
7. Preditability and Ensemble Methods 50
Performances of COSMO-based ensemble systems for cases of

High-Impact Weather over ItalyG. Pinini (1), A. Montani (2), T. Paagnella (1), M.S. Tesini (1), C. Marsigli (3)(1) Arpae-SIMC, (2) ECMWF, (3) DWD
IntrodutionThe predition of weather events related to strong winds, heavy rain and snowfall is still nowadays a serioushallenge, espeially when high spatio-temporal details are required. Despite Numerial Weather Predition(NWP) modelling has made great progress in reent deades, thanks to the inreases in model resolution,better understanding of atmospheri dynamial proesses and advantages in data assimilation tehniques,the above-mentioned atmospheri events, usually referred to as �High-Impat Weather� (HIW), an havehorizontal dimension too small to be expliitly resolved. HIWs provide the most dramati examples of howthe atmospheri a�ets people daily lives, sine they may ause both human and eonomi osts. Therefore,there is a need of better ways to predit this type of phenomena, also aounting for their inherent degree ofnon-preditability.The ensemble foreasting provide a representation of model unertainty, due to the imperfet knowledge ofatmospheri initial onditions and the approximate model formulation. Instead of running just one foreastwith an unknown error, an ensemble of slightly di�erent foreasts are run, in order to integrate the deter-ministi foreast with an estimate of the �foreast of foreast skill�. Probabilisti foreasts provide a moreomplete, reliable and aurate view of what might happen in the future, ideally providing information onthe relative frequeny of an event ouring. Therefore, they bring de�nite bene�ts for deision-makers. Theestimation of unertainty is even more ruial when loal e�ets ome into play and a high spatio-temporaldetail is required as in the ase of preipitation, where NWP limitations beome more evident.The aim of this work is to assess the added value of the enhaned horizontal resolution in the probabilistipredition of surfae �elds. In partiular, the performane of three di�erent ensemble predition systems wereompared: ECMWF ENS (51 members, 18 km horizontal resolution), COSMO-LEPS (16 members in 2016,20 members now; 7 km horizontal resolution) and COSMO-2I-EPS (10 members in 2016, 20 members now;2.2 km horizontal resolution). While the �rst two ensemble systems are operational, COSMO-2I-EPS is stillin a pre-operational phase. The interomparison window overs two limited periods, whih range from 20 to27 June 2016 and from 15 Otober to 15 November 2018. As for the surfae variables, 2-metre temperatureand preipitation are veri�ed against the non-onventional station network provided by the National CivilProtetion Department.The ensemble spread and the root mean square error of 2-metre temperature are omputed, while RankedProbability Sore and Perentage of Outliers are onsidered for preipitation. The best sores are mainlyobtained by the COSMO-based ensemble systems with higher horizontal resolution and lower ensemble size;in partiular COSMO-2I-EPS often ahieves the most satisfatory performanes. Although the results arebased over two relative short periods due to limited data availability and further investigations is needed, theadded value of high resolution in mesosale ensemble systems seems to play a ruial role in the probabilistipredition of atmospheri �eds at all levels. In partiular, the more detailed desription of mesosale andorographi-related proesses in COSMO-ensembles provides an added value for the predition of loalisedHigh-Impat Weather events.Global and limited-area ensemble predition systems and desription of the ex-perimentsA summary of the tehnial harateristis of the three ensembles used in the veri�ation is shown in thetable (Fig. 1).doi:10.5676/dwd_pub/nwv/osmo-nl_19_09COSMO Newsletter No. 19: Otober 2019 www.osmo-model.org
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Figure 1: The table shows the tehnial harateristis of ECMWF ENS, COSMO-LEPS and COSMO-2I-EPS in 2016; now COSMO-LEPS has 20 members as well as COSMO-2I-EPS

Figure 2: The domain, entered over Italy, onsidered for the veri�ation of the three ensemble systems. Thepoints are the 5524 stations of National Civil Proteion Department used for the veri�ation of preipitation.The interomparison between the three ensemble systems is performed starting at 00 UTC and with a foreastrange of 48 hours, beause COSMO-2I-EPS runs one a day at 00 UTC and the foreast stops on the seondday. The veri�ation domain was seleted in suh a way as to inlude the entire Italian territory, more preiselythe domain having the following geographi oordinate as borders (Fig. 2)� latitude: 35oN - 48oN� longitude: 6oE - 19oEThe station networks, used in the evaluation proedure, are:� the Northern-Italy non-GTS 3 (loal) network : it refers to about 1000 stations, over most NorthernItaly and shared by the regional weather servies operating in the area. These stations provide hourlydata;� network from National Civil Protetion Department (DPCN-Dipartimento Protezione Civile Nazionale):this network is omposed of about 5524 stations over the national territory. Also these stations providehourly data.These station networks were used for the veri�ation of 2-metre temperature and preipitation respetively.DPCN stations have been subdivided, in three groups depending on the loation altitude. For the subdivisionit was deided to adopt the WMO (World Meteorologiaal Organization) diretives on the subjet, as follows:� lowland station (under 200 m of altitude) 2311 DPCN observatories belong to this ategory;� hill stations (between 200 m and 599 m of altitude) 1690 observatories belong to this ategory;� mountain stations (above 600 m of altitude) 1523 observatories belong to this ategory.3Global Teleommuniations SystemsCOSMO Newsletter No. 19: Otober 2019 www.osmo-model.org



7. Preditability and Ensemble Methods 52The evaluation of the performane of the model onsists in the omparison of gridded model output againstpoint observations. A number of statistial sores evaluate di�erent aspets of model performane while theforeast "error" is simply de�ned as the di�erene between the foreast value and the observation. In a"standard" deterministi approah, the unertainty assoiated with the foreast value is not estimated. AnEPS aims at quanti�ng this unertainty using a set of perturbed Initial Conditions (ICs) and/or perturbedmodel formulations. Veri�ation methods applied to ensemble foreasts have two main objetives:� to assess the harateristis of the ensemble distribution;� to verify the probability foreast.Sine all perturbed ICs should be equally possible be true and all perturbed physis or varying physis shemesor alternative models be equally plausible, the performane of any ensemble member should, in priniple, beequivalent to that of another member on average. If this is not the ase, that is indiative of problems withthe hoie of ensembling the tehnique employed. For example, either the IC perturbations are too largeor alternative models, physis shemes or perturbations are not equally plausible. In the veri�ation theevaluation method of the nearest grid point will be used: sine observations seldom our at the preiseloations represented by the grid points of one partiular model, it is neessary to ompare the foreast valuesin the grid points with those of the nearest observations (ECMWF Foreast User Guide). In the experimentalveri�ation of the three ensemble systems will be used the following sores:The Root Mean Square Error (RMSE) provides the square root of the average square error of theforeasts, whih has the same units as the foreasts and observations. Here, the foreast orresponds tothe ensemble mean value and an 'error' represents the di�erene between the ensemble mean Y and theobservation x. The equation for the RMSE is:
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2where� J is the number of foreast ategories� oj = 1 if the event ours in ategory j, oj = 0 if the event does not our in ategory j� fj is the probability of ourrene in ategory jThis sore is used to assess multi-ategory foreast, where J is the number of foreast ategories (for example,rainfall bins). The RPS penalizes foreasts less severely when their probabilities are lose to the true outomeCOSMO Newsletter No. 19: Otober 2019 www.osmo-model.org



7. Preditability and Ensemble Methods 53and more severely when their probabilities are further from the atual outome. The lower the RPS, the betterthe ensemble system.The Perentage of Outliers of a probabilisti foreast system is de�ned as the probability of the analysis(or observation) lying outside the foreast range [1℄. Therefore this an be seen as the perentage of times the�truth� falls out of the range spanned by the foreast values. Here, it is omputed as the fration of points ofthe domain where the observed value lies outside the minimum or maximum foreast value.Performane of the ensemble systemsFirst veri�ation period: from 20t to 29th June 2016To begin the performane of the three ensemble systems is veri�ed against the two-metre temperature. Asalready mentioned before, for this veri�ation it was deided to onsider the observational dataset omingfrom the regional networks of the weather servies on Central-Northern Italy. In this way, data oming fromonly one part of the Peninsula were onsidered. Infat, the temperature data from the national ivil protetionnetwork ould have been used, but these data are from time to time of low-quality in Central and SouthernItaly and their use would have provided wrong evaluation on the model skill. The period under investigation