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ABSTRACT

In this work, the main characteristics of COSMO-LEPS, the Limited-area Ensemble Prediction System developed in
the framework of the COnsortium for Small-scale MOdelling, are presented. The present status of the system is shown
with the description of the methodology and of the main upgrades which took place during its years of activity. The
performance of COSMO-LEPS for the probabilistic prediction of precipitation is assessed in terms of both time-series
and seasonal scores over a 7-yr period. A fixed number of stations are selected and observations are compared to
short and early medium-range forecasts. Different verification indices are used to assess the skill of COSMO-LEPS
and to identify the impact of system modifications on forecast skill. The different system upgrades are found to
impact positively on COSMO-LEPS performance, with a gain of 2d of predictability in the last 4 yr of operational
forecasts. This holds when the skill of the system is assessed both for single events (e.g. precipitation surpassing a fixed
threshold) and for multi-event situations. Scores for fixed forecast ranges but varying thresholds confirm increasingly
better performance of the system. For a few seasons, the performance of COSMO-LEPS is also assessed in terms
of probabilistic prediction of some upper-air variables. Then, the skill of COSMO-LEPS is compared to that of the
global-ensemble system providing the boundaries, to identify the extent to which skill improvements may relate to
those of the driving ensemble. Finally, the main streams of development for COSMO-LEPS system are discussed with
future possible upgrades and methodology modifications.

. approach via the ensemble forecasting has now become com-
1. Introduction . .
monplace to tackle the chaotic behaviour of the atmosphere

One of the main challenges for numerical weather prediction
(NWP) is still recognized as quantitative precipitation forecast-
ing. Computer power resources have greatly increased in the last
years, thus allowing the generation of more and more sophis-
ticated NWP models with accurate parametrization of physical
processes supported by high horizontal and vertical resolution.
Nevertheless, the accurate forecast of high-impact weather still
remains difficult beyond day 2 and sometimes, also for shorter
ranges (Mullen and Buizza, 2001; Tibaldi et al., 2006). Sev-
eral factors contribute to forecast failures and can be usually
related to shortcomings in the definition of the initial conditions
of the integrations, to model errors of different types and, last
but not least, to the intrinsic low predictability of the physi-
cal phenomena under investigation. The use of the probabilistic
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and to support forecasters in the management of alert proce-
dures for events with little deterministic predictability. Several
national and international weather centres, like the European
Centre for Medium-Range Weather Forecasts (ECMWF), the
Canadian Meteorological Centre (CMC), the National Centers
for Environmental Prediction (NCEP) and the UK Meteorolog-
ical Office, provide valuable operational ensemble prediction at
a global scale (Tracton and Kalnay, 1993; Houtekamer et al.,
1996; Molteni et al., 1996; Buizza et al., 2007; Bowler et al.,
2008). In addition to them, many limited-area ensemble predic-
tion systems have been recently developed, either in research
or in operational mode, so as to address the need of detailing
high-impact weather forecasts at higher and higher resolution
and to provide more reliable forecasts than achievable with a
single deterministic forecast.

As far as operational implementations are concerned,
the COnsortium for Small-Scale MOdelling Limited-area
Ensemble Prediction System (COSMO-LEPS) was the first
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mesoscale ensemble application running on a daily basis in
Europe.! This system, initially developed and implemented by
the HydroMeteoClimate Regional Service of Emilia-Romagna,
in Bologna, Italy (ARPA-SIMC), has been running at ECMWF
since November 2002 (Montani et al., 2003a) thanks to the
ECMWEF computer resources provided by the COSMO coun-
tries which are ECMWF member states. Nowadays, COSMO-
LEPS is based on 16 integrations of the non-hydrostatic
mesoscale model COSMO, formerly known as the Lokal Modell
(Steppeler et al., 2003). The methodology (described more thor-
oughly in the next section) aims at combining the advantages
of the probabilistic approach by global ensemble systems with
the high-resolution details gained in the mesoscale integrations.
In the construction of COSMO-LEPS, an algorithm selects a
number of members (referred to as Representative Members,
RMs) from a global ensemble system (Marsigli et al., 2001;
Molteni et al., 2001). This intermediate step, referred to as
‘ensemble-size reduction’, is required to keep the computational
load operationally affordable, since it is not presently feasible
to nest the limited-area model on each individual member of
a global ensemble with size larger than 30 members. After the
‘ensemble-size reduction’, the selected RMs are used to provide
both initial and boundary conditions to the integrations with the
COSMO model, which is run once for each RM. Therefore,
COSMO-LEPS performs a sort of dynamical downscaling of a
global-model probabilistic system, limiting to a certain extent
the computational cost (Tibaldi et al., 2006).

In this work, the progress in the development of the COSMO-
LEPS system is reviewed, focusing on past and recent system
upgrades and on the impact on its forecast skill. It is aimed
to quantify the improvements of COSMO-LEPS in terms of
probabilistic prediction of light and heavy precipitation events
for forecast ranges between day 2 and day 5. This will enable
to indicate both strengths and weaknesses of the system, to
highlight the open challenges and to suggest the main streams
of future developments.

The rest of the paper is organized as follows: Section 2 de-
scribes the main characteristics of the COSMO-LEPS system,
while, in Section 3, the features of the verification procedure are
reported. Results in terms of both time-series and seasonal scores
are presented in Sections 4 and 5, respectively. Section 6 deals
with the verification of upper-air fields for both COSMO-LEPS
and the driving global-ensemble system. Finally, conclusions
are drawn in Section 7.

2. Description of COSMO-LEPS operational
system

As previously mentioned, the ‘core’ of COSMO-LEPS method-
ology lies in the idea of reducing the number of global-

! Information about the activities of the COSMO consortium can be
found at http://www.cosmo-model.org.

ensemble elements driving the limited-area runs, still retaining
a large fraction of the driving-ensemble information. In its first
experimental-operational implementation which dates Novem-
ber 2002, the set-up of COSMO-LEPS can be described as fol-
lows (Montani et al., 2003b):

(i) Three successive runs of ECMWF Ensemble Prediction
System (EPS), starting at 12UTC at day d—1, at 0OUTC and
12UTC of day d are joined together, thus generating a 153-
member lagged-ensemble, since each EPS is made up of one
control run plus 50 perturbed members (Buizza, 2005).

(i) EPS members are grouped into five clusters, the discrim-
inating variable being a combination of four variables at three
pressure levels and at two forecast steps: the two horizontal wind
components, the geopotential height and the specific humidity
at 500, 700 and 850 hPa and at the ranges of 96 and 120 h (the
ranges are relative to the ‘youngest’ ensemble, run at 12UTC of
day d).

(iii) For each variable at each forecast step, the mean over the
clustering area is calculated and, then, subtracted from any grid-
point value. Then, the result is divided by the standard deviation,
thus obtaining a non-dimensional field.

