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Performances of COSMO-based ensemble systems for cases of

High-Impact Weather over ItalyG. Pin
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agnella (1), M.S. Tesini (1), C. Marsigli (3)(1) Arpae-SIMC, (2) ECMWF, (3) DWD
Introdu
tionThe predi
tion of weather events related to strong winds, heavy rain and snowfall is still nowadays a serious
hallenge, espe
ially when high spatio-temporal details are required. Despite Numeri
al Weather Predi
tion(NWP) modelling has made great progress in re
ent de
ades, thanks to the in
reases in model resolution,better understanding of atmospheri
 dynami
al pro
esses and advantages in data assimilation te
hniques,the above-mentioned atmospheri
 events, usually referred to as �High-Impa
t Weather� (HIW), 
an havehorizontal dimension too small to be expli
itly resolved. HIWs provide the most dramati
 examples of howthe atmospheri
 a�e
ts people daily lives, sin
e they may 
ause both human and e
onomi
 
osts. Therefore,there is a need of better ways to predi
t this type of phenomena, also a

ounting for their inherent degree ofnon-predi
tability.The ensemble fore
asting provide a representation of model un
ertainty, due to the imperfe
t knowledge ofatmospheri
 initial 
onditions and the approximate model formulation. Instead of running just one fore
astwith an unknown error, an ensemble of slightly di�erent fore
asts are run, in order to integrate the deter-ministi
 fore
ast with an estimate of the �fore
ast of fore
ast skill�. Probabilisti
 fore
asts provide a more
omplete, reliable and a

urate view of what might happen in the future, ideally providing information onthe relative frequen
y of an event o

uring. Therefore, they bring de�nite bene�ts for de
ision-makers. Theestimation of un
ertainty is even more 
ru
ial when lo
al e�e
ts 
ome into play and a high spatio-temporaldetail is required as in the 
ase of pre
ipitation, where NWP limitations be
ome more evident.The aim of this work is to assess the added value of the enhan
ed horizontal resolution in the probabilisti
predi
tion of surfa
e �elds. In parti
ular, the performan
e of three di�erent ensemble predi
tion systems were
ompared: 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 inter
omparison window 
overs two limited periods, whi
h range from 20 to27 June 2016 and from 15 O
tober to 15 November 2018. As for the surfa
e variables, 2-metre temperatureand pre
ipitation are veri�ed against the non-
onventional station network provided by the National CivilProte
tion Department.The ensemble spread and the root mean square error of 2-metre temperature are 
omputed, while RankedProbability S
ore and Per
entage of Outliers are 
onsidered for pre
ipitation. The best s
ores are mainlyobtained by the COSMO-based ensemble systems with higher horizontal resolution and lower ensemble size;in parti
ular COSMO-2I-EPS often a
hieves the most satisfa
tory performan
es. 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 mesos
ale ensemble systems seems to play a 
ru
ial role in the probabilisti
predi
tion of atmospheri
 �eds at all levels. In parti
ular, the more detailed des
ription of mesos
ale andorographi
-related pro
esses in COSMO-ensembles provides an added value for the predi
tion of lo
alisedHigh-Impa
t Weather events.Global and limited-area ensemble predi
tion systems and des
ription of the ex-perimentsA summary of the te
hni
al 
hara
teristi
s 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: O
tober 2019 www.
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Figure 1: The table shows the te
hni
al 
hara
teristi
s 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 Prote
ion Department used for the veri�
ation of pre
ipitation.The inter
omparison between the three ensemble systems is performed starting at 00 UTC and with a fore
astrange of 48 hours, be
ause COSMO-2I-EPS runs on
e a day at 00 UTC and the fore
ast stops on the se
ondday. The veri�
ation domain was sele
ted in su
h a way as to in
lude the entire Italian territory, more pre
iselythe domain having the following geographi
 
oordinate as borders (Fig. 2)� latitude: 35oN - 48oN� longitude: 6oE - 19oEThe station networks, used in the evaluation pro
edure, are:� the Northern-Italy non-GTS 3 (lo
al) network : it refers to about 1000 stations, over most NorthernItaly and shared by the regional weather servi
es operating in the area. These stations provide hourlydata;� network from National Civil Prote
tion 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 pre
ipitation respe
tively.DPCN stations have been subdivided, in three groups depending on the lo
ation altitude. For the subdivisionit was de
ided to adopt the WMO (World Meteorologia
al Organization) dire
tives on the subje
t, 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 Tele
ommuni
ations SystemsCOSMO Newsletter No. 19: O
tober 2019 www.
osmo-model.org



