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Abstract

During autumn 2012 and winter 2013, two Special Observation Periods (SOPs) of the Hy-
drological cycle in the Mediterranean Experiment (HyMeX) took place. For the prepara-
tory studies and to support the instrument deployment during the field campaign, a ded-
icated version of the operational convective-scale AROME-France model was developed:5

the AROME-WMED model. It covers the western Mediterranean basin with a 48 h forecast
range. It provided real time analyses and forecasts which were sent daily to the HyMeX
operational centre to forecast high precipitation events and to help decision makers on the
deployment of meteorological instruments. This paper presents the main features of this nu-
merical weather prediction system in terms of data assimilation and forecast. Some specific10

data of the HyMeX SOP were assimilated in real time.
The forecast skill of the AROME-WMED is then assessed with objective scores and com-

pared to the operational AROME-France model, for both autumn 2012 (5 September to 6
November 2012) and winter 2013 (1 February to 15 March 2013) SOPs. The overall perfor-
mance of AROME-WMED is good for SOP1 (i.e. mean 2m temperature root mean square15

error (RMSE) of 1.7 ◦C and mean 2 m relative humidity RMSE of 10% for the 0-30-h fore-
cast ranges) and similar to those of AROME-France for the 0 to 30 h common forecast
range (maximal absolute difference of 2 m temperature RMSE of 0.2 ◦C and 0.21% for the
2m relative humidity). For the 24 to 48 h forecast range is of course less accurate (relative
loss between 10% and 12% in 2 m temperature and relative humidity RMSE, and ETS for20

24-h accumulated rainfall) but it remains useful for scheduling observation deployment. The
characteristics of parameters such as precipitation, temperature or humidity, are illustrated
by one heavy precipitation case study that occurred over the south of Spain.

1 Introduction

HyMeX (HYdrological cycle in the Mediterranean EXperiment, Drobinski et al., 2014) is a25

10 year international programme. It aims at a better understanding and quantification of
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the hydrological cycle and related processes in the Mediterranean Sea, with an emphasis
on high-impact weather events, inter-annual to decennial variability of the Mediterranean
coupled system, and associated trends in the context of global climate change.

The first HyMeX Special Observation Period (SOP1) took place from 5 September to
6 November 2012 over the north-western Mediterranean Sea including the French, Italian5

and Spanish coastal regions. SOP1 was dedicated to heavy precipitation and flash-flooding
(Ducrocq et al., 2014). The second field campaign (SOP2) was set for February–mid-March
2013 in the Gulf of Lion and aimed at studying intense air-sea exchanges and dense water
formation (Drobinski et al., 2014). In this region, dense water is formed at the surface by
a drop in temperature and an increase in salinity. This is due to the action of strong heat10

and water losses (strong evaporation), generally associated with strong northerly/north-
westerly wind events (Mistral/Tramontane) during the autumn and winter (Marshall and
Schott, 1999). If the surface water is dense enough, a violent mixing occurs (i.e. deep
ocean convection), sometimes reaching as far as the sea-floor (2000 m-depth).

AROME-WMED (Application of Research to Operations at MEsoscale, West MEDiter-15

ranean Sea) is the HyMeX-dedicated version of the French operational convective-scale
AROME-France system (Seity et al., 2011). It was developed in 2009 and constantly im-
proved since then by CNRM-GAME (Centre National de Recherches Météorologiques–
Groupe d’études de l’Atmosphère Météorologique) to study heavy precipitation and to pro-
vide the HyMeX operational centre (HOC) during the several SOP campaigns with real time20

analyses and forecasts. AROME-France, from which AROME-WMED is derived, leaves
a large part of Mediterranean Sea out of its domain. As several studies have shown the
importance of an accurate description of the moist low-level flow (that feeds meso-scale
convective systems which can result in heavy precipitating events over the Mediterranean
Sea, (Duffourg and Ducrocq, 2011; Bresson et al., 2012; Ricard et al., 2012)), we choose to25

extend further south the AROME-WMED domain (Fig. 1). In addition, AROME-WMED ran
with its own assimilation cycle in quasi real time from the beginning of September 2012 to
mid-March 2013.
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In the past, the AROME model had been already used during several field campaigns,
such as the Mesoscale Alpine Programme-Demonstration of Probabilistic Hydrological and
Atmospheric Simulation of flood Events (MAP-D-PHASE, Rotach et al., 2009), the Con-
vective and Orographically induced Precipitation Study (COPS, Wulfmeyer et al., 2008) or
the Boundary-Layer Late Afternoon and Sunset Turbulence (BLLAST, Lothon et al., 2014).5

In the latter experiment, only specific AROME forecast output was made available every
hour over the small BLLAST domain. To be able to make forecast during MAP-D PHASE
and COPS experiments, an AROME domain was created over the Alps. This model was
initialised using ALADIN-France, which was at the time the operational regional Météo-
France model, taking its lateral boundary conditions from ARPEGE and its initial state from10

a three-dimensional variational data assimilation (3D-Var) scheme (Fischer et al. (2006)).
This AROME model was run during 6-months (June-November 2007). Only during the last
month of the COPS experiment (August 2007), this specific AROME was run in real-time
with an assimilation cycle.

During the SOPs, some AROME-WMED fields (surface fields and precipitation) were15

used for driving hydrological and ocean models (Lebeaupin-Brossier et al., 2014). AROME-
WMED simulations were also used for decision making on observation deployments and
safety management of the instruments.

During the campaign, innovative observations came from Boundary Layer Pressurized
Balloons (BLPBs) developed by CNES (Centre National d’Etudes Spatiales, Doerenbecher20

et al., 2013) and from flights of the German Dornier and the French SAFIRE Falcon 20 and
ATR-42 aircraft. Flight plans and dropsonde launches were planned on the eve following
AROME-WMED forecasts. Radiosondes were also launched from mobile platforms along
the French and Italian Mediterranean coasts and in Corsica according to meteorological
situations. Moreover additional operational radiosondes were activated on request at 06:0025

and 18:00 UTC through the Data Targeting System (DTS) implemented by ECMWF (Eu-
ropean Centre for Medium-range Weather Forecasts, Prates et al., 2009) in the EUCOS
(EUMETNET Composite Observing System) framework (former EUMETNET EIG Obser-
vation Programme).
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The aim of this paper is to review the main characteristics of the AROME-WMED real-time
version in terms of data assimilation and forecast. The AROME-WMED model configuration
is described in Sect. 2. In Sect. 3, the performances of AROME-WMED and AROME-France
models are evaluated during the SOP1 over a common area. The comparison is based on
Météo-France operational scores and on scores computed with additional surface observa-5

tions from the HyMeX database. Section 4 is dedicated to the model evaluation during the
SOP2. Section 5 illustrates the AROME-WMED forecast for the Intensive Observation Pe-
riod 8 (IOP8) case that affected southern Spain with heavy precipitation and flash flooding.
The last section concludes this paper.

2 Description of the AROME-WMED model10

2.1 Model configuration

AROME-WMED is based on AROME-France, which is a limited area model that rests upon
non-hydrostatic equations (Bénard et al., 2010). Both models have a 2.5 km grid and 60
vertical levels ranging from 10 m above ground to 1 hPa. Both models use a 1-moment mi-
crophysical parameterization (Pinty and Jabouille, 1998; Caniaux et al., 1994), which takes15

into account five classes of hydrometeors (cloud liquid water, cloud ice, rain, snow and grau-
pel). The vertical turbulent transport in the boundary layer is represented by two schemes:
an eddy diffusivity part based on a prognostic turbulent kinetic energy parametrization fol-
lowing Cuxart et al. (2000) and a dry thermal and shallow convection mass flux scheme
following Pergaud et al. (2009). The deep convection is explicitly resolved in the AROME20

numerical weather prediction system. The surface scheme, called Externalized Surface
(SURFEX, Masson et al., 2013), diagnoses the 2 m temperature, 2 m humidity, and 10 m
wind at every time step due to a specific algorithm called Surface Boundary Layer (SBL)
(Masson and Seity, 2009). Please refer to Seity et al. (2011) for further details.