(iv) The quadratic distances among the EPS members are
computed for all variables at all levels at all steps and, then,
space-averaged.

(v) The cluster analysis is performed over the following area:
40N-60N, 10W-30E (denoted by the black rectangle of Fig. 1);
the clusters are constructed using the complete-linkage algo-
rithm (Wilks, 1995).

(vi) Within each cluster (with different populations), one RM
is selected, using the same discriminating variables as before; the
RM is that cluster element which minimizes the ratio between
its distance from the other members of its own cluster and its
distance from the members of the other clusters.

(vii) The so-selected RMs provide both initial and boundary
conditions for the integrations with the COSMO model, which
is run once for each RM over a domain covering Central and
Southern Europe (shaded area in Fig. 1).

(viii)) The five COSMO integrations which generate the
COSMO-LEPS system, start at 12UTC of day d, with a hor-
izontal resolution of 10 km, 32 vertical levels and a forecast
length of 120 h.

(xi) Post-processed products (e.g. the probability of exceed-
ing a threshold) are generated, assuming a relationship between
cluster population and the probability of occurrence of its asso-
ciated RM; hence, each COSMO integration is given a weight
proportional to the population of the cluster from which the RM
(providing initial and boundary conditions) was selected.

From the description above, it is clear that COSMO-LEPS acts
like a local zooming of ECMWF EPS for the first 5d of inte-
gration and, as such, is designed from the outset for the ‘short
to early medium range’ timescale (namely, 48—120 h). Uncer-
tainties in the initial conditions are taken from the different
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Fig. 1. COSMO-LEPS integration domain i [
(grey shaded area) and clustering area (black
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geographical locations of the SYNOP —_ e
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driving EPS members and interpolated on COSMO grid. Hence,
COSMO-LEPS runs do not start from an ‘ad hoc’ mesoscale
analysis and analysis perturbations are not constructed at the
10-km scale. Therefore, the system may not have an optimal de-
scription of analysis uncertainty at the mesoscale. Perturbations
entering the model from the lateral boundaries, are still provided
by the different driving EPS members and play a more and more
important role in the behaviour of the limited-area system as the
forecast range increases.

In the course of its operational activity, the COSMO-LEPS
system has undergone many changes. Without accounting for
the model upgrades with bug fixes and more sophisticated
and precise parametrization (the most important are listed in
Table 1) the main milestones of COSMO-LEPS history can be
summarized as follows:

(i) 4 November 2002: beginning of COSMO-LEPS activity
in the above-described configuration;

(i1) 1 June 2004 ([A]): ensemble population increased to 10
members; the RMs are selected out of 102 EPS members (only
two successive EPS runs starting at 00UTC and 12UTC of day
d are used); random procedure for the choice of either Kain-
Fritsch or Tiedtke convection scheme with each COSMO-LEPS
run;

(iii) 1 July 2005: the forecast range of COSMO-LEPS inte-
grations is increased from 120 to 132 h;

(iv) December 2005: COSMO-LEPS application becomes an
‘ECMWF Member State time-critical application’ managed by
ARPA-SIMC and monitored by ECMWEF operators;
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Table 1. Main model upgrades during COSMO-LEPS activity

Model Implemented Main features

version on introduced

2.16 4 Nov 2002 New turbulence scheme based
on TKE

33 22 May 2003 Bug correction in
post-processing utilities

3.5 1 Oct 2003 Changes in the radiation scheme;

3.9 1 Jun 2004 Cloud-ice scheme + prognostic
precipitation scheme

3.14 18 Apr 2005 Prognostic treatment of TKE

3.17 1 Feb 2006 Prognostic density for surface
snow layer

4.0 1 Dec 2007 Runge-Kutta numerics +
new microphysics

4.7 25 Feb 2009 New wind-gust diagnostics

4.8 30 Nov 2009 Subgrid scale orography

(v) 2 February 2006 ([B]): ensemble size increased from 10
to 16 members, vertical resolution increased from 32 to 40 model
levels;

(vi) 1 December 2007 ([C]): change of the dynamical core in
COSMO-LEPS integrations, introduction of new perturbations
in the model parametrizations;

In this list, a number of changes are labelled with letters [A],
[B], [C]: they represent those system upgrades with direct con-
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sequences on the performance of the COSMO-LEPS forecast
skill, as will be shown later on.

It is worth pointing out that, both in the first years of activity
as well as more recently, Marsigli et al. (2005a,b, 2008), Mon-
tani et al. (2008a,b) and Walser (2006) showed that COSMO-
LEPS provided high-quality probabilistic quantitative prediction
of heavy precipitation events. Over a number of case studies as
well as over continuous verification periods, COSMO-LEPS was
shown to perform usually better than ECMWF EPS in terms of
geographical localizations of the regions most likely to be af-
fected by the events as well as in terms of more realistic rainfall
patterns. The above works used different verification techniques
and different observational data sets; hence, they cannot provide
exhaustive information on the evolution of the skill of the sys-
tem. In order to shed light on the progress of COSMO-LEPS, a
comprehensive verification over the full history of the system is
undertaken with the methodology described in the next section.

3. Methodology of verification

The performance of COSMO-LEPS system is analysed consid-
ering the probabilistic prediction of 12-h accumulated precip-
itation exceeding a number of thresholds for several forecast
ranges. Instead of the ‘more traditional’ 24-h accumulation pe-
riod, it was decided to focus the attention on 12-h precipitation
(accumulated from 18 to 6 UTC and from 6 to 18 UTC) in order
to investigate the performance of the system for both day-time
and night-time precipitation forecasts. This should allow the
possibility to isolate possible biases and/or systematic errors in
the diurnal cycle of COSMO-LEPS model integrations, which
would be otherwise masked if verification were performed over
a 24-h window.

As for observations, it is clear that a high-resolution net-
work would be very desirable in order to assess the predic-
tive skill of a mesoscale ensemble system. Since precipitation
has a high-spatial variability, this network would provide bet-
ter estimates of precipitation at high resolution. Unfortunately,
this type of network, like the high-density network adopted by
Marsigli et al. (2008), is not available with continuity in the pe-
riod 2002-2009, as it presents several ‘gaps’, this making impos-
sible a detailed evaluation of how the performance of COSMO-
LEPS evolved in the years. For this reason, it has been decided
to use the data obtained from the SYNOP reports available on
the Global Telecommunication System (GTS), since this is rec-
ognized to be a homogeneous and stable data set throughout the
years 2002-2009.

