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Abstract. In the scope of the European project Hydropti- 1  Introduction

met, INTERREG [lIB-MEDOCC programme, limited area

model (LAM) intercomparison of intense events that pro- Intense hydro-meteorological events can be the cause of
duced many damages to people and territory is performedmany different risk conditions for society and territory. Ad-
As the comparison is limited to single case studies, the workvances in the forecasting capabilities and increased under-
is not meant to provide a measure of the different models’standing of such phenomena can be achieved by the op-
skill, but to identify the key model factors useful to give timization of the current hydro-meteorological forecasting
a good forecast on such a kind of meteorological phenom+echniques. In particular, a strong exchange among determin-
ena. This work focuses on the Spanish flash-flood event, alsigtic case-study research, real-time monitoring of local obser-
known as “Montserrat-2000” event. vation data and the use of statistical and diagnhostic method-

The study is performed using forecast data from seven Op_ologies_ for forecasting model validation and intercomparison
erational LAMSs, placed at partners’ disposal via the Hydrop-iS required.
timet ftp site, and observed data from Catalonia rain gauge In this context, the activity of the EU project Hydropti-
network. To improve the event analysis, satellite rainfall es-met (INTERREG IlIB-MEDOCC programme) had as focal
timates have been also considered. points the improvement of the hydro-meteorological fore-
For statistical evaluation of quantitative precipitation fore- €2Sting methodologies and the knowledge exchange among

casts (QPFs), several non-parametric skill scores based diolect partners. With these objectives in mind, four case

contingency tables have been used. Furthermore, for eacf\tUd'eS of intense hydro-meteorological events, which af-

model run it has been possible to identify Catalonia regions ected in the recent past the north-western Mediterranean

affected by misses and false alarms using contingency tabl rea causing mﬁ_n}/] (:]ar(;]:(ajgftfas, havi b?enl SefCted‘ Inlfact,
elements. Moreover, the standard “eyeball” analysis of fore-_t ese events,.w_ ich had diiterent physical an mefceoro 0g-
al characteristics, had been chosen to perform an intercom-

cast and observed precipitation fields has been supported By . . .
the use of a state-of-the-art diagnostic method, the contigu arison study using the numerical model forecasts available
at partners’ centers.

ous rain area (CRA) analysis. This method allows to quantify ) )
the spatial shift forecast error and to identify the error sources Among the four selected case studies, this work focuses
that affected each model forecasts. on the “Montserrat-2000” flash-flood event occurred on 9-
Hiah luti deli dd L o h 10 June 2000 in northeastern Iberian Penindulasét et al.
\gh-resolution modefling and domain size seem to ‘T’WeZOO& The case study has been chosen for its characteris-
a key role for providing a skillful forecast. Further work is

ded t t this stat t includi ificati - tics: a flash-flood event due to a mesoscale Mediterranean
heeded to support this statement, including veritication USIngt:yclone, with primary role played by the mesoscale forcing
a wider observational data set.

mechanisms typically acting in the Mediterranean Basin (dy-
namical forcing enhanced by orography and wet processes).
Correspondence tdS. Mariani Precipitation forecast fields of seven hydrostatic and non-
(stefano.mariani@apat.it) hydrostatic limited area models (LAMs) have been compared
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Internal Basins of Catalonia Those rainfalls were produced by a squall line that moved
slowly from the SW to the NE, remaining stationary over dif-
ferent places for two hours or more. Then the system, com-
posed of different convective cells, remained over the Tarrag-
ona basins between 12 p.m.and 3 a.m. local time, and over
the mountains of the center of Catalonia (mainly over the
i Montserrat Mountain) between 4 a.m.and 7 a.m. local time.
& Magarola Sub-basin The meteorological analysis showed a great convective in-
D v stability in low levels due to the presence of very wet and
li’;j‘lf;:.’_:“f:' Biskal -| warm air, favored by the previous anticyclonic situation and
o Lege"_‘“w a warm advection from the South. A surface low placed in
Catatonia | B b 0 | e front of Catqloma gave t.he necessary water vapor conver-
g — — gence and triggered the first vertical movements, which were
strengthened by the orography. The flow from the SE that
impinged perpendicularly over some mountain ranges helped
the vertical forcing.

. S . . In the medium and high troposphere a cold depression
with the precipitations observed at Catalonia rain gauge sta: . .

. . : ._from the NW had moved the previous day over the Iberian
tions. The selected models have different horizontal grid

size, ranging from 2 km to 10 km. As the intercompari- Peninsula, reaching the Catalonia region at 9 p.m. local time.

son results could be affected by the grid size differences, a'll'hen, an overlapping between this cold depression and the

remapping procedurétcadia et al. 2003 Baldwin, 2000 surface low was produced, favoring the instability devel-

. ) : opment. The radiosounding ascents corroborated this sit-
has also been applied to perform an intercomparison on a

. . . . : uation; the Convective Available Potential Energy was of
common 10-km grid. This grid-to-grid transformation has 1866 Jikg (9 June, 12 a.m. GMT) over Palma de Mallorca

bee.n preferred to other techniques, since it conserves, to he Barcelona radiosounding did not reach 500 hPa due to
desired degree of accuracy, the total forecast precipitation o : o .
he strong wind). It is important to remind that values above

the native grid. - .
Model validation, both in a statistical (i.e., non-parametric 1500 Jikg rgveal a great possibility of having severe weather
or strong rainfalls.

skill scores; contingency table element analysis) and in a In this event, heavy rainfalls and strong winds (severe

deterministic (i.e., “eyeball” verification, quantitative com- . )

. : .__weather) were produced over Catalonia. The windstorm af-
parison of observed and forecast fields over hydrological . .

N . . fected mainly the city of Barcelona.
basins; object-oriented analysis) approach, has been per-
formed. Such a single-case investigation could provide in-
sight on physical mechanisms related to forecast errors, thug Models and datasets
giving hints about eventual drawbacks of the models and pos-
sible strategies for their improvement. 3.1 The selected models

The paper is organized as follows. Section 2 briefly de- _ . . o

scribes the “Montserrat-2000” event. Section 3 describes obJ he simulations were performed using the following limited
served and forecast precipitation datasets. Statistical and dée€a models:
terministic methodologies are presented in Sect. 4. Results _ the BOlogna Limited Area Model (BOLAM) from
are described in Sect. 5. Conclusions and final remarks are  seryizio Agrometeorologico Regionale (SAR) for Sar-

Rajadell

Castellbell
iel Vilar

Fig. 1. Catalonia (Spain) internal basins (frdtfasat et al. 2003.

in Sect. 6. dinia region;
o — the BOLAM and “MOdello LOCale” on “H” co-
2 Event description ordinates (MOLOCH) from Istituto di Scienze

) ) ) dell’Atmosfera e del Clima-Consiglio Nazionale delle
The selected case study occurred in Catalonia (Spain; see  Ricerche (ISAC-CNR):

Fig. 1 for geographical details) on 9-10 June 2000. The max-

imum rainfall was recorded over the Llobregat basin (E)g. — the QUADRICS BOlogna Limited Area Model (QBO-
on the Montserrat Mountain, with 224 mm, more than 80%  LAM) from Agenzia per la Protezione del’Ambiente e
recorded in less than 6 h. As a consequence of this heavy and ~ per i Servizi Tecnici (APAT);

sudden rainfall, some flash floods were produced in different
Llobregat tributaries and wadis that are normally dry.

