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1 Abstract

This project was aimed at consolidating the COSMO ensemble forecasting systems for the
mesoscale. The operational ensemble COSMO-LEPS and the experimental COSMO-SREPS
system, both running at 7 km horizontal mesh-size, have been designed for different forecast
ranges (day 3-5 and 1-2, respectively) and with different perturbation strategies. The aim
of the project was to propose a solution for a unique “multi-perturbation-strategy” COSMO
ensemble system, benefiting of perturbations which can produce appropriate spread for the
entire forecast range (i.e., day 1-5), including a set of model perturbations which should guar-
antee a good description of the COSMO model error. Both perturbations of the mode physics
parameters and perturbation of the soil moisture field had been considered. Furthermore,
a calibration strategy was developed and applied to the QPF issued by the COSMO-LEPS
ensemble. The project lasted for 3 years.

2 Introduction

Since November 2002, COSMO is running a Consortium ensemble, COSMO-LEPS (Mon-
tani et al., 2003). In the present configuration, COSMO-LEPS is a 16 member ensemble
based on the COSMO model with a 7 km horizontal mesh-size and 40 vertical levels. The
system is running at ECMWF using the Billing Units provided by the COSMO Countries
which are also ECMWF member states (Germany, Greece, Italy, and Switzerland) and it
is developed an maintained by ARPA-SIMC. COSMO-LEPS is a dynamical downscaling
of the ECMWF EPS, taking initial and boundary conditions from 16 selected members of
the EPS. COSMO-LEPS is mainly designed for the early medium range (day 3-5) and the
forecast range is 5.5 days. Some perturbations to the model are included, following the out-
comes of the SREPS and CONSENS PPs. The soil moisture analysis provided by DWD for
COSMO-EU is also used (COSMO-LEPS is currently using the same grid as COSMO-EU,
but for a smaller domain). For more detail, the reader is referred to Montani et al., 2011. In
September 2006, COSMO started the SREPS Priority Project, aiming at the development
of an ensemble system targeted for the short-range, COSMO-SREPS (Marsigli et al., 2009).
Two different kind of perturbations are applied: initial and boundary conditions benefit
of a multi-model approach, being provided by 4 different operational global models and the
COSMO model itself is perturbed by changing the values of a set of physics parameters. The
SREPS project ended in September 2008, delivering an ensemble system for the short-range
based on the COSMO model with a 10 km horizontal mesh-size and 40 levels in the verti-
cal. Initial and boundary conditions to the 10 km COSMO-SREPS runs were provided by 4
COSMO run at 25km hor. res. nested on IFS, GME, GFS, UM, performed by AEMET as
part of their SREPS system. Then, a new COSMO-SREPS suite was implemented in 2010,
with direct nesting of COSMO at 7 km on the 4 global model. The system was running
quasi-regularly at ECMWF, using the Billing Units provided by some COSMO Countries.
COSMO-SREPS provided initial and boundary conditions to the convection-resolving en-
semble for Germany under development at DWD (COSMO-DE-EPS) and it was used to
compute a flow-dependent B-matrix for a test version of the 1d-Var assimilation of satellite
data under development at ARPA-SIMC. In order to avoid duplications, COSMO aimed at a
confluence of the two 7 km ensemble systems into a unique COSMO ensemble, covering both
the short and the medium range and based on the most appropriate perturbation strategy for
the entire forecast range. This implies the development of a “multi-perturbation-strategy”
ensemble system, with perturbations more appropriate for the short range in the beginning
(day 1-2), and with perturbations more appropriate for the medium range thereafter, or
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a combination of both. It should be reminded that the importance of such an ensemble
system resides both in its inherent value as assistant to the 7-km operational runs and in
its capability of providing boundary conditions for the convection-permitting ensemble sys-
tem under development in the COSMO countries. The issue of ensemble merging and of
multi-perturbation strategy design has been dealt in the Project and results are presented in
Section 4. A satisfactory representation of the uncertainty affecting the mesoscale was still
lacking. The quantification of the errors which are made by the model in the description
of the meteorological phenomena at this scale needs to be improved. The development of
mesoscale ensemble should then include 1) the perturbation of the lower boundary forcing
and 2) the perturbation of the parametrised physical processes. The importance of further
perturbing the physics parameters has been underlined by the outcome of the SREPS PP.
Within COSMO it has also been suggested that adding perturbations in the soil parameters
can be crucial in order to get a better representation of the model error in terms of surface
variables. The issue of model perturbation was also addressed in the Project, and results
are presented in Section 3. Within this work on the consolidation of the COSMO ensem-
ble systems, attention has also been paid to the post-processing. Calibration of ensemble
forecasts in terms of precipitation and surface temperature has been studied and applied
widely in recent years (e.g. Hamill and Whitaker, 2006; Hagedorn et al., 2008; Hamill et al.,
2008; Santos-Muñoz et al., 2007). As for the COSMO-LEPS ensemble, it has been recog-
nised that a calibration for 24 h precipitation would be desirable to improve the forecast
skill (Marsigli et al., 2008). Last year, work on COSMO-LEPS calibration has been carried
out at MeteoSwiss (Felix Fundel et al., 2008). Thirty year of re-forecast of one member of
COSMO-LEPS have been computed and stored at ECMWF, and they have been used for
calibrating the COSMO-LEPS output over Switzerland. This work has shown the potential
of using re-forecast to improve the forecast skill. Therefore, calibration of QPF, especially
aimed at hydrological applications, was also addressed in the Project, and results are shown
in Section 5.

3 Model perturbations

3.1 Parameter perturbations

On the basis of the work carried out in the SREPS Priority Project (COSMO Technical
Report n. 13, 2009), further investigations on the perturbation of model parameters had
been carried out. In CONSENS, it was decided to start by evaluating a set of parameters,
already tested in SREPS, over a different season, JJA (summer 2008, 92 days). For this
purpose, an ad hoc test suite have been set-up at ECMWF, CSPERT, where 16 runs of
COSMO are performed, with the same configuration of the COSMOSREPS/LEPS runs, but
with IC and BCs provided by the IFS deterministic forecast. The model domain is shown
in Figure 1. The 16 runs have 16 different set-up of the physics parameters, as described
in Figure 2. An analysis has been carried out in terms of 2m temperature and dew-point
temperature, for both northern Italy and Greece (see Figure 3 and Figure 4 respectively).
Results confirm what has been found for the autumn 2007 season:

• qc0: no detectable impact

• tur len: small impact for tur len=150

• c soil, c lnd and pat len parameters: marked impact, even suspicious for c soil and
c land



COSMO Technical Report No. 22 5

Figure 1: Orography of the model in the ensemble systems, showing the model domain.