The AROME-France domain is comprised between 38◦N–11◦W and 55◦N–15◦ E (Fig. 1).25

AROME-WMED covers an extended domain (+11% more grid points than the operational
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one) from Portugal to Italy and from North-Africa to France (34◦N–11◦W/48◦N–20◦ E,
Fig. 1). It is particularly well suited for the study of high precipitation events which occur
in eastern Spain, in the Cévennes area (France) and in Liguria-Tuscany (Italy), all of which
are located in the middle of the domain, hence, the upstream atmospheric flow and air-
sea exchanges leading to heavy precipitation are also included in the area. For AROME-5

France, the grid is defined by 750× 720 points from the centre at 46.4◦N 2.2◦ E, whereas
the AROME-WMED one is defined with 960× 640 points from 41.5◦N 4.1◦ E. 47 % of grid
points are covered by sea surface versus 41 % for the AROME-France model.

As both domain and grid points of AROME-WMED and the AROME-France differ, it was
felt necessary to use new climatologies for the SURFEX scheme (Masson et al., 2013).10

The same method as the one used in AROME-France was used to set up these climatolo-
gies (Seity et al., 2011). Physiographic data are initialized over the AROME-WMED domain
using the so-called ECOCLIMAP database (Masson et al., 2003) at 1 km resolution. As in
AROME-France, the SURFEX orography comes from the one of the atmospheric model
to avoid issues with altitude inconsistencies. It is extracted from the Global 30 Arc-Second15

Elevation Data Set (GTOPO30) database.
For forecast purposes, lateral boundary conditions are hourly provided by the French

operational global model ARPEGE (Action de Recherche Petite Echelle Grande Echelle,
Courtier et al., 1991) forecasts. Once per day, a 48 h forecast was started at 00:00 UTC
with AROME-WMED. Only one 30 h forecast was made by the operational AROME-France20

model at 00:00 UTC but also at 06:00, 12:00 and 18:00 UTC. This choice for AROME-
WMED was motivated by computational costs and by the forecasters’ requirements during
HyMeX SOPs. Indeed, from this 48 h forecast, it was possible to study the weather con-
ditions for the next day during the 07:30 UTC briefing while, at Météo-France, it is made
routinely from the 12:00 UTC forecast.25

2.2 Data assimilation

The initial atmospheric state of the AROME-WMED is an analysis performed every 3 h with
a three dimensional variational data assimilation system (3D-Var) at the horizontal resolu-
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tion of 2.5 km (Seity et al., 2011). Each 3 h step computes an analysis using observations
within a ±1h 30m assimilation window and a 3 h forecast to serve as first guess for the next
step. The wind horizontal components together with the temperature, the specific humidity
and the surface pressure are analyzed, other model fields such as cloud parameters are
cycled from the AROME guess. The surface analysis (soil temperature, soil humidity over5

land and sea surface temperature) is produced with an optimal interpolation scheme every
3 h, taking into account the data measured by surface stations and buoys.

2.2.1 Background error statistics

The background error covariance matrix is an essential component of any variational data
assimilation system. It strongly controls the spread of the observation impact within a vari-10

ational mesoscale analysis. The background error covariances of AROME-France cannot
be used, as both domains are different. The error covariances of the AROME-WMED data
assimilation system, specially developed for the HyMeX campaign, has been computed
using the ensemble approach proposed by Brousseau et al. (2011). Several studies have
indeed demonstrated the strong dependence of the background error statistics on weather15

regimes. For instance, using the Weather Research and Forecasting (WRF) model at 3 km
resolution, Michel et al. (2011) showed that the specific humidity standard deviation of the
model background error is larger in rain affected areas than in non rainy conditions.

With AROME-France (Brousseau et al., 2012), daily and spatially averaged background
errors show some important variations: the specific humidity (resp. temperature) values of20

the background error variance in the low troposphere are higher in warm (resp. anticyclonic)
conditions than in cold (resp. low pressure) ones. These authors also demonstrated an
improvement on the analyses and the forecasts of AROME-France when background error
covariances are consistent to the meteorological situations.

However, accuracy and computational costs of representing background-error statistics25

are major issues in data assimilation, therefore, compromises are a necessity when it
comes to operational applications. To introduce the flow dependency into the background
error covariances proves to be too costly, hence, a climatological background error repre-
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sentation (i.e. spatially and temporally averaged statistics over 2 week period) is used in
AROME-France and in AROME-WMED instead. The period chosen for the computation of
the operational AROME-France model background was characterized by various meteoro-
logical conditions (warm and anticyclonic conditions during the first week (25 April to 2 May
2010), cold and perturbed conditions during the second one (3 to 10 May 2010), giving a5

good meteorological sample). As one of the goals of the HyMeX campaign was to observe
and forecast heavy precipitation, and bearing in mind these variations, an autumnal pe-
riod in October 2010, characterized by convective systems over Catalonia and the south of
France, was selected to compute the AROME-WMED background error covariances.

The comparison of the statistics, standard deviation and correlation length, of AROME-10

WMED with the AROME-France ones, shown in Fig. 2, is quite consistent with findings by
Michel et al. (2011) and Brousseau et al. (2012). This temperature background error shape
in AROME-France for the lowest levels is due to the estimation of the error covariances,
which occurred during a period with more anticyclonic and stable meteorological conditions
than for the AROME-WMED one. The warmer period, which had been chosen to compute15

the background error covariances of AROME-WMED leads to larger standard deviations of
the specific humidity background error (above 1 g kg−1 in the lowest levels) as compared to
AROME-France (below 1 g kg−1 in the lowest levels). This increase of the standard devia-
tion holds true for the whole troposphere (Fig. 2a).

The background error standard deviation for the vorticity and divergence fields (not shown)20

presents similar patterns. No systematic difference was found for the temperature back-
ground error (Fig. 2b), except in the lowest levels, below 850 hPa. This AROME-France
temperature background error shape in the lowest levels is due to the estimation of the
error covariances, which occurred during a warmer and more stable atmospheric period
than for AROME-WMED one. The vertical profiles of correlation length scales for humidity25

and temperature (Fig. 2c and d) exhibit shorter horizontal correlations for AROME-WMED
above 850 hPa, in accordance with the higher values in variance spectra for horizontal
length-scales below 300 km (not shown).
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The vertical correlation reflects the relationship between the various layers of the atmo-
sphere. AROME-WMED forecast vertical error correlations are larger in the troposphere
than the AROME-France ones (Fig. 3), especially in the lower troposphere, below 850 hPa,
due to a more important vertical mixing present during the period of the AROME-WMED
background error covariance computation.5

All these results are consistent with the findings of Brousseau et al. (2012) in convective
situations and should help the AROME-WMED data assimilation system to extract more
information on convective phenomena from observations.