In order to assess the skill of the system over complex topogra-
phy, verification is performed in the domain ranging from 43N to
50N and from 2E to 18E. This domain, sometimes referred to as
MAP D-PHASE area (Mesoscale Alpine Programme, Demon-
stration of Probabilistic Hydrological and Atmospheric Simula-
tion of flood Events in the alpine region), is the common terrain
of investigation for the Forecast Demonstration Project which

took place during the Operation Period of D-PHASE (Zappa
et al., 2008; Rotach et al., 2009). Within this domain, a fixed list
of 412 SYNOP stations is considered and the relative reports in
terms of total precipitation are used to evaluate the COSMO-
LEPS skill. Figure 1 also reports the locations of the stations
used for the verification. The SYNOP reports have undergone
a simple quality control firstly based on the ‘surpassing’ of a
confidence level (provided in the data retrieved by ECMWF
archive) for the full report. In addition to this, for cases of pre-
cipitation exceeding 50 mm in 12h, the values are compared,
whenever possible, to those taken from non-GTS stations lo-
cated within a radius of about 10 km from the SYNOP place.
When the difference between non-GTS and SYNOP reports is
above 20 mm, the latter is discarded and the relative data not
used in the computation of the scores.

As for the comparison of model forecasts against SYNOP
reports, we select the grid point closest to the observation. Little
sensitivity to the results is found when, instead of the nearest
grid point, a bi-linear interpolation using the 4 nearest points
to the station location, is used to generate the model forecasts.
Therefore, the results shown hereafter will be relative only to
the nearest grid-point method.

The performance of COSMO-LEPS is examined for six dif-
ferent thresholds: 1, 5, 10, 15, 25 and 50 mm/12h. Figure 2
shows the overall number of occurrences for each threshold and
for each month, from December 2002 to November 2009, ac-
cording to the reports of the stations of Fig. 1. As the occurrences
have a strong marked month-to-month variability (and for ease
of comparison with the future plots), a 3-month running mean
was applied to improve the readability of the figure. The high
values for precipitation observed in July—August 2005 stand out,
with about 500 events of rainfall exceeding 15 mm in 12h. In
addition to that, other shifts between dry and wet periods are also
evident. It is immediately worth pointing out that, when consid-
ering the two highest thresholds (thick-dotted and thick-dashed
lines, relative to the 25 and 50 mm/12 h values, respectively), a
low number of occurrences, often below 10, is found for several
seasons (especially in winters). This may cast some doubts on
the statistical solidity of the results for these types of events
over a long verification period. Good (poor) performance over
specific seasons could be due to the fact that COSMO-LEPS
predictions captured (did not capture) those few heavy precip-
itation events, thus not allowing any solid conclusions on the
effective performance of the system for the highest thresholds.
On the other hand, large numbers of occurrences are often found
for the other thresholds, including the event ‘15 mm of precip-
itation over 12h’ (thick-solid line in Fig. 2), which is already
a quite substantial amount. Therefore, the results relative to the
two highest thresholds (25 and 50 mm/12 h) will not be shown
and more emphasis will be given to the remaining thresholds
(1,5, 10 and 15 mm/12h).

As already mentioned, verification was performed over a 7-yr
period, from December 2002 to November 2009. For each month

Tellus 63A (2011), 3
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Fig. 2. Number of occurrences, according to the reports of the SYNOP stations of Fig. 1, for 12-h observed precipitation exceeding six different
thresholds: 1 mm/12 h (thin-solid line), 5 mm/12 h (dotted), 10 mm/12 h (dashed), 15 mm/12 h (thick-solid), 25 mm/12 h (thick-dotted) and
50 mm/12h (thick-dashed). A 3-month running mean is applied to improve the readability of the plots.

Table 2. Main features of the verification configuration

Variable 12-h accumulated precipitation
(18-06, 0618 UTC)

Period From Dec 2002 to Nov 2009

Region 43-50N, 2—-18E (D-PHASE area)

Method Nearest grid point

Observations SYNOP reports

6-18, 18-30, 3042, 42-54, 54-66, 66-78,
78-90, 90-102, 102-114 and 114-126
1,5, 10, 15,25 and 50 mm/12 h

ROC area, BSS, RPSS and OUTL

Forecast ranges (h)

Thresholds
Scores

as well as for each season, the following probabilistic scores are
computed: the Brier Skill Score (BSS), the Ranked Probability
Skill Score (RPSS), the Relative Operating Characteristic Curve
(ROC) area and the Percentage of Outliers (OUTL). For a de-
scription of these scores, the reader is referred to Wilks (1995).
In the computation of the skill scores (Marsigli et al., 2008),
as for reference forecast we use the sample climate, which is
computed on a monthly basis.

The main features of the verification exercise are summarized
in Table 2.

4. Time-series results

In the following subsections, the results relative to the perfor-
mance of COSMO-LEPS for particular types of weather events
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are presented in terms of time-series scores for the above-
mentioned probabilistic indices.

4.1. ROC area

The ROC area (Mason and Graham, 1999) ranges from O to 1,
the higher the better, and the value of 0.5 is the limit from skill
and no-skill. For a forecast system to be useful, the ROC area
should exceed the value of 0.7 (Buizza et al., 1999).

Figure 3 shows the performance of COSMO-LEPS in terms
of time-series values of the ROC area for the 30-42 h forecast
range (i.e. the precipitation accumulated over the 12-h period
ending at 42-h forecast step). The score exhibits a marked month-
to-month variability and a 3-month running mean was applied
to improve the readability of the plots. The skill of COSMO-
LEPS is shown for the first four thresholds of Table 2: it can
be noticed that, in any case, the performance of the system has
increased throughout the years of COSMO-LEPS activity. This
is especially true for the 10 mm/12 h and 15 mm/12 h thresholds
(dashed and thick-solid lines, respectively), since the scores in-
creased from about 0.6, in the first months of 2003, to more than
0.8, since mid-2007. The letters [A], [B] and [C] in the lower
part of the plot denote the major system upgrades among those
described in section 2. It can be noticed that the [A] upgrade,
relative to the increase of COSMO-LEPS ensemble size had a
positive impact on the performance of the system. As for the [B]
upgrade, it has to be noticed that, in February 2006, not only
did COSMO-LEPS increase both ensemble size and vertical
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3M running mean; 12h precipitation exceeding 4 thresholds; fc 30-42h
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Fig. 3. Time-series of ROC-area values for the monthly scores of COSMO-LEPS for four different thresholds: 1mm/12 h (thin-solid line), 5 mm/
12 h (dotted), 10 mm/12 h (dashed) and 15 mm/12 h (thick-solid). The forecast range is 3042 h. A 3-month running mean is applied to improve the
readability of the plots. For the meaning of letters [A], [B] and [C], refer to the text.

resolution, but also ECMWF EPS decreased its horizontal
grid size from 80 to about 50 km in the horizontal (Buizza
et al., 2007), thus improving the quality of both initial and
boundary conditions provided to the limited-area runs. Despite
these system upgrades, the performance of COSMO-LEPS was
not as good as could be expected in the following months
(Spring—Summer 2006), with scores below 0.8 for the 10 and
15 mm thresholds. On the other hand, some recovery in the
performance of the system can be noticed in the following sea-
sons. Hence, the drop in skill seems circumscribed to just a few
months and cannot be ascribed to wrong implementations and/or
faulty system upgrades. As for the [C] upgrade, the impact seems
initially neutral with ROC area scores peaking up again in late
2009; a more detailed analysis (in next sections) will show some
positive impact on the skill of the system also for 2008.