• rlam heat is an important parameter to perturb and it is sensitive to small changes,
especially over Greece

On the basis of these results, and on the previous ones, it was decided to test other parameters
or combinations of parameters in the CSPERT test suite (Figure 5). In this set up the new
parameters considered are: cloud droplet number concentration (cloud), exponent of the
raindrop size distribution (mu rain) and switch on/off of the graupel scheme (gscp). These
tests were run over MAM, JJA and SON 2009 and evaluation was performed in terms of
precipitation over Northern Italy and Greece, then over Greece also for T, Td, and 10m
wind. Some results of the evaluation are listed below:

• 2m temperature: patlen=10000 has strong detrimental effect over Greece (−→ decision
to switch to patlen=2000, also based on previous results); crsmin=200 has little positive
impact

• 10 m wind: no strong effects (not expected, due to the perturbed parameters, at least
for the horizontal wind)

• precipitation (very little precipitation in spring, though, especially over Greece):

– crsmin=200 determines an increase the precipitation amount. Detrimental effect
over Greece in terms of BSS

– itype gscp=3 determines a decrease of precipitation over Northern Italy

– there is an impact of both perturbing cloud num and mu rain

In Figure 6 the scores in terms of 6h precipitation over Northern Italy are shown, for some
parameter set-up for the spring 2009 season. The perturbation of the mu rain parameter has
an impact, increasing POD for intense precipitation and decreasing it for light precipitation,
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Figure 2: Set up to the CSPERT suite for the 2007 and 2008 runs.

with almost no effect on the false alarm rate. Its association with the cloud num perturbation
gives detectable, though small, impact. The same scores are computed also for the autumn
season (Figure 7), confirm that the impact of these 2 perturbations is detectable, especially
for intense precipitation, and that they do not lead to a worsening of the forecast. On the
basis of these results, a final set-up for the COSMO-SREPS perturbations (shown in Figure
8) has been implemented in 2011. The same perturbations have been adopted also in the
COSMO-LEPS suite, but they can be combined differently.

3.2 Soil moisture perturbation

The interaction between the surface and the lower troposphere determines the development
of fluxes close to the ground. Soil moisture is of primary importance in determining the
partition of energy between surface heat fluxes, thus affecting surface temperature forecasts.
The ensemble forecasts usually suffer of a lack of variability among the members, which is
typically worse near the surface rather than higher in the troposphere. Therefore, the aim
of this work is to ameliorate this deficiency by implementing a technique for perturbing soil
moisture conditions and explore its impacts on the variability of the members for the different
forecasted surface parameters (e.g. 2m air temperature, accumulative precipitation). The
proposed technique is based on the method by Sutton and Hamill, 2004. The steps followed
for its implementation are:

• use daily soil moisture data for a period with soil moisture variability for continuous
years, in order to have a “climatology”

• calculate a 30-day running mean from this set of dataset

• subtract the running mean from the daily soil moisture data to calculate daily devia-
tions

• apply an Empirical Orthogonal Function (EOF) analysis to calculate the perturbations
in the variability categories appearing in the data

For the retrieval/archiving of soil moisture data, daily soil water content data were provided
by DWD COSMO-EU surface analysis. The period selected for the dataset, is three months
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Figure 3: Bias and Mean Absolute Error of 2m T and Td for the CSPERT run, computed over
Northern Italy against SYNOP station data, for JJA 2008.

Figure 4: Bias and Mean Absolute Error of 2m T and Td for the CSPERT run, computed over
Greece against SYNOP station data, for JJA 2008.
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Figure 5: Set up to the CSPERT suite for the 2009 runs.

Figure 6: Bias Score, POD and FAR for the 6h-precipitation forecasted by some of the CSPERT
runs, computed against high-resolution precipitation observations over Northern Italy, upscaled
as average precipitation over boxes of 0.5 x 0.5 degrees exceeding 1 (top row) and 10 (bottom
row) mm/6h. Scores are for spring 2009.
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Figure 7: Bias Score, POD and FAR for the 6h-precipitation forecasted by some of the CSPERT
runs, computed against high-resolution precipitation observations over Northern Italy, upscaled
as average precipitation over boxes of 0.5 x 0.5 degrees exceeding 1 (top row) and 10 (bottom
row) mm/6h. Scores are for autumn 2009.

Figure 8: Final set up to the COSMO-SREPS suite.
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(April to June) for three years (2007-2009). This spring-to-summer period can provide the
necessary soil moisture variability in the data. These data (water content for each soil layer
kg/m2) are extracted at 8 different levels in the soil, namely 1, 2, 6, 18, 54, 162, 486, and 1458
cm. In this way, 241 deviation data files (=3years*3months*30days-29days=241 days) have
been created, each of them containing 436,905 lines (grid points). Then an EOF analysis
was developed and implemented to the daily soil water content data. The EOF analysis was
implemented to the first soil layer from the surface. The perturbations are created through
the following equation suggested by Houtekamer, 1993:

εj =
N=244∑
i=1

diλiσi (1)

where, εj is the j-th perturbation, di a standard normally distributed random number, λi

the square root of the eigenvalues and σi the corresponding eigenvectors. In order to solve
the above equation a method for creating random numbers was used based on Press et
al., 1992. Routines calculating EOFs have been found and selected the one by Ziemke
J.R. (http://acdb-ext.gsfc.nasa.gov/People/Ziemke/) who has based his code on Kutzbach,
1967. This routine has been built to work for matrices with moderate size. Therefore, the
main problem encountered with the available data is that the routine could not handle the
extremely large data matrices (436,905 lines x 436,905 rows) as they require a very large stack
memory. For this reason it was necessary to find solutions to overcome this problem. An
efficient method was proposed by von Storch and Hannoschock, 1984 and Legler, 1984. They
proposed to inverse the matrices, i.e. if initially there are M lines (grid points) and N days,
with N ≪ M, it is possible to invert the problem and instead of creating MxM matrices to
end up with NxN matrices that would lead to much less computationally intensive problem.
Then, the input to the EOF analysis has been changed to an NxM data matrix in which
there are N rows (corresponding to the available days) and M columns (corresponding to the
grid points). After this change, the EOF analysis can run without stack memory problems.
Then work has been performed on:

• adding the calculated “perturbations” to the initial soil water content file

• calculating the resulting fractional soil moisture

• constraining it to between 3% and 100% and then

• get the final perturbed soil moisture fields

The perturbations are calculated from:

P = dΛc =


∑M

i=1 dic1,i∑M
i=1 dic2,i

...∑M
i=1 dicM,i

 (2)

where “d” are the random numbers , “c” are the space eigenvectors and “lambdas” are the
space eigenvalues. Each line corresponds to each point in space and the sum is over the 244
EOF categories (if all are kept). In order to solve the equation a method for creating random
numbers was used, based on Box-Muller method for generating random deviates with normal
distribution (Press et al., 1992).
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Figure 9: Differences of the soil moisture fields at the first level between perturbed runs (for
different seeds, as indicated) and the control, at +24h (left) and +48h (right) forecast range.