2.2.2 Observations

The observations assimilated are of the same type as the ones used in the operational10

AROME-France system: radiosondes, automated land surface stations, wind profilers, ships,
buoys and aircraft reports. Satellite data are also used: infra-red radiances from SEVIRI
(Spinning Enhanced Visible and InfraRed Imager) on board the geostationary satellite Me-
teosat Second Generation, infra-red and microwave radiances from polar orbiting satellites,
satellite winds from Atmospheric Motion Vectors (AMVs) and scatterometer surface winds.15

The GPS Zenith Total Delay (GPS-ZTD) observations from the EUMETNET EIG GNSS
water VApour Programme (E-GVAP) network are assimilated as well. Doppler winds (Mont-
merle and Faccani, 2009) and reflectivities which provide information on relative humidity
profiles (Caumont et al., 2010; Wattrelot et al., 2014) from the French Radar network are
also used.20

Some observations from the HyMeX campaign, when distributed through the Global
Telecommunication System (GTS), were assimilated in AROME-France, AROME-WMED
and in the global ARPEGE model. The radiosondes deployed for the DTS and the addi-
tional SOP1 ones were assimilated by AROME-WMED and AROME-France in real-time
as they were transmitted through the GTS. Thus, 373 out of the 403 additional EUCOS25

radiosondes launched during the SOP1 were assimilated in AROME-WMED.
Data from 18 BLBPs were also assimilated during SOP1 and 16 during SOP2 (Fig. 4).

These BLPBs were launched on request from the HyMeX Operational Centre. These data
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were available in real-time only in the Météo-France database, temperature and wind data
were thus assimilated in AROME-France and AROME-WMED. This represents a total of
nearly 850 reports (351 in SOP1 and 497 in SOP2). From these BLPBs, it was possible
to collect data close to the sea surface, which is generally a data void area. The high rate
of observations (two per minute) was filtered and averaged (10′) to generate representa-5

tive observational reports, from a meteorological point of view, which were then coded in
the form of commercial aircraft data with distinctive identifiers. These reports included hu-
midity (mixing ratio) in addition to temperature, pressure, wind and geographical elevation.
The winds were derived from the drift of balloons, thanks to a 3-D GPS positioning. The
average range of the altitude was 400 to 900 m. Only data from stable parts of the flights10

were used to generate this special dataset, which has been derived from raw BLPB data by
time filtering. Some balloons ascended rapidly when encountering strong up-drafts which
were generated by deep convection. The data corresponding to these rapid vertical varia-
tions were discarded. The sampling ratio of the BLPBs is not meant to capture very rapid
changes in the measured parameters. In AROME-WMED, only temperature and wind data15

(at pressure levels) were assimilated in real-time, whereas humidity was not, because the
format used for the observation dissemination did not allow it.

Ancillary surface data from AEMET (Agencia Estatal de METeorologìa), also have been
assimilated in real-time only in AROME-WMED because these data were available on a ftp
site.20

Figure 5 shows the amount of assimilated observations by both models over their specific
domain and over their common area, ranging from 39 to 47.5◦N and from 8◦W to 11◦ E for
SOP1 and SOP2. Aircraft data are fewer in the AROME-WMED model as most major Euro-
pean airports lie outside the domain. The same holds true for GPS data which are denser
over northern Europe. Despite real time constraints, many more satellite microwave obser-25

vations were assimilated through an increase of the horizontal sampling (one observation
per 80 km2 square box, instead of one per 125 km2 box in AROME-France) which gave a
better observation coverage over the sea similar to the operational 80 km sampling of IASI
(Infra-red Atmospheric Sounding Interferometer) (Guidard et al., 2011) in AROME-France.

10
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Additional Spanish surface data were used in the AROME-WMED analyses to improve cov-
erage over Spain as shown in Fig. 5.

In total, over the common area, 3.3 % of additional observations are taken into account in
AROME-WMED for SOP1 and 5.2 % for SOP2. The discrepancy is due to the increased hor-
izontal resolution for the microwave radiance assimilation (+35.7% for SOP1 and +42.4%5

for SOP2) and to a later AROME-WMED analysis (half an hour later than the AROME-
France). It follows that more observations were available in the meteorological database
for the assimilation. Buoys provided around 5 % additional data for both SOPs as the as-
similation was made after that of AROME-France. However fewer data from Atmospheric
Motion Vectors (AMVs), scatterometers, profilers and ground GPS stations were used dur-10

ing SOP1. The lack of assimilated ground GPS data in AROME-WMED (−22.4 and −21.4%
for SOP1 and SOP2 respectively) was caused by an inadequate bias correction in AROME-
WMED, which discarded a lot of GPS observations from assimilation.

The main difference between the results of SOP2 and those of SOP1 lies in the activation
of 4 additional wind profilers (+27%) in southern France. A quality control was made against15

the AROME-WMED model during SOP1. Once assessed, these data were assimilated in
AROME-WMED in real-time, as from December 2012.

2.3 Runs in real-time

AROME-WMED was run in real-time on the Météo-France NEC-SX8 computer dedicated
to research numerical activities (i.e. not on the computer dedicated to operations). Though20

the model configuration was developed in a research environment, it was necessary to
modify it in order to run it more quickly and without service break. Hence, it was monitored
24 h a day during the 9 month period (September 2012–March 2013) by the desk operator
team to rerun it in case of model crash. The AROME-WMED data assimilation task was
launched about 2 h after the analysis time and it took approximately 1 h and 30 min on 825

dedicated nodes to perform a 48 h forecast (assimilation took 30 min). Finally, for 00:00 UTC
slot, model outputs were available at around 04:30 UTC on Météo-France forecaster display
workstations. This schedule was reached in 95 % of cases for SOP1 and 93 % for SOP2.
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Worthy to be mentioned, the cycle 36 code version of AROME-WMED was upgraded to
cycle 37 on 25 September 2012 at 06:00 UTC in a way similar to the operational model
upgrade (AROME-France and ARPEGE). This means, during SOP1, the meteorological
fields were produced by two different versions of the code whereas the outputs of SOP2
come from only one AROME-WMED version. For technical reasons, it was not possible5

to have a single version of the AROME-WMED during SOP1. The main changes in the
AROME model reside in the revision of the cloud scheme with a realistic increase of clouds
with partial cloud cover, in addition to changes concerning observation use. As it was not
possible to run simultaneously both cycles of the AROME-WMED, we could not quantify
the impact of the code change on the AROME-WMED forecast during SOP1. However,10

the evaluation of the code change in the operational AROME-France suite has shown that
low-level cloud fields were altered and the precipitation were slightly improved.

AROME-WMED outputs were extensively used for the deployment of the BLPBs (Ducrocq
et al., 2014). For instance, atmospheric profiles from AROME-WMED were used to deter-
mine the boundary layer structure and to build atmograms over the launch site in Menorca.15

Strong surface winds and heavy rain are problematic when launching the balloons. More-
over, a systematic forecast of the balloon trajectories starting every 3 h and at 3 different
levels was made every day. This includes the prediction of location of some simulated bal-
loons but also their environmental parameters such as pressure, temperature, humidity and
occurence of rain. When flying, all balloon trajectories were extrapolated from the latest ob-20

served position using the latest AROME-WMED forecast in order to predict the next steps
of the balloon trajectories. This update procedure was done every 20 min.

For safety reason, the dropsondes were not allowed to reach inhabited land. The drift
of the dropsondes launched by the research Falcon 20 aircraft was thus extrapolated from
AROME-WMED forecasts.25

A data subset composed of precipitation, temperature, wind, wet bulb temperature, rela-
tive humidity, brightness temperature, convective available potential energy, integrated wa-
ter vapour, mean sea level pressure, sea surface temperature, radar reflectivity was also
made available in real-time to HyMeX Operational Centre website for secondary opera-
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tional centres (L’Aquila, Italy; Palma de Mallorca; Mahon, Menorca; San Giuliano, Corsica;
Toulouse, France). The real-time fields of AROME-WMED were also stored in the HyMeX
database (doi:10.6096/HYMEX.AROME_WMED.2012.02.20) for future process studies. They
are available in NetCDF and Grib formats at the following address: http://mistrals.sedoo.fr/
HyMeX/.5

3 Forecast evaluation during the first Special Observation Period (SOP1)

Forecasters and scientists daily monitored AROME-WMED and AROME-France forecasts.
As domains and forecast ranges of both models are different, the comparison focussed
on a common area defined by 38◦N–47.5◦N/8◦W–12◦ E. Forecasts were compared up to
the 30 h range, being the last available one for AROME-France at the time of the HyMeX10

campaign. Models were evaluated against observation data, which are subject to errors and
biases but in this study they are used as a reference and assumed to represent the truth.

