CONMMPOLSPC30L) the outer loo experimentconfirms thestrongoverestimation reductiohy
382 *12KM_3KM; from Table9 it seems that the introduction of 30L improves the indestgmate and bounds
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above all when th 12km domain is considergdee FBIAS and ET®r both rain regimeandFAR for lower
thresholds)

In summary, simulations results show that assimilation of conventiatailk better to perform on the lowest resolution
domainbecause more observationsre used in the coarser domain, whereas when the assimilation is performed on the
highest resolution domain only few SYNOP and even less TEMP fell down inkireddmain at the analysis time of

the assimilation procedur&€he impact of the conventionabservations are expected to be lower than those of the non
conventional ones, because most of them have already been used by ECMWF to produce their analysis and that they are
here used as first guess, even if at lower resolution (0.2B&yefore, theyesultto be correlated to the background and

the improvements of those experiments where they are assimilated are expected to be low.

With regard to the assimilation of reflectivity radar data, it should be noted that P55C radar obsevfdtierevent
considered is shielded at the lowest elevation angles by the Apennines range and provides a limited contribution to
reflectivity data that are assimilatediso the outer loop strategy could have an important role in the assimilation
procedure, but this ledr needs a further investigati@ior examplean additionalwvork has to be dedicated testingthe

different tuning factors for both observation and backgrouwidiring eachouter loop) because a general rainfall

underestimation for higher thresholds isirid.

Theresults of this section confirm that when there is a correlation between the observations and the first guess used, the
results of the data assimilation are poor, especially if no "special® observation is available on a wide area. The
assimilation of a large amount of surface data together with the radiosonde ones decreases the quality of the final
analysis producedit probably depends on the different density of the surface and the three dimensional data of

radiosondes, as assessed by Liu artnid®42002), being the former much larger than the latter.

6 Conclusions

In this manuscripthe effects of multiple radar reflectivity data assimilation on a heavy precipitation event occurred
during the SOP1 of the HyMeX campaign hdweenevaluaté: the aim is to build a regionallytuned numerical
prediction model and decisiesupport system foenvironmental civil protection servicegithin the central Italian
regions A sensitivity studyat differentdomainresolution andising different typsof datato improve initial conditions
has beerperformedby assimilating into the WRF model radar reflectivity measurements, collected by thraedC
Doppler weather radars operatal during the event that hiewtral Italy on 14 Septembe2012 The 3D-Var andMET
arethe WRF tools usedo assesshis purposeThe study is performedn the complex basin, both for the orography and
physical phenomena, of the Mediterranean aFéat of all, WRF model responsego different type of cumulus
parameterizationhavebeentestedto establisithe best configutaon and to obtairthe control simulationThe lattethas
beencompared with observations and other experimpatformedusng 3D-Var. The setof assimilation experiments
have beerconducted following two diffemt strategiesi) data assimilatiorat low and high resolution oat both
resolutionssimultaneouslyiji) conventionaldataagainst radareflectivity data assimilation. Both have been examined

to assess the impact on rainfall forecast.

The major finding®f this workhave beeithe following:
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1 Grell 3D parameterization improves the simulations both @baldd M2 andthe ug of the spreading factas
an added valuén properly predict heavy rainfall ovelinland of Abruzzo and the rainfall pi@rn along the
northeast coast

1 investigaing the impact of the assimilatioat different resolutios, positive results are showed by the
experiments Were thedata assimilations performed on both domait& km and 3km;

1 theimpactof the assimilatiousingdifferent typesof observationshowsimprovementsf reflectivity fromall
the radarsalong with SYNOP and TEMPare assimilatedfurthermore MM is the one that givesnore
optimisticresults due to its excellent monitoring of the whole event;

1 the outer loopstrateyy allows for further improving positive impact of the assimilationmeitiple reflectivity
radas data Moreover, a deeper investigatiohthis approachs required towell assess its impacabove all
concerning theunningtime in an operational conké&

1 wehavesee that there are thresholds where the WARFFVar is statistically significant, with 95% confidence,
while for other thresholds we have to be careful in drawing conclusions above all in the face of large

uncertaintyor when the score valueseaguite close to each other.