Once the perturbed fields of soil moisture (on 7 levels) has been obtained, they have been
tested in COSMO runs (Figure 9 and Figure 10). Different random seeds were used. The
perturbations obtained (one set per each soil level) are added (the perturbations can be
positive or negative) to the initial (original) soil moisture fields. A constraint is imposed:
the perturbed value should not be more than 50% of the original value. Perturbations of the
soil moisture is performed at all the soil levels (except the climatological level). COSMO was
run on one case (9th June 2011) in the COSMO-SREPS configuration with perturbed soil
moisture fields, for each perturbation set (no random number, seed=-1, seed=-5), at +48-
hour. COSMO was also run with unperturbed soil moisture, for comparison (control run).
Results have been presented at the COSMO GM 2011 (WG7 parallel session). As for the
soil moisture difference, it is highlighted that positive values correspond to wetter soil layer
for the CTRL run. The areas with positive values seem to be more than those with negative
values at t+24h. For the particular date it seems that the method leads mostly to differences
over East and some parts of West Europe although there are also differences in smaller areas
elsewhere. At t+48h, the differences with the CTRL are greater and appear generally over
the whole domain. There are also some changes among the results from the tests with various
random numbers used (which could lead to different members of an ensemble). The control
run is more wet in eastern Europe. Then, the control has more LHF than the perturbed,
which is coherent with the fact that the control is wetter. For the SHF, this depends very
much from the hour of the day. During the night (as it is at +24h, since the run starts
at 00) it should be more from the ground towards the atmosphere, which means negative.
Hence, since the difference it is positive, this may indicate that the SHF of the perturbed is
stronger than that of the control, which is in agreement with the fact that in the perturbed
the LHF is reduced, so the two are complementary. As for 2mT, the control is colder than
the perturbed (and wetter in the soil and with more LHF and less SHF). The differences
(positive or negative) between the CTRL run and the new runs in precipitation are larger at
+48h, and they interest larger areas of the domain (Figure 11). This technique has not been
implemented yet in an ensemble configuration for testing. Its applicability will be further
investigated in the future.
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Figure 10: Difference between control and perturbed at +24h for: soil moisture (top left), latent
heat flux (top right), sensible heat flux (bottom left) and 2m temperature (bottom right).

Figure 11: Difference in accumulated precipitation between the perturbed run and the control
at 24h (left) and 48h (right) forecast range.
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4 Ensemble merging

4.1 Clustering applied to a multi-ensemble

In the framework of the TIGGE-LAM coordination, it is proposed to analyse the possible
benefit of a multi- ensemble for driving the limited area ensemble. More specifically, it is
studied if a downscaling of a combination of more than one global ensemble can bring benefit
with respect to downscaling a unique global ensemble. In this study, the member selection
technique which is used to select the EPS members driving COSMO-LEPS (Molteni et al.,
2001, Marsigli et al., 2001) is used to select members in the multi-ensemble made ECMWF
EPS and the global MOGREPS ensemble of UKMO. The following global ensemble are
considered:

• EPS (50+1): 51 members

• MOGREPS (23+1): 24 members

• MINI-MIX (EPS24 +MOGREPS24): 48 members

• MEGA-MIX (EPS51 +MOGREPS24): 75 members

For each of the above-mentioned ensembles, a 16-member cluster analysis and representative-
member identification is performed. Then, 10-member global ensembles (EPS REDU, MO-
GREPS REDU, MINI REDU, MEGA REDU) are thus generated and the properties of the
“REDU” ensembles are studied. It is worth pointing out that ECMWF EPS control run was
always included in ECMWF24. More specifically, the following questions will be addressed:

• how many times do the 2 ensembles mix ?

• where do the best (and the worst) elements of “REDU” ensembles come from? How
to they score depending on their “origin” ?

• how do “REDU” ensembles rank with respect to EPS, MOGEREPS, MINI-MIX and
MEGA-MIX ?

The investigation was carried out over the period March to May 2009 (MAM09) for a total
of 184 cases, considering both 00 and 12UTC runs of the two systems, as archived in TIGGE
database. Z500 at fc+96h was used as clustering variable. As verifying analysis (at 00 and 12
UTC), a “consensus analysis” (average of UKMO and ECMWF high-resolution analyses) was
taken. The performance of the MINIMIX48 ensemble was assessed in terms of root-mean-
square error (RMSE) and anomaly correlation coefficient (ACC) of the geopotential height
at 4-day forecast time (fc+96h), averaged over a domain covering Central and Southern
Europe (30-60N, 10W-30E). The skill of MINIMIX24 is compared to that of UKMO24 and
ECMWF24, using the common “consensus analysis”. Figure 12 shows the time-series of the
RMSE for the 3 ensembles means: a marked day-to-day variability is evident, with peaks
of high (low) values of the score, indicative of particularly inaccurate (accurate) forecasts.
It can also be noticed that ECMWF24 tends to outperform UKMO24, with lower values of
RMSE for most of the days under investigation. As expected, the RMSE of the MINIMIX
ensemble mean tends to stay somewhat in between the RMSE of the two other ensembles. It
is worth pointing out that the use of MINIMIX turns out to be particularly useful in the days
of failure of the more skilful ECMWF24. If we consider all 184 cases, the average RMSE of
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Figure 12: Time-series of the rmse (in metres) of the ensemble means for UKMO24 (red),
ECMWF24 (blue) and MINIMIX48 (green) in terms of geopotential height at 500 hPa at fc+96h,
averaged over the domain 30-60N, 10E-30W.

Figure 13: The same as Fig. 9, but for the anomaly correlation coefficient.

MINIMIX is slightly lower than ECMWF24, indicating the added value of multi-model even
a low-population version of a very skilful global ensemble is used to generate a multi-model
system.

Similar conclusions can be drawn if the ACC is considered (Figure 13). This score is sensitive
to how the climate is computed. In fact, the ACC measures the correlation between the
forecast and analysed deviations from climate. As an estimate of the climate, we used the
three years of analyses present in TIGGE database and only the MAM season was considered.
Also the ACC coefficient varies a lot from day to day and, as before, ECMWF24 tends to
have better scores than UKMO 24, as shown by the higher values in ACC. It is again
shown that the ACC of MINIMIX ensemble mean is, on average, slightly higher than that of
ECMWF24, while UKMO24 has generally lower correlation coefficient. As a measure of the
ensemble properties, we also considered the ensemble standard deviation (usually referred to
as “spread”) around the ensemble mean for the 3 ensembles. Figure 14 shows the time-series
evolution of the spread for ECMWF24, UKMO24 and MINIMIX48. This quantity, rather
than a pure verification score like RMSE and ACC, reflects the properties of the ensembles,
more precisely the extent to which the different ensemble members get more and more
differentiated as the forecast step increases. It is immediately evident that, at least for this
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Figure 14: The same as Fig.9, but for the ensemble standard deviation (spread) among the
members of the ensembles.