If the attention is focused on a longer forecast range, most of
the above-mentioned results are confirmed. Figure 4 shows the
ROC area values for the 78—-90 hrange: it is clear that the absolute
values of the scores are lower than before, since the prediction
range has increased. In the first 2 yr of activity of COSMO-
LEPS (up to about February 2005), the scores relative to the 10
and 15mm/12h thresholds fell below 0.7, which is generally
considered the lower boundary for a prediction system to be
useful. In the following months (and years), the improvement
of performance is well detectable for all thresholds. The limited
skill of the system after the [B] upgrade is confirmed for all
thresholds, as well as the recovery of COSMO-LEPS in the

subsequent months. Particularly high is the skill of the system
during autumn and winter 2007, with ROC area value close, or
slightly above, 0.9. It can be noticed that, for these seasons, the
skill of the system is very similar for both the 30-42 h and the
78-90 h forecast range, this indicating a slow degradation of the
prediction skill with the forecast range.

In addition to these comments, some dependence of the scores
on the season can also be noticed. Both Figs 3 and 4 indi-
cate that ROC area values tend to be higher (lower) in autumns
(summers). This may be related to the different types of atmo-
spheric forcing for the precipitation events. In summer, precip-
itation is more related to convective-type of events, while in
autumn large-scale forcing usually prevails. The former type of
forcing tends to be less predictable by global-model ensemble
systems (Buizza et al., 1999), which may provide less accu-
rate initial and boundary conditions to COSMO-LEPS runs.
In addition to this, convection is explicitly resolved by neither
global nor limited-area integrations and this adds limitations
to the system capability of simulating properly convective-type
events. On the other hand, large-scale forcing is usually well
captured by global-model systems, which provide higher qual-
ity boundaries for the dynamical downscaling by limited-area
ensemble systems. On their turn, the added value of higher res-
olution and the more accurate description of mesoscale fea-
tures, like the interaction of flow with orography, contributes
to the better performance of COSMO-LEPS during the autumn
season.

Tellus 63A (2011), 3
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Fig. 4. The same as Fig. 3, but for the 78-90 h forecast range.

ful than climatology (in this case, the reference climatology is

4.2. Brier skill score
given by the sample climate), has to be positive. Figure 5 shows

Now, the attention is focused on the performance of COSMO- . . .
. . P . the time-series evolution of COSMO-LEPS performance for the
LEPS in terms of BSS (Wilks, 1995). This score ranges from . . .
. . 30—42 h forecast range: despite a 3-month running mean is ap-
minus infinity to 1 and, for a forecast system to be more use- . . .
plied to the score values so as to increase the readability of the

3M running mean; 12h precipitation exceeding 4 thresholds: fc 30-42h

0.1

Brier Skill Score

0.2 1. tp>1mm
sers tp>5mm
DO | s | [ - |== ©>10mm
: ; : ; : = tp>15mm
0.4 |- i ¢ ! : : 5 :
i i : [Al i :(B] 5 __IG) ¢

Jan03 Jul03 JanO4 Jul(4 Jan05 Jul05 Jan06 Jul06 Jan07 Jul07 Jan08 Jul(8 Jan09 Jul(09 Janl O

forecast month
Fig. 5. Time-series of Brier Skill Score for the monthly scores of COSMO-LEPS for four different thresholds: 1 mm/12 h (thin-solid line), 5 mm/12
h (dotted), 10 mm/12 h (dashed) and 15 mm/12 h (thick-solid). The forecast range is 30—42 h. A 3-month running mean is applied to improve the
readability of the plots. For the meaning of letters [A], [B] and [C], refer to the text.
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3M running mean; 12h precipitation exceeding 4 thresholds: fc 30-42h
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Fig. 6. The same as Fig. 5, but with a 12-month running mean applied.

plot, the month-to-month variability is larger than in the case of
the ROC area and the increase in forecast skill throughout the
years of COSMO-LEPS activity is less evident. It is difficult to
detect a clear benefit by any of the above-mentioned upgrades
and, depending on the threshold, periods of relative high (low)
skill alternate. Nevertheless, it can be noticed that the BSS has
been positive for all thresholds since April 2009, possibly a
consequence of the most recent forecast improvements.

In order to detect trends in the score, it was decided to apply a
12-month running mean? to the monthly BSS scores, as in Fig. 6.
In this figure, the shapes of the profiles are much smoother than
before, but longer term trends can be identified. Depending on
the threshold, the following considerations can be presented:

(1) The quality of the forecast progressed quite slowly for the
I mm/12h and 5mm/12h events (thin-solid and dotted lines,
respectively); BSS is nearly always positive indicating a per-
formance of the system better than climatology; the system
upgrades do not seem to have had a large impact on the per-
formance of COSMO-LEPS for the prediction of this type of
events.

(ii)) The improvement is more evident for the two highest
thresholds (dashed and thick-solid lines, respectively) through-
out the years; BSS is systematically negative in the first years of
activity, while it has been above zero for the 10 mm/12 h thresh-

2 The BSS value for a particular month is given by the average of the
score for the preceding 6 months and for the following 6 month values.
Hence, BSS values cannot be computed for the first 6 months and for
the last 6 month of the time-series.

old since July 2005; as for the 15 mm/12 h threshold, a good trend
is evident up to January 2006, then the quality for the prediction
of this type of events decreases up to mid-2008; since then, the
skill of the system has started to increase again, although very
close to the zero line. This is a very encouraging result, since it
shows the improvement of the system performance for events of
moderate-to-heavy precipitation in the early-medium range, the
‘hunting ground’” of COSMO-LEPS.

(iii) The dependence of the forecast skill on the threshold
value has been reduced during the years of COSMO-LEPS ac-
tivity. In 2003, the values of the BSS ranged roughly from —0.2
to 0.15 when passing from the highest to the lowest threshold;
during 2009, BSS variations are approximately limited to the
interval [0.05, 0.25].