A similar problem arose over the Tarragona coast (Eig.
where some wadis that cross the Vendrell village were over-
flowed producing great damages, due to the heavy rainfalls — the Fifth Generation Mesoscale Model (MM5) from
along all its way, with a maximum of 134 mm over the near- Departament deiBica, Universitat de les llles Balears
est mountains in less than 3 h. (uiB);

— the Regional Atmospheric Modeling System (RAMS)
from Laboratorio di Meteorologia e Modellistica Am-
bientale (LaMMA);
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Fig. 2. Extension domains for the selected limited area models. Domains cover from entire Mediterranean Basin to Catalonia region. Solid
yellow line: QBOLAM. Solid green line: 7-km LM. Solid red line: BOLAM from ISAC-CNR. Dashed sky-blue line: BOLAM from SAR.
Dashed orange line: RAMS. Dashed green line: 2.8-km LM. Dash-dotted blue line: MM5. Dash-dotted red line: MOLOCH.
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— the Lokal Modell (LM) from Agenzia Regionale ables are distributed on a non-uniformly spaced Lorenz grid.
Prevenzione e Ambiente of Emilia-Romagna region- The horizontal discretization uses geographical coordinates,
Servizio Idro Meteo (ARPA-SIM). with latitudinal rotation on an Arakawa C-grid. Time integra-

tion is based on a split-explicit integration scherikalguzzi

Models are non-hydrostatic, excepted BOLAM and QBO- and Tartaglione1999. This model version implements a

LAM, with horizontal gnd size ranging from 2 kmto 10 km, Forward-Backward (FB) time integration Scheminger
and domain SiZe COVering from Catalonia to the Meditel’— 1973 for the term describing gravity waves and a We|ghted
ranean Basin (Fig2). The models also differ for the parame- average Flux (WAF) scheme for the three-dimensional ad-
terization schemes employed, and about initial and boundaryection. A detailed description of the dynamics and numeri-
conditions. In the operational configuration, these are prog| schemes can be foundRuzzi and Foschin(2000).
vided by ECMWF analysis and forecast for all models, ex- The water cycle for stratiform precipitation is described
cept LM (DWD data) and M.M5 (NCEP dat.a). by means of five prognostic variables (cloud ice, cloud wa-
. HOW‘?Ve“ for the Hydroptimet case stu@es, LM and MM5 ter, rain, snow, graupel), with a simplified approach similar to
simulations have been also performed using ECMWF data afat proposed bgchultz(1995. Deep convection is parame-

initial and boundary conditions. Most of the models are ini- ,_ . . . . . .
o . ; . terized using the Kain-Fritschi 990 convective scheme with
tialized with the 00:00 UTC ECMWF analysis of day 9 June, o . modifications, including those suggestedSpgncer

and take boundary conditions from the ECMWF forecast ini'and Stensrud1998 to improve the effect of the downdrat.

;lahzeq wnk;)the jame a”g.'Ys's- The IiACmeder: CE%RA%:II':The Ritter-Geleyn1992 scheme is employed for parameter-
ers, since boundary conditions are taken from the ization of radiation. The orography used in the simulations

fls)r:ecast starlted f;ont])the 52:00 UTdQ_anal¥sis Oég?;fﬂ‘]uneis derived from interpolation and smoothing of the 1-km res-
ese are also the boundary conditions for Q UM, blution GLOBE Digital Elevation Model.

but in this case the lower-resolution run is started 12 h in ad- . . .
vance, using 12:00 UTC ECMWF analysis of day 8 June as " the 36-h coarse-resolution Spanish run (2660 grid
initial condition (cf. Tabled). points with spacing of 02n rotated coordinates and 38

For each model only one run, starting from 00:00 UTC vertical levels) the initial condition is supplied from the
9 June 2000, is included in the intercomparison. ForecasFCMWF analysis at 00:00 UTC, 9 June 2000, while bouna-

range is 36 h, except QBOLAM whose forecast range is 48 hary conditions are supplied from ECMWF forecasts from

Nevertheless, for the intercomparison study only the first 36 héZ:OO UT? thfhe dgy bﬁforeb(u:OO UTC’ 3 %]unehzor(])IO)r.l
of the QBOLAM simulation are considered here. eq“ef‘“a S€ -_nestmg as been employed for the high-
resolution experiment run, with grid spacing of C.(&e Ta-

3.1.1 BOLAM-ISAC and MOLOCH ble 1).
MOLOCH is a non-hydrostatic high-resolution model that

BOLAM, used for scientific purposes at ISAC-CNR, is integrates the fully compressible set of equations with prog-
a primitive equation, sigma-coordinate, hydrostatic model,nostic variables (pressure, temperature, humidity, horizontal
with wind components, potential temperature, specific hu-and vertical velocity components) represented on the lat-lon
midity and surface pressure as dependent variables. Varirotated, Arakawa C-grid (Tabl¥). Hybrid terrain following
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Table 1. Summary of models’ configuration for the Spanish case study. Each model is nested into a coarse-grid model referred as father
model. Father’s initial and boundary conditions are also included: unless it is differently specified, father's boundary condition run starts from
the analysis indicated under “Father’s initial conditions”. For each model simulation the forecast initial time is 00:00 UTC of 9 June 2000.

Forecast range is 36 h for all models, except QBOLAM (48 h).

Model/ Grid Initial Boundary Domain  Lew. Father Father Father
Partner size conditions conditions size model initial cond. boundary cond.
BOLAM 0.06° 0.2BOLAM 0.2°BOLAM  220x240 44 0.2 00:00 UTC 9 Jun. 12:00 UTC 8 Jun.
ISAC nesting every 1.5h BOLAM ECMWF AN ECMWF FE6 h
BOLAM 0.05° 0.18BOLAM 0.18°BOLAM  180x180 42 0.18 00:00 UTC 9 Jun. ECMWF FC
SAR nesting every 1h BOLAM ECMWF AN every 6 h
LM 7km 00:00UTC9Jun. ECMWFFC 208190 35 ECMWF
ARPA-SIM ECMWF AN every 3h
LM 2.8km 7-km LM 7-km LM 250290 35 7-km 00:00 UTC 9 Jun. ECMWF FC
ARPA-SIM nesting every 1h LM ECMWF AN every 6 h
MOLOCH  0.02 0.066BOLAM 0.06°BOLAM  220x220 50 0.08 00:00 UTC 9 Jun. 07BOLAM
ISAC nesting every 1h BOLAM 0 BOLAM every 1.5h
QBOLAM  0.I° 0.¥QBOLAM  0.3°QBOLAM  386x210 40 0.3 12:00 UTC 8 Jun. ECMWF FC
APAT nesting every 3h QBOLAM ECMWF AN every 6h
RAMS 2km 8-km RAMS 8-km RAMS  50%501 36 8-km 00:00 UTC 9 Jun. ECMWF FEBh +
LaMMA nesting every 1h RAMS ECMWF AN inner-dom. nudg12h
MM5* 6km 18-km MM5 18-km MM5 8% 82 24 *6-km MMS5 two-way nest. to 18-km MM5 that is two-
uiB two-way two-way way nest. to 54-km MM5. 54-km MM5 is initialized
nesting nestiny 3h w. 00:00 UTC 9 Jun. ECMWF AN and ECMWF RC6 h

