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Abstract. To study key processes of the water cycle, two spe-
cial observation periods (SOPs) of the Hydrological cycle in
the Mediterranean experiment (HyMeX) took place during
autumn 2012 and winter 2013. The first SOP aimed to study
high precipitation systems and flash flooding in the Mediter-
ranean area. The AROME-WMED (western Mediterranean)
model (Fourrié et al., 2015) is a dedicated version of the
mesoscale Numerical Weather Prediction (NWP) AROME-
France model, which covers the western Mediterranean basin
providing the HyMeX operational center with daily real-time
analyses and forecasts. These products allowed for adequate
decision-making for the field campaign observation deploy-
ment and the instrument operation. Shortly after the end of
the campaign, a first reanalysis with more observations was
performed with the first SOP operational software. An ensu-
ing comprehensive second reanalysis of the first SOP, which
included field research observations (not assimilated in real
time) and some reprocessed observation datasets, was made
with AROME-WMED. Moreover, a more recent version of
the AROME model was used with updated background error
statistics for the assimilation process.

This paper depicts the main differences between the real-
time version and the benefits brought by HyMeX reanalyses
with AROME-WMED. The first reanalysis used 9 % addi-
tional data and the second one 24 % more compared to the
real-time version. The second reanalysis is found to be closer
to observations than the previous AROME-WMED analy-
ses. The second reanalysis forecast errors of surface param-
eters are reduced up to the 18 and 24 h forecast range. In
the middle and upper troposphere, fields are also improved
up to the 48 h forecast range when compared to radioson-
des. Integrated water vapor comparisons indicate a positive
benefit for at least 24 h. Precipitation forecasts are found
to be improved with the second reanalysis for a threshold
up to 10mm (24 h)~!. For higher thresholds, the frequency
bias is degraded. Finally, improvement brought by the sec-
ond reanalysis is illustrated with the Intensive Observation
Period (IOP8) associated with heavy precipitation over east-
ern Spain and southern France.

Published by Copernicus Publications on behalf of the European Geosciences Union.



2658

1 Introduction

The HYdrological cycle in the Mediterranean EXperiment
(HyMeX; Drobinski et al., 2014) is a 10-year scientific pro-
gram aiming at a better understanding and quantification of
the hydrological cycle and related processes in the Mediter-
ranean region. Emphasis is on high-impact weather events,
interannual to decennial variability of the Mediterranean
coupled system, and associated trends in the context of global
climate change. The first special observing period took place
in autumn 2012 (5 September to 6 November 2012) to study
heavy precipitation and flash flooding events (Ducrocq et al.,
2014).

An AROME (Application of Research to Operations at
Mesoscale; Seity et al., 2011) model version dedicated to the
HyMeX program, the AROME-WMED (western Mediter-
ranean) model (Fourrié et al., 2015) centered over the west-
ern Mediterranean basin, was developed in 2009 to study
heavy precipitation in this region. Several studies have in-
deed shown the importance of an accurate description of the
low-level moist flow feeding mesoscale convective systems,
which can result in heavy precipitation events (Duffourg and
Ducrocq, 2011; Bresson et al., 2012; Ricard et al., 2012).
During the HyMeX special observation periods, a real-time
version of the AROME-WMED model (Fourrié et al., 2015)
with data assimilation, hereafter called SOP1, was run to pro-
vide scientists with analyses and forecasts of meteorological
situations. These forecast fields were also used to drive ocean
and hydrological models and provide guidance for observa-
tion deployment planning and safety management of the ob-
servation platforms and the instruments.

During the campaign, innovative observations came from
boundary layer pressurized balloons (BLPBs) (Doerenbecher
et al., 2016) developed by CNES (Centre National d’Etudes
Spatiales) and airborne in situ and remote sensing obser-
vations from the French SAFIRE Falcon 20 and ATR-42
and the German Dornier aircraft. Radiosondes were also
launched from mobile platforms along the French and Ital-
ian Mediterranean coasts and in Corsica depending on me-
teorological situations. Moreover, additional operational ra-
diosondes were activated on request at 06:00 and 18:00 UTC
through the Data Targeting System (DTS) implemented by
the ECMWEF (European Centre for Medium-Range Weather
Forecasts; Prates et al., 2009) within the EUMETNET Ob-
servation Programme.