If the same type of running mean is applied to the BSS relative to
the 78-90 h forecast range, a common behaviour is evident for all
thresholds. Figure 7 shows an increase in the skill of the system
for all types of events from the beginning of the activity up to Jan-
uary 2006. Then, the performance of the system stays stable for
about 2 yr and, finally, picks up again from July 2008 onwards.
It can be seen that, for the 1 mm (5 mm) threshold, denoted with
the solid (dotted) line of Fig. 7, the BSS has been positive since
July 2004 (July 2005). As for the 10mm/12h and 15 mm/12h
thresholds (dashed and thick-solid lines, respectively), a pos-
itive trend on the forecast skill after the [C] upgrade can be
noticed starting from July 2008. It is worth pointing out that we
are assessing the possibility to predict 12 hourly accumulated
precipitation after almost 4 d of integration (78-90 prediction
range), which is a very ‘severe’ test for any ensemble system.
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Fig. 7. The same as Fig. 6, but for the 78-90 forecast range.

These results indicate the progress of COSMO-LEPS forecasts
in the early detection of severe weather events at high spatial
resolution. A quick comparison relative to the performance of
the system for the highest thresholds (thick-solid lines of Figs 6
and 7) indicates almost identical scores for both the shorter and
the longer forecast range. This seems in apparent contradiction
with the usual degradation of the forecast skill with increasing
forecast range, but is actually a feature of COSMO-LEPS sys-
tem, which is mainly targeted for the early medium range and
is driven by those selected EPS members which should provide
better guidance after the short range.

The reasons for the different results between the BSS and
the ROC area can be found in the different type of information
conveyed by the two indices (Marsigli et al., 2008). On the one
hand, the BSS (and the RPSS) gives information about both the
reliability and the resolution of the forecast system. The former
one indicates how well the forecast probabilities by the ensemble
system match the observed frequencies; the latter one highlights
the extent to which the system can discriminate among events
in different categories. A more thorough investigation on these
two components, in their formulation used to compute the Brier
Score (BS, not the BSS), shows the following:

(1) Reliability component: the time-series of this quantity,
which should be low (to contribute to a low BS and, hence, to
a high BSS) is shown in Fig. 8 for the forecast range 78-90 h,
relative to the four thresholds in the previous figures. The time-
series scores indicate little progress (if any) as for the reduction
of the reliability component throughout the years of COSMO-
LEPS activity. As for the 1 mm/12h and 5 mm/12h thresholds
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(thin-solid and dotted lines, respectively), a yearly cycle with
almost constant amplitude is evident with higher values in win-
ter; on the other hand, stable values can be noticed for the other
thresholds. The reliability component could be modified by a
change in the methodology used to construct the driving ensem-
ble (ECMWEF EPS) and/or COSMO-LEPS, which did not occur
in these years;

(2) Resolution component: this quantity should be high so as
to provide a lower BS and a higher BSS. The time-series of this
term (shown in Fig. 9 for the range 78-90 h) indicates an increase
of the values especially for the two lowest thresholds, indicating
a greater capability of the system to distinguish among events in
different categories.

Therefore, the less marked improvement in terms of BSS is re-
lated to the behaviour of these two terms and on their values in
the generation of the score. In addition to that, the use of a sam-
ple climate may affect the trends highlighted by the BSS, which
could indicate excessively high skill, because of the variation of
the climatological event frequency in the verification samples
(Hamill and Juras, 2006). However, COSMO-LEPS verification
is performed over the Alpine area, where climatological uncer-
tainty is high and relatively uniform across the different stations
(there are not particularly dry areas among the stations of Fig. 1).
Therefore, the false skill effect should play a minor role and the
trends in BSS, despite smaller than those shown by the ROC
area, are likely to be solid, although more investigation under
this aspect would be needed.

On the other hand, the ROC area provides information about
the discrimination properties of the ensemble.
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Fig. 8. Time-series of the reliability component of the Brier Score for the monthly scores of COSMO-LEPS for four different thresholds: 1 mm/12 h
(thin-solid line), 5 mm/12 h (dotted), 10 mm/12 h (dashed) and 15 mm/12 h (thick-solid). The forecast range is 78-90 h. A 3-month running mean is
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Fig. 9. The same as Fig. 8, but for the resolution component of the Brier Score.

4.3. Ranked probability skill score

The RPSS (Epstein, 1969) is an extension of the BSS to a sit-
uation with many events, in this case those represented by the
list of thresholds of Table 2. As before, the score ranges from

minus infinity to 1 and a forecast system providing more useful
information than the climatology (as before, given by the sample
climate) would have a positive RPSS. If the RPSS is calculated
for each month and for the different forecast ranges of Table 2,
it turns out that the month-to-month variability of the score is
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Fig. 10. Time-series of the Ranked Probability Skill Score for the 30—42 h (solid line), 54-66 h (dotted line), 78-90 h (dashed-line) and 102-114 h
(thick-solid line) forecast ranges. A 12-month running mean is applied to improve the readability of the plots. For the meaning of letters [A], [B] and

[C], refer to the text.

extremely high (not shown). Therefore, in order to detect long-
term behaviour for the value of this score, a 12-month running
mean was again applied, like for the BSS. Figure 10 shows
the performance of the RPSS for different ranges, representative
of COSMO-LEPS quality throughout the full integration period:
30-42h (solid), 54-66 h (dotted), 78-90 h (dashed) and 102-114
(thick-solid). The increase of the quality of COSMO-LEPS fore-
casts in the years is evident, although the pace of improvement
is different depending on the forecast range. Periods of almost
‘monotonic growth’ (e.g. the Jul05-Jan06 period for the 78-90 h
range) alternate with others of steady or slightly decaying per-
formance. As an overall comment, the RPSS has been always
positive for all forecast intervals, since the [B] upgrade, with par-
ticularly high scores in the last 12 months. The improvements
concern all forecast ranges, the RPSS growing especially for
the longest ones. In addition to that, those RPSS values reached
around January 2004 in the early range (30—42 h forecast, solid
line in Fig. 10) are recently obtained for the 102—114 prediction
range, with a gain of predictability of about 3 d in 5 yr of system
upgrades.

4.4. Percentage of outliers

The OUTL measures the percentage of times the observation
stays outside the interval spanned by the values predicted by
the ensemble members and, for an ensemble of size N, it value
for a reliable ensemble is given by 2/(N + 1) (Talagrand et al.,
1999). As observational uncertainties are not taken into account,
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it is possible the percentage of OUTL for COSMO-LEPS be
overestimated by the verification set-up (Saetra et al., 2004). On
the other hand, the treatment of observational uncertainty for
precipitation from a sparse network is an extremely complex
issue, because of the high spatial variability of the field and of
the dependence of uncertainty on the observed value itself. It is
not simple to detect the extent to which (and the direction) these
aspects may influence the skill of our forecast system. From the
inclusion of observational uncertainties, it is possible that the
absolute figures of the results may vary, but it is likely that the
overall trends of COSMO-LEPS performance will not change
considerably.