coordinates, relaxing smoothly to horizontal surfaces away The model performance was evaluated by simulating
from the earth surface, are employed. Model dynamics issome Mesoscale Alpine Programme (MAP) case stud-
integrated in time with an implicit scheme for the verti- ies Buzzi et al, 2004, characterized by heavy precipita-
cal propagation of sound waves, while explicit, time-split tion. MOLOCH is nested into the higher resolution BOLAM
schemes are implemented for the remaining terms. Threesimulations, with lateral boundary values updated every hour
dimensional advection is computed using the WAF scheme(cf. Tablel).

Horizontal fourth order diffusion and divergence damping

are included to prevent energy accumulation on the shorteg.1.2 BOLAM-SAR

space scales.

Some physical schemes (radiation, surface turbulent fluxeg\;so for the Sardinia Meteorological Service (SAR), nu-
and vertical diffusion, soil water and energy balances) arémerical simulation of the selected case studies have been
provisionally similar to those of BOLAM, while the micro-  carried out using a version of the limited area model BO-
physical scheme is new and partly based on the parameterj-AM, which is operationally used at SAR. As mentioned
zation proposed bprofa(2003. The physical processes de- apove, BOLAM is a primitive equation model resolved on
termining the time tendency of specific humidity, cloud wa- 4 horizontal Arakawa C grid (rotated) and on vertical sigma
ter/ice and precipitating water/ice are divided into “fast” and |eye|s (cf. Tablel). Time integration and parameteriza-
“slow” ones. Fast processes involve transformations betweefon schemes are the same as in BOLAM-ISAC, except for
specific humidity and cloud quantities and are computed eV+ime integration of horizontal and vertical advection terms,
ery advection time step. Fall of precipitation is computed, which is accomplished with a Forward-Backward Advection
as a slow process, with the stable and dispersive backwardscheme (FBASMalguzzi and Tartaglionel999 instead of
upstream scheme with fall velocities depending on concenyyaF.
tration. Temperature is updated by imposing exact entropy For each case study two runs of the model are performed.
conservation at constant pressure. The parameterization qfhe first run is obtained through a direct nesting of the
the dry and moist convective adjustment is not consideredg 1 & soL AM into the ECMWE global model. The second
aIIovying the model to explicitly simulate atmospheric con- i< ohtained nesting the 0:0BOLAM into the 0.18 BO-
vection. LAM using the aforementioned output as initial and bound-

ary conditions. Moreover, two simulations have been done
for the Spanish case changing the initial condition.
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Firstly, in the 0.18 BOLAM the initial condition is 3.1.4 MM5
supplied from the ECMWF analysis at 12:00 UTC of
8 June 2000. Thus, for the 0.0BOLAM the initial condi- MM5 model is running for research purposes at the UIB-
tion is the 12 h BOLAM father forecast. Unfortunately, from Meteorological Group. Usually, the NCEP grid analyses,
this analysis the “Montserrat-2000” event was not forecast. with a horizontal resolution of 2%in latitude-longitude
coordinates), are employed at UIB to initialize the model
and provide boundary conditions. The MM5 model grid is
defined using the Lambert-Conformal Map Projection and
therefore the NCEP analyses are interpolated on the MM5
grid.

Three mesoscale domains, interacting which each other,
ave been defined. For each domain, the origin of the coor-
dinates is situated in the down-left corner of the grid. The
grid size spacing is 54 km (domain 1), 18 km (domain 2)
31.3 Lokal Modell and 6 km (domain 3), each with 82 grid points both in lon-

gitude and latitude direction and 24 vertical levels. The ratio

between the size of one domain and its outer domain is 3:1,
LM, the LAM of the Consortium for Small-scale Modelling because a two-way interaction it has been applied. In fact,
(COSMO), is the meteorological model used by ARPA-SIM. the 18-km MM5 is two-way nested to the 54-km MM5, and
LM, originally developed at the DWD (Offenbach, Ger- the 6-km MM5 is two-way nested to the 18-km MM5
many), is based on the primitive hydro-thermodynamical The outer domain (domain 1) is centered in the northeast
equations describing compressible non-hydrostatic flow in eof Spain at geographical coordinate (3909, 0.0° E) and
moist atmosphere without any scale approximations. The useneasures 43344374 km. Domain 2 is approximately cen-
of non-hydrostatic compressible (i.e. unfiltered) dynamicaltered over the Catalonia region, whereas the inner domain
equations allows to avoid restrictions on the spatial scalegdomain 3) is approximately centered over Tarragona (see
and on the domain size. The equation of the vertical mo-Fig. 2 for the 6-km domain extension).
ment is not approximate, so that it can describe much better For the control experiments, it has been used NCEP anal-
those phenomena for which it is important to take into ac-ysis every 12 h (initial conditions and the rest of the time
count the vertical velocity (for example convective storms, steps). The 54-km MM5 outputs are every 6 h, whilst for
sea and mountain breezes). The basic equations are writtehe other two domains outputs are every 3 h. Moreover, full
in advection form and the continuity equation is replaced byphysics is used and a Kain-Fritsch scheme is applied to pa-
a prognostic equation for the perturbation pressure (i.e. theameterize convection for the first domain, whereas no con-
deviation of pressure from the reference state). The modebective parameterization is present over the two inner do-
equations are solved numerically using the traditional finitemains.
difference method. Simulations using analysis and forecasts of the ECMWF

The meteorological center of Emilia-Romagna, ARPA- have been a'?'o run, buF results are not so goo_d as those of the

SIM, has been using LM as the operational forecast modeFontrOI experiment. This model configuration is used for the

; . ; ; ) tercomparison study. The 54-km MMS5 is initialized with
since 2001; LM is run twice a day (at 00:00 UTC and in . )
12:00 UTC) for 72 h with a spatial horizontal resolution of ECMWF analysis at 00:00 UTC of 9 June 2000 and ECMWF

7 km and 35 levels in the vertical. The initial and boundary forecast every 6 h as initial and boundary conditions, respec-

conditions for LM are obtained by interpolating respectively tively (cf. Tabled).
the values of the analysis and of the forecasts supplied by th
global model of the DWD (one-way nesting). The boundary
conditions are provided to the LAM every hour. Mesoscale
data assimilation is also applied, using a nudging technique

For the second experiment, the ?1BOLAM the ini-
tial condition is supplied from the ECMWF analysis at
00:00 UTC of 9 June 2000 and the initial condition for the
0.05 BOLAM is now the 0.18 BOLAM father analysis (cf.
Table 1). From this analysis the “Montserrat-2000” event
was forecast, but underestimated. This simulation is the one
included in the intercomparison.