isfrom 20th June 2016 at 00 UTC to 29th June 2016 at 00 UTC, infat, although the last runs examined are thoseat 00 UTC on 27th June 2016, a 48-hour foreast range must always be onsidered. The performane of thethree ensemble systems is evaluated by alulating the spread and the RMSE of the ensemble, the veri�ationmethod used is the nearest grid point. The table 1 summarizes the harateristis of the veri�ation.Veri�ation featuresvariable: 2-metre temperature;period: from 20/06/2016 00UTC to 29/06/2016 00UTC (9 days);region: Central-Northern Italy;method: nearest grid point;obs: non-GTS loal �duiary network, no obs error;fst ranges: 0-48h (veri�ation every 6h);systems: ECMWF EPS, COSMO-LEPS, COSMO-2I-EPS;sores: spread, RMSE;Table 1: 2-metre temperature veri�ation features
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7. Preditability and Ensemble Methods 54The results are reported in (Fig. 3) and an be summarised as follows:

Figure 3: The �gure shows the spreads (ontinuous lines) and the RMSE (dotted lines) values obtained forthe 48 hours of the foreast range every 6 hours. The ECMWF EPS sores appear in red, COSMO-LEPS inblue and COSMO-2I-EPS in green. The foreast range (in hours) is shown in the absissa, in the ordinatethe value of spread and RMSE (in oC). All details are indiated in the legend at the top left.� the spread values are similar for all the three ensemble systems;� the spread values are smaller with respet to the RMSE ones, showing a tendeny of all ensembles tobe underdispersive;� with the exeption of the shortest time range, COSMO-based models always show slightly higher (andtherefore better) spread values than ECMWF EPS;� RMSE values show a marked diurnal yle, with maxima during the entral hours of the day and theminimums in the night. This daytime yle is very pronouned for ECMWF EPS and for COSMO-LEPS, less for COSMO-2I-EPS;� the RMSE of COSMO-2I-EPS is the lowest of the three ensemble systems on the entire foreast range.Therefore, from this 2-metre temperature veri�ation, COSMO-based models get exellent results, espeiallyCOSMO-2I-EPS.The performane of ECMWF ENS, COSMO-LEPS, COSMO-2I-EPS is veri�ed also against the 6-hourlypreipitation. For this veri�ation work it was deided to use the preipitation data reorded by the raingauges of National Civil Protetion Department network. In this way, the results obtained are representativeof what happened on the entire national territory between the 20th June 2016 at 00 UTC and the 29th June2016 at 00 UTC. The method of the nearest grid point was used for the alulation of Ranked ProbabilitySore and perentage of outliers. In table 2 are reported all the details of the veri�ation.Veri�ation featuresvariable: 6-hourly total preipitation ;period: from 20/06/2016 00UTC to 29/06/2016 00UTC (9 days);region: Italy;method: nearest grid point;obs: DPCN network, no obs error;fst ranges: 0-48h (veri�ation every 6h);systems: ECMWF EPS, COSMO-LEPS, COSMO-2I-EPS;sores: RPS, outliers;thresholds: 1mm, 5mm, 10mm, 15mm, 25mm, 50mm in 6 hoursTable 2: 6-hourly total preipitation veri�ation featuresIn the Fig.4, the results obtained for the RPS an be onsulted.Considering all DPCN staions, regardless of the altitude (top left graph), it is worth pointing out:COSMO Newsletter No. 19: Otober 2019 www.osmo-model.org
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Figure 4: The �gure shows the RPS for four di�erent observational dataset, indiated in theaption under eah image. The ensemble systems are ECMWF ENS in red, COSMO-LEPSin blue, COSMO-2I-EPS in green. The foreast range of 48 hours, in 6-hour steps, is shownin the absissa; the dimensionless values of the RPS are marked in the ordinate.� the diurnal yle of preipitation is very marked. Sine it is almost exlusively afternoon onvetivepreipitation, the highest, and therefore the worst, RPS are just in the afternoon time slots: foreastrange 12-18 h, 36-42 h;� however, the RPS of COSMO-2I-EPS, and generally the RPS of COSMO ensemble systems, is betterthan ECMWF ENS one over the whole foreast range.In this ase the RPS points out to the added value of COSMO-2I-EPS.The station of DPCN has been subdivided, aording to their altitude, in three groups: plain, hill andmountain. Therefore, the purpose of this further study is to evaluate RPS variations aording to the stationaltitude and see how this a�ets the results. Looking at the plots it an be onluded that:� the RPS values obtained for the lowland stations are lower (therefore better) than those obtained forhill and mountain ones, in partiular the results of mountain stations are the highest;� in most ases, regardless of altitude, the RPS obtained for COSMO-2I-EPS is always lower (thereforebetter) than for COSMO-LEPS and ECMWF ENS;� in the plain stations (top-right panel), there is a good gap