As for COSMO-LEPS, the value of OUTL for a reliable en-
semble has changed during the years of the system activity: more
precisely, it was 33% from November 2002 to July 2004 (up to
the [A] upgrade); then, 18% for the 10-member ensemble (up to
the [B] upgrade); finally, 12% for the 16-member size. Figure 11
shows the time-series evolution for OUTL at four different fore-
cast ranges: 3042 h (solid), 54-66 h (dotted), 78-90 h (dashed)
and 102-114 (thick-solid). For reference, the thick-dashed line
indicates the value for a reliable ensemble not to be exceeded.
As for the previous scores, a 3-month running mean was applied
to highlight the main results of the verification, which can be
summarized as follows:

(1) A seasonal cycle of the score can be identified for all
forecast ranges; OUTL tends to be higher in winters, especially
for shorter forecast ranges, and lower in summers. This is due
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Fig. 11. Time-series of the percentage of Outliers for the 30-42 h (solid line), 54—66 h (dotted line), 78-90 h (dashed-line) and 102-114 h
(thick-solid line) forecast ranges. A 3-month running mean is applied to improve the readability of the plots. The thick-dashed line indicates the
value of OUTL for a reliable ensemble. For the meaning of letters [A], [B] and [C], refer to the text.

to an overestimation of little precipitation amounts during the
cold season by the model runs; in fact, a partitioning of the
OUTL into outl_max (observed value larger than all forecast
ones) and outl_min (observed value smaller than all forecast
ones) indicates that the latter contribution is well dominant for
shorter ranges.

(ii) For a fixed forecast range, it is shown an overall reduction
of OUTL throughout the years of COSMO-LEPS activity from
2003 up to mid-2007, when, for any forecast range, OUTL was
less than 10%, well below the value for a reliable 16-member
ensemble.

(iii) From mid-2007 to early 2009, the OUTL has remained
stable or has slightly grown for any range; in this period, the
OUTL for shorter ranges exceeded the value for a reliable en-
semble;

(iv) In the second half of 2009, a reduction of OUTL takes
place for the shortest time ranges, with values of the same order
(or below) those attained in 2007. For any forecast range but the
first one, OUTL stays below the value for a reliable ensemble
The excessive amount of OUTL for the shortest range is related
to a lack of spread among COSMO-LEPS members in the early
forecast intervals; this is possibly a consequence of the driving
ensemble, which is specifically targeted to have sufficient spread
in the medium range.

When the population of a small-size ensemble is increased, the
reduction of OUTL is almost a natural consequence, since the

probabilistic system can now access a wider fraction of the
atmospheric phase space and account for a larger percentage
of possible evolution weather scenario. Therefore, the OUTL
reduction relative to upgrades [A] and [B] were not unexpected.
On the other hand, the 2009-reduction is more likely due to
the better performance of the individual COSMO-LEPS runs,
related to model upgrades and refinements.

5. Seasonal scores

The results obtained in the previous section indicate that, on the
basis of a number of probabilistic indices, the forecast skill of
COSMO-LEPS has improved in many respects, in the past as
well as recently. In this section, the performance of the system
is studied in greater detail, investigating the COSMO-LEPS be-
haviour over specific periods and for particular types of weather
events. More precisely, the attention is focused on the skill of
the system during the two most rainy seasons in the Alpine area:
autumn, defined as the 3-month period covering September, Oc-
tober and November (SON) and summer (June, July and August;
JIA).

It has to be pointed out that, when comparing different sea-
sons, the variations in the scores from one season to the other
may depend on the fact that more occurrences took place during
one season rather than during another one. In other words, if one
autumn is more rainy than the previous one and also with a pre-
vailing forcing better captured by the limited-area-model runs,
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then the ROC area values would be higher than for the other
one. This may be probably due the different statistics of the two
seasons under consideration and may not necessarily reflect an
absolute improvement in forecast skill because of, for example,
model refinement or new ensemble strategies. Nevertheless, this
type of verification, when applied to more and more seasons,
enables to identify the improvements of the forecast system as
well as of particular periods of good (or bad) performance.

5.1. Scores in autumn

For the autumn season, we investigate the ability of the system
to predict the event ‘precipitation exceeding 10 mm over 12 h’.
Figure 12 shows the evolution of COSMO-LEPS performance
in terms of ROC area for the forecast of this event. In order
to limit the number of lines per plot, the scores of the system
are reported only for the last five autumns (from 2005 to 2009).
It can be noticed that the ROC area values relative to autumn
2005 (dashed line) are lower than those obtained in the following
years for almost all forecast ranges. This may be related to the
fact that in 2005 COSMO-LEPS still had a population of 10
members, the ensemble size being 16 in the other years. As for
years 20062009, the performance of the system is quite stable:
for shorter forecast ranges, COSMO-LEPS has slightly better
performance in autumn 2007 (thick-solid line of Fig. 12), while
higher ROC area values for longer ranges can be noticed in 2009
(thick-dashed line). As for the 18-30 h forecast range, the ROC
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area values for 2008 and 2009 increased slightly (thick-dotted
and thick-dashed lines, respectively), this being possibly related
to the [C] upgrade. For reference, the legend of Fig. 12 also
reports, for each autumn, the number of occurrences, that is
the number of times precipitation actually surpassed the 10 mm
threshold in 12 h, according to all reports of the SYNOP stations
of Fig. 1.

As a further example of the behaviour of the probabilistic in-
dices for the same season but in different years, the attention is
focused on a score describing the COSMO-LEPS skill for multi-
event situations. Figure 13 shows the behaviour of the RPSS for
the last five autumns as a function of the forecast step. The high-
est values are obtained in the last 2 yr, the RPSS being positive
for all forecast ranges (thick-dotted and thick-dashed lines for
2008 and 2009, respectively). In addition to that, Fig. 13 also
indicates that, in the first years of activity, RPSS values had
a marked semidiurnal cycle. The system provides better guid-
ance for ‘night-time’ precipitation, that is for rainfall observed
between 18UTC and 6UTC (and corresponding to the ranges
6-18 h, 3042 h, 54-66 h, 78-90 h and 102-114 h). As for ‘day-
time’ precipitation (observed from 6UTC to 18UTC), the model
runs has a worse performance due to a systematic overestima-
tion of rainfall (linked with a too rapid onset of convection, also
reported for summer in Section 3.2). This is a general feature of
the model, as pointed out by Oberto and Turco (2008) for runs
of COSMO in ‘deterministic mode’. This behaviour is evident
throughout the full forecast range in 2005 and 2007 (dashed and

ROC area values in Autumn; TP_12h > 10mm
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Fig. 12. ROC area values for precipitation exceeding 10 mm in 12 h for the forecast ranges of Table 2 and for five successive autumns:
2005 (dashed), 2006 (dot-dashed), 2007 (thick-solid), 2008 (thick-dotted) and 2009 (thick-dashed).
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Fig. 13. Ranked Probability Skill Score for the forecast ranges of Table 2 and for five successive autumns: 2005 (dashed), 2006 (dot-dashed), 2007
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thick-solid line, respectively). As for the last 2 yr, the cycle in
the score is still present, but its amplitude is reduced. It has to
be pointed out that this type of model (mis)-behaviour shows up
because of the decision to verify 12-h accumulated precipitation.
If the performance of COSMO-LEPS were evaluated over a 24-h
period, the problems relative to the semidiurnal cycle would be
masked and it would be more difficult to highlight the improve-
ments in forecast performance under that aspect. Nevertheless,
it can be noticed that, while the RPSS dropped definitely below
0.1 after about 72 h of forecast in 2005, it does the same in
2009 but after 114 h, with a gain of predictability of almost 2d
in4yr.