515 QBOLAM

QBOLAM is a parallel version of the hydrostatic, primitive-
equation, atmospheric limited area model BOLABugzi

LM simulations of the Hydroptimet case studies have beeret al, 1994 implemented on a 128-processor QUADRICS
run in a slightly different configuration (cf. Tab1g. The ini- APE-100 machine. It runs operationally at APAT in Rome,
tial conditions and the boundary conditions have been supas a part of POSEIDON sea wave and tidal forecasting sys-
plied by the global model of ECMWF. The model has beentem (Speranza et al2004, which includes also a WAve
run at two horizontal resolutions, 7 and 2.8 km. The 7-km Model (WAM), a Princeton Ocean Model (POM) nested on
LM is nested on the ECMWF global model, while the 2.8- a Finite Element Model of the Venice Lagoon (VL-FEM) in
km version of LM is nested on the 7-km one. The initial and cascade with the QBOLAM output.
boundary conditions for the 2.8-km run are, then, provided Equations are discretized on a horizontal Arakawa-C grid,
by the 7-km run of LM. Both the 7-km and the 2.8-km LM rotated in order to minimize grid anisotropByzzi et al,
simulations use the Tiedtke parametrisation scheme for cu1998, and on a vertical sigma-level Lorenz960 scheme.
mulus convection. As in BOLAM-SAR, the integration scheme employs FB to
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describe gravity waves and FBAS for the horizontal and ver-of freezing and melting, the temporary water and snow cover,
tical advection terms. A fourth-order diffusion and a second-the vegetation and the canopy air. The precipitation produced
order divergence damping are also applied. by both convective parameterization and bulk microphysical
Due to massive parallelization issues, some parameterizascheme, within the column grid, falls down on the vegetation
tion schemes are simpler than in other BOLAM versions: coverage, producing a moisture fluxes and energy due to the
they include analytic formulaelLbuis et al, 1982, based different hydrometeors.
on Monin-Obukhov similarity theory, to represent boundary- The simulation design is based on a two nested grids con-
layer fluxes; a simplified radiation scheniage 1986 Rulti figuration at 8 and 2 km of grid spacing, respectively. Six-
et al, 1997); convection parameterization based on tu® hourly ECMWF global model analysis fields provide both
(1974 scheme. A three-layer soil model provides lower initial and boundary conditions on the outer grid, using both
boundary conditions. a lateral nudging, on a strong 6 h time scale, and a inner-
For the case-study simulations, the operational configuradomain light nudging on a 12 h time scale. This sort of “spec-
tion is used. The model is run on two one-way nested gridsiral nudging technique” is aimed to force the model with an-
The outer grid (16298 points) has a horizontal spacing of alyzed fields and, at the same time, let it develop its own
0.3in rotated coordinates, centered at the point of geographedynamics in the domain far from lateral boundaries. Then,
ical coordinate (385N, 12.5 E), with an approximate ex- outer grid forecast provides one-way forcing for the 2-km
tension of 53063200 km, and 40 vertical sigma levels. Ini- grid spacing inner domain. Boundary conditions are pro-
tial conditions are provided by ECMWF analysis; boundary vided every 1 h only with a lateral nudging.
conditions are given by the ECMWF forecast initialized with  Over both grids, 36 vertical levels are present, with a
the same analysis. stretched resolution from 50 m, near the surface, to 1100 m
The inner domain (386210 points) has a horizontal spac- (cf. Tablel). In order to provide a better description of air-
ing of 0.1°with an approximate extension of 4302300 km  sea fluxes, observed weekly sea surface temperature fields at
(the other parameters are the same as above). The oper@km of resolution from AVHRR (NOAA) have been used.
tional, 60-h run starts daily with the 12:00 UTC analysis; Initial soil temperature and moisture are set accordingly to
however, the inner domain run starts 12 h later (spinup time)available observed data for the interest period. A special
so that the higher resolution run has a 48-h forecast rangeprecipitation microphysical scheme setting, originally devel-
starting from 00:00 UTC of the day after the analysis. This oped in the Hydroptimet framework, has been used: as one
run design was preserved in the case-study experiments. of the most critical microphysics scheme parameters is the
“cloud condensations nuclei” (CCN) concentration for each
3.1.6 RAMS hydrometeor categories, a special set-up has been chosen ac-
cording to the mean total dust load, over the area, described
The RAMS model, operating at LaMMA since 199%asqui by the Aerosol Index from TOMS satellite. In details, we
et al, 2000 integrates standard non-hydrostatic Reynolds-define over the interest area three different dust load con-
averaged primitive equations, compressible and time-split ortentration, namely low, moderate and high, with respect to
a horizontal rotated (polar-stereographic transformation) andhe TOMS Al observed values. These conditions are direct
a vertical terrain-following coordinate. The physical pack- linked with the CCN concentration. For each reference dust
age of the model describes an atmospheric turbulent diffujoad condition we provide “the best choice”, of microphys-
sion processes according with the Mellor-Yamada schemeical parameter settings for the RAMS simulation, obtained
a cloud microphysics parameterization, a modified Kain-through analyzed case studies simulations (see for details
Fritsch type cumulus parameterization, the Harrington radiaPasqui et a) 2004. Because not only the CCN concentration
tive transfer parameterization short and long wave schem@éas a direct impact on precipitation, a “best” shape size dis-

and the Land Ecosystem Atmosphere Feedback (LEAF}ribution choice for each hydrometeors categories has been
scheme for soil-vegetation-atmosphere energy and moisturgrovided as well.

exchanges.