Figure 15: Synthesis of the performance for single-model and multi-model systems in terms of
Z500 rmse and spread.
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Figure 16: Synthesis of the performance for the REDU-ensembles.

forecast range, ECMWF24 has systematically larger spread than UKMO24. This is possibly
related to the different strategies followed to generate the initial perturbations in the two
ensembles (Singular Vectors for ECMWF24 versus Ensemble Transform Kalman Filter for
UKMO24), although other interpretations are being put forward. As a further comment, it
can be noticed that the MINIMIX48 ensemble has a spread very close to that of ECMWF24.
In some cases, the MINIMIX48 spread is the largest one, suggesting that the use of a multi-
model system allows the exploration of a wider region of the phase space of the atmosphere.
If also the performances of EC-EPS51 (the full ECMWF-EPS system), MOGREPS24 (the
full UKMO system) and MEGAMIX75 are considered, then the results indicate that the
latter system outperforms all the others and that MINIMIX48 performs better than EC-
EPS51 in terms of RMSE of the ensemble mean (see also Figure 15). As for the evaluation
of the skill of the 16-member REDU ensembles, the attention is focus on the performance of
the ensemble mean of these systems, calculated in the different ways: EM w is the ensemble
mean obtained weighting each member with the population of the cluster, while EM now
is the ensemble mean computed in the “classical way”, that is without any weight. The
attention is focussed of REDU-MINIMIX, REDU-MEGAMIX and REDU-EPS and results
are summarised in Figure 16, which indicates a higher skill for the REDU systems where the
ensemble mean is weighted according to the cluster population. This happens especially for
the “best” system: REDU-MEGAMIX. Results can be summarized as follows:

• MINIMIX (48 members) performs better than EPS51 in terms of z500 RMSE of the
ensemble means

• REDU-MEGAMIX outperforms the others ensembles in terms of “RMSE of the best
element”

• REDU-MINIMIX performs slightly better than EPS51 in terms of “RMSE of the best
element”

• for each of the 16-member ensembles, the weighted ensemble mean gives better score
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Figure 17: Set up of the COSMO-SREPS suite adopted for the comparison with COSMO-LEPS
(winter 2010/2011 and spring 2011).

than the non-weighted one

4.2 Multi-model vs single-model approach for IC and BC to ensemble

The Consortium was running two mesoscale ensemble system, COSMO-LEPS, up to 6 days,
mainly targeted for the early medium range, and COSMO-SREPS, which was developed
for the aim of short-range forecasting (up to 48 h) in the last years (SREPS PP). One
task of CONSENS was dedicated to decide what to do out of these two systems: - how is
performing COSMO-SREPS for short-range forecasting, with respect to the already available
COSMO-LEPS system? This also considering that recently the ECMWF EPS, on which
COSMO-LEPS is based, has improved its spread-skill relation in the short-range, due to the
introduction of the EDA.

• is it worth to run two separate systems at the same spatial scale, one for short-range
only ?

• is it feasible to merge the two systems ? And if yes, how ?

The set-up of COSMO-SREPS is presented in Figure 17. An intercomparison of COSMO-
LEPS and COSMO-SREPS in terms of short-range precipitation forecasting has been carried
out, including also two combinations of the systems:

• a 20-member ensemble made up of the 16 COSMO-LEPS runs + 4 runs selected from
COSMO-SREPS (mix20)

• a 16-member ensemble made up by the first 12 COSMO-LEPS runs + 4 runs selected
from COSMO-SREPS (mix16)

The 4 runs selected from COSMO-SREPS are members 1 (nested on IFS), 6 (nested on
GME), 11 (nested on GFS), 16 (control run). Verification is performed in terms of Prob-
abilistic Quantitative Precipitation Forecast (PQPF), 6-hourly accumulated, over Northern
Italy (more than 400 stations) for the winter 2010-2011 (20 Nov 2010 - 28 Feb 2011). The ver-
ification method is DIST (Marsigli et al., 2008), a distributional method. Some parameters
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Figure 18: BSS as a function of the forecast range relative to the 4 ensemble systems for the
event average precipitation exceeding 1 (left) and 5 (right) mm/6h.

of the distribution of both observed and forecasted precipitation are computed over boxes of
0.5 x 0.5 degrees size, then are compared. Results show that COSMO-LEPS performs better
than COSMO-SREPS for almost all the forecast ranges, with some overlapping in the fore-
cast range 18-24h (Figure 18). The mix16 ensemble outperforms COSMO-LEPS for the first
18 h in terms of BSS, while is comparable in terms of ROC area (not shown). For the higher
threshold, mix16 performs better than COSMO-LEPS for the first 24. The mix20 ensemble
performs better than COSMO-LEPS for almost the whole forecast range, especially for the
higher precipitation threshold. Results are confirmed for different parameters of the precipi-
tation distribution (not shown) and for a different season (spring 2011). It is shown that, for
COSMO-SREPS, with only 3 global models providing initial and boundary conditions, the
scores increase after 8 members is very limited (Figure 19). Therefore, it is not suggested
to run an ensemble with more than 5-8 members with only 3 different perturbed initial and
boundary conditions. Furthermore, the scores of both ensembles saturates around ensemble
size 13-14. This implies that with a 16-member downscaling of the EPS we are already at
the maximum skill attainable in the short-range, while there is some indication of room for
improvement in the medium range. In summary, results (analysis of 6h precipitation over
northern Italy for winter 2010/2011) indicates that:

• generally COSMO-LEPS outperforms COSMO-SREPS in terms of probabilistic indices

• the multi-model approach for i.c. and b.c. proves valuable even if model with different
qualities are used

• comparing a 5-member COSMO-LEPS with a 5-member COSMO-SREPS (where all
the 3 different i.c. and b.c. sets are included + 2 extra IFS-driven members), the two
performs similarly

• comparing a 3-member COSMO-LEPS with a 3-member COSMO-SREPS (where the 3
members have the 3 different i.c. and b.c. sets), the reverse happens: COSMO-SREPS
outperforms COSMO-LEPS

• hence, for the multi-model approach to be effective in providing i.c. and b.c., several
models are needed to get a performance similar (or better) to a downscaling from a
well constructed ensemble (like EPS)

• combining the 16 COSMO-LEPS members with 4 COSMO-SREPS members (taking 3
members with the 3 different i.c. and b.c. sets + the control), this 20-member ensemble
outperforms both systems
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Figure 19: Dependence of the ensemble size of the BSS for COSMO-SREPS (top) and COSMO-
LEPS (bottom).
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• combining 12 COSMO-LEPS members with 4 COSMO-SREPS members (taking 3
members with the 3 different i.c. and b.c. sets + the control), this 16-member ensemble
outperforms COSMO-LEPS for the first day (from 18 to 30 h)

A more comprehensive evaluation is described in Marsigli et al., 2013. On the basis of these
results, it was decided to stop running the extra COSMO-SREPS members (nested on the
same sets of IC and BC but with different physics), and to Keep only the COSMO-SREPS
members which receive IC and BC by different global models, but prolonging the runs up
to +132h, as COSMO-LEPS. Then, a new ensemble system has been created, COSMO-
HYBEPS, by merging the 16 COSMO-LEPS runs with the 4 BC-EPS runs, creating an
additional product which is currently under evaluation in a test suite.