Finally, the skill of COSMO-LEPS is assessed in terms of
reduction of the Percentage of Outliers for different forecast
ranges. The attention is focused, as before, on the last five au-
tumns and Fig. 14 indicates that the best performance of the
system is achieved in autumn 2009 (thick-dashed line), with
OUTL below 10% after about 42 forecast hours. It has to be
noticed that, during autumn 2007, the performance of the sys-
tem was less satisfactory than in the other seasons up to day 4
(thick-solid line in the figure). This was due to a large amount
of outl_min, indicative of an overestimation of precipitation by
COSMO-LEPS runs for several forecast ranges. As for 2005,
the only season with a 10-member ensemble, a larger fraction
of outliers is found for longer prediction ranges (dashed line),
but the gap is not large. It is worth noticing that, as for the last
autumns of activity, in 5% of the cases is the observed precipita-
tion outside the range spanned by the ensemble members from
forecast-day 4 onwards.

5.2. Scores in summer

As for summer, the attention is limited to the COSMO-LEPS
forecast skill in terms of RPSS for several prediction ranges.
The 24 hourly diurnal cycle in the system performance, already
shown for autumn by Fig. 13, is more evident during the warm
season. Figure 15 indicates that, for all summers under investi-
gation (from 2005 to 2009), COSMO-LEPS has higher scores
for ‘night-time’ verification, while the skill is lower for precip-
itation observed between 6UTC to 18UTC and corresponding
to the forecast ranges 18-30 h, 42-54 h, 66-78 h, 90-102 h
and 114-126 h.3 As pointed out in Section 5.1, the sensitivity
of the system performance to the time of verification is mainly
due to an anticipation in the onset of convection by the model.
This leads to precipitation occurring too early (morning or first
hours of the afternoon) in the model runs. Obviously, this prob-
lem is amplified in summers, when the large-scale forcing is
weaker than in autumns and the precipitation is mainly driven
by convection processes. Due to the stronger role played by
convection, the 24 hourly diurnal cycle in RPSS behaviour per-
sists up to day 5 for all years but the last one. In fact, in 2009
(thick-dashed line), are not only the score values higher than in
the past, but also the amplitude of the cycle is smaller for short
forecast ranges and almost missing from day 3 onwards. This

3 Fora part of summer 2005, the forecast length was 120 h, which means
12 h shorter than in the other summers. Therefore, the score relative to
this year (represented by the dashed line in Fig. 15) does not cover the
last forecast range, but stops earlier.
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result seems to suggest that the model upgrades did bring benefit
to the accuracy of COSMO-LEPS runs, which provide more and
more valuable forecasts in the short and early medium range. In
fact, a quick comparison between the performances of 2005 and
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2009 (dashed versus thick-dashed line in Fig. 15) shows that,
with reference to the 0.1 value, the skill score obtained after
66 h is now achieved after 114 h, thus confirming the gain of
about 2 d of predictability in 4 yr of operational activity.
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6. Verification of upper-air fields

In order to assess the probabilistic skill of upper-air fields and
relate it to that of precipitation, the performance of COSMO-
LEPS is studied in terms of the spread-skill relation for both
the geopotential height at 700 hPa and the temperature at 850
hPa (Z700 and T850, respectively). In addition to that, to relate
COSMO-LEPS progress to that of the driving system, COSMO-
LEPS skill is compared to that of ECMWF EPS, which, as
described in Section 2, provides both initial and boundary con-
ditions to the limited-area integrations. As a dense observational
network of sounding is not available within the verification area
(as an example, in Italy about 10 sounding stations are active
and transmitting to the GTS), ECMWF gridded analysis is taken
for verification instead. It is clear that this choice for the ver-
ification analysis will favour the scores provided by ECMWF
EPS, which is compared against its own model analysis. On the
other hand, the aim of the investigation is not a strict model
intercomparison, which should be carried out using an inde-
pendent analysis data set, but rather a qualitative assessment of
model skills and an identification of the relationships linking
COSMO-LEPS progress to that of the driving model. There-
fore, both predicted and analysis fields by ECMWEF EPS and
COSMO-LEPS are regridded over a common verification grid
at the resolution of 0.25 x 0.25 degrees, covering the area of
Table 2. Then, for both Z700 and T850, the root-mean-square er-
rors (RMSEs) of the ensemble mean are compared to the values

of the ensemble standard deviation, also referred to as ‘ensemble
spread’ (Buizza et al., 2007). The spread-skill relation is studied
for forecast intervals between 24 and 96 h and the results are
presented for a few seasons spanning 2008 and 2009.

As for T850, Figs 16 and 17 show the time-series (for summer
2009 and autumn 2009, respectively) of the ensemble spread and
of the RMSE of the ensemble mean for both ECMWF EPS and
COSMO-LEPS. The attention is focussed on the 96-h forecast
range and it can be noticed that, broadly speaking, COSMO-
LEPS scores (solid lines) tend to follow the evolution of those
by ECMWEF EPS (dashed lines). At upper levels, the guidance
of the global-scale ensemble is quite evident, since the effect
of mesoscale and orographic-related processes tend to be more
remarkable in the verification of surface fields. From a quick
look, it turns out that, for ECMWF EPS, the RMSEs are slightly
higher in summer than in autumn. In particular, RMSEs peak
above 2°C on several occasions during summer (thin dashed
line of Fig. 16), while they tend to be somewhat lower in autumn
(thin dashed line of Fig. 17). As for COSMO-LEPS (thin solid
lines in the two figures), the same is true, although the differ-
ence in performance between summer and autumn is smaller.
These results confirm, to a certain extent, the reasons for the
behaviour of the ROC area values shown in Section 4.1, with
higher (lower) scores in autumn (summer). It is also evident that,
in both seasons, COSMO-LEPS tend to have higher errors than
ECMWEF EPS, this holding for other forecast steps as well as
for the verification of Z700 (shown later). As already discussed,
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Fig. 16. Time-series of the root-mean-square error of the ensemble mean (thin lines) and of the ensemble standard deviation (thick lines) for
ECMWEF EPS (dashed) and COSMO-LEPS (solid) in terms of temperature at 850 hPa (in Celsius) at the forecast range of 96 h. The period covers
summer 2009.
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Fig. 17. The same as Fig. 16, but for autumn 2009.

this result is probably related to the choice of the verification
analysis and a proper intercomparison should be undertaken us-
ing, whenever possible, dense observational network and/or an
independent model analysis. As for the spread-skill relationship
at this forecast range, the thin lines (relative to the RMSE of
the ensemble means) are almost always above the thick lines
(relative to the spread of the ensembles), suggesting that both
systems are slightly underdispersive. More precisely, the differ-
ence is very small for ECMWF EPS, indicative of a well-tuned
ensemble for the medium range, while the ensemble spread for
COSMO-LEPS (thick solid lines in Figs 16 and 17) is quite fre-
quently too small in comparison with the RMSE (thin solid line
in the figures).

