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Abstract. This study is embedded into a wider project named “Tackle deficiencies in Quantitative Precipita-
tion Forecast (QPF)” in the framework of the COSMO (COnsortium forSmall-scaleMOdelling) community.
In fact QPF is an important purpose of a numerical weather prediction model, for forecasters and customers.
Unfortunately, precipitation is also a very difficult parameter to forecast quantitatively. This priority project
aims at looking into the COSMO Model deficiencies concerning QPF by running different numerical simula-
tions of various events not correctly predicted by the model. In particular, this work refers to a severe event
(moist convection) happened in Piemonte region during summer 2006. On one side the results suggest that
details in orography representation have a strong influence on accuracy of QPF. On the other side COSMO
Model exhibits a poor sensitivity on changes in numerical and physical settings when measured in terms of
QPF improvements. The conclusions, although not too general, give some hint towards the behaviour of the
COSMO Model in a typical convective situation.

1 Introduction

The main goal of this project was to gain a deeper under-
standing of the COSMO Model problems in terms of QPF.
A list of test cases has been prepared by the Meteorological
Services of the participating countries (Germany, Switzer-
land, Italy, Poland, Greece and Romania) on the basis of the
known problems of the model in the different regions of in-
terest. To ensure that those problems were not due to an old
version of the model or a specific implementation, the test
cases were rerun with a COSMO Model reference version.
The test cases, for which the COSMO Model reference ver-
sion reproduced the QPF deficiencies, constituted a final list
of 25 test cases (about 4 for each of the countries) recom-
mended for sensitivity studies (Dierer et al., 2007). Eventu-
ally a list of sensitivity studies concerning data assimilation,
numerics, physics and initial conditions was prepared and ap-
plied to each test case. For the sake of brevity the complete
lists of test cases and sensitivity studies cannot be reported
here (seeMilelli et al., 2007). The list of sensitivity stud-
ies includes about 20 modifications that were performed for
all dates included in the final list of test cases, plus a few
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cross experiments performed in a second step (see Table 1)
on which we focus in this work. Globally, more than 600
simulations have been performed.

The test case here described considers a severe rainfall
event, which affected the Northern part of Piemonte, at the
border with Switzerland, during 17–18 August 2006. The
event was mainly convective in nature and characterized by
the occurrence of intense deep moist convection leading to
relevant rainfall depths. The results of the numerical ex-
periments are compared in terms of peak and mean rainfall
depths over the catchments both for short duration (6 h, not
shown here, seeMilelli et al., 2007) and long duration (24 h).
The analysis of the results helps in giving a more precise idea
about the model parameters, about what parts of the model
need to be reformulated in order to improve the QPF and
about the scales which can be actually solved by the model.
This work will focus on some of the most relevant simula-
tions.

2 Event analysis

The analysis of the atmospheric scenario at the synoptic scale
highlights the presence of an intense cyclonic circulation dur-
ing the event. On August 17 00:00 UTC, the upper air trough
(500 hPa) was localized near the Biscaglia gulf and during
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Figure 1. ECMWF analysis of 500 hPa Geopotential (solid lines)
and temperature (colors) for 17 August, 18:00 UTC.

Figure 2. UKMO-Bracknell analysis chart for 17 August,
18:00 UTC.

the afternoon the trough moved gradually towards the At-
lantic French coastline (ARPA Piemonte, 2006). Meanwhile,
the anticyclonic ridge continued its expansion over Eastern
Europe; this structure triggered an intensification of strong
baric gradient between Western and Eastern areas of Eu-
rope and consequently an increase of large-scale advection
of moist and unstable air over Northern Italy and in particu-
lar in the area of north-western Alps (Fig. 1).

The flux of moist air continued for the whole day and dur-
ing the evening the upper-level cold front crossed Piemonte
region (Fig. 2) intensifying deep moist convection in com-
plex orography areas.

This large-scale meteorological configuration, typical of
late summer season, is known to induce extreme rainfall
events in the area of the north-western Italy (Rudari et al.,
2004). Looking at the spatial distribution of the observed
rainfall depths from rain gauges of the ARPA Piemonte high-

Figure 3. Observed rainfall depths in the north-western Italy. The
panel refers to the 24 h cumulated rainfall depth (06:00 UTC 17
August–06:00 UTC 18 August). The rain gauges are plotted in grey
and the warning areas in black. The affected areas, indicated with
arrows, are Ticino (CH), Toce and, marginally, Sesia.

resolution network (Fig. 3), the big role of the orography is
easily recognised. Indeed, the most intense part of the event
occurred in the areas characterized by steep and high orogra-
phy, perpendicular to the dominant advection direction from
South-West to North-East.