The cloud microphysics schem#/élko et al, 1995 Mey- 3.2 Observed and forecast datasets
ers et al.1997 is a bulk microphysics representation of each
hydrometeor category. This physics-based scheme emphdhe verification data set includes 5-min rain gauge observed
sizes individual microphysical processes rather than the staprecipitations over Catalonia, 30-min satellite data, and 1-h
tistical end result of atmospheric systems; it is suitable tomodel forecast precipitation fields for 9—-10 June 2000. For
be applied to any kind of cloud (convective, stratiform, trop- the intercomparison study, forecast and observed precipita-
ical etc.). The surface model (LEARValko et al, 2000 tions have been accumulated at 3, 6 and 12 h over the entire
evaluates fluxes of energy, water vapor, and momentum beevent period.
tween atmosphere and surface solving heat and water bal- In Fig. 3 rain gauge observations accumulated on 36 h,
ance equations for multiple soil layers, multiple snow cover starting from 00:00 UTC of 9 June 2000, are presented. The
layers, vegetation, and canopy air. LEAF uses a mosaic apdense rain gauge network consists of 126 stations, covering
proach to subdivide each surface grid cell into multiple landan area of about 17 000 KmNevertheless, in order to have
use types or “patches”. The LEAF model includes the effectsan observed rainfall analysis less sensitive to the grid box
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Fig. 3. Precipitation observed by the Catalonia rain gauge net-Fig. 4. 36-h satellite rainfall estimate, from 00:00 UTC, 9 June to
work during the “Montserrat-2000” event. Rainfall was accumu- 12:00 UTC, 10 June 2000.
lated from 00:00 UTC, 9 June to 12:00 UTC, 10 June 2000.
use the satellite rainfall estimate for quantitative model veri-
spacing selected for the intercomparison, a two-pass Barnefécatlon'
' Another possible observational data source is the weather

objective analysis schemel has been applmmes 1964 .__radar, located near Barcelona, of the Catalan Meteorological
1973 Koch et al, 1983. This procedure assigns a gaussian ) . . L ) .
Service. Suitable algorithms for quantitative rainfall estima-

weight tq each observa_mon asa _funcﬂon of the dlstz_ince betion have been developeRigo and Llasgt2004), but their
tween rain gauge location and grid box center. The first pass _,. . L
. . . calibration needs further work and it is out of the scope of

produces a first guess gridded analysis, whereas the secor)
the present paper.

ass increases the amount of detail from the previous one. : L .
P P In Fig. 5 36-h precipitation forecasts predicted by the se-

Further extension of the data set includes satellite rainqacted models over their own native grids are presented.
fall estimates interpolated on a grid with an equal spacing of Since the models differ in the horizontal grid size, the in-

0.2 degrees for both coordinates (cf. Fy. These estimates o .omparison results may be sensitive to these differences.
have been provided _by LaMMA laboratory, which h_as IM" |n fact, statistical intercomparison tends to be highly sensi-
plemented an operational chain that produces real-time halffive to forecast displacement error, especially when verify-
hourly instantaneous rainfall maps. The procedure, operating, n high-resolution grids or on a short accumulation time.
In an autonomous, operational mode, is based on a blendeg,aover, large errors are also expected when using a sin-
technique Turk et al, 2000gb) that dynamically correlates gle rain gauge measure as a proxy of the average precipita-
brightness temperatures as measured by geostationary sefs., amount over an even very small ar@hérubini et al,

sors and _instant_aneous precipitation levels, as computed byooa_ Having more rain gauges per grid point is the most ef-
MW passive radiometer datEeérrgrQ and Marks:.1995' Fer- fective way to deal with representation error, and this is done
rarg 1997, by means of a statistical correlatioBrosson o forming the statistical validation over a relatively coarse

et al, 1999. The continuous streaming of geostationary o.iq (vass et al.2002. Hence, model runs have been ver-
and MW satellite data has been realized from ingesting ME-ified on a common 10-km grid by means of the remapping

TEOSAT data from the local receiving system in one case, i to-arid transformationAccadia et al. 2003 Baldwin
: . . g g h
and downloading SSM/I data from an archive with near real—zooq_

time data (i.e., SAA archive) in the other case. Although both procedures may change in a statistical way

The retrieved rainfall pattern (Figl) does not show a  skill score resultsfccadia et al.2003, remapping, used op-
good agreement with the rain gauge observations; in partiCerationally by the NCEP-Environmental Modeling Center, is
ular, slight or no precipitation is estimated over the Llobre- petter than a simple bilinear interpolation (used, for example,
gat basin, where the sharp rainfall peak, which produced thgyy ECMWF). First of all, bilinear interpolation treats grid-
heaviest damages, is observed (Bjg.Actually, a weak rain  point precipitation values as defined at points, whilst remap-
band is present in Figd, but with a strong south-easterly ping considers gridpoint values as grid-box values. Further-
shift. more, bilinear interpolation may not be desirable for precip-

An error in the satellite estimate field can arise from a cal-itation, because it results in smoothing of the precipitation
ibration error or a time shift error in the retrieval algorithm; field. In addition, at variance with remapping, bilinear inter-
whereas a large-scale error in the rain gauge measuremeng®lation does not conserve, to a desired degree of accuracy,
is quite unlikely. For this reason, it has been decided to nothe total precipitation forecast over the native grid.
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Fig. 5. Precipitation forecast by the selected LAMs over their own native grids. Rainfall was accumulated from 00:00 UTC, 9 June to
12:00 UTC, 10 June 2000.
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Fig. 5. Continued.

4 Statistical and deterministic methodologies Table 2. Contingency table of possible events for a selected thresh-

old.
To give a quantitative assessment about model skill in
predicting the event, a statistical verification by means Rain observed
of widely-used non-parametric skill scores has been per- _

formed Wilks, 1995 Schaefer199Q Hanssen and Kuipers Yes  No

1965 Mason 1989. Yes a b
These scores are tallied up or 2 contingency tables (Ta- Rain forecast

ble 2), which summarize in a categorical way possible com- No ¢ d

binations of forecast and observed events above or below
a given precipitation threshold. Hence, for each selected
threshold, four categories are defined: hits; false alarms; o )
misses and correct non-rain forecasts (geb, ¢ andd in BIA value less than one indicates that the model underesti-

Table2, respectively). The sum of these four category ele-Mate the frequency of the events (underforecasting).
ments, which is constant for each threshold, gives the sam- 1he equitable threat score (ETSchaefer199( is an ac-

ple size, that is the total number of forecast/observation pair§uracy measure for binary forecasts. It is a modified version
over the verification period. of the well-known critical success index (CSVilks, 1995

In order to have skill scores less sensitive to small changéhat takes into account, as correction, the random forecast. In

into contingency table population, they have been calculated@Ct: the ETS score is defined by:

on a sum of contingency tableldg@mill, 1999. In this case, . a— ar @)
since only one event is considered (36 h), the number ofta-~ =~ a+b+c—a
bles depends on the accumulation time. For example, on §herey, is the number of model hits expected from a random
12-h accumulation basis, categorical scores are tallied up ofyrecast:
three contingency tables. @+b)a+c)
The BIA score, or bias scoreWlks, 1995 is the ratio a=-————.
a+b+c+d

3)
between the frequency of yes forecast and the frequency of o _
yes observed. It is defined by: An ETS score equal to one indicates a perfect forecast;

whereas a value close to 0 or negative means that the model

BIA — ¢ +b 1 has a questionable forecasting ability.
T a+c @ Another useful skill score is the Hanssen and Kuipers
score (HK;Hanssen and Kuiper$965:

A BIA equal to one means that the forecast is unbiased, that
is forecasts and observations are above a selected threshgk — M, (4)
the same number of times. A BIA value greater than one in- (a+c)b+d)

dicates that the considered model overestimate the frequendynlike the ETS score, this skill score gives a measures of the
of the events above a threshold (overforecasting); whereas accuracy both for events and noneveisBride and Ebert
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2000. Moreover, it is independent of the event and noneventthe 95% confidence level, a minimum correlation value be-

marginal distribution. The score ranges betwednto 1. A tween forecast and observation fields need to be achieved.

value equal to 1 means a perfect forecast, whilst a randonThis value is calculated following the approach presented

forecast has a HK score close to zero. The HK score is equaby Xie and Arkin (1995 as a function of the number of ef-

to —1 when the number of hits and correct non-rain forecastdective independent comparing grid points.

are both zero. The CRA methodology gives also a quantitative support to
The false alarm ratio (FARMason 1989 is the ratio be-  the standard “eyeball” verification of model forecasts against

tween the number of false alarms and the total number of yegain gauge observations and satellite rainfall estimates.

rain forecasts. Thus, the FAR is tallied up as: For hydrological purposes, a quantitative deterministic
b verification obtained comparing observations and forecasts
FAR = (5)  over Catalonia hydrological basins has been also performed.

+b ; o i . .
. ) ) . _First of all, each verification grid point has been associated
As the FAR score is negative oriented, a model forecast withyg the pertaining Catalonia basin (see Hijy. Then, precip-
a FAR value close to zero is preferred (if.= 0). Instead jtations from each model simulation and rain gauge analysis
a FAR score equal to 1 means that all rain forecasts are falsgaye heen accumulated over each basin for the 36-h period.
alarms (i.e.a = 0). _ ~ Emphasizing the major impact areas, this analysis is quite
The thresholds set, depending on the accumulation timgsefu| in a hydrological perspective, provided the different

interval of forecasts and observations, includes high valuesextension of the basins is kept in mind (larger basins are less
up to 80.0 mm/12 h, due to the high intensity of the observedsensitive to spatial error).

space/time rainfall peak.

Once skill score verification results are available, it could
be desirable to interpret them, going back to possible factor:
implied in score differences. Common techniques to dea

with this nontrivial task are subjective analysis and sensitiv- .
For brevity, only BIA, ETS, HK and FAR values for the 12-

ity studies. e . :
However, a more straightforward approach, based on path accumulation time are discussed below, since values for

tern analysis of contingency table elements, is here IOre_shorter accumulationti_mes substantially provide the same in-
sented. This approach might help to characterize the moddPrMation about the skill of the model runs. _
error (e.g., with respect to orography, climatology etc.) and The two LM versions, MM5 and QBOLAM display the
eventually to give hints about the error sources and the wortt$@me BIA trend (Fig6(a)): they overestimate the frequency
and shortcomings of the different model runs. Contingency©f very light and medium-high intensity (40 mm/12 h) rain-
table elements, used to compute the aforementioned skiffll whilst they underestimate the occurrence of very strong
scores, are utilized to identify for each simulation the ge_rainfall. A similar trend, but closer to unity, is displayed by
ographical zones in Catalonia where hits, misses and fals&AMS (Fig.6(a)). The BIA scores for the two BOLAMSs and
alarms are concentrated. In fact, table elements are plotMOLOCH display overestimation at low thresholds and un-
ted, as a function of grid points, over the verification do- derestimation at medium ones; whereas strong maxima are
main showing the spatial distribution of hits, misses and falsg"0t predicted in the verification area (Fig(a). This state-
alarms. ment is also true for the RAMS simulation. Itlooks like these
Furthermore, to verify the spatial pattern matching of ob- model runs predicted diffuse precipitation in the verification
served and forecast precipitations and to provide more in&réa, instead of the sharp maxima shown by the observations.
sight on the forecast error sources (displacement, volume and For this particular case, QBOLAM ETS scores (Fi¢b))
pattern), the contiguous rain area analysis (CEBert and  are better than those of associated to the other considered
McBride, 2000 has been used. This object-oriented tech-simulations. This is somewhat unexpected, since it is a hy-
nique is simply based on a pattern matching of two contigu-drostatic model with a relatively simple convection param-
ous areas, defined as the observed and forecast precipitatigierization and 10-km horizontal grid size. Also the high-
areas, respectively, delimited by a chosen isohyet (or CRAresolution LM, MM5, and RAMS display a good skill, but
rain rate contour). not for all thresholds (RAMS only at the lowest thresholds;
When dealing with precipitation or, more in general, when cf. Fig. 6(b)). Finally, the other four model runs (the two BO-
the question is about forecast ability in matching the field LAMs, MOLOCH and the low-resolution LM) display a less
maxima, the most suitable criterion to measure the spatial erperforming behavior (Figé(b)), suggesting that these sim-
ror is the mean square error (MSE) minimization. Moreover, ulations did not match the observed high-intensity rainfall
following this approach it is possible to decompose the errorpeak.
into three component sources: the displacement, the pattern The HK results (Fig6(c)) have the same trend showed by
and the volume errors. the corresponding ETS results. Note that, in general, the HK
The CRA analysis is performed shifting the gridded fore- values are higher than the corresponding ETS values, since
cast precipitation field in latitude and longitude. However, to the HK formula takes into account also correct non-rain fore-
eliminate those matches that are not statistically significant atasts (cf. &).

Results and discussion
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Fig. 6. 12-h BIA, ETS, HK and FAR calculated for the selected models remapped on a 10-km common grid. For graphical clarity, skill score
values less or equal to zero are not plotted.

For each model, FAR shows a general descending trenévent (Fig.7). The two BOLAMSs display few false alarms
for the two lowest thresholds (Fi¢(d)), indicating a small  and diffused misses (more simply, their forecast is too dry).
number of false alarms with respect of the yes forecasts. Thi€omparing patterns of false alarms and misses, shift errors
trend is followed by an expected ascending trend (see previean be detected, especially in MOLOCH and in the two LMs’
ously results), which means an increasing of the number oforecasts (not shown).
false alarms (Fig6(d)). Quantitative verification can be also performed from a de-

Moreover, to have an idea of the number of grid points terministic _point of view directly comparing observed and
where both observation and forecast are above the selectd@recast rainfall amounts. .
thresholds for the 12-h accumulation time, the percentage of !N Fig. 8 observed and predicted rainfall, accumulated for

hits, with respect to the sample size (282 pairs during thedll the event time (36 h), are compared by basin. These val-
36-h event), is presented in Talfe ues outline a picture which partially differ from the one given

by the skill score verification: for example, on the Llobregat
basin RAMS prediction is quite good, whereas MM5 overes-
fimates the most intense peak. Such different evaluations of
the skill are due, among other things, to the high sensitivity
The most skillful simulations (QBOLAM, 2.8-km LM)  of the non-parametric skill score approach to small localiza-
provide hits over all the event area, evidencing the most intjon errors (double penalty effect). These results emphasize
tense flood zone. MMS5, 7-km LM and MOLOCH catch the multi-dimensional nature of the verification task: its re-
the widespread rainfall, but fail in capturing the precipita- sults are strongly dependent on the chosen forecast evalua-

tion peak. Only few hits are forecast by the other model runstion method, and eventually on the final forecast use.
(not shown). All models display misses on the peak zone