In the past, several reanalyses were performed after experi-
mental campaigns such as for the Fronts and Atlantic Storm-
Track EXperiment (FASTEX; Desroziers et al., 2003) and
the Mesoscale Alpine Programme (MAP; Keil and Cardinali,
2004) with a view to providing a new reference description
for process studies. In the framework of the Innovative Ob-
serving and Data Assimilation Systems for severe weather
events in the Mediterranean project, it was decided to per-
form reanalyses of the HyMeX special observation period to
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benefit from additional research observations, as well as from
advances in assimilation algorithms and modeling.

Shortly after the HyMeX campaign, a first reanalysis (RE-
ANAL1), which did not include any new data processing, was
performed to provide scientists with a unified dataset for pro-
cess studies. The real-time AROME-WMED version was in-
deed upgraded during the field campaign on 25 September
2012 at 06:00 UTC. More recently, a second reanalysis of the
HyMeX special observation period (REANA2) was under-
taken to take advantage of observations deployed during the
field campaign not included in SOP1 or REANAL, as well
as enhanced reprocessed datasets. REANA?2 also benefited
from the latest model updates.

The aim of this paper is to review the main characteris-
tics of the AROME-WMED reanalysis versions in terms of
data assimilation and forecast and to compare them with their
real-time counterpart. The outline of the paper is as follows.
Section 2 compares both configurations of the AROME-
WMED reanalysis and the real-time versions. The different
datasets assimilated in the reanalyses are specified in Sect. 3.
Section 4 evaluates the assimilation and forecast with respect
to various observations. The qualitative and quantitative pre-
cipitation evaluation of the three AROME-WMED versions
for the Intensive Observation Period (IOP8) case study is dis-
cussed in Sect. 5. Conclusions are found in Sect. 6.

2 Description of the AROME-WMED model
2.1 Model configurations

The AROME-WMED model strongly relies on the AROME-
France model, which is the Météo-France operational
limited-area model (Seity et al., 2011; Brousseau et al.,
2016). This model is based on a non-hydrostatic equation
system (Bénard et al., 2010). At the time of the campaign
(2012), it had a 2.5 x 2.5 km horizontal mesh and 60 vertical
levels ranging from 10 m above the surface to 1 hPa. A one-
moment microphysical parametrization (Pinty and Jabouille,
1998; Caniaux et al., 1994), which takes into account five
classes of hydrometeors (cloud liquid water, cloud ice, rain,
snow, and graupel) is used. Two schemes represent the ver-
tical turbulent transport in the boundary layer: an eddy dif-
fusivity scheme based on a prognostic turbulent kinetic en-
ergy parameterization (Cuxart et al., 2000) and a mass flux
scheme (Pergaud et al., 2009) to account for dry thermal
and shallow convection. There is no deep convection param-
eterization. A specific algorithm named CANOPY (Masson
and Seity, 2009) diagnoses the 2 m temperature, 2 m humid-
ity, and 10 m wind at every time step in the surface scheme
(SURFEX; Masson et al., 2013).

The AROME-WMED domain (34°N, 11°W; 48°N,
20° E) ranges from Portugal to Italy and from North Africa
to France (Fig. 1). It was designed to study high precipita-
tion events that occur over the northwestern Mediterranean
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Figure 1. REANA?2 orography (a) and difference between REANA2 vs. REANAL1 (b). The red line corresponds to the regression between

the two datasets.

from Catalonia to central Italy. The horizontal model grid is
a 960 x 640 point matrix centered on 41.5° N, 4.1° E.

Table 1 lists the main differences of configuration in
the model. The same method as in AROME-France was
used to set up the surface characteristics for the SUR-
FEX scheme. Physiographic data are initialized over the
AROME-WMED domain using the so-called ECOCLIMAP
database at 1km resolution (Masson et al., 2003). The to-
pography is extracted from the Global 30 Arc-Second El-
evation Data Set (GTOPO30; https://www.usgs.gov/media/
files/gtopo30-readme, last access: 3 July 2019) for the real-
time version and the first reanalysis. In the second reanaly-
sis, the Global Multi-resolution Terrain Elevation Data 2010
(GMTED2010; Danielson and Gesch, 2011) database was
used. A mean difference of —21 m was found between the
orography interpolated onto the AROMEWMED grid from
GMTED2010 used in the REANA?2 and the one interpolated
from GTOPO30 used in the REANA2 and SOP1 versions
(Fig. 1).

Lateral boundary conditions are provided by the Météo-
France global NWP ARPEGE system (Courtier et al., 1991).
For REANA2, ARPEGE forecasts benefit from a maximum
of assimilated data using longer cutoff analyses than for RE-
ANAI1 and SOPI. Once per day, a 54h forecast is run at
00:00 UTC for both reanalyses compared to the 48 h forecast
range of the real-time version. This allows for the compari-
son of 24 h forecasted precipitation with rain gauges, which
are mainly available for the period 06:00-06:00 UTC on the
following day.