3 The COSMO Model

The COSMO Model is a non-hydrostatic limited-area at-
mospheric model developed within the COSMO commu-
nity for applications on the meso-β and meso-γ scale (Step-
peler et al., 2003). The model is based on non-hydrostatic,
fully compressible hydro-thermodynamical equations in ad-
vection form. Generalized terrain-following height coordi-
nates with rotated geographical coordinates are used. The
model equations are solved on an ARAKAWA C-grid with
user-defined vertical grid staggering. They are spatially dis-
cretised with second-order finite differences. Time integra-
tion uses a 2nd order leapfrog (horizontally explicit, verti-
cally implicit) time-split integration scheme including exten-
sions proposed bySkamarock and Klemp(1992). A 4th or-
der linear horizontal diffusion is calculated. 3-dimension di-
vergence damping and off-centering are applied in split time
steps. Damping at the top of the model domain is done
by Rayleigh damping (see for instanceDoms and Scḧattler,
2002) in the upper layers. Data at the lateral boundaries are
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Figure 4. Turbulence spectrum of the COSMO Model forecast (in
red), compared to the theoretical spectrum obtained byLindborg
(1999) (in green). The−3 and−5/3 slopes are also indicated (in
black). The two lines diverge at≈4∆x.

prescribed using a Davies-type one-way nesting (seeDavies,
1976or Davies, 1983).

Subgrid-scale turbulence is parameterized by a prognos-
tic turbulent kinetic energy closure at level 2.5 including ef-
fects from subgrid-scale condensation and from thermal cir-
culations (Mellor and Yamada, 1974). The surface layer pa-
rameterisation is based on turbulent kinetic energy and in-
cludes a laminar-turbulent roughness layer. The formation
of precipitation is described by a bulk microphysics param-
eterisation including water vapour, cloud water and ice, rain
and snow with a fully prognostic treatment of precipitation,
i.e. three-dimensional transport of rain, and snow is calcu-
lated. Condensation and evaporation are parameterized by
saturation adjustment while depositional growth/sublimation
of cloud ice is calculated using an explicit non-equilibrium
growth equation. Subgrid-scale cloudiness used for radiation
calculations is parameterized by an empirical function de-
pending on relative humidity, ice content and height. Moist
convection is parameterized using a mass-flux scheme with
an equilibrium closure based on moisture convergence fol-
lowing Tiedtke(1989). Radiation is calculated using a two-
stream scheme for short- and longwave fluxes (eight spectral
intervals) including a full cloud-radiation feedback. A multi-
layer version of the soil model solving the heat conduction
equation is applied.

4 Description of the sensitivity studies

Before defining the different model configurations, it is im-
portant to point out that all of these experiments have been
performed switching off the data assimilation procedure.

Table 1. List of the cross experiments.

Name Characteristics

A1 Ctrl
A2 Ctrl with Runge-Kutta and 10% reduction in initial humidity
A3 Ctrl with Kain-Fritsch/Bechtold convection scheme
A4 A2 with Kain-Fritsch/Bechtold convection scheme
A5 Ctrl with modified Tiedtke scheme
A6 A2 with modified Tiedtke scheme
A7 Ctrl with Runge-Kutta and 10% increase in initial humidity

Sensitivity experiments are divided in studies regarding ini-
tial conditions, numerical methods and physical parameteri-
zations. An overview of sensitivity experiments and expected
changes can be found inDierer et al.(2007) or in Milelli et
al. (2007).

Concerning the Piemonte event, the results vary accord-
ing to the area of averaging (as it will be shown later) but in
general, the QPF of COSMO Model at 7 km shows a certain
insensitivity with respect to change in its physical and numer-
ical formulation. Moreover, the conclusions are similar for
different accumulation periods (6 or 24 h, not shown here).
When compared to the observed mean rainfall depths, most
of the experimental settings provide quite satisfactory results
(+/−10% with respect to the control run) with the exception
of the values given by the runs with different initial humidity
conditions (2 runs), different microphysics (2 runs) and dif-
ferent convection schemes (2 runs) in which the precipitation
is sensibly reduced. It has to be stressed that the area of av-
erage is about 8500 km2 and corresponds to the area of the
three affected zones (Sesia, Toce and Ticino).