(Montserrat), since they underestimate the magnitude of the

Graphical verification by means of the contingency table
elements provides insight on the score differences discuss
above (see FigZ for misses spatial distribution).
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(a) BOLAM-ISAC

2

(d) 284mLM  (g) MOLOCH

(h)

Fig. 7. An example of the spatial information given by a contingency table element verification approach. Misses were calculated on 3 h-
based contingency tables for a 10.0 mm/3 h threshold. Each red cross indicates a grid point with at least one miss. If more than one miss is
present during the 36-h simulation, it is indicated accordingly.

Table 3. Percentage of hits calculated on the 12-h accumulation time contingency tables. For each model simulation, values are catalogued
with respect to thresholds.

Percentage of hits for each selected threshold (%)

Model 0.5mm/12h 5.0mm/12h 10.0mm/12h 20.0mm/12h 40.0mm/12h 60.0mm/12h 80.0mm/12h

BOLAM-ISAC 37.59 33.33 29.43 16.31 1.42 0.00 0.00
BOLAM-SAR 37.59 32.27 27.30 12.06 1.42 0.00 0.00
2.8-km LM 37.59 34.04 31.91 25.89 8.87 2.13 0.35
7-km LM 37.59 34.04 31.91 20.21 2.84 1.06 0.00
MM5 37.23 33.69 32.27 22.34 4.96 3.19 1.42
MOLOCH 39.72 34.40 29.08 15.96 0.71 0.00 0.00
QBOLAM 37.23 32.98 31.21 25.18 10.28 4.26 1.42

RAMS 34.40 31.56 29.43 17.38 2.13 0.35 0.00

Keeping in mind the description given ir?d§some insight  accumulation base (cf. Fig8 and 5), and over shorter
on the forecast quality, and the representation of the relevardccumulation time intervals (not shown).
physical processes, is given by the comparison among ob- Actually, the observed squall line is not present in the
served and predicted precipitation patterns, both on a 36-\wo BOLAMSs (Figs.5(a) and 5(b)) and RAMS (Fig.5(h))
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Fig. 8. Total accumulated precipitation (from 00:00 UTC, 9 June to 12:00 UTC, 10 June 2000) over the inner Catalonia basins, from rain
gauge observations and models’ forecast.

forecasts, whereas rain is predicted to the north (on the This could be possibly due to a CRA matching of the
Pyrenees) and to the west of the flooded area; it is also undepsbserved peak with the much larger rainfall amount pre-
estimated in the BOLAMs’ forecast. MOLOCH (Fig(e)), dicted nearby the Pyrenees and not with the weak precipi-
nested to BOLAM-ISAC, detects a strong rainfall peak, but tation predicted on the flood zone. This problem may arise
with a sensible northward shift. The runs from the otherwhen verification is performed over a small domain, espe-
four models tend to develop small scale structures similar tccially when different rainfall forecast patterns are close in
the observed squall line, which differ in shape and location.the area Tartaglione et a).2005. However after the CRA
QBOLAM (Fig. 5(g)) and MM5 (Fig.5(f)) forecast an elon-  matching, for each simulation, not only the MSE decreases,
gated, compact band, located nearby the observed peak. THet correlation strongly increases.

two LMs (Figs 5(c)and 5(d)) show smalll, intense structures:  QBOLAM displays the smallest MSE (also after the CRA
the 7-km run reproduces the main peak, with a slight eastmatching), almost all due to both pattern and displacement
ward shift, while the 2.8-km run well reproduces the south-errors, whilst volume errors are small. On the contrary, the

western and coastal secondary maxima. 2.8-km LM displays the smallest error shift, and most of the
A Comparison over a 1-h accumulation period (not ShOWﬂ)error is due to the pattern error source.

evidences a strong match between the observed evolution of t1o cra analysis has been also performed on the entire

rainfall spatial distribution (a north-westerly elongated squall o /ant (not shown). In many cases the 36-h results strongly
line moving eastwards) and the QBOLAM simulation; while gigter from the 6-h ones, this could indicate the presence of a

the MMS predicted precipitation starts north of the observedgpit error variable in time. It is expected that a shift constant

maximum location, then moving towards it. These resultsi, time js associated mainly to large-scale dynamics forecast

match, and in some sense explain, what has been seen in thgror \whereas a variable shift is more likely associated with
discussion about the skill scores. errors due to representation of mesoscale processes.

Such a qualitative discussion can be dealt in a more ob- . . o .
L ) . All the aforementioned results provide a description of dif-
jective way by means of CRA analysis. For the 6-h period , S

ferent models’ precipitation forecast. Further work would

of maximum observed rainfall intensity (from 00:00 UTC to be needed in order to trv to explain different model per-
06:00 UTC of 10 June 2000), results are shown in Tdble : y plain ! per
formances in terms of model properties and run design via

On a 6-h basis, the error from two BOLAMs, MOLOCH, : .
the representation of key atmospheric phenomena. A correct

MM5, RAMS and especially from 7-km LM is mainly due . e . . .
; identification of such factors requires at least extensive sensi-
to displacement component. For RAMS, MOLOCH, and the . : . o i
tivity tests over all the involved models, and this lies outside

two BOLAMs the displacement to be applied to the forecastthe scopes of this work. However, a preliminary inspection
field to best fit the observed field is about 60—70 km (south- Pes : ' /€, a preliminary insp
of the predicted fields can provide some insight. In the fol-

westwards). lowing some results are presented: first of all, the simulation
from QBOLAM run (the one obtaining the highest scores, as



578 S. Mariani et al.: A limited area model intercomparison on the “Montserrat-2000” flash-flood event

Table 4. CRA verification for 6 h (from 00:00 UTC to 06:00 UTC of 10 June 2000) intense rainfall of the Montserrat case study. A CRA rain
rate contour equal to 0.5 mm/6 h has been chosen. Maximum observed analysis equal to 95.16 mm/6 h. For each quantity, the best values al
indicated in bold.