2.2 Data assimilation and background error statistics

Initial atmospheric states of AROME-WMED come from
3D-Var analyses. These analyses are performed every 3h
by assimilating observations taken within a 1.5 h assimila-
tion window. For non-frequent observations at the same loca-
tion, all observations included in this time range are consid-
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ered. However, for frequent observation types such as radars
or radiances from geostationary satellites, the observations
closest to the analysis time are kept within the time range
(—1.5h; +1.5h) for the assimilation. The first guess is the 3h
forecast from the previous analysis time. The analyzed vari-
ables are temperature, specific humidity, the two horizontal
components of the wind, and surface pressure. For the sur-
face analysis, an optimal interpolation scheme is used to an-
alyze soil temperature, soil humidity over land, and sea sur-
face temperature from data measured with surface stations
and buoy observations (Masson et al., 2013).

The background error covariance matrix (the so-called
B matrix) is a key component of the variational assimilation
system, as it weights the spread of the observation impact in
the data assimilation system. As in AROME-France, a clima-
tological background error covariance matrix is used and has
been computed from an AROME-WMED data assimilation
ensemble using the approach proposed by Brousseau et al.
(2011). In the real-time version and in the first reanalysis, the
background error covariance matrix was computed over a 1-
week period in October 2010, characterized by convective
systems over southern France and Catalonia.

For the second reanalysis, the background error covariance
matrix was computed over a longer period of the HyMeX
special observation period (17 to 31 October 2012); this new
B matrix is more representative of the encountered meteoro-
logical conditions. Comparing the variance error spectra of
both matrices (see, for example, the error variance spectra
at around 600 hPa in Fig. 2), it appears that for all param-
eters, the error variances for REANA2 are smaller for the
smaller horizontal scales of the model and, in contrast, are
above for the larger ones due to meteorological situations in-
volving fewer small-scale features than during the period in
October 2010 used to estimate the B matrix for SOP1 and
REANAL. These changes in variance spectra are twofold.

Geosci. Model Dev., 12, 2657-2678, 2019
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Table 1. AROME-WMED reanalysis and model configurations (main differences): SOP1 for real time, REANA1 for first reanalysis, RE-

ANA2 for second reanalysis.

SOP1 REANAL1 REANA2
Lateral boundary conditions ~ARPEGE cy36+cy37 ARPEGE cy37 ARPEGE cy37
Topography GTOPO30 GTOPO30 GMTED2010

Background errors estimated from a 2010 period

estimated from a 2010 period

estimated from 15 d period
(from 17 to 31 October 2012)
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Figure 2. Variance spectrum for specific humidity (a), temperature (b), vorticity (c), and divergence (d) for the SOP1 and REANA1 version
(dashed black line) and REANAZ2 (blue line) at about 600 hPa. The x axis is in kilometers.

First, for temperature and specific humidity (vorticity and
divergence), this increase (decrease) occurring for scales in
the maximum of the variance spectra leads to a general in-
crease (decrease) in spectrally averaged background errors
(Fig. 3) in the new B matrix. This means that using the same
background and the same observation, the analysis fits (does
not fit) the temperature and humidity (wind) observations

Geosci. Model Dev., 12, 2657-2678, 2019

better using the REANA?2 B matrix than the SOP1-REANA1
one.

Secondly, horizontal correlation length scales are slightly
longer in REANA?2 than in REANAT1 and SOPI, which al-
lows each observation to modify the analysis over a more
horizontally extended area.

The other components of the background error covariances
(i.e., vertical correlations and cross-correlations between the

www.geosci-model-dev.net/12/2657/2019/
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Figure 3. Background error standard deviation for specific humidity (a), temperature (b), vorticity (c), and divergence (d) for the SOP1 and
REANALI versions (dashed black line) as well as REANA2 (blue line) at around 600 hPa.

different analyzed model fields) are similar for both B matri-
ces (not shown).

3 Assimilated data

3.1 Observations common to all AROME-WMED
versions

Both the REANA1 and REANAZ2 reanalyses used all avail-
able data with no time constraint (cutoff), contrary to the
SOP1 (real-time) version. These observations come from ra-
diosondes, including mobile sites along the French Mediter-
ranean coast, surface stations and buoys, aircraft, and wind
profilers. Satellite data are dominant in the analysis, con-
tributing to more than 50 % of the assimilated data flow, since
a large part of the domain is over the sea. Satellite data com-
prise infrared and microwave radiances from polar-orbiting

www.geosci-model-dev.net/12/2657/2019/

satellites, radiances from SEVIRI onboard the Meteosat Sec-
ond Generation (MSG), surface wind from scatterometers
over the Mediterranean Sea, and atmospheric motion vectors.