Different conclusions arise if the peak rainfall depths are
considered: in this case most of the experimental runs reveal
a strong underestimation of the observed peak values with
a shift of the maximum towards the Ticino area. The defi-
ciency of COSMO Model at 7 km in reproducing the oro-
graphically triggered convection is not surprising and seen
for other weather forecast models at horizontal resolution of
the order of 10 km. In this framework,Lin et al. (2001) have
recently synthesized a few common synoptic and mesoscale
scenarios prone to heavy orographic rainfall based on the
study of some US, Alpine and East Asian test cases. They
single out the following common synoptic and mesoscale
ingredients leading to heavy orographic rainfall: a) condi-
tionally or potentially unstable air stream impinging on the
mountains, b) a very moist low-level jet, c) a steep mountain
and d) quasi-stationary synoptic system slowing down the
convective system over the threatened area. Among them,
a) and c) are recognized to be the most important factors
and certainly contributed to the occurrence of extreme ob-
served rainfall. The unstable nature of the air stream af-
fecting the North-Eastern mountainous area of Piemonte is
confirmed by the analysis of soundings located in Cuneo-
Levaldigi and Milano-Linate (not shown here). Moreover,

www.adv-sci-res.net/2/133/2008/ Adv. Sci. Res., 2, 133–138, 2008



136 M. Milelli et al.: Sensitivity experiments of a severe rainfall event in north-western Italy

 0

 10

 20

 30

 40

 50

 60

a1 a2 a3 a4 a5 a6 a7

P
re

c
. 
(m

m
)

Simulations

Average over Toce, Ticino and Sesia- 17 August 2006 00UTC +06/+30

Obs.
TP
CP

GsP

Figure 5. Total Precipitation in the+6h/+30 h time interval for
the different runs (see Table 1 for the description of the simula-
tions). Total Precipitation in red (TP), Convective Precipitation in
green (CP), Grid-scale Precipitation in blue (GsP) and observations
in black. Average performed over the affected areas.
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Figure 6. Relative bias (%) of the different simulations with re-
spect to the Ctrl run (A1) for different domains in the+6h/+30 h
time interval (see Table 1 for the description of the runs). Average
performed over the affected areas. Total Precipitation in red (TP),
Convective Precipitation in green (CP) and Grid-scale Precipitation
in blue (GsP).

the highest rainfall peaks were observed in a relief system
having an average elevation of 2000 m and a spatial width
of order 10–20 km. It seems clear that this model resolu-
tion is unable to capture the small-scale orography variabil-
ity proper of that area. In fact the theoretical horizontal res-
olution is around 7 km but the effective one is≈30 km as
shown in (Fig. 4). This value corresponds roughly to 4∆x
and agrees with the values found in literature (see for in-
stanceSkamarock, 2004). Therefore, the simulated air mass

-100

-80

-60

-40

-20

 0

 20

a2 a3 a4 a5 a6 a7

R
e
la

ti
v
e
 V

a
ri
a
ti
o
n
 (

%
)

Simulations

Average over Piemonte - 17 August 2006 00UTC +06/+30

TP
CP

GsP

Figure 7. Relative bias (%) of the different simulations with re-
spect to the Ctrl run (A1) for different domains in the+6h/+30 h
time interval (see Table 1 for the description of the runs). Average
performed over Piemonte region. Total Precipitation in red (TP),
Convective Precipitation in green (CP) and Grid-scale Precipitation
in blue (GsP).
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Figure 8. Relative bias (%) of the different simulations with re-
spect to the Ctrl run (A1) for different domains in the+6h/+30h
time interval (see Table 1 for the description of the runs). Aver-
age performed over the whole domain of the simulation. Total Pre-
cipitation in red (TP), Convective Precipitation in green (CP) and
Grid-scale Precipitation in blue (GsP).

does not “see” correctly these orography structures: the con-
vection dynamics cannot be properly triggered and lee-side
effect is missing in the simulation. A more detailed analysis
of the results is described inMilelli et al. (2007).

4.1 Cross experiments

In a second step of the project, cross experiments have been
considered. They are performed using the latest version of
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the COSMO Model. This version is differing from the ref-
erence version used in the previous simulations mainly by
microphysics changes in the warm rain scheme and changes
of snow physics. The cross experiments are described in Ta-
ble 1.