7. Predi
tability and Ensemble Methods 52The evaluation of the performan
e of the model 
onsists in the 
omparison of gridded model output againstpoint observations. A number of statisti
al s
ores evaluate di�erent aspe
ts of model performan
e while thefore
ast "error" is simply de�ned as the di�eren
e between the fore
ast value and the observation. In a"standard" deterministi
 approa
h, the un
ertainty asso
iated with the fore
ast value is not estimated. AnEPS aims at quanti�ng this un
ertainty using a set of perturbed Initial Conditions (ICs) and/or perturbedmodel formulations. Veri�
ation methods applied to ensemble fore
asts have two main obje
tives:� to assess the 
hara
teristi
s of the ensemble distribution;� to verify the probability fore
ast.Sin
e all perturbed ICs should be equally possible be true and all perturbed physi
s or varying physi
s s
hemesor alternative models be equally plausible, the performan
e of any ensemble member should, in prin
iple, beequivalent to that of another member on average. If this is not the 
ase, that is indi
ative of problems withthe 
hoi
e of ensembling the te
hnique employed. For example, either the IC perturbations are too largeor alternative models, physi
s s
hemes or perturbations are not equally plausible. In the veri�
ation theevaluation method of the nearest grid point will be used: sin
e observations seldom o

ur at the pre
iselo
ations represented by the grid points of one parti
ular model, it is ne
essary to 
ompare the fore
ast valuesin the grid points with those of the nearest observations (ECMWF Fore
ast User Guide). In the experimentalveri�
ation of the three ensemble systems will be used the following s
ores:The Root Mean Square Error (RMSE) provides the square root of the average square error of thefore
asts, whi
h has the same units as the fore
asts and observations. Here, the fore
ast 
orresponds tothe ensemble mean value and an 'error' represents the di�eren
e between the ensemble mean Y and theobservation x. The equation for the RMSE is:
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n=1 f(n) is for the ensemble mean and f is for the ensemble fore
ast. In general, an idealensemble fore
ast will be expe
ted to have the same size of ensemble spread as their RMSE at the same leadtime in order to represent full fore
ast un
ertainty [11℄ [2℄; but most of the ensemble systems are underdispersed(lower spread) for longer lead times due to an imperfe
t model system (or physi
al parameterizations) andother fa
tors. Anyway over a large number of ensemble fore
asts, the statisti
al properties of the true value
XTRUE of any quantity X are identi
al to the statisti
al properties of a member Xj of the ensemble; inparti
ular:

ensemblevariance
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|XTRUE − XMEAN |2where XMEAN is the ensemble mean. The time-mean ensemble spread around the mean equals the time-meanRMSE of the ensemble mean [3℄.The Ranked Probability S
ore (RPS) is an extension of the RMSE to the probabilisti
 world and to themulti-
ategory events; it ranges between 0 and 1.
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2where� J is the number of fore
ast 
ategories� oj = 1 if the event o

urs in 
ategory j, oj = 0 if the event does not o

ur in 
ategory j� fj is the probability of o

urren
e in 
ategory jThis s
ore is used to assess multi-
ategory fore
ast, where J is the number of fore
ast 
ategories (for example,rainfall bins). The RPS penalizes fore
asts less severely when their probabilities are 
lose to the true out
omeCOSMO Newsletter No. 19: O
tober 2019 www.
osmo-model.org