3.1 Temperature, relative humidity at 2 m and wind at 10 m

The observations used for the evaluation came from the HyMeX database, where the
SYNOP (surface synoptic observations) network over the HyMeX area was stored. To com-15

plete this network, more 2 m temperature and 2 m relative humidity were also provided each
hour by France, AEMET and Catalonia. The wind at 10 m was also provided from some sur-
face stations. These data are spatially unevenly distributed (Fig. 6). The network is denser
over Spain, France and Switzerland than elsewhere. Over the ocean, it was supplemented
by data from ships, buoys and marisondes. The forecast error bias and the forecast root20

mean square errors (RMSE) were computed for these surface parameters for each fore-
cast lead time with respect to the surface stations (Fig. 7). The values of temperature were
corrected to account for the difference in altitude between observations and models which
assume that variations in temperature are linear with respect to the altitude (−0.65 ◦C per
dam). The number of observations used for the comparison is also plotted and varies as25

a function of time, with fewer data during night-time whereas during daytime this number
13
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is quite constant at around 120 000 data for temperature. Temperature biases and RMSE
are affected by the diurnal cycle. The bias in both models is positive during night-time
with a maximum at 06:00UTC and negative during day-time with a minimum at 15:00UTC
(Fig. 7a). The absolute bias values are slightly larger for AROME-WMED than for AROME-
France, between 0.02 and 0.03 ◦C on average for AROME-WMED. The positive bias in 2 m5

temperature during night-time is the result of an excessive coupling of the Masson and Se-
ity, 2009 scheme between the surface and the lowest level of the model. The negative bias
during day- time corresponding to the delay in the temperature increase is also well known
but remains yet to be explained. The 2 m temperature RMSE are similar for AROME-WMED
and AROME-France. The biases for the 24–48 h ranges follow the same pattern as those10

of the first 24 h, but RMSE increases for the 24–48 h range (about 0.2 ◦C). A minimum in
relative humidity bias is found at 6 h and maximum at 15 h (Fig. 7b). In that case, the error
difference between both models nearly reaches 1 %. As for 2 m temperature, the RMSE are
similar between both models and increase for the 24–48 h range. Concerning the wind at
10 m (Fig. 7c), the AROME-WMED mean bias is lower at 12:00UTC and larger during night-15

time between 18:00 and 06:00UTC with an 0.2ms−1 overestimation. The RMSE, varying
between 1.5 and 1.9ms−1, is also a little larger than the one in AROME-FRANCE.

Rainaud et al. (2015) evaluated AROME-WMED over the sea against measurements
of the freighter Marfret-Niolon, moored buoys (“Côte d’Azur” buoy and “Gulf of Lion” buoy)
and Marisonde drifting buoys during SOP1. A good agreement with these observations was20

found for the mean sea level pressure and the 2 m air temperature. The scores for 10 m
wind and 2 m relative humidity are slightly worse. The most significant biases for the 2 m
air temperature were found locally in the Gulf of Lion during a severe Mistral/Tramontane
wind event (28 October 2012). The values obtained by Rainaud et al. agree with those we
have obtained with land surface stations.25

After each surface station had provided data for two whole months, statistics were com-
puted for each of them, thus enabling the study of the spatial differences between models.
Figures 8 and 9 exhibit maps of biases in temperature at 2 m for AROME-WMED and
AROME-France for the 6, 12, 18 and 24 h forecast ranges computed over the period from 7
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September to 5 November 2012. As many Spanish stations were absent during the first two
days of SOP1 (Fig. 6), these days were discarded from the computation period. The obser-
vation coverage varies with the analysis time, because the dataset is made from SYNOP
stations and climatological stations which are not automated. For example, there are fewer
data over Spain at 06:00 UTC (Fig. 8a and b) than at 00:00 (Fig. 9c and d), 12:00 and5

18:00 UTC. Only SYNOP station data are available for each analysis time. Whereas the
bias is slightly negative over the Iberian Peninsula and France at 12:00 UTC, it becomes
positive at 18:00 UTC over south-western France and central Spain, excepting over the
mountains in south-eastern France and in Corsica. This pattern is also found for the 42 h
forecast range (not shown). This positive bias in 2 m temperature of AROME-France during10

night-time is well known and it is due to the excessive coupling of the scheme between the
surface and the lowest level of the model. The Masson and Seity (2009) surface scheme
tends, in fact, to overestimate the surface temperature during night-time and summer. Fig-
ure 9 at 18:00 and 00:00 illustrates this behaviour for night-time. The delay in the increase
in temperature at 2 m during summer during day-time (i.e. at 12:00 UTC in Fig. 8c and d) is15

also well known but not yet explained.

3.2 24 h accumulated precipitation

The evaluation was carried out using the 24 h accumulated precipitation (5 September to
5 November 2012), from the HyMeX database available on 1 January 2014. These data
had been subject to a quality control prior to computing scores. Duplicates and outliers20

were removed from the validation dataset. For France and Spain, the 24 h accumulated
precipitation data were directly stored in the HyMeX database, whereas for Italy, they were
computed by adding each 1 h precipitation data for 24 h periods. Hence, if one 1 h inter-
val was missing, the total 24 h precipitation could not be calculated. A good coverage is
obtained over France, Spain and the north-west of Italy, where stations had provided data25

from 06:00 to 06:00 UTC next day, for the whole 62 days of the SOP1 period (Fig. 10). The
coverage is less extensive for the accumulated precipitation between 00:00 and 00:00 UTC
the following day because neither SYNOP nor climatological data over France are available.
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Half of the stations had at least one missing data and 7 % of the whole dataset only had
one missing data.

The performance of quantitative precipitation forecast was evaluated with frequency bias
(ratio between the frequency of forecast to the observed frequency) and Equitable Threat
Scores (ETS) for the 24 h accumulated precipitation (Fig. 11), computed with all the avail-5

able surface data plotted in Fig. 10. The mathematical formulae used for the computation
come from the appendix of Ebert (2008) and are given in Appendix A. The closer to 1 the
ETS is, the better the prediction. The quantitative scores are similar for AROME-WMED and
AROME-France up to the 5 mm threshold. The ETS is slightly larger for AROME-WMED
model for thresholds over 3 mm but is not statisticallly significant since these cases are10

fewer than for lower thresholds. Indeed, for small thresholds (0.1–3mm24 h−1), the num-
ber of available observations varies between 30 000 and 65 000. For a 60 mm threshold,
there are only 683 observations and only 108 observations for the 100 mm threshold. For
the first 24 h period, AROME-WMED and AROME-France have a frequency bias close to
1.15 (ideal value is 1.0), it is even 5 % higher in AROME-WMED than in AROME-France15

(Fig. 11). This leads to a higher false alarm rate in the prediction of the 24 h precipitation
in AROME-WMED, but also to a better probability of detection as compared to AROME-
France. For day +1 (precipitation predicted between 24 and 48 h), the ETS is smaller and
follows the same pattern as the 24 h precipitation ETS which decreases with an increasing
threshold. For day +1 forecast, the AROME-WMED frequency bias decreases to around20

1.1 for thresholds lower than 10mm per 24 h.
The Brier skill score (BSS) is a probabilistic score relative to persistence for different

thresholds of accumulated precipitation. It has been computed operationally with French
surface data by converting the deterministic rain forecasts into frequencies beyond discrete
thresholds in the neighbourhood of a 54 km radius in order to apply a fuzzy verification25

method (Amodei and Stein, 2009). Its formula is given in Appendix A. Observations are
processed in the same way. This method introduces a tolerance for faulty rainfall location
and alleviates the problem of the double penalty, whereby an event that is observed and
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predicted with the correct intensity but at the wrong place may be penalized twice in a
conventional point-by-point score. The closer to 1 the BSS is, the better is the prediction.