beetween COSMO-2I-EPS and ECMWFENS in the �rst day of foreast range. For the other stations this gap extends no longer than the�rst 18 hours, then the RPS tend to be similar for the three ensembles, exept for the preipitationumulated beetween the 36th and the 42nd hour of the foreast range;� in the graph for hill and mountain stations (bottom left and bottom right panel respetively), the RPSfollows a very strong daytime yle, that is de�nitely less visible on the plain: this is ould be due tothe pluviometri regime of those days, with rainfall onentrated almost always in the afternoon hoursand on the internal areas of hills and mountains.So all the observational networks, built on altitude, on�rm that the RPS of COSMO-based ensembles, butin partiular COSMO-2I-EPS, are better than the global ensemble of Reading.The perentages of outliers for the ensemble system onsidered as a funtion of the foreast range are shownin Fig. 5.Considering all DPCN staions (top left graph), it is possible to see that despite the lower ensemble size,COSMO-2I-EPS has often the lowest values, ompared to the other two ensemble systems with a lowerhorizontal resolution. So, it an be stated that in this ase too, the results obtained by COSMO-2I-EPS aresatisfatory. Looking at the other three panels of the Fig. 5 it an be stated that:COSMO Newsletter No. 19: Otober 2019 www.osmo-model.org
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Figure 5: The �gure shows the perentage of outliers for four di�erent observational dataset,indiated in the aption under eah image. The ensemble systems are ECMWF ENS in red,COSMO-LEPS in blue, COSMO-2I-EPS in green. The foreast range of 48 hours, in 6-hoursteps, is shown in the absissa; the perentage of outliers is marked in the ordinate.� the perentage of outliers inreases aording to the station altitude: there are less outliers in the plainsthan in the mountains;� in the plain there is little di�erene between the three ensemble systems; these di�erenes inreasewith the altitude, infat the perentage of outliers obtained with the only mountain stations showsonsiderable dissimilarity beetween the ensembles;� for hill and mountain observation datasets, a diurnal yle is visible only in systems with parametrizedonvetion (ECMWF ENS, COSMO-LEPS); instead, the diurnal yle is hardly identi�able for thelowland stations;� for almost all foreast ranges COSMO-2I-EPS has the lowest perentage of outliers.Therefore also the perentages of outliers, studied aording to the altitude of DPCN stations, indiate thegood skill of COSMO-2I-EPS.Seond veri�ation period: from 15th Otober to 15th November 2018In this seond period it has onsidered only the 24-hour total preipitation, the veri�ation is performed withthe rank historam.
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Figure 6: The rank histograms for COSMO-LEPS in blue and COSMO-2I-EPS in green, on the left for the�rst 24 hours of the foreast range, on the right for the seond 24 hours.The rank histogram is not a veri�ation method per se, but rather a diagnosti tool to evaluate the spreadof an ensemble. The underlying assumption is that the ensemble member foreasts are distributed so as todelineate ranges or �bins� of the predited variable suh that the probability of ourrene of the observationwithin eah bin is equal. For eah spei� foreast, the bins are determined by ranking the ensemble memberforeasts from lowest to highest. The interval between eah pair of ranked values forms a bin. If there are Nensemble members, then there will be N+1 bins. The outer bins, lowest and highest-valued, are open-ended.Rank histograms are prepared by determining whih of the ranked bins the observation falls into for eahase, and plotting a histrogram of the total ourrenes in eah bin, for the full veri�ation sample. Theassumption underlying the rank is that the probability that the observation will fall in eah bin is equal.If this is true, then over a large enough sample, the histogram should be �at or roughly so. Then one anonlude that on the average, the ensemble spread orretly represents the unertainty in the foreast. Also inthis ase the veri�ation method is the nearest grid point and the omparison is only between COSMO-LEPSand COSMO-2I-EPS, beause these systems have the same number of member (20 in 2018).The U-shape of the rank histograms (see Fig. 6) indiates the subdispersion of both ensemble systems, inpartiular COSMO-LEPS. This subdispersion is stronger in the last bin of the most intense preipitation andin partiular for COSMO-LEPS.Summary and OutlookThe present work aims to establish the performane of three ensemble systems with di�erent harateristis,but in partiular with a di�erent horizontal resolution. While ECMWF ENS and COSMO-LEPS run onan daily basis, COSMO-2I-EPS is still on a pre-operational