5 Calibration

Three different calibration methods have been implemented and tested on 24h accumulated
precipitation forecast issued by COSMO-LEPS. These techniques provide corrections based
on: the cumulative distribution function (quantile-to-quantile mapping, hereafter, CDF),
the linear regression (hereafter, LR) and analogs. The basic implementations of the CDF
and LR methods were developed by generating a seasonal correction function for each model
grid point. Each function was defined by using the historical data which were forecasted
and observed for the considered grid point during each season. This approach generates
correction functions that are location (i.e. grid point) specific. The analogs search was
performed in terms of the similarity of the forecasted 24-h precipitation fields over the area
under investigation (i.e. ER). The calibration strategy was based on historical forecast and
observed rainfall data which were available over the area under investigation. Thirty years of
reforecast of one member of COSMO-LEPS were run by MeteoSwiss. One reforecast run with
a 90-h lead time was available every three days from 1971 to 2000. This model climatology
is used to calibrate forecasts of all lead times, although forecasts of longer lead times might
require a longer lead time reforecast data set. According to the model climatology, the
climatological observed precipitation data were collected over the period 1971-2000 for ER
and Switzerland; unfortunately, the observed data over Germany were available only for
the period 1989-2000. Finally, the impact of the calibration process was also verified by
performing the coupling of the ensemble QPFs with an hydrological model. This experiment
was carried out only for a medium-sized catchment located in Emilia-Romagna, as other
implementations of the meteo-hydrological coupled system were not available over the study
areas under investigation.

5.1 Comparison of the calibration methodologies in terms of precipitation
forecast

The impact of the calibration process on the 24-h QPFs operationally provided by COSMO-
LEPS was verified for the years 2003-2007. Three study areas (Figure 20) have been analysed:
the total area of Germany (about 357000 km2), Switzerland (about 41000 km2) and Emilia-
Romagna (about 22000 km2). Four different lead times were considered, ranging from day-2
to day-5.

According to the 24-h time window over which the observed rainfall amounts were available
for each study area, these lead times correspond to, respectively, the 18-42, 42-66, 66-90 and
90-114 forecast hours for Germany and Switzerland and the 20-44, 44-68, 68-92 and 92-116
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Figure 20: The three study areas localised in western Europe (a). Rain gauge locations (dots) of
observed climatology and verification datasets for (b) Emilia-Romagna, northern Italy (in evidence
the Reno river basin); (c) Switzerland and (d) Germany. The legend of the digital elevation model
(in meters above sea) is common for the latter three panels.
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forecast hours for Emilia-Romagna. The verification methods used here were the attributes
diagram and the Brier Skill Score (BSS). The thresholds for the verified events were defined
as percentiles of the climatological distribution of observed 24-h precipitation, different for
each grid point. The use of percentiles of climatological distribution as thresholds guarantees
that the sample points share the same climatological frequency of the event. This approach
enables to avoid that chosen metrics might report unexpectedly large skill in some points due
to the variation of the climatological event frequencies within the verification area. In the
following of this Section, results are analysed for each study area separately. The forecast
verification measures were first computed independently for each model grid point and were
then averaged over the area under investigation. Attributes diagrams are shown for each
season only at the day-2 lead time, considering the 80-th and the 95-th percentiles of 24-h
climatological rainfall amount as verification thresholds. For brevity, we have chosen not
to show attributes diagrams at other thresholds and lead times, as results do not depend
strongly on the forecast range (forecasts show a slightly better reliability for the shorter
lead times than for the longer lead times) and approximately shows a blend of the hereafter
discussed diagrams, giving a little additional information only. Inset histograms for the
frequency of usage were plotted on a log-10 scale, in order to provide a better visualization
of the distribution in the tails. Results in terms of BSS are shown for each season, considering
different forecast ranges (from day-2 up to day-5) and verification thresholds (the 80-th and
95-th percentiles of 24-h climatological rainfall amount). The observed climatology was used
as the reference forecast for the computation of the BSS.

a Germany

1 ATTRIBUTES DIAGRAM
The raw ensemble provides poor performance at forecast probabilities lower than
60% in all the seasons; only forecasts of higher probabilities show reliability lines
which lie above the no skill line, except for summer (Figure 21). The un-calibrated
forecasts provided in autumn are better than forecasts provided in the remaining
seasons. Generally, the calibration increases the forecast reliability at all the
probabilities; the LR method is particularly effective in spring and summer. The
best performances resulting from the forecast calibration are obtained in spring
and winter. The improvement of the calibrated forecasts is somewhat less salient
in summer, especially for probabilities greater than 60%. The calibrated forecasts
show more reliability at lower probabilities for all the seasons. Generally, the
raw and calibrated forecasts are overconfident; except for the forecast calibrated
by the LR method which results underconfident at the lower probabilities of the
higher threshold, especially in spring

2 BSS
The BSS values are always improved by calibrating the COSMO-LEPS system
with the CDF method, for all the seasons and both the thresholds (Figure 22).
The ANL and LR methods provide a less significant improvement, especially
for the spring and summer seasons. The greatest amount of skill improvement
is obtained in winter. Forecasts of lower precipitation events are slightly skilful
than forecasts of higher precipitation events. Both the raw and calibrated forecasts
show a remarkable decay of performance with lead time

b Switzerland

1 ATTRIBUTES DIAGRAM
The raw ensemble shows low reliability; un-calibrated forecasts for winter are
particularly worse than forecasts for the other seasons (Figure 23), due to the
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Figure 21: Attributes diagrams of the calibrated and raw forecasts over Germany at day2 lead
time for the (left panels) 80-th and (right panels) 95-th percentile thresholds. The diagrams refer
to (first row) autumn, (second row) winter, (third row) spring, (fourth row) summer. The inset
histograms denote frequency of forecast usage of each probability bin.
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Figure 22: BSS at (left panels) 80-th and (right panels) 95-th percentile thresholds for the raw
and calibrated ensembles over Germany in (first row) autumn, (second row) winter, (third row)
spring, (fourth row) summer. The results refer to different forecast ranges, up to day5 lead time.
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Figure 23: Same as Figure 21, but results refer to Switzerland.
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Figure 24: Same as Figure 22, but results refer to Switzerland.
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Figure 25: Same as Figure 21, but results refer to Emilia-Romagna.
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Figure 26: Same as Figure 22, but results refer to Emilia-Romagna.
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larger systematic error which results in this season (Fundel et al. 2010). The
calibration process enables to increase the reliability in all the seasons; generally,
the ANL method performs better than the other methods (except for summer).
Calibration is particularly effective in spring. The improvement of the calibrated
forecasts is somewhat less salient in summer, as the raw forecasts have a relatively
higher reliability. For all the seasons, the calibrated forecasts show more reliability
at probabilities lower than 60%. Generally, both the raw and calibrated forecasts
are overconfident in all the seasons, except for the forecasts calibrated by the
LR method which result as underconfident in spring and summer at the lower
probabilities