From the resultoobtained in this studyit is not possible tcassessin general termswhich is the best model
configuration In fact, this analysis should be performed systematically with a significant numtsbfflood case
studiesbefore one can claim with certainty the positive impaamaftiple reflectivity radar observationsssimilation

upon the forecast skilNeverthelessthis work has pointed ouaspectan 3D-Var reflectivity dataassimilationthat
encouragsto investigate moréash flood eventsoccurredover central Italyin order to makehe proposed approach
suitableto provide a realistic prediction of possilflash floodsboth for the timing and localization of such evefiis.

confirm and consolidateheseinitial findings apart from analyzingnore casestudies a deepr analysis of the
meteorology of the region and of the performance of the data assimilation siggteghoutonger trials in &' pseude
operationdl procedurds necessaryMoreover, anore sophisticatedpatial verification techniqugMODE, Method for
ObjectBased Diagnostic Evaluation, Davis et al., 2006a, 2008h¢h focuses on the realism of the forecast, by
comparing features or O6obj ect s Oation fields, couald lzerinzestigated iinzthee b o t
future. In fact spatial verification methods are particularly suitable to address the model capability to reproduce
structures like the convective systems responsible for the high precipitation @emsideed in the present research,

which, because of their typical dimensions, need high resolution simulationsptedieted (Gilleland et al., 2009).

These newgeneration spatial verification methods, through the identification and the geometrical desafption
6objectsd in forecast and observation fields (e.g. acc

the forecastlgll in a more consistent way
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Figure 1. ECMWF (European Center for Medium-Range Weather Forecasfsanalyses at 12:00UTC on 14
September 2012: ajnean sea level pressure, ¢) temperaturedlor shade$ and geopotential height flack isolineg at
500 hPa;ECMWF analyses at 12:00TC on 15 September 2012: bjnean sea level pressure, d) temperature (black
isolines) and geopotential height (color shades) at 500 hPa.
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Figure 2: Interpolated map of 24h accumulated rainfall from 00:00UTC of 14September 2012 over Abruzzo and Marche
regionstaken from DEWETRA system from rain gauges measurements.
Black contours are the admiristrative boundaries ofregions, while thecolored circles represent the warning pluviometric
thresholds.
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Figure 3: Rain gauges time series of some selected stations in MarcheHarmo and b, Pintura di Bolognola) and Abruzzo (c,
Campo Imperatore, d, Atri and e, PescaraColli) regions during the event ofLl4 September 2012. The green histogram
represents the hourly accumulated precipitation (scale on the left); the blue line represeritge incremental accumulation
within the 24h (scale on the right). (courtesy of ItalianCivil Protection Department

Figure 4: Zoom overcentral Italy of the reflectivity on 14September 2012 at 08:00UTC from the Italian radar network
overlapped with the MSG (IR 10.8) at 07:30UTC.courtesy of Italian DPG
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607 . -
608 Figure 5. WRF ndowndomains configuration: the two domains hae respectively resolution of 12km and@n. The high

609 resolution D02 over Italy includesMt. Midia (MM), ISAC -CNR (P550) and San Pietro Capofiume (SPC) radars (red dots in
610 the figure).
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614 Accumulated rainfall [mm/24h]

615  Figure 6: WRF D01 accunulated 24h rainfall forecast over entral Italy from 00:00UTC of 14 September 2012: a) WRF D01
616 CTL; b) WRF D01 CON_LR_12KM; ¢) WRF DO1CONMM_LR_12KM;d)WRF D01 CONMMPOL_LR_12KM; e) WRF
617 D01 CONMMPOLSPC_LR_12KM; f) WRF D01 CONMMPOLSPC30L_LR_12KM.
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