GNSS (global navigation satellite system) zenith total de-
lay (ZTD) observations from the EUMETNET EIG GNSS
water vapor program (E-GVAP) network are assimilated as
well. Another major data source is the French Doppler radar
network (around 18 radars in the AROME-WMED domain),
which provides Doppler winds (Montmerle and Faccani,
2009) and reflectivities used to derive relative humidity pro-
files (Caumont et al., 2010; Wattrelot et al., 2014), but their
density is weather dependent, i.e., the presence of rain or
not. Fourrié et al. (2015) provide complementary informa-
tion about the assimilated data.

Geosci. Model Dev., 12, 2657-2678, 2019
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Table 2. Main differences, in terms of assimilated data, between the first (REANA1) and the second (REANA?2) reanalysis.

Assimilated variables REANAL1

REANA2

GNSS zenithal total delays real-time version reprocessed version (V3)
Radiosonde T,q,u,v low resolution (TEMP) high resolution (where available)
+ HyMeX mobile sites 01, 02, and 03  + L’ Aquila + Biscarosse + dropsondes
RADAR radial wind, reflectivity = FRANCE FRANCE+SPAIN
Research aircraft T,u,v X Falcon-20, ATR, Dornier
Water vapor lidar q X ground-based: BASIL and WALI
airborne: Leandre (ATR42)
Profiler u, v real-time version reprocessed version
Boundary layer T,r,u,v reprocessed data reprocessed data,

pressurized balloons
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Figure 4. REANA?2 assimilated data focus: green disks represent the location of radiosondes (fixed and mobile) taken into account at high
resolution, red diamonds the position of the Doppler radars, violet squares the lidar sites, and blue triangles the global positioning system

(GPS) and GNSS stations.

3.2 Observations specific to REANA2

In addition, new datasets and reprocessed observations were
assimilated in REANAZ2. Table 2 summarizes the main dif-
ferences in terms of assimilated observations between the
two reanalyses. The GNSS zenithal total delays from the re-
processed dataset available in the HyMeX database (Bock
et al., 2016) have been used. The methodology for their as-
similation is described in Mahfouf et al. (2015). All available
GNSS data were reprocessed homogeneously with a single
software program, more precise satellite orbits and clocks,
and additional sites taken into account (e.g., Sardinia). This
led to better coverage as shown in Fig. 4, especially over

Geosci. Model Dev., 12, 2657-2678, 2019

France, the Iberian Peninsula, and Italy. Furthermore, an up-
dated static bias correction for each couple (GNSS station,
analysis center) was computed for the REANA2 version.
Data from BLPBs (temperature, humidity, and wind) were
assimilated in both reanalyses REANA1 and REANAZ2. The
raw data were averaged over an approximate 20 min period.
Moreover, to guarantee the consistency of such data, averag-
ing was only performed over periods corresponding to sta-
bilized flight segments. In REANA2, temperature data were
discarded during daytime due to radiative bias and model er-
rors in the boundary layer.

High-vertical-resolution radiosondes available in France
(including dedicated HyMeX mobile soundings) and in some

www.geosci-model-dev.net/12/2657/2019/
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Figure 5. Observation error associated with different data types in REANA?2 for temperature (a), humidity (b), and wind (c).

sites in Spain, as shown in Fig. 4, were used instead of
the classical TEMP (upper air sounding) messages assim-
ilated in the SOP1 and REANAI versions as proposed in
Ingleby et al. (2016). This leads to an increased data flow
(100 to 150 data points per profile instead of 30 for the
TEMP message); extra sounding sites were also processed,
such as L’ Aquila (a research center in Italy) and Biscarosse,
a French military site close to the Atlantic coast. Data from
several Spanish Doppler radars (Valencia, Barcelona, Mur-
cia, Almeria, and Palma) were also used in the second re-
analysis after careful quality control. Wind profiler data were
also carefully checked in order to remove spurious signals
(Said et al., 2016). Humidity data retrieved from ground-
based and airborne lidars were processed. Two ground-based
research lidars were processed: one located in Candillargues
(BASIL instrument; Di Girolamo et al., 2016) and the other
on Menorca, an island in Spain (WALI instrument; Chazette
etal., 2016). These data were smoothed through an interpola-
tion at a 200 m vertical resolution and outliers were removed.
The lidar Leandre II data (temperature and wind) from 22
ATR flights were also assimilated according to the method
described in Bielli et al. (2012); these data were thinned at
a 15 km horizontal resolution to avoid horizontal error cor-
relation problems in the data assimilation process. The as-
sociated observation errors were deduced by monitoring the
standard deviation of differences between background simu-
lations for new observation data types and observations, and
they are displayed in Fig. 5. Some differences are observed
on the plot for lidar data. The observation errors for Leandre
IT data are smaller than the other ones, and WALI assigned
observation errors are slightly larger than BASIL and TEMP
ones. Concerning temperature and wind the assigned obser-
vation errors are the same for dropsondes, radiosondes, and
profilers; the aircraft data errors are larger.