2 BSS
Generally, for all the seasons and both the thresholds, the BSS values are al-
ways improved by calibrating the COSMO-LEPS system with the CDF and ANL
methods (Figure 24). The LR method proved to produce a less significant im-
provement, especially in spring and summer. A large amount of skill improvement
is obtained in autumn and winter. Even, with respect to the higher threshold,
unskilful raw forecasts for autumn and winter can be turned into skilful forecasts.
The amount of skill improvement is smaller in spring and the smallest in sum-
mer. As explained in Fundel et al., 2010, the latter result can be due to the more
convective and localized nature of precipitation events which occur in summer
over Switzerland. During this season, systematic errors in the forecast system
might be less important than spatial errors that cannot be corrected for with the
proposed calibration methods. Forecasts of lower precipitation events are more
skilful than forecasts of higher precipitation events. The decay of performance
with lead time is quite evident for the raw and calibrated forecasts, especially for
the lower threshold, and with a greater extent in autumn and spring

c Emilia-Romagna

1 ATTRIBUTES DIAGRAM
Generally, the raw and calibrated forecasts are overconfident in all the seasons
(Figure 25). The raw ensemble has no good reliability; the un-calibrated fore-
casts provided in autumn are better than forecasts provided in the remaining
seasons. This outcome can be ascribed to the higher predictability of precipita-
tion in autumn, when precipitation events are more frequent and driven by large
scale forcing. Raw forecasts for spring and winter show reliability lines which
lie quite close to or under the no skill line; the higher threshold worsening this
outcome. Even, raw forecasts for summer show reliability lines which lie quite
under the no skill line. The results obtained by the forecast calibration process
show high variability with respect to the season and the methods. The calibration
does not substantially improve reliability in autumn, except for the LR technique
at the higher threshold. However, a slight improvement is provided by the ANL
method at the lower threshold for probabilities greater than 50%. Improvements
are detectable in the winter and spring seasons at the lower threshold when the
CDF or ANL calibration techniques are applied. At the higher threshold, only LR
enables an increase of reliability, especially for spring. A little gain in reliability
is obtained at the lower threshold for summer with the CDF and ANL methods,
but results are still quite poor. As the performance of the calibration methods
provide only slight improvements in such cases with respect to the raw forecast,
a procedure based on a 1000-member block bootstrap sample was used, following
Hamill, 1999, to test whether the possible benefits were statistically significant.
Generally, the error bars showed a small magnitude, not overlapping to the raw
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forecast line (not shown), revealing that the improvements can be evaluated as
statistically significant, at a 95% level

2 BSS
The calibration process does not provide a clear beneficial impact on the ensemble
QPFs (Figure 26), except for summer. For the autumn season, the values of BSS
associated to the calibrated ensembles are lower than the BSS of the raw ensemble
for all the lead times. For the winter and spring seasons, the BSSs associated
to the calibrated ensembles are quite similar, sometimes slightly higher, with
respect to the BSS of the raw ensemble. A clear improvement is obtained in
summer, but the raw ensemble is quite unskilful and the calibrated ensembles
perform similar to climatology. Generally, at the higher threshold, the calibration
methods provide quite similar performances. Rather, at the lower threshold,
the LR method provides very bad corrections with respect to the CDF and ANL
methods (except for spring); even, very low negative BSS values (out of scale in the
graph) result in summer. This outcome can be ascribed to the correction typical
of the LR function. In particular, the value of the intercept strongly influences
the calibrated value for lower QPF, providing a systematic increase of the raw
forecast. Therefore, this aspect strongly penalizes the BSS when computed with
respect to low QPF values as verification threshold, such as the 80-th percentile
of observed climatology of Emilia-Romagna. Actually, this value is lower than 2.5
mm over the large part of Emilia-Romagna, especially in the plain areas. The
scores for forecasts of lower precipitation events are slightly better than the scores
of forecasts of higher precipitation events. The decay of performance with lead
time is significant, except in summer

5.2 Verification of the calibration process by coupling QPFS with an hy-
drological model

The hydrological model used to generate simulated discharges is TOPKAPI (TOPographic
Kine-matic Approximation and Integration), a physically-based distributed rainfall-runoff
model. A detailed description of the model can be found in Liu and Todini, 2002. The
performance of the meteo-hydrological coupled system has been evaluated over the Reno
river basin (for a more detailed description of the basin refer to Diomede et al. 2008);
in particular, the stream flow forecasts were evaluated at Casalecchio Chiusa, the closure
section of its mountainous part which dimension is about 1000 km2 (Figure 20 panel b).
The stream flow forecast experiments covered the autumn and spring seasons in the period
2003-2008. Each hydrological run driven by COSMO-LEPS QPFs is 120-h long, starting
at 1200 UTC on each day. Every hydrological forecast was run starting with basin initial
conditions which were generated by running TOPKAPI in a continuous mode for the whole
period 2003-2008 driven by observed precipitation and temperature data. Both QPF and
rain gauge observations were downscaled to the hydrological model grid resolution (i.e., 500
x 500 m) by assigning to each cell, respectively, the QPF and the observed value provided
on the nearest COSMO-LEPS grid point.