The changes are related to the convection scheme, to the
initial humidity conditions and to the dynamics. In detail:

– the following convection schemes are tested: Tiedtke
(Tiedtke, 1989), Kain-Fritsch/Bechtold (Bechtold et al.,
2001) (see alsoKain and Fritsch(1990, 1993)) and a
modified Tiedtke scheme with changes related to evap-
oration, turbulent entrainment, mixed-phase saturation
adjustment and exchange of cloud water and cloud ice
with grid-scale variables;

– the initial conditions have been modified: 10% increase
and 10% decrease of humidity;

– differences in the dynamics have been introduced: three
time-level Leapfrog scheme with time-split treatment of
acoustic and gravity waves and Runge-Kutta scheme.

The results in Fig. 5 demonstrate that there is indeed a
sensitivity to these changes: the decrease of initial humid-
ity together with Runge-Kutta scheme produces a relative
reduction of precipitation (A1 vs. A2, A3 vs. A4, A5 vs.
A6), while the increase of humidity is almost balanced by
Runge-Kutta scheme with an overall reduction (A1 vs. A7).
Comparing the effect of the cross experiments with reduced
initial humidity and Runge-Kutta scheme with their single
effects leads to the conclusion that they are simply summing
up (Dierer et al., 2007).

The bias in Figs. 6, 7 and 8, calculated with respect to the
the Ctrl run (A1) shows that the area where the verification
is performed may vary the results. In fact, it is evident that
if we average over a larger area (Figs. 7 and 8), the initial
humidity increase plays a more important role, giving an in-
crease of precipitation in A7 with respect to A1. Moreover
there is a disagreement between the relative effect of runs A3
and A4 in case we average over Piemonte region (Fig. 7) or
over the whole domain of the simulation (Fig. 8). In the lat-
ter case these runs show a relative increase of precipitation.
The situation is more evident when we compare directly the
difference between the total precipitation cumulated in 24 h
of A3 and A1 (Fig. 9). It is evident that there is an overall
increase of total precipitation, but locally some structures are
completely missing in run A3. Looking at the structures over
Belgium and Eastern France, there seems to be a shift of the
precipitation line, since we observe two parallel stripes of
overestimation and underestimation, but over Piemonte we
just have an evident lack of convective cells. It has to be
pointed out that the precipitation in Figs. 6, 7 and 8 has been
calculated averaging over the grid points falling into the three
warning areas of Ticino, Toce and Sesia (see Fig. 3, about
8500 km2), over the Piemonte and Ticino area (see Fig. 3,

Figure 9. Total Precipitation difference in the+6h/+30 h time in-
terval (06:00 UTC 17 August–06:00 UTC 18 August) between A3
and A1 (see Table 1 for the description of the runs).

about 35 000 km2) and over the whole domain of the simula-
tion (see Fig. 9) respectively. The reason for the behaviour of
runs A3 and A4 could be found in the characteristics of the
Kain-Fritsch/Bechtold scheme (Bechtold et al., 2001): here
the closure assumption is based on CAPE and the onset of
convection depends on the large-scale vertical velocity (in
the Tiedtke scheme the closure assumption is based on mois-
ture convergence and convection is triggered if the parcel’s
temperature exceeds the environment temperature by a fixed
temperature threshold of 0.5 K, seeTiedtke(1989)). This de-
termines an overestimation of the average precipitation over
the plains and a reduction of the maxima over the mountains,
with respect to the Tiedtke scheme. Consequently, by enlarg-
ing the averaging domain, more and more flat regions are in-
cluded and this counterbalance the underprediction over the
Alps which is the dominant effect when considering only a
part of the simulation area (Figs. 6 and 7).

5 Conclusions

Sensitivity runs have been carried out for a single test case
(heavy convective precipitation event over Piemonte region
on 17 August 2006) in order to look for the relative changes.
A selection of most representative simulations has been cho-
sen, in particular concerning cross experiments. Although
there is no clear suggestion about an improvement of the
control simulation, because the main problem is the general
underestimation of the peaks due to subgrid unresolvable ef-
fects (orography) and no physical parameterisation or numer-
ical scheme can cure this effect, some indication can be here
highlighted:

– poor sensitivity of the model concerning average values,
with some exception, but not in the desired direction
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(initial humidity, microphysics, convection schemes);

– in particular Kain-Fritsch/Bechtold scheme seems to
spread (and increase) the precipitation over the domain,
but the peaks over complex orography are smoothed;

– the validation results (average values) vary according to
the considered domain.

It has to be pointed out that this is a single test case, but
the results are in agreement with the other cases included in
the study by other COSMO members. This kind of study will
continue inside the COSMO community, with further inves-
tigations. In particular, as far as the convection is concerned,
it could be worth performing simulations at a higher horizon-
tal resolution, using scales where the deep convection should
be resolved by the model itself in an explicit way.
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