www.geosci-model-dev.net/12/2657/2019/
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The amount of assimilated data per observation type for
each AROME-WMED analysis version is given in Fig. 6.
The number of assimilated data in REANA1 (red bars) is
slightly increased with respect to the SOP1 version (black
bars). This can be explained by the fact that all available
observations, not only those present in real time in the
Météo-France database, were assimilated; +9 % additional
data were thus assimilated in REANA1 compared to SOPI.
Concerning the REANA?2 (blue bars), +24 % additional data
with respect to SOP1 and 413 % with respect to REANAL1
were assimilated. The higher amount of observations mainly
comes from radiosondes (higher resolution and additional
sites), profilers, satellite radiances, scatterometer wind es-
timates, surface parameters, and ground-based GNSS data.

Geosci. Model Dev., 12, 2657-2678, 2019
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Figure 7. Distribution of assimilated data in the second reanalysis (REANA2) for 26 September 2012 (eight analysis times, a, rainy day) and

for 5 October 2012 (b, non-rainy day).

However, although five Spanish Doppler radars were in-
cluded in REANA?2, fewer data from radars were assimilated
as a consequence of a revised statistic tuning.

Examples of the assimilated data distribution for a rainy
day (26 September 2012) and a non-rainy day (5 October
2012) are shown in Fig. 7. First of all, satellite data con-
tribute most to the observational set. This distribution varies
depending on weather conditions (rainy vs. non-rainy). For
the rainy day, radar data represent 6 % of the total. The per-
centage of satellite data is reduced from 63.5 % to 50 % for
a non-rainy day. Infrared measurements (SEVIRI and IASI)
are indeed strongly affected by the presence of clouds and
thus discarded. In this case the proportion of radiosonde data
increases for the rainy day (twice the amount for the non-
rainy day due to additional radiosondes). The large increase
in radiosonde data for 26 September 2012 is explained by
the fact that the DTS was activated, resulting in an increased
frequency of radiosonde launches at specific sites.

4 Assimilation results
4.1 Analysis and first guess

As a first validation step, the performance of the data as-
similation systems from the three AROME-WMED sets was
evaluated based on the analysis (AN) and first-guess (FG
is the 3 h forecast) departures from the assimilated observa-
tions. These departures provide information on the analysis
increment for AN and on very-short-range forecast quality
for FG. Some of these statistics (mean and root mean square,
RMS) are plotted in Fig. 8 for observations related to hu-
midity and in Figs. 9 and 10 for wind. These datasets differ
with respect to the AROME-WMED version, as the quality
check based on the difference between the observation and
the simulation can discard (or not) some observations due
to a different background value. In addition, some observa-
tion types such, as lidar observations and Spanish radars, are
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specifically assimilated in REANAZ2. For the radiosondes and
the wind profilers, the real-time observations were replaced
with high-resolution data and reprocessed data, respectively,
in REANA2.

For all observation types, the RMS values of AN depar-
tures are always smaller than the corresponding FG depar-
tures, as expected from a well-performing assimilation pro-
cess.