As the hydrological model runs with an hourly time step, hourly calibrated QPFs were used.
For each grid point and 24-h lead time, the hourly calibrated QPFs were obtained from the
hourly raw QPFs by using a scaling factor defined as the ratio of the calibrated and raw 24-h
precipitation amounts. The hydrological simulations generated using rainfall observations
were used as the reference measure, in order to assess the skill of the meteorological forecasts.
Results of the meteo-hydrological coupling were investigated by statistical analyses. The
analysis has firstly been carried out in terms of root-mean-square error (hereafter, RMSE). A
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Figure 27: Root-mean-square error for the 95-th percentile of the ensemble of discharge forecasts
provided at Casalecchio Chiusa in the autumn (panel a) and spring (panel b) seasons of the years
2003-2008. The discharge forecasts were driven by the QPFs provided by the raw ensemble (black
line) and the ensemble calibrated by the CDF (dashed line with circles), ANL (dotted line with
diamonds) and LR (dotted-dashed line with triangles) methods. The statistics are displayed as a
function of the lead time of the forecast.
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Figure 28: Spread of 24-h rainfall amount for the raw and calibrated ensembles, as a function
of the lead time of the forecast. Results are shown for the autumn (panel a) and spring (panel
b) seasons of the years 2003-2008.
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Figure 29: Number of missed events provided by the discharge forecasts driven by the raw and
calibrated QPF ensembles for the autumn seasons in the years 2003-2008, as a function of the
lead time. The statistics refer to the (panel a) 95-th and (panel b) 90-th percentiles of each
discharge ensemble, with respect to the exceeding of the warning threshold at the Casalecchio
Chiusa river section. The number of observed events (six) is displayed by the horizontal thick
grey line.
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Figure 30: Number of false alarms provided by the discharge forecasts driven by the raw and
calibrated QPF ensembles for the autumn (panel a) and spring (panel b) seasons in the years
2003-2008, as a function of the lead time. The statistics refer to the 95-th percentile of each
discharge ensemble, with respect to the exceeding of the warning threshold at the Casalecchio
Chiusa river section.
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noteworthy outcome stands out by the calibration when the 95-th percentile of the discharge
ensemble is considered. With respect to the raw ensemble, the CDF and ANL methods
provided an increase of RMSE, especially in autumn for longer lead times; instead, the LR
method provided a decrease of RMSE, more evident in spring (Figure 27). At the same time,
for both autumn and spring, the RMSE values of the discharge ensemble mean driven by the
raw and calibrated QPFs are quite similar (not shown). By the light of these outcomes, it
seems that the CDF and ANL methods tend to increase the spread of the discharge ensemble.
An additional investigation for the period 2003-2008 was then performed on the 24-h rainfall
fields forecasted over the sub-area of Emilia-Romagna which includes the Reno river basin,
in order to deeper investigate the impact of the calibration methodologies on the spread of
the ensemble. This analysis confirms that the ANL and CDF methods tend to increase the
spread of the ensemble (evaluated as the difference between the minimum and the maximum
values of QPF provided by the ensemble members), especially in autumn (Figure 28). The
increased spread associated to the ANL method can be due to the lower quality of analogs,
namely very different situations which are not related to the current forecast are selected as
analogs. Such a tendency to degrade the calibrated ensemble towards the climatology can also
characterise the CDF method, which by construction does not correct for spread deficiencies
(Hamill and Whitaker, 2006) and neglects the conditional relationship between observations
and forecasts (Hopson and Webster, 2010). Instead, the reduced spread of the ensemble
calibrated by the LR method could be explained by considering that in case of forecasts and
observations are uncorrelated, this method is not able to remove the error systematically,
providing a correction which could adjust all member forecasts to very close values (probably
the climatological mean), regardless of their initial value (Hamill and Whitaker, 2006). Then,
the impact of the calibration approach focussed on the verification of warning messages which
would have been issued on the basis of the discharge scenarios driven by COSMO-LEPS. In
particular, missed events and false alarms for the autumn and spring seasons in the years
2003-2008 have been investigated with respect to the exceeding of the warning threshold
(i.e., the second level out of three levels of alert defined for the aims of civil protection) at
Casalecchio Chiusa within each 24-h forecast period, up to day-5. Noteworthy outcomes
were provided by the higher percentiles of the discharge ensemble. Considering the 95-th
percentile, the impact of the calibration process in terms of reduction of misses for the
autumn season is remarkable for the CDF and ANL methods (Figure 29, panel a). Actually,
the discharge forecasts driven by the raw QPFs missed the six observed events totally for the
lead times up to day-4; at day-5, five out of six events were missed. Rather, the discharge
forecasts driven by the QPFs calibrated by the CDF and ANL methods reduced the missed
events. In particular, the ANL method performs better up to day-3 (the number of misses
is reduced by half), whereas the CDF method provides the best performance for longer lead
times (one missed event only out of six cases at day-5). The LR method does not enable a
reduction of misses with respect to the raw forecast. The positive impact provided by the
CDF and ANL methods in terms of decrease of misses is reduced when the 90-th percentile
of the discharge ensemble is considered (Figure 29, panel b). Nonetheless, the performance
of the ANL method is quite similar up to day-4 for both the percentiles of the ensemble. No
events occurred in the spring season in the period 2003-2008, thus no missed events result.

In terms of false alarms, when the 95-th percentile of the ensemble is considered, the discharge
forecasts driven by QPFs calibrated by the CDF and ANL methods provide an increase of
false alarms in the autumn season, with respect to the raw forecast (Figure 30, panel a).
However, the worsening for the ANL method is evident only from day-4. The LR method
does not provide any false alarm. When the 90-th percentile of the discharge ensemble is
considered (not shown), only the CDF method still provides some (e.g., no more than four)
false alarms. The number of false alarms provided by the 95-th percentile of the discharge
ensemble is quite reduced (no more than two false alarms) in the spring season (Figure
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Figure 31: Equitable Threat Score, Probability Of Detection and False Alarm Rate at the 95-
th percentile threshold of rainfall climatology for the 95-th percentile of QPFs of the raw and
calibrated ensembles over the sub-area of Emilia-Romagna which includes the Reno river basin.
The results refer to different forecast ranges, up to day 5 lead time, for the autumn (left panels)
and spring (right panels) seasons in the years 2003-2008.
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30, panel b). In particular, the discharge ensembles driven by QPFs calibrated with the
CDF and ANL methods does not provide an increase of false alarms with respect to stream
flow forecasts driven by the raw QPFs; even, the ANL method enables a reduction of false
alarms. The LR method does not provide any false alarm. Similar results are obtained when
the 90-th percentile of the discharge ensemble is considered (not shown). Summarising, the
investigation over the Reno river basin shows that the calibration performed with the ANL
and CDF methods enables to decrease the number of missed events, at the expenses of an
increase of false alarms. Decision-makers have to evaluate (for instance, on the strength of
a cost-loss analysis) which percentile of the discharge ensemble should be more suitable for
supporting their activities. The noteworthy outcomes provided by the meteo-hydrological
coupling suggested to perform an additional statistical analysis in terms of QPFs for the
sub-area which includes the Reno river catchment, in order to investigate the ability of the
calibrated ensembles to discriminate precipitation events. Actually, the calibration did not
show a remarkable beneficial impact in terms of reliability and BSS on 24-h QPFs, especially
in autumn . The attributes diagrams and the BSSs relative to the sub-area of the Reno river
basin (not shown) provide results which are similar to those of the total area of Emilia-
Romagna (shown in Figure 25 and Figure 26 respectively). The Equitable Threat Score
(ETS), Probability Of Detection (POD) and False Alarm Rate (FAR) were thus computed
for the autumn and spring seasons in the years 2003-2008. Figure 31 shows the forecast skills
in terms of ETS, POD and FAR for the 95-th percentile of raw and calibrated ensembles, with
respect to the 95-th percentile of rainfall climatology as verification threshold. The increase
of POD and FAR for the ensembles calibrated by CDF and ANL with respect to the raw
ensemble confirms the outcomes of the meteo-hydrological coupling. On the one hand, the
improved QPF performance in terms of POD for the ensembles calibrated by CDF and ANL
constitutes a real issue for the beneficial impact of calibration, as end-users are usually more
concerned about missed events than by false alarms. On the other hand, these calibrated
forecasts are characterised by an increase of FAR, even though not at a preoccupying rate.
The ETS does not change significantly, due to the balance between the increases of both hits
(influencing positively the ETS) and false alarms (influencing negatively the ETS).