The BSS for the total 24 h accumulated rain between 6 and 30 h ranges decreases with
the threshold for both models but it is above 0.8 for AROME-WMED (Fig. 12). As for stan-
dard scores, results are similar for both models with a slight improvement by AROME-5

WMED for thresholds exceeding 5 mm per 24 h.
Figure 13 shows the accumulation of the 24 h precipitation between 06:00 and 06:00 UTC

the next day, for the whole SOP1 measured by surface stations and predicted by AROME-
WMED and AROME-France models over the period 5 September 2012 to 5 November
2012. Only surface stations with daily precipitation for all the 62 days of the SOP1 are plot-10

ted. France is well covered by surface observations followed by Spain thanks to AEMET,
which provided not only data for the assimilation but also additional climatological surface
data (rain rate, temperature, humidity and wind) over the Iberian peninsula from the begin-
ning of September 2012 to Spring 2013. This dataset is more comprehensive than the one
used for the real-time assimilation. Some raingauge data were missing sometimes during15

the SOP1, the date depending of the station. A thorough comparison cannot be under-
taken by simply removing a single date. To be able to compare observations and model we
choose to suppress all stations with missing data from the map comparison. Noteworthy, the
observational coverage of the evaluation area is uneven and the scores are mainly driven
by the comparison over France. At first glance, despite a slight over-estimation by models,20

precipitation is well predicted, especially over the mountains. The precipitation maxima are
observed over the relief of the Cévennes, the Pyrenées, the Alps and Corsica. AROME-
WMED better fitted the amount of rainfall over the Cévennes and the Côte d’Azur. Another
maximum is present over the north-east of Catalonia in AROME-WMED, while the maxi-
mum over the Valencia area is larger in AROME-France than in AROME-WMED.25

3.3 Other parameters

Simulated brightness temperatures lower than 240 K in the SEVIRI 10.8 µm channel (re-
lated to high level cloud discrimination) and wind gusts, with speed in excess of 40 kmh−1,
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were chosen to highlight the capability of both models to simulate convective systems. Fig-
ure 14 shows the BSS for the SEVERI 10.8 µm channel brightness temperature simulated
from both models and compared with the satellite data at various forecast ranges and within
a 54 km neighbouring distance. The slight improvement brought by AROME-WMED is sta-
tistically significant at a 90 % level for ranges above 12 h, as shown by the stars on the5

graph. This score has also been applied to the 1 h wind gust exceeding 40 kmh−1 (Fig. 15)
for the 5–6 h , 11–12 h, 17–18 h and 23–24 h ranges in a 54 km radius. The main outcome is
that AROME-WMED 12 h forecast provides better wind gust estimation which is statistically
significant at a 90 % level. However the evaluation network used for wind gust is smaller
(about 700 stations over France) than the one used for the 24 h accumulated precipita-10

tions (about 4000 stations), that is why it is more difficult to obtain robust results for this
parameter.

4 Forecast evaluation during the second Special Observation Period (SOP2)

Contrary to the first SOP which was dedicated to the heavy precipitation study, the second
SOP focussed on the study of strong winds and dense water formation on the northwestern15

Mediterranean basin (Drobinski et al., 2014).

4.1 Temperature, relative humidity at 2 m and wind at 10 m

Statistics of temperature and relative humidity at 2 and 10 m wind speed during SOP2, with
the number of observations used for the validation at each forecast range, are shown in
Fig. 16. The minimum in the number of observations is found at the 00:00 UTC slot. Though20

the 2 m temperature RMSE are similar (around 2C) between AROME-WMED and AROME-
France, they are slightly larger (5.6% on average) for AROME-WMED beyond the 24 h
forecast range. The negative 2 m temperature error bias value becomes larger for AROME-
WMED beyond the 12 h range. The difference in temperature biases of both models is
around 0.1 ◦C for forecast ranges over 12 h (Fig. 7a). The pattern of the negative bias25

follows a diurnal cycle, which is less pronounced than during SOP1 (Fig. 7a). Its values are
18
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however identical between the 0–24 h and 24–48 h forecast ranges. Concerning the relative
humidity, the bias cycle with respect to time is stronger than the temperature bias cycle
(Fig. 7b). The minimum is obtained at 6 h and the maximum at 15 h. Moreover the RMSE in
relative humidity is larger for ranges from 24 to 48 h than for the day-1 range. The RMSE
maximum is reached at 15:00UTC (15 and 39 h ranges). AROME- France and AROME-5

WMED have a quite similar behaviour, with a better fit for AROME-France, as shown by a
smaller RMSE. As for other parameters, the wind error RMSE in AROME-WMED is larger,
ranging from 1.8 to 2.2ms−1 during SOP2 (Fig. 7c). The differences in error bias are more
pronounced.

4.2 24 h accumulated precipitation10

The frequency bias and the ETS for the 24 h precipitation, computed with surface data
over the 0–24 h range for both models and the 24–48 h range for AROME-WMED only, are
presented in Fig. 17. The AROME-WMED frequency bias shows larger positive values for
SOP2 than for SOP1 (1.3 vs. 1.2). For the lowest x-axis thresholds (i. e. <20mm/24hr) cor-
responding to comparison samples exceeding 1000, the frequency bias is fairly similar for15

both SOP1 and SOP2, that is around at 1.2 - 1.3. For higher thresholds, AROME-WMED al-
ways exhibits a higher frequency bias reaching 1.8 for the 60 mm/24h. However, for thresh-
old above 20 mm/24h, the smaller the sample (between 100 and 50 verification data), the
larger the error margin, hence the larger observed differences are not significant. On the
contrary, during SOP1, there were 700 verification data for the 60 mm/24h threshold, mak-20

ing the comparison more robust. The difference between both model biases is similar to the
one found during SOP1 (Figs. 11 and 17). In contrast with results obtained during SOP1,
ETS is also less good for AROME-WMED than for AROME-France. These results may be
due to disparate meteorological events, to domains being different, and to a special compu-
tation of background error covariances during convective events. These covariances favour25

the performance of AROME-WMED during SOP1 with respect to the AROME-France ones
but it is less well suited to the forecast of rainy events driven by the large scales during
SOP2 as compared to the one of AROME-France.
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4.3 Other parameters

The Brier skill score was also computed for the SOP2 period for both models. A few exam-
ples are shown in Figs. 18 and 19, respectively for simulated brightness temperatures and
1 h wind gust in excess of 40 kmh−1. As for the SOP1 period, BSSs are very similar for both
models, with a significant improvement of brightness temperature simulation by AROME-5

WMED for the threshold of 240 K and for the 6–18 h forecast ranges. As more radiances
are assimilated in AROME-WMED than in AROME-France, this leads to a better agreement
between AROME-WMED and SEVIRI observations during the first forecast ranges.