phase, with a full operational implementationplanned towards the next months. Therefore, partiular attention has been paid to this new ensemble, espe-ially beause it provides new types of numerial modeling produts whih needs to be assessed and beausethe best performanes were expeted from it. A systemati omparison between the three ensemble systemswas undertaken during a �pilot period� from 20th to 27th June 2016. During this period, haraterised bypartiularly unstable weather situation over the Italian Peninsula, the performanes of the three systems wereompared in terms of 2-metre temperature and preipitation. The foreasts in terms of 2-metre temperatureand 6-hourly umulated preipitation were veri�ed against the Northern-Italy non-GTS network and the Na-tional Civil Protetion Department network respetively. The results for 2-metre temperature indiate theunder-dispersion issue for the di�erent ensemble systems, although it an be notied that the performaneobtained by COSMO-2I-EPS (and in general by the COSMO-based ensembles) is quite satisfatory.Rank Probability Sore and perentage of outliers were onsidered to evaluate the skill of the three ensemblesystems in terms of preipitation. In most ases, the sores indiate COSMO-2I-EPS having the best perfor-mane. In order to provide more insight on the obtained results and to assess the dependene of the soreson the altitude, it was deided to divide the stations of the National Civil Protetion Department into threegroups: plain, hill and mountain stations. With this division, it turns out that the performane of the systemstends to worsen with the altitude, also aentuating the diurnal yle. This happens beause it has rainedmore over mountain areas and during the afternoon. Anyway the sores obtained by COSMO-2I-EPS remainthe best in most ases. COSMO-2I-EPS ahive good results also in the veri�ation with rank histograms, forthe period from from 15th Otober to 15th November 2018. This work an be seen as a pilot study, there isno laim to onsider it omplete and exhaustive, but rather a starting point for further developments andinvestigations or a "modus operandi" for similar studies. In fat, the periods examined are too short to havesolid results from a statistial point of view. This would take a longer evaluation time, omparing the threeCOSMO Newsletter No. 19: Otober 2019 www.osmo-model.org



7. Preditability and Ensemble Methods 58ensembles for di�erent atmospheri phenomena and weather types. All the results shown in this work havebeen obtained with the veri�ation method of the nearest grid point. So a further idea for future studies maybe to use the method of boxes to alulate the probabilisti sores in other ases; it will be interesting to seeif the results will be better or worse than those obtained with the nearest grid point.Referenes[1℄ Buizza, 1997. Potential foreast skill of ensemble predition and spread and skill distributions of theECMWF Ensemble Predition Systems. Mon. Wea. Rev., 125, 99-119.[2℄ Buizza, R., P. L. Houtekamer, Z. Toth, G. Pellerin, M. Wei, Y. Zhu, 2005: A omparison of the ECMWF,MSC and NCEP global ensemble predition systems. Monthly Weather Review, 133, 1076-1097.[3℄ Gofa, F., Tzaferi, D. and Charantonis, T., 2010. Appliation and veri�ation of ECMWF produts.Hellenia National Meteorologial Servie (HNMS)[4℄ Ghelli, A., 2009. Observations and their importane in the veri�ation proess: View of the Joint Work-ing Group on Foreast Veri�ation Method Researh. ECMWF, Twelfth Workshop on MeteorologialOperational Systems, 2-6 November 2009[5℄ Montani, A., Capaldo, M., Cesari, D., Marsigli, C., Modigliani, U. and o-authors, 2003a. Operationallimited-area ensemble foreast based on the Lokal Modell. ECMWF Newsletter 98, 2-7. Available at:http://www.emwf.int/publiations/.[6℄ Montani, A., Marsigli, C., Nerozzi, F., Paagnella, T., Tibaldi S. and Buizza, R., 2003b. The Sover-ato �ood in Southern Italy: performane of global and limited-area ensemble foreasts. Nonlin. Pro.Geophys., 10, 261-274.[7℄ Montani, A., Cesari, D., Marsigli, C. and Paagnella, T., 2011. Seven years of ativity in �eld ofmesosale ensemble foreasting by the COSMO-LEPS system: main ahievements and open hallenges.Tellus, 63, 605-624.[8℄ Murphy, 1969. On the "Ranked Probability Sore". J. Appl. Meteor., 8, 988-989.[9℄ Shättler, Doms and Shra�, 2016. A Desription of the Nonhydrostati Regional COSMO-Model. PartVII: User Guide. (www.osmo-model.org).[10℄ Tibaldi, S., Paagnella, T., Marsigli, C., Montani, A. and Nerozzi, F., 2006. Limited area ensembleforeasting: the COSMO model. Preditability of Weather and Climate. Cambridge University Press,489-513.[11℄ Zhu, Y., 2005: Ensemble foreast: A new approah to unertainty and preditability, Advane in Atmo-spheri Sienes, 22, No. 6, 781-788.
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