As SOP1 and REANAI1 use the same background statis-
tics, results of these two sets are very close and slight dif-
ferences are mainly explained by the different number of
assimilated observations. For REANA?2, the use of differ-
ent background error covariances and additional observations
has direct consequences on these statistics. For radiosound-
ing in the troposphere, AN departures are smaller for humid-
ity (in Fig. 8a—c) but higher for wind (in Fig. 9a—) due to
the variations of the background error standard deviation de-
scribed in Sect. 2.2: an increase for specific humidity and
temperature (the background is less trusted and the result-
ing analysis is closer to observations) and a decrease for
vorticity and divergence directly related to the wind field
(the background is more trusted and the resulting analysis
is farther from the observations). In both cases, this has a
positive effect: for these two fields the subsequent 3 h fore-
casts are closer to the observations, as indicated by lower
FG departures, even for the wind, while the RMSs of analy-
ses compared to observations are higher. This result is en-
hanced by the use of high-resolution vertical radiosondes,
which enable an increase in the observation number and a
better comparison to the background than the TEMP mes-
sage. For specific humidity, the RMSs of AN and FG de-
parture are respectively reduced by 30 % and 15 % between
1000 and 600 hPa. For wind, the differences are smaller and
reach +20 % for AN departure and —10 % for FG departure.
The impact of the background statistic changes is also vis-
ible for wind measurements from aircraft (Fig. 9d—f), with
a similar number between the three experiments and radial
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Figure 8. First-guess (FG, solid lines) and analysis (AN, dashed lines) departure against radiosounding (mixing ratio, gkg_l) (a—c), against
humidity derived from Doppler radar (humidity, percent) (d—f), and against lidars and dropsondes (mixing ratio, gkg~!, only for RE-
ANA?2) (g-i); columns correspond to mean departure (a, d, g), root mean square departure (b, e, h), and observation numbers (c, f, i). In
panels (a—g), black curves are for SOP1, red is for REANAI, and blue is for REANA2. Orange lines are for Spanish radars in REANA2.
Computation period extends from 5 September 2012 to 5 November 2012.
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Figure 9. Statistics for zonal wind departures (mean, panels a, d, g; root mean square, panels b, e, h) for SOP1 (black lines), REANA1 (red
lines), and REANAZ2 (blue lines) for radiosondes (a—c), aircraft (d—f), and wind profilers (g—i). Solid lines correspond to first-guess (FG)
statistics and dashed lines to analysis statistics (AN). Panels (c, f, i) represent the number of observations.

Geosci. Model Dev., 12, 2657-2678, 2019 www.geosci-model-dev.net/12/2657/2019/



N. Fourrié et al.: AROME-WMED reanalyses of the first HyMeX special observation period

(a) Doppler radar (VR)
12000 — T T
1°~ ‘7/\ .
/
10000 H— y
e y
1/
4 0
[N
8000 —
4
= [}
% T 11
2 6000 H |}
= 1L om
< 1"
+ —SOP1 - FG
4000 L 11 —REANAI - FG
lII' ——REANA2 (FR) - FG
T " REANA2 (SP) - FG
4 M — —SOP1 - AN
L m — —REANALI - AN
2000 m — —REANA?2 (FR) - AN|
1 17 REANA2 (SP) - AN
o | |
0 /- L L
0 2 4 6

Speed (m s™)

2667

(b) Doppler radar (VR)
12000 T | T | T | T | T
— SOPI
T — REANAL
— REANA2 (FR)
10000 — REANA2 (SP)
8000 ——

Altitude (m)
=N
(=3
S
(=}
|
[

[
=3
(=3
(=]

0 o I T I B
0 20000 40000 60000 80000 1e+05
Number of data

Figure 10. Root mean square departure for the Doppler wind between observations, background (solid line), and analysis (dashed lines)
for SOP1 (black), REANAI (red), and REANA?2 (blue) over French radars and REANA?2 over Spanish radars (orange), with the number of

observations available in each dataset (b).

velocity from Doppler radars (Fig. 10). The REANA2 AN
departures are slightly larger than the SOP1 and REANALI,
but the subsequent FG departures are smaller for REANA?2
than for REANA1 and SOP1 between 800 and 300 hPa. The
reduction in humidity AN departures is less obvious for radar
reflectivities (Fig. 8d—f). These results suggest that the use of
background error statistics more representative of the studied
period allows for better use of the observations.

Statistics on AN and FG departure are also informative in
terms of the quality of the additional observations only as-
similated in REANAZ2. For the second reanalysis, numerous
wind profilers have been reprocessed and their number in-
creased from 1000 to 4000 observations at 700 hPa (Fig. 9g—
i). This better quality induces a decrease in FG departures
and a reduction of AN departures, despite a higher back-
ground error for wind.

Concerning the lidars (Fig. 8g—i), it is worth noting that
the RMS background departures for BASIL and Leandre are
very similar to the values obtained with radiosondes (Fig. 8a—
c¢) showing data of comparable quality. WALI exhibits larger
differences, the explanation for which is certainly linked to
the fact that the lidar was located over land near the coast
of Menorca. Hence, the nearest AROME-WMED grid point
is located over the Mediterranean Sea, which may introduce
a discrepancy in the computation of the model equivalent,
especially in the atmosphere low levels (boundary layer). It
should also be mentioned that lidar data represent very few
data among the total number of assimilated data.