5.3 Comments and conclusions

The direct model output of COSMO-LEPS is biased and shows deficiencies concerning both
reliability and sharpness. Consequently, there is a need for calibration and post-processing
techniques that address these issues and provide to the forecasters more reliable products for
operational use. Here, the calibration approach utilized a 30-yr reforecast dataset produced
by MeteoSwiss. In the recent past, several studies showed that reforecasts turn out to be
useful for additional forecast improvement and diagnostic capability, making worth the extra
computational resources required to produce them. In this work, the impact of the calibration
approach was not so beneficial with respect to it had been reported in some comparable
studies, in particular in terms of increase of reliability and skill. This can be due to the fact
that in this study high resolution precipitation forecasts is dealt with. The paper investigated
three methods for postprocessing the ensemble precipitation forecasts: quantile-to-quantile
mapping, linear regression and analogs. The accuracy of calibrated QPFs was verified, with a
particular focus on the use of such fields in hydrological applications. There appeared to be no
single best forecast method for all applications and study areas, among the three tested. This
study demonstrated that it is possible to improve raw ensemble forecasts of precipitation,
but the improvements vary strongly from to site to site. It is reasonable to assume that this
was more related to the non systematic model error than to the lack of capability of these
methods to extract predictive information. The statistical analyses over Switzerland and
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Germany revealed a positive impact of the calibration process. The calibrated ensembles
increased the forecast reliability in all the seasons. The best performance over Switzerland
was generally obtained with the ANL method, except for summer. Rather, the LR and
CDF methods provided the best performances over Germany. No significant improvements
resulted over Emilia-Romagna by the statistical analysis on the calibrated QPFs. But, the
quality of these forecasts proved to be as improved for hydrological applications. Actually,
the output of the hydrological model TOPKAPI driven by the calibrated QPFs revealed a
beneficial impact of calibration for the discharge predictions over a medium-size catchment
(i.e., the Reno river basin) selected as case study. In particular, the investigation on the
hydrological runs covering the autumn and spring seasons of the years 2003-2008 showed
that the calibration performed with the ANL and CDF methods enabled to obtain a decrease
of missed events. But, an increase of false alarms resulted by the application of these two
calibration methods, even though this trend was evident for the ANL method for longer
lead times only. Decision-makers, who are usually more concerned by missed events than
false alarms, have to evaluate which percentile of the discharge ensemble should be more
suitable for supporting their activities. It seems clear that objective post-processing of
ensemble forecasts will remain a critical component of the forecast process. The difficulty
of accurately forecasting the intensity, location and timing of intense precipitation events at
the spatial scale typical of small/medium-size catchments limits the ability of COSMO-LEPS
to confidently and reliably capture observed intense peak discharges. Therefore, although
calibrated forecasts do convey added-value in comparison to raw ones, precipitation forecasts
need to be further improved to guarantee sufficiently reliable flood predictions over small/
medium-size catchments. The promising results of this study indicate that further research
is merited. Whatever the case, there is definitely room for improvement in the calibration of
ensemble systems. Reduction of errors that vary by weather element and flow configuration
from ensemble precipitation forecasts is considered a necessary step to improving forecast
quality and benefiting end users (Gneiting and Raftery, 2005; Yuan et al., 2007). There
is a multitude of techniques that could be applied to regime-based calibration approach.
Considering the techniques which were applied in the present study, a future improvement
for the analog search could be obtained by a multi-variable approach, in order to find a better
matching of the space-time evolution of the synoptic pattern. With respect to the CDF and
LR methods, a solution could be the division of the training sample size according to some
criteria which would allow to pool data which have similar model errors with respect to a
certain meteorological situation.

6 Conclusions

The CONSENS PP has ended in 2011 and the work carried out within the Project has
provided useful indications about the update and/or modification of the ensemble suites,
together with suggestions about future works. The main outcomes are:

• the work on parameter perturbation has lead to the choice of a definite set of parameters
and values which have been implemented in both the COSMO-SREPS and COSMO-
LEPS ensembles. In the latter, though, perturbations can have different combinations
with respect to those here analysed, since the combination is randomly selected day
by days

• the soil moisture analysis perturbation technique has been developed and implemented,
and it is available for further testing. This technique has not been implemented yet in
an ensemble configuration for testing, but its applicability will be further investigated
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in the future

• the work on multi-clustering has confirmed that the ensemble reduction methodology
is able to retain a good fraction of the information contained in the original ensemble
and that there is a relationship between cluster size and skill of the corresponding
representative member of the large scale ensemble (for upper air variables). Therefore,
the clustering methodology will be further developed and updated, aiming at improving
also the short-range performances

• on the basis of the results of the COSMO-LEPS/COSMO-SREPS comparison, it was
decided to stop running the extra COSMO-SREPS members (nested on the same sets of
IC and BC but with different physics), and to keep only the COSMO-SREPS members
which receive IC and BC by different global models, but prolonging the runs up to
+132h, as COSMO-LEPS. These four extra runs (one nested on IFS with Tiedkte
convection, one nested on IFS with Kain-Fritsch convection, one nested on GME and
one nested on GFS) are now run as part of an experimental suite, which in combination
with COSMO-LEPS constitutes the COSMO-HYBEPS 20 member ensemble, currently
under evaluation

• an additional product of COSMO-LEPS has been made available, the 24h QPF cali-
brated with the CDF methodology over the 3 domains which have been considered in
the study here presented

These results have lead to an effective consolidation of the mesoscale ensemble system of
the Consortium and have provided useful indications about possible further improvements.
Furthermore, the experience gained in the field of model perturbation techniques is useful
for the development of the convection-permitting ensembles which is on-going in several
COSMO Countries and which will be addressed in a forthcoming PP.
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