In summary, both AROME-WMED and AROME-France forecast performances are equally
good. AROME-France proves to be better for 2 m humidity, 10 m wind and small rain rates10

when AROME-WMED is better in predicting heavy precipitation, strong convection and wind
gusts.

5 The case of the Intensive Observation Period 8 (IOP 8): 28–29 September 2012

An example of strong precipitation simulation by AROME-WMED is given with IOP8. IOP8
is a case of deep convection associated with a mesoscale convergence line (Ducrocq et al.,15

2014) which occurred on 28–29 September 2012 in Southern Spain. Heavy rainfall during
IOP8 caused severe damages which resulted in 13 casualties in Andalusia and Murcia
(southern Spain, neither of these areas is a specific HyMeX target but they are included in
the AROME-WMED domain). The synoptic situation was characterized by an upper level
cut-off low over southern Portugal at 00:00 UTC on 28 September (Fig. 20a), which first20

affected Andalusia, then progressed eastward to finally reach eastern Spain at 12:00 UTC
on 29 September (Fig. 20b). In the north easterly flank of the cut-off low, where there is
upwards forcing, favouring the triggering of the convection, low level depression and con-
vergence were created, reinforcing the convection and heavy precipitation. The low-level
convergence zone shifted from inner Andalusia (at 06:00UTC on 28 September) to Catalo-25

nia at 12:00UTC on 29 September. Most of the heavy precipitation that fell on the Murcia
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region was caused by a mesoscale convective system between 10:00 and 13:00 UTC on 28
September. It was generated along a convergence line between the warm and moist east-
erly low-level flow in the Balearic basin and the rapid westerly low-level flow between south-
ern Spain and North Africa, in the Alborean basin (Fig. 21a and b). This convergence line
was located ahead of the deep upper level trough (Fig. 20b). Both progressed north east-5

wards reaching the north of the Balearic Islands at 00:00 UTC on 29 September (Figs. 20c
and 21c). Both progressed north eastwards passing over Valencia and reaching the north
of the Balearic Islands at 00:00UTC on 29 September (Figs. 19c and 20c). They finally
reached Catalonia on 29 September 12:00UTC.

The measured amount of daily precipitation exceeded 200 mm in Andalusia and in Mur-10

cia (28 September, Fig. 22a). Another precipitation maximum was observed in the Valencia
area. Worthy to be mentioned, AROME-WMED was able to forecast accurately the 24 h
accumulated precipitation amount (Fig. 22b) at 24 h and even at the 48 h forecast range
(Fig. 22c). At the 24 h range, the Andalusia precipitation maximum is indeed underesti-
mated, it has a very small horizontal extension, located at around 37◦ N and 4◦W (Fig. 22b).15

Also to be noted that the 48 h precipitation forecast from 27 September 00:00 UTC seems
to be better than the 24 h one as it isolates three precipitation maxima over Andalusia, the
Murcia area and in Valencia, even though the first two are not located precisely at the ob-
servation locations. The analysis of the 1-h precipitation accumulation in the observations
showed that heavy precipitation over Andalusia at 5 W 36.5 N occurred as soon as 2720

September 21:00UTC. In AROME-WMED forecast from 28 September 00:00UTC the cor-
responding system is located more westerly with lower values of rainfall (up to 15 mm/1h)
instead of more than 50 mm/1h in the observations. In that case, AROME-WMED model
had difficulty in reproducing heavy precipitation in the early 4h forecast ranges. Notewor-
thy to mention that this area is close to the boundary of the model domain and contains25

few assimilated data. This wrong location is illustrated when comparing the SEVIRI bright-
ness temperature observations against the simulations from the 9 h forecast starting on
28 September 2012 00:00 UTC and from the 33 h forecast starting on 27 September 2012
00:00 UTC (Fig. 23). At first sight, the low brightness temperature values over Spain, es-

21



D
iscussion

P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|

pecially in the Andalusian area and the Murcia region are higher in the simulation than in
the observations (Fig. 23a). They are associated with two convective systems present over
these areas. The system over Murcia is associated with low values around −60 ◦C. The
brightness temperature simulation from the 9 h forecast indicates that the system is less
developed and extended (Fig. 23b) over the Andalusia region. In the 33 h forecast simula-5

tion, the system over Andalusia is less intense, its spatial coverage is smaller than in the
observations (Fig. 23c). The Murcia system is also shifted to the north-east and is located
over the coast instead of in-land.

For 29 September 2012, the maximum values of rain accumulated between 24 and 48 h
are overestimated (Fig. 24a and c) and located over the Cévennes Vivarais area and the10

south-west of Catalonia. In the 24 h forecast range (Fig. 24c), the maximum is lower than at
day-2 forecast and more centred over Catalonia as displayed by the observations (Fig. 24a).
The brightness temperature simulation for 29 September 2012 at 06:00 UTC shows that
the system over Catalonia is more developed and extended over land in the 30 h simulation
than in the 6 h one and in the observations (Fig. 25). This poor location of prediction at 2815

September 2012 affects only 00:00 UTC forecast and concerns both models, the AROME-
WMED model itself and the coupling ARPEGE model during the 24–36 h range. The per-
sistence and the stationary position of the convective system in the 24-30-h forecasts lead
to an overestimation of precipitation over Catalonia in the first 6-h on 29 September. For
29 September 12:00 UTC, the global ARPEGE model (not shown) and AROME-WMED20

(Fig. 26) forecast too much warm air over the Balearic Islands and Catalonia. This feature
is associated to a low with two minima off-shore the Var region (south-east of France) and
over the Balearic Islands in the 36 h forecast (not shown), which leads to overestimate pre-
cipitation on 29 September over Catalonia. The system over south-east of France is already
established in 6 h forecast simulation and is ahead compared to the observations (Fig. 25a).25

Finally, the convective system affecting Liguria is present in the 30 and 6 h simulations, even
though the associated brightness temperatures are lower than in the observations.

To summarize, AROME-WMED is able on this case to simulate more than 150 mm/24h
even if the location and the temporal evolution are not perfect.
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6 Concluding remarks

The AROME-WMED model was initially developed to forecast heavy precipitation events
around the north-western Mediterranean basin during the HyMeX Special Observation Pe-
riods (SOPs). For the first time, a research version of AROME with its own data assimilation
system and with a wider domain than the operational AROME-France one was run in real5

time over a long period (9 months). Moreover, some experimental data from the HyMeX
campaign were assimilated in real-time. This project reached its main goal with an avail-
ability in real-time of 95 % during SOP1 and 93 % during SOP2, which helped the deci-
sion process on the observation deployment, such as dropsondes launched from aircraft or
Boundary Layer Pressurized Balloons.10

Once the field campaign was over, the quality of forecasts was compared with those of
AROME-France, thanks to specific scores that used additional surface observations made
available from the HyMeX database and to standard probabilistic scores used operationally
at Météo-France. The quality of both models was similar over the common area, in terms
of routine scores. During SOP1, AROME-WMED is slightly better than AROME-France for15

parameters associated to convective system prediction (i. e. surface parameters, large rain
rate thresholds and brightness temperature simulation). For SOP2, AROME-France gives
better results in terms of temperature, humidity, wind and precipitation. AROME-WMED is
found to be better only for brightness temperature simulation and 1 h wind gust. During
winter period, AROME-France model benefited from a B-matrix, computed over different20

meteorological situations (including anticyclonic and stable situations), more representative
of the meteorological conditions encountered during SOP2 (see paragraph 2.2.1). One of
the advantages of AROME-WMED was the availability of its 24 to 48 h forecasts. In fact,
the 2 day period of simulation enabled forecasters to build a scenario for high precipitation
events and to follow their development in the simulation. As a consequence, it facilitated25

the scheduling of the observation deployment. In point of fact, the model was able to simu-
late heavy precipitation above 150 mm per 24 h. An illustration was given by the IOP8 case,
which was quite well predicted by AROME-WMED at the 48 h range with three isolated max-
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ima of precipitation. The differences observed in the simulation between both models are
due to (i) their own specific domain, AROME-WMED being well suited for the simulation of
intense precipitation, (ii) to their background error covariance matrix, which was computed
specifically for convective events and (iii) to a different dataset of assimilated observations.
The large maritime domain of AROME-WMED is able to well describe the atmospheric cir-5

culation over the Mediterranean Sea and the neighbouring mountains that constrain this
circulation.