Dropsondes exhibit a larger humidity bias and RMS dif-
ferences (more than 2gkg™! between 800 and 1000 hPa)

www.geosci-model-dev.net/12/2657/2019/

than radiosoundings (1.5 gkg™!). Dropsonde measurements
are therefore further away from the model values. This might
be explained by the dropsonde sampling strategy, which in-
volves launches close to convective areas and sampling low-
predictability areas, thereby leading to larger humidity differ-
ences between the model and the observations. However, one
can note that the AN departures are not impacted by these
differences in the FG departure.

Lastly, statistics for Spanish radar observations are com-
pared to those of the French network (in Fig. 8d—f for hu-
midity derived from reflectivities and Fig. 10 for the wind
force). Radar observations over Spain were available below
6000m as a consequence of the sampling strategy. It ap-
pears that Spanish radar FG departures are higher than for
French radars for Doppler wind below 2000 m (Fig. 10) and
for reflectivities (Fig. 8d—f). Particularly, the latter exhibit a
stronger dry bias (i.e., observation — background > 0), which
could be explained by different observation preprocessing (in
order to take into account radar signal attenuation due to pre-
cipitation, for example) for Spanish radars. If AN departures
are increased for reflectivities, they remain very close to the
French radar ones for radial velocity.

4.2 Surface parameter analysis and forecast

The surface observations used for the evaluation were ex-
tracted from the HyMeX database, which gathers surface
synoptic observations over the HyMeX area, additional
hourly observations of temperature and humidity at 2 m from
Météo-France, AEMET, and MeteoCat and the 10 m wind
from some surface stations. The area selected for the evalua-

Geosci. Model Dev., 12, 2657-2678, 2019
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Figure 11. Bias (forecast — observation, dashed lines) and root mean square error (solid lines) computed for 2 m temperature (a), 2 m relative
humidity (c), and 10 m wind speed (e) with respect to the forecast range for the real-time AROME-WMED model (SOP1, black), the first
reanalysis (REANALI, red), and the second reanalysis (REANA2, blue) from 5 September to 5 November 2012. Dotted lines represent the
number of observations used for the comparison (right vertical axis). Panels (b, d, f) correspond to the relative root mean square error

difference calculated with respect to SOP1.

tion is similar to the HyMeX domain, i.e., 36-47.5° N, 9° W-
17° E. The various forecasts were compared with observa-
tions up to the 54 h forecast range (REANAT and REANA?2),
except for SOP1, which was only run up to the 48 h forecast
range (Fig. 11).

The model underestimates the 2 m temperature diurnal cy-
cle (forecast minus observations; Fig. 11), with a maximum
absolute value of 0.5 °C. The REANA?2 simulation has a no-
ticeable reduced bias for each forecast range, which is a pos-
itive impact due to modifications in the orography in RE-
ANAZ2. The standard deviation of forecast error, which in-
creases with the forecast range, is also slightly and reduced
up to the 18 h forecast range, and this is statistically signif-
icant according to a bootstrap test. A bias reduction is also
noticed for the 2 m relative humidity, together with a very
small gain on the standard deviation (up to the 9 h forecast
range). In contrast, no real difference is noticeable for the
biases between the three systems for the 10 m wind statis-
tics. The relative improvement in forecast RMS error brought

Geosci. Model Dev., 12, 2657-2678, 2019

by REANAZ2 is larger than for REANA1 (more than 3 % for
temperature and humidity at the 3 h forecast range and 1 %
for the wind). The benefit varies as a function of the forecast
range and remains up to the 30 h forecast range (except for
the wind).

4.3 Upper-level atmosphere—troposphere forecast

The forecast quality of the various AROME-WMED ver-
sions is first assessed against radiosonde observations. Fig-
ure 12 gathers the RMS differences between AROME-
WMED forecasts and radiosondes for temperature, relative
humidity, and wind at 24, 36, and 48h ranges. Overall,
the scores of forecast starting from reanalyses are improved
compared to those starting from SOP1. REANAI1 improves
the temperature forecast above 500 hPa at 24 h and the wind
is improved over the whole troposphere, but the maximum
improvement is found above 700 hPa. The gain brought by
this reanalysis is significant according to a bootstrap test at

www.geosci-model-dev.net/12/2657/2019/
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Figure 12. RMS forecast error computed with respect to radiosondes for the 24 h forecast range (a—c), the 36 h forecast range (d-f), and
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in panels (c), (f), and (i). Scores were computed from 5 September 2012 to 5 November 2012 and are plotted in black for SOP1, in red for
REANAL1, and in blue for REANA?2 from forecasts starting at 00:00 UTC.