If the spread-skill relation is examined for another upper-air
variable, like Z700, and for a forecast range of 24 h, many of
the above comments are confirmed. Figure 18 shows that the
RMSE of COSMO-LEPS is substantially higher than the en-
semble spread (thin solid line versus thick solid line) and the
latter does not follow the trend of the ensemble error. The same
applies also to ECMWF EPS, although the gap is smaller. More
precisely, in those situations characterized by large RMSE (inac-
curate forecast) for COSMO-LEPS, there is no clear indication
of greater uncertainty (larger spread) among the limited-area en-
semble members. Probably some more tuning and/or different
perturbing methodologies for both the global and limited-area
ensembles are needed to provide more accurate spread—skill re-
lationships also for short time ranges. Similar to what found for
T850, it turns out that ECMWF EPS still provides more accurate
forecasts, when ECMWF model analysis is used for verification
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field, although the gap between the two models varies more
substantially than before.

7. Conclusions

The main features of the mesoscale ensemble system COSMO-
LEPS were presented. At the moment, the system is made up
of 16 integrations of the non-hydrostatic COSMO model with a
horizontal resolution of 10 km, 40 vertical levels and a forecast
length of 132 h, thus providing short and early medium range en-
semble forecast of high-impact weather with great spatial detail.
COSMO-LEPS runs can be viewed as a dynamical downscaling
of ECMWF EPS, where the number of global-ensemble mem-
bers are reduced via an ‘ensemble-size reduction’ technique.

The performance of COSMO-LEPS has been analysed in
terms of probabilistic prediction of 12 hourly accumulated pre-
cipitation for a number of thresholds. The evolution of the skill
of the system has been assessed over a 7-yr period, namely from
December 2002 up to November 2009. Observations of 12-h
accumulated precipitation were taken from the SYNOP reports
over the Alpine area and compared to the nearest grid-point fore-
casts of the COSMO-LEPS members. A number of probabilistic
indices has been used so as to evaluate both reliability and reso-
lution of the system and to assess the extent to which the quality
of COSMO-LEPS forecasts improved in recent times.

The main findings can be summarized as follows:

(i) Time-series scores of the ROC area values for different
thresholds indicate a clear improvement of COSMO-LEPS skill
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Fig. 18. Time-series of the root-mean-square error of the ensemble mean (thin lines) and of the ensemble standard deviation (thick lines) for
ECMWEF EPS (dashed) and COSMO-LEPS (solid) in terms of geopotential height at 700 hPa (in m) at the forecast range of 24 h. The period covers

autumn 2008.

throughout the years, with an increase of this score up to 2006,
then slower growth in the two following years and a resumption
of growth in the last part of 2009. This holds in the short as well
as in the early-medium range.

(i1) As for the BSS (and the RPSS), the month-to-month vari-
ability of the time-series scores is higher than for the ROC area
and the positive impacts of system upgrades are more difficult to
detect. If 12-month filters are applied to the scores, more insight
is gained and forecast improvements with time become more
detectable. As for an estimate of the improvement, RPSS values
enables to quantify it as 2 days of predictability gained in the
last 5 yr’.

(iii) Time-series of the OUTL indicate a decrease of Outliers
up to early 2007 for various forecast ranges and a steady be-
haviour since then on. A new decrease is evident in 2009, with
the OUTL below 10% from day 2.

(iv) Seasonal scores confirm to a large extent the previous
results; they enable to highlight the progress in the skill of the
system over the same season but in different years. The im-
provements in skill are well noticeable in terms of RPSS during
summer, where the gain in forecast skill can be estimated as
about 2 d of predictability in the last 4 yr of activity.

The reasons for the different results between the BSS and the
ROC area were shown to be due to the different type of in-
formation conveyed by the two indices. On the one hand, the
BSS (and the RPSS) gives information about both the reliabil-

ity and the resolution of the forecast system (Marsigli et al.,
2008). The former one indicates how well the forecast probabil-
ities by the ensemble system match the observed frequencies.
The latter one indicates the extent to which the system can dis-
criminate among events in different categories. Reliability can
be increased after a good calibration, which manages to match
probabilities and frequencies; resolution cannot be improved
by any statistical post-processing. On the other hand, the ROC
area provides information only about the discrimination capa-
bility of the forecast system. As such, the ROC area scores
show the COSMO-LEPS ability to detect between events and
non-events, despite the reliability, and represent the hypothetical
skill of the system once it were properly calibrated. It was shown
that the reliability component of COSMO-LEPS forecasts did
not increase in the last years at the same pace as the resolu-
tion one, thus explaining the better results obtained in terms of
ROC area.

Verification of upper-air fields (geopotential height at 700
hPa and temperature at 850 hPa) and an intercomparison be-
tween COSMO-LEPS and ECMWF EPS using ECMWF model
analysis for verification, were also undertaken for a few recent
seasons. It was shown that the COSMO-LEPS probabilistic skill
at the surface is partly linked to that of upper-air fields. It has
been demonstrated that, for longer (shorter) forecast ranges, the
spread—skill relation of both ECMWF EPS and COSMO-LEPS
was better (worse) and that the global ensemble system tended to
provide more accurate forecasts. On this latter aspect, it has to be
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pointed out that more solid conclusions can only be drawn when
verification is performed against a dense observational network
or an independent model analysis.

Work is in progress at both ARPA-SIMC and Meteoswiss to
provide calibrated COSMO-LEPS forecasts, thanks to the results
obtained by the re-forecast exercise described in Fundel et al.
(2009). This would improve the skill of COSMO-LEPS fore-
casts, making the system more reliable than it is now (Diomede
et al., 2010). In the future, an increase of the horizontal reso-
Iution of COSMO-LEPS will be tested. It is expected that the
higher resolution will provide more detailed forecasts for the
interaction of the flow with orography and will describe with a
higher degree of accuracy mesoscale-related processes and local
effects. This would have a positive impact on the prediction of a
number of those surface fields still nowadays strongly influenced
by local effects and not always properly represented in terms of
their uncertainty by mesoscale ensemble systems.
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