7. Predi
tability and Ensemble Methods 53and more severely when their probabilities are further from the a
tual out
ome. The lower the RPS, the betterthe ensemble system.The Per
entage of Outliers of a probabilisti
 fore
ast system is de�ned as the probability of the analysis(or observation) lying outside the fore
ast range [1℄. Therefore this 
an be seen as the per
entage of times the�truth� falls out of the range spanned by the fore
ast values. Here, it is 
omputed as the fra
tion of points ofthe domain where the observed value lies outside the minimum or maximum fore
ast value.Performan
e of the ensemble systemsFirst veri�
ation period: from 20t to 29th June 2016To begin the performan
e of the three ensemble systems is veri�ed against the two-metre temperature. Asalready mentioned before, for this veri�
ation it was de
ided to 
onsider the observational dataset 
omingfrom the regional networks of the weather servi
es on Central-Northern Italy. In this way, data 
oming fromonly one part of the Peninsula were 
onsidered. Infa
t, the temperature data from the national 
ivil prote
tionnetwork 
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, infa
t, although the last runs examined are thoseat 00 UTC on 27th June 2016, a 48-hour fore
ast range must always be 
onsidered. The performan
e of thethree ensemble systems is evaluated by 
al
ulating the spread and the RMSE of the ensemble, the veri�
ationmethod used is the nearest grid point. The table 1 summarizes the 
hara
teristi
s 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 lo
al �du
iary network, no obs error;f
st ranges: 0-48h (veri�
ation every 6h);systems: ECMWF EPS, COSMO-LEPS, COSMO-2I-EPS;s
ores: spread, RMSE;Table 1: 2-metre temperature veri�
ation features
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7. Predi
tability 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 fore
ast range every 6 hours. The ECMWF EPS s
ores appear in red, COSMO-LEPS inblue and COSMO-2I-EPS in green. The forea
st range (in hours) is shown in the abs
issa, in the ordinatethe value of spread and RMSE (in oC). All details are indi
ated in the legend at the top left.� the spread values are similar for all the three ensemble systems;� the spread values are smaller with respe
t to the RMSE ones, showing a tenden
y of all ensembles tobe underdispersive;� with the ex
eption 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 
y
le, with maxima during the 
entral hours of the day and theminimums in the night. This daytime 
y
le is very pronoun
ed 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 fore
ast range.Therefore, from this 2-metre temperature veri�
ation, COSMO-based models get ex
ellent results, espe
iallyCOSMO-2I-EPS.The performan
e of ECMWF ENS, COSMO-LEPS, COSMO-2I-EPS is veri�ed also against the 6-hourlypre
ipitation. For this veri�
ation work it was de
ided to use the pre
ipitation data re
orded by the raingauges of National Civil Prote
tion 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 
al
ulation of Ranked ProbabilityS
ore and per
entage of outliers. In table 2 are reported all the details of the veri�
ation.Veri�
ation featuresvariable: 6-hourly total pre
ipitation ;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;f
st ranges: 0-48h (veri�
ation every 6h);systems: ECMWF EPS, COSMO-LEPS, COSMO-2I-EPS;s
ores: RPS, outliers;thresholds: 1mm, 5mm, 10mm, 15mm, 25mm, 50mm in 6 hoursTable 2: 6-hourly total pre
ipitation 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: O
tober 2019 www.
osmo-model.org
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Figure 4: The �gure shows the RPS for four di�erent observational dataset, indi
ated in the
aption under ea
h image. The ensemble systems are ECMWF ENS in red, COSMO-LEPSin blue, COSMO-2I-EPS in green. The fore
ast range of 48 hours, in 6-hour steps, is shownin the abs
issa; the dimensionless values of the RPS are marked in the ordinate.� the diurnal 
y
le of pre
ipitation is very marked. Sin
e it is almost ex
lusively afternoon 
onve
tivepre
ipitation, the highest, and therefore the worst, RPS are just in the afternoon time slots: fore
astrange 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 fore
ast range.In this 
ase the RPS points out to the added value of COSMO-2I-EPS.The station of DPCN has been subdivided, a

ording to their altitude, in three groups: plain, hill andmountain. Therefore, the purpose of this further study is to evaluate RPS variations a

ording to the stationaltitude and see how this a�e
ts the results. Looking at the plots it 
an be 
on
luded that:� the RPS values obtained for the lowland stations are lower (therefore better) than those obtained forhill and mountain ones, in parti
ular 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 fore
ast 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, ex
ept for the pre
ipitation
umulated beetween the 36th and the 42nd hour of the fore
ast range;� in the graph for hill and mountain stations (bottom left and bottom right panel respe
tively), the RPSfollows a very strong daytime 
y
le, that is de�nitely less visible on the plain: this is 
ould be due tothe pluviometri
 regime of those days, with rainfall 
on
entrated 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 parti
ular COSMO-2I-EPS, are better than the global ensemble of Reading.The per
entages of outliers for the ensemble system 
onsidered as a fun
tion of the fore
ast 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 aresatisfa
tory. Looking at the other three panels of the Fig. 5 it 
an be stated that:COSMO Newsletter No. 19: O
tober 2019 www.
osmo-model.org
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Figure 5: The �gure shows the per
entage of outliers for four di�erent observational dataset,indi
ated in the 
aption under ea
h image. The ensemble systems are ECMWF ENS in red,COSMO-LEPS in blue, COSMO-2I-EPS in green. The fore
ast range of 48 hours, in 6-hoursteps, is shown in the abs
issa; the per
entage of outliers is marked in the ordinate.� the per
entage of outliers in
reases a