As mentioned in Sect. 2.3, the operational version of ARPEGE and AROME-France was
upgraded during SOP1 on 25 September 2012 at 06:00 UTC. In order to provide a homo-
geneous field dataset in the HyMeX database, a first reanalysis with a unique version of the10

forecasting system, taking into account additional data, is already available to the scientific
community. The main changes are the following: more observations have been assimilated;
the cut-off time for the available observations has been removed for the data selection;
the assimilation of some mobile soundings which could not be used in real-time (dissem-
ination issue) has been performed; the final forecast range has been extended up to 54 h15

in order to enable comparison of the 2 day precipitation forecast to the 06:00–06:00 UTC
24 h observed precipitation accumulation. However a second reanalysis is also scheduled
in order to improve the previous AROME-WMED versions. It will be produced from the
current operational (2014) version of the AROME software and with additional observa-
tions from the campaign. These data will comprise several Spanish radars data provided20

in real-time by AEMET, wind profilers, dropsonde data, reprocessed GPS ground stations,
high-resolution radiosoundings, research aircraft in-situ measurements and lidar observa-
tions. The orography of the model will also be revised with a more recent physiographic
database. The definition of background error covariance matrix for the SOP1 period will
be also addressed. This new AROME-WMED dataset should be available in 2015. The25

availability of AROME-WMED analyses and forecasts to the HyMeX scientific community
will allow dedicated studies towards an improved understanding of high precipitation events
over the north-western Mediterranean Sea.
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Code availability

The source code of AROME-WMED, being derived from the AROME operational one, can
not be obtained but the model fields are available in the HyMeX database (http://mistrals.
sedoo.fr/HyMeX/, doi:10.6096/HYMEX.AROME_WMED.2012.02.20).

Appendix A: Skill scores5

The scores used in this study are presented below.

A1 Frequency bias (FBIAS) and Equitable Threat Score (ETS)

Frequency bias (FBIAS) and Equitable Threat Score (ETS) formulae come from appendix
of Ebert (2008) and use the results of a contingency table (Table A1). This latter is made
from forecast interpolated on the observation grid, for each threshold chosen, we count hits,10

false alarms, misses and correct rejections (Table A1). This table allows to define several
scores such as frequency bias and equitable threat score.

The frequency bias is then defined as the ratio of the forecast frequency to the observed
frequency.

FBIAS =
hits + false alarms

hits + misses
(A1)15

The ETS gives the fraction of all events forecast and/or observed that were correctly diag-
nosed but it accounts for the hits that would occur purely due to a random chance.

ETS =
hits− hitsrandom

hits+misses+ false alarms− hitsrandom
(A2)

where

hitsrandom =
1

N
(observed yes× forecast yes) (A3)20

For further details, please refer to Ebert (2008).
25

http://mistrals.sedoo.fr/HyMeX/
http://mistrals.sedoo.fr/HyMeX/
http://mistrals.sedoo.fr/HyMeX/
http://dx.doi.org/10.6096/HYMEX.AROME_WMED.2012.02.20
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A2 Brier Skill Score

The Brier Skill Score with neighbourhood observations is used in this study. It has been
defined in Amodei and Stein (2009). It is deduced from a Brier score with neighbourhood
observations BS_NO:

BS_NO =
1

dd

dd∑
d=1

1

N(dd)

N(dd)∑
i=1

(P (rr > t)− v(rr > t))2 (A4)5

where P (rr > t) is the probability for the parameter rr to exceed a given threshold t, com-
puted at every verification point as the ratio of the number of points where this event occurs
in the neighboorhood to its total number points, v(rr > t) is the observed frequency of
parameter higher than the threshold t in the neighbourghood of the verification points.

The Brier Skill Score BSS_NO is defined by :10

BSS_NO = 1− BS_NO
BS_NOp

(A5)

where BS_NOp is the Brier score for a persistence forecast. In depth documentation can
be found in Amodei and Stein (2009).

Appendix B: List of Acronyms

AEMET: Agencia Estatal de METeorologìa15

ALADIN-France: Aire Limitée Adaption Dynamique et dévelopement InterNational

AMV: Atmospheric Motion Vector

AROME-France: Application of Research to Operations at MEsoscale, France

AROME-WMED: Application of Research to Operations at MEsoscale, WestMEDiterranean
Sea20
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ARPEGE: Action de Recherche Petite Echelle Grande Echelle

BLPB: Boundary Layer Pressurized Balloon

BLLAST: Boundary-Layer Late Afternoon and Sunset Turbulence

BSS: Brier skill score

CNES: Centre National d’Etudes Spatiales5

CNRM-GAME: Centre National de Recherches Météorologiques-Groupe d’études de l’Atmosphère
Météorologique

COPS: Convective and Orographically-induced Precipitation Study

DTS: Data Targeting System

ECMWF: European Centre for Medium-range Weather Forecasts10

ECOCLIMAP:

E-GVAP: EUMETNET EIG Global navigation Satellite System water VApour Programme

EUMETNET EIG: EUMETNET Economic Interest Grouping

ETS Equitable Threat Score

EUCOS: EUMETNET Composite Observing System, former EUMETNET EIG Observation15

Programme

GPS-ZTD: GPS Zenith Total Delay

GTOPO30 : Global 30 Arc-Second Elevation Data Set

GTS: Global Telecommunication System

HyMeX : HYdrological cycle in the Mediterranean EXperiment20
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IASI: Infrared Atmospheric Sounding Interferometer

IOP: Intensive Observation Period

MAP-D-PHASE: Mesoscale Alpine Programme-Demonstration of Probabilistic Hydrologi-
cal and Atmospheric Simulation of flood Event

SBL: Surface Boundary Layer5

SEVIRI: Spinning Enhanced Visible and InfraRed Imager

SOP(1/2): Special Observation Period (1: Autumn 2012 / 2: Winter 2013)

SURFEX: Externalized Surface (surface scheme)

SYNOP: surface synoptic observations

WRF: Weather Research and Forecasting10
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Table A1. Contingency table.