Maximum  Displacement Shifted MSE MSE MSE Shifted
Model forecast (E, N) MSE MSE  displ. vol. patt.  Correlation correlation
(mm/6 h) in degree (%) (%) (%)
BOLAM-ISAC 66.20 (+0.2,—-0.6) 1294.3 485.7 62.5 3.0 345 -0.37 0.76
BOLAM-SAR 63.30 (0.1,-0.6) 1229.7 437.1 644 104 252 -0.16 0.87
2.8-km LM 87.32 (—-0.2 0.0 566.2 3956 30.1 0.2 69.7 0.60 0.75
7-km LM 99.69 (-0.4,-0.5) 16304 2526 845 0.6 149 -0.31 0.86
MM5 157.25 (0.2,-0.4) 2290.7 465.7 79.7 14 189 -0.06 0.78
MOLOCH 116.43 ¢0.3,-0.6) 1669.3 434.1 74.0 11 249 -0.23 0.72
QBOLAM 104.08 (0.0-0.4) 318.1 165.1 48.1 13 50.6 0.82 0.90
RAMS 107.21 ¢0.5,-0.5) 2739.3 631.7 76.9 0.0 23.1 -0.64 0.61

Fig. 9. QBOLAM simulation verifying 12:00 UTC, 10 June 200(a) 850-hPa specific humidity (in color), temperature (red curves) and
wind (vectors) fields(b) cross-section of specific humidity (in color) and temperature (black curves) along the white line indicated in (a).

in Fig. 6) is discussed in some detail; then a briefly subjectiveconcentrated in the lower layers, over the sea. The conver-
comparison with other two simulations (from BOLAM-SAR gence of these two air masses results in a “wet pool” over
and MM5) is presented. Catalonia, bounded northerly by the Pyrenees and westerly

by the incoming cold Atlantic air. The mesoscale dynamics
The 850-hPa QBOLAM forecast, few hours before the

; . X -~ "~ inside such a “pool” is responsible of the space-time rainfall
event (Fig.5), evidences the key physical factor which in- yiiribution during the event.

fluence the rainfall distribution. Three air masses are con-

verging on Catalonia: cold air is advected northerly from the Moreover, as an example, the 850-hPa fields over Cat-
Atlantic; moist, cyclonic air is present over the Iberian Penin- alonia forecast at 00:00 UTC of 10 June 2000 from QBO-
sula; warm air from the Western Mediterranean Sea is adLAM, the 6-km MM5 and BOLAM-SAR are compared. In
vected southerly and forced eastwards by the Pyrenees. Theig. 10the main elements which affect the precipitation pro-
different vertical structure of the last two air masses is evi-cess are clearly visible: the distribution of the incoming air
dentin the cross section in Fify. deep convection is present masses, the humidity pattern, the wind convergence zones,
over the land; a potentially unstable profile, with moisture and the geopotential field structure. Such structures display
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remarkable differences from model to model. This is not sur-
prising, since a very different forecast skill among the three
simulations was found (see, for example, FY.

However, the linkage between skill differences and pattern
differences is far from evident. For example, QBOLAM pat-
terns display more qualitative resemblance with ones from
BOLAM-SAR (which has a lower skill) than with ones from
MMS5 (which has about the same skill); actually, much less
moisture is present in the BOLAM-SAR run than in the other
two.

It is possible that the different initialization between
BOLAM-SAR and QBOLAM was responsible of such a dif-
ferent moisture content, but it should be noted that BOLAM-
SAR produces an even less skilled forecast when initialized
as QBOLAM (see 8.1.2.

Furthermore, wind convergence patterns are sharper in (2) QBOLAM
MM5 and BOLAM-SAR runs than in QBOLAM. This could
be due to differences in resolution or in the parameterization
schemes; however, it is not clear how this can affect the fore-
cast quality. The westerly cold air spreads more eastward in
MMS5 than in QBOLAM,; this can be reasonably related with
the aforementioned north-eastward shift of MM5 predicted
precipitation maximum.

At any rate, it is a quite nontrivial task to trace such
mesoscale details back to the differences in model formula-
tion, experimental design and initialization. Hence, this issue
will require further work to be addressed.

6 Conclusions

The “Montserrat-2000” event is characterized by an excep-
tional concentration of rainfall both in space and time: this
makes a satisfying hydro-meteorological forecasting quite a
challenging tasks for LAMs. The pros and cons of high-
resolution, non-hydrostatic dynamics, or advanced cumulus
parameterization schemes are not straightforward.

The verification study, performed with different statistical
and deterministic, objective and subjective techniques, dis-
plays a complex image of the different simulations’ perfor-
mance. Results evidence a better forecast quality of QBO-
LAM, MM5, and LMs simulations, essentially due to the
development of a squall line over southern-central Catalo-
nia, which is not caught by the other models. Furthermore,
the forecast skill is affected by errors in position, orientation,
texture and timing of the rain band, which vary among simu-
lations.

An assessment of the effect of different model run ini-
tializations should be preliminary to any interpretation of
these results, especially considering that the highest skill (c) BOLAM-SAR
scores are obtained by a run (QBOLAM) using a differ-
ent initial analysis than the others. Anyway, at a first look, ) - o
most of the models that show a better performance are nonf!9- 10 850-hPa forecast over Catalonia of specific humidity
hydrostatic, higher-resolution ones (LM, MMS5). This indi- (|n.color), geopotential height (black curves) and wind verifying
cates that high resolution is a valuable ingredient of fore—oo'00 UTC, 10 June 2000.
cast quality in this case, considering also that a large-scale
shift error cannot be corrected only by enhancing the model
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resolution. However, this assessment is not fully unambigu-Crosson, W. L., Duchon, C. E., Raghavan, R., and Goodman, S. J.;
ous. In fact, the QBOLAM simulation shows the best perfor- Assessment of rainfall estimates using a standard Z-R relation-
mance despite its lower resolution, hydrostaticity and simple ship and the probability matching method applied to composite
parameterization schemes. Since the main QBOLAM advan- radar data in central Florida, J. Appl. Meteorol., 35, 1203-1219,
tage is its large domain extension, this may suggest a signif- 1996.

icant role of the domain extension in shaping a correct fore-2"0f& O- V.- The parameterization of microphysical processes for
. atmospheric numerical models, Nuovo Cimento, 26C, 233—-262,
cast of this case study.

) : . 2003.
An essential factor in this sense could be the correct repEbert, E. E. and McBride, J. L.: Verification of precipitation in

resentation of meso-synoptic forcing patterns, which shape yeather systems: determination of systematic errors, J. Hydrol.,
the circulation over Catalonia by the convergence of three air 239, 179-202, 2000.

masses coming from western Mediterranean, Iberian PeninFerraro, R. R.: Special sensor microwave imager derived global
sula and Atlantic Ocean and the barrier effect of the Pyre- rainfall estimates for climatological applications, J. Geophys.
nees. How these factors operate in the single simulations, Res., 102(D14), 16 715-16 735, 1997.

and how this depends on model properties and Configural.:erraro, R. R. and Marks, G. F.: The development of SSM/I

tions, run initialization, etc., will be the object of future stud-  rain-rate retrieval algorithms using ground-based radar measure-
ies. ments, J. Atmos. Ocean. Technol., 12, 755-770, 1995.

Hamill, T. M.: Hypothesis tests for evaluating numerical precipita-
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