ording to the station altitude: there are less outliers in the plainsthan in the mountains;� in the plain there is little di�eren
e between the three ensemble systems; these di�eren
es in
reasewith the altitude, infa
t the per
entage of outliers obtained with the only mountain stations shows
onsiderable dissimilarity beetween the ensembles;� for hill and mountain observation datasets, a diurnal 
y
le is visible only in systems with parametrized
onve
tion (ECMWF ENS, COSMO-LEPS); instead, the diurnal 
y
le is hardly identi�able for thelowland stations;� for almost all fore
ast ranges COSMO-2I-EPS has the lowest per
entage of outliers.Therefore also the per
entages of outliers, studied a

ording to the altitude of DPCN stations, indi
ate thegood skill of COSMO-2I-EPS.Se
ond veri�
ation period: from 15th O
tober to 15th November 2018In this se
ond period it has 
onsidered only the 24-hour total pre
ipitation, 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 fore
ast range, on the right for the se
ond 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 fore
asts are distributed so as todelineate ranges or �bins� of the predi
ted variable su
h that the probability of o

urren
e of the observationwithin ea
h bin is equal. For ea
h spe
i�
 fore
ast, the bins are determined by ranking the ensemble memberfore
asts from lowest to highest. The interval between ea
h 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 whi
h of the ranked bins the observation falls into for ea
h
ase, and plotting a histrogram of the total o

urren
es in ea
h bin, for the full veri�
ation sample. Theassumption underlying the rank is that the probability that the observation will fall in ea
h bin is equal.If this is true, then over a large enough sample, the histogram should be �at or roughly so. Then one 
an
on
lude that on the average, the ensemble spread 
orre
tly represents the un
ertainty in the fore
ast. Also inthis 
ase the veri�
ation method is the nearest grid point and the 
omparison is only between COSMO-LEPSand COSMO-2I-EPS, be
ause these systems have the same number of member (20 in 2018).The U-shape of the rank histograms (see Fig. 6) indi
ates the subdispersion of both ensemble systems, inparti
ular COSMO-LEPS. This subdispersion is stronger in the last bin of the most intense pre
ipitation andin parti
ular for COSMO-LEPS.Summary and OutlookThe present work aims to establish the performan
e of three ensemble systems with di�erent 
hara
teristi
s,but in parti
ular 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, parti
ular attention has been paid to this new ensemble, espe-
ially be
ause it provides new types of numeri
al modeling produ
ts whi
h needs to be assessed and be
ausethe best performan
es were expe
ted from it. A systemati
 
omparison between the three ensemble systemswas undertaken during a �pilot period� from 20th to 27th June 2016. During this period, 
hara
terised byparti
ularly unstable weather situation over the Italian Peninsula, the performan
es of the three systems were
ompared in terms of 2-metre temperature and pre
ipitation. The fore
asts in terms of 2-metre temperatureand 6-hourly 
umulated pre
ipitation were veri�ed against the Northern-Italy non-GTS network and the Na-tional Civil Prote
tion Department network respe
tively. The results for 2-metre temperature indi
ate theunder-dispersion issue for the di�erent ensemble systems, although it 
an be noti
ed that the performan
eobtained by COSMO-2I-EPS (and in general by the COSMO-based ensembles) is quite satisfa
tory.Rank Probability S
ore and per
entage of outliers were 
onsidered to evaluate the skill of the three ensemblesystems in terms of pre
ipitation. In most 
ases, the s
ores indi
ate COSMO-2I-EPS having the best perfor-man
e. In order to provide more insight on the obtained results and to assess the dependen
e of the s
oreson the altitude, it was de
ided to divide the stations of the National Civil Prote
tion Department into threegroups: plain, hill and mountain stations. With this division, it turns out that the performan
e of the systemstends to worsen with the altitude, also a

entuating the diurnal 
y
le. This happens be
ause it has rainedmore over mountain areas and during the afternoon. Anyway the s
ores obtained by COSMO-2I-EPS remainthe best in most 
ases. COSMO-2I-EPS a
hive good results also in the veri�
ation with rank histograms, forthe period from from 15th O
tober 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 fa
t, the periods examined are too short to havesolid results from a statisti
al point of view. This would take a longer evaluation time, 
omparing the threeCOSMO Newsletter No. 19: O
tober 2019 www.
osmo-model.org
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tability 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 
al
ulate the probabilisti
 s
ores in other 
ases; it will be interesting to seeif the results will be better or worse than those obtained with the nearest grid point.Referen
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