observed yes observed no

forecast yes hits false alarms
forecast no misses correct rejections

N =Total

33



D
iscussion

P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|

CA
GL

MUAN

VA

10°E 20°E10°W 0°

10°E 20°E10°W 0°

35°N

40°N

50°N

45°N

35°N

40°N

50°N

45°N

CV
LT

Operational sounding

HyMeX specific sounding

Radar network

GPS 

Wind profiler

Ship sounding

AN
CA
CV
GL
LT 
MU
VA

Andalusia
Catalonia
Cevennes
Gulf of Lion
Liguria-Tuscany
Murcia
Valencia

Figure 1. Location of various observation types assimilated in AROME-WMED model represented
with symbols and domains of AROME-WMED (solid line box) and AROME-France (dashed dotted
line box). The red rectangle represents the verification area.
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Figure 2. Standard deviation (a and b) and correlation length (c and d) of the AROME-WMED model
(solid line) and of the AROME-France model (dashed line) for the humidity (left-hand panels) and
the temperature (right-hand panels).
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Figure 3. Vertical correlations of temperature forecast errors for AROME-WMED (top panel) and
AROME-France (lower panel). Isolines plotted every 0.2-plain line: positive values, dashed line:
negative values.
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Figure 4. Trajectories of the 18 assimilated Boundary Layer Pressurized Balloons (BLPBs) during
SOP1 (top) and of the 16 assimilated BLPBs launched during SOP2 (bottom).
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Figure 5. Total number of assimilated observations by each model (a) during the SOP1 period
(5 September 00:00 UTC to 5 November 2012 21:00 UTC) and (b) for the SOP2 (1 February
00:00 UTC to 15 March 2013 21:00 UTC). y axis uses a logarithmic scale. Light-coloured bars rep-
resent the amount of data present in the common area of both models (39◦ N to 47.5◦ N and from
8◦ W to 11◦ E).
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Figure 6. Number of days for which 2 m temperature data were available for the period between
5 September and 6 November 2012 at 00:00 UTC (top) and 12:00 UTC (bottom) in the HyMeX
database.
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Figure 7. Bias (dashed lines) and Root Mean Square Error (solid lines) computed with 2 m temper-
ature (a), 2 m relative humidity (b) and 10 m wind speed (c) with respect to the forecast range for the
AROME-WMED model (black) and the AROME-France model (green) for SOP1 from 5 September
to 6 November 2012. Dotted lines denote the number of observations used for the comparison (right
y axis).

41



D
iscussion

P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|

Figure 8. 2 m temperature bias (model–observation, in ◦C) computed with surface data for the 6
and 12 h forecast ranges for the SOP1 period ranging from 7 September to 5 November 2012, for
AROME-WMED (left) and for AROME-France (right).
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Figure 9. 2 m temperature bias (model–observation, in ◦C) computed with surface data for the 18
and 24 h forecast ranges for the SOP1 period ranging from 7 September to 5 November 2012, for
AROME-WMED (left) and for AROME-France (right).
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Figure 10. Number of available 24 h accumulated precipitation observations from 06:00 to
06:00 UTC next day (top) and from 00:00 to 00:00 UTC next day (bottom) for the period ranging
from 5 September to 5 November 2012 (62 days) in the HyMeX database on 1 January 2014.
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Figure 11. Frequency bias (left hand-side) and Equitable Threat Score (ETS, right hand-side) for the
0–24 h accumulated precipitation simulated by AROME-France (green line) and AROME-WMED
(black line) and for the 24–48 h accumulated precipitation predicted by AROME-WMED (dashed
black line) during the SOP1 period from 5 September to 6 November 2012. Logarithm scale on x
axis. Diamonds represent the number of observations used for the comparison.
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Figure 12. Brier skill score computed in a neighbouring distance of 54 km for AROME-France
(green) and AROME-WMED (black) computed with raingauge data from France as a function of
6–30 h rain rate threshold during the SOP1 period from 5 September to 5 November 2012. In this
case, there is no significant difference.
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Figure 13. Accumulated precipitation (mm) during SOP1 period ranging from 5 September to 5
November 2012 measured by surface stations (Accumulation between 06:00 and 06:00 UTC next
day, (a) predicted by AROME-WMED (b) and by AROME-France (c).
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Figure 14. Brier skill score computed in a neighbouring distance of 54 km for AROME-France
(green) and AROME-WMED (black) for simulated 10.8 µm SEVIRI brightness temperature lower
than 240 K during the SOP1 period from 5 September to 5 November 2012. Stars represent the sta-
tistical significance of the difference between the two models, which is 90% for all forecast ranges
above 12 hours.
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Figure 15. Brier skill score computed in a neighbouring distance of 54 km for AROME-France
(green) and AROME-WMED (black) for 1 h wind gust exceeding 40 kmh−1 during 6 h as a func-
tion of the neighbouring during the SOP1 period ranging from 5 September to 5 November 2012.
Stars indicate where the statistical significance of the difference between the two models exceeds
90%.

49



D
iscussion

P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|

a)2 m temperature

b)2 m relative humidity

c)10 m wind speed
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Figure 16. Bias (dashed lines) and root mean square errors (RMSE, solid lines) computed with
2 m temperature observations (a), 2 m relative humidity (b) and 10 m wind (c) with respect to the
forecast range for the AROME-WMED model (black) and the AROME-France model (green) for
SOP2 from 1 February to 15 March 2013. Dotted lines denote the number of observations used for
the comparison (right y axis).
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Figure 17. Frequency bias (left hand-side) and Equitable thread score (ETS, right hand-side) for the
0–24 h accumulated precipitation for AROME-France (green line) and AROME-WMED (black line)
and for the 24–48 h accumulated precipitation for AROME-WMED (dashed black line) for the SOP2
periode from 1 February to 15 March 2013. Logarithm scale on x axis. Diamonds represent the
number of observations used for the comparison (logarithm scale).
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Figure 18. Brier skill score for simulated 10.8 µm SEVIRI brightness temperature lower than 240 K
as a function of forecast range for SOP2 period (1 February 2013–15 March 2013). Stars indicate
where the statistical significance of the difference between the two models exceeds 90%.
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Figure 19. Brier skill score for 1 h wind gust exceeding 40 kmh−1 during the last hour as a function
of forecast range during the SOP2 (1 February 2013–15 March 2013). Stars indicate where the
statistical significance of the difference between the two models exceeds 90%.
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Figure 20. Geopotential height at 500 hPa (in dam) from operational ARPEGE analyses.
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a) 28th September 00UTC

b) 28th September 12UTC

c) 29th September 00UTC

Figure 21. Wind at 925 hPa (blue arrows in excess of 20ms−1) and wet bulb temperature (◦C,
colour scale) at 925 hPa from AROME-WMED analyses.
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Figure 22. 24 h accumulated precipitation (mm) from 28 September 2012 at 00:00 UTC to 29
September at 00:00 UTC: observations (a), 24 h AROME-WMED forecast (b) and 48 h AROME-
WMED forecast (c). Black circle indicates the Andalusia precipitation maximum in the 24 h forecast.
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a)

b)

c)

Figure 23. Brightness temperatures (◦C) observed with SEVIRI on 28 September 2012 09:00 UTC
(a) and simulated with AROME-WMED 9 h forecast from 28 September 2012 00:00 UTC (b) and
with 33 h forecast from 27 September 2012 00:00 UTC (c).
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a) Observations

35°N 35°N

40°N40°N

45°N 45°N

5°W

5°W 0°

0° 5°E

5°E 10°E

10°E

1
5
15
30
50
75
100
125
150
175
200
250
300
350 mm/24 h

b) AROME-WMED 48-h forecast
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c) AROME-WMED 24-h forecast

Figure 24. 24 h accumulated precipitation (mm) from 29 September 2012 at 00:00 UTC to 30
September at 00:00 UTC: observations (a), 48 h AROME-WMED forecast (b) and 24 h AROME-
WMED forecast (c).
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a)

b)

c)

Figure 25. Brightness temperatures (◦C) observed with SEVIRI on 29 September 2012 at
06:00 UTC (a) and simulated with AROME-WMED 6 h forecast from 29 September 2012 00:00 UTC
(b) and with 30 h forecast from 28 September 2012 00:00 UTC (c).
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a) 29092012 12 UTC analysis

b) 12-h forecast from 29092012 at 00 UTC

c) 36-h forecast from 28092012 at 00 UTC

Figure 26. Wind at 925 hPa (blue arrows in excess of 20ms−1) and wet bulb temperature (◦C,
colour scale) at 925 hPa from AROME-WMED analyses (a), 12 h (b) and 36 h (c) forecast ranges.
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