a 95 % confidence level between 500 and 250 hPa. The im-
provement at 400 hPa is also significant. At 36h, the im-
provement brought by REANA?2 with respect to SOP1 and
REANALI is noticeable all along the troposphere for temper-
ature, humidity, and wind, except for temperature between
800 and 900 hPa and above 500 hPa for relative humidity, for
which REANA1 provides an improved forecast. In addition,
the REANALI forecast is better than SOP1 but generally to a
lesser extent than REANAZ2.

www.geosci-model-dev.net/12/2657/2019/

At the 48 h range, REANA1 and REANA?2 improve the
temperature forecast above 700 hPa; the humidity forecasts
are not improved, but wind forecast is improved above
600 hPa. These results are statistically significant (95 % con-
fidence bootstrap test) for temperature at 100 hPa. REANA?2
brought only a significant improvement at 600 and 100 hPa,
as well as near the surface for temperature.

Geosci. Model Dev., 12, 2657-2678, 2019
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44 IWV

The AROME-WMED model was also assessed using inte-
grated water vapor (IWV) obtained from version 1 data of
GNSS ground-based stations. IWV was indeed found to be
linked to heavy precipitation, with a maximum observed be-
fore heavy precipitation events and a drop in its value oc-
curring during the maximum of precipitation (Bock et al.,
2016). Results are presented in Fig. 13. With these data as-
similated in REANA?2 (and not in SOP1 and REANA1), the
highest correlation (0.99) is found for each slot of the eight
times at which a REANA2 analysis was performed. More
than 32 000 colocations were available to perform these com-
putations. As expected, REANA1 and SOPI1 correlations
are lower (around 0.97); the maximum is observed for the
00:00 UTC analysis slot and the minimum is noticed in the
afternoon at 15:00 UTC. The standard deviation of differ-
ences between IWV analyses and observations is lower (be-
tween 1.1 and 1.2 mm) for REANA2 than for SOP1 and RE-
ANAI1 (above 1.8 mm). The standard deviation is maximum
at the 15:00 UTC analysis slot (above 2 mm).

Concerning the forecast quality, as expected the IWV cor-
relation between forecasts and observations decreases as the
forecast range increases (from 0.99 down to 0.9 at 54 h). The
largest score decrease is noticed in the very short forecast
ranges. A diurnal cycle of the score is also found (local min-
ima at +15 and +39 h ranges); REANAL is characterized by
a slightly higher correlation than SOP1, and the gain of RE-
ANA?2 against REANA1-SOP1 is noticeable up to 24 h. The
same conclusions apply for the standard deviation.

These results are confirmed over the sea with the valida-
tion against GNSS ZTD data (Fig. 15), derived from a GNSS
sensor onboard the Marfret Niolon (Fig. 14). These data,
which were not assimilated, represent an interesting inde-
pendent source of validation. This dataset is made up of 418
measurements collected during the period from 9 Septem-
ber 2012 00:00 UTC to 1 November 2012 21:00 UTC and
mainly in the western Mediterranean part of the AROME-
WMED domain. Due to the small amount of data available,
results are noisy. Nevertheless, it is noteworthy that the cor-
relation between forecasts and observations is higher up to
the 24 h forecast range; the standard deviation is lower up to
the 24 h forecast range for REANA?2 compared to SOP1 and
REANAL. For the three simulations, there is a diurnal cycle
of the ZTD bias. A stronger positive (moist) bias can be seen
for the early forecast ranges of REANA2. At longer ranges
the bias is more or less similar in the three simulations.

4.5 Surface precipitation

The evaluation is carried out with 24 h accumulated precip-
itation (from 5 September to 5 November 2012) from the
HyMeX database available in July 2017 (version 4). These
data were checked before computing scores. Only surface
stations with daily precipitation for the full period (i.e., with
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HyMeX 2-month period.

an uninterrupted series) were taken into account. Good cov-
erage is obtained over France, Italy, and Spain (Fig. 16). RE-
ANA?2 seems to yield more precipitation compared to the
other versions, especially over elevated terrain. This is con-
firmed with the frequency bias computed against rain gauges
over the whole AROME-WMED domain (Fig. 17). This
bias is improved for small thresholds (< 1 mm (24 1) in
REANA? and these results are statistically significant. The
degradation for thresholds exceeding 1 mm (24h)~! in RE-
ANAZ? is not significant according to a bootstrap test due to
the lower number of observations. Even though the general
precipitation pattern is similar in the three versions, some dif-
ferences can be noticed. For example, the maximum precip-
itation over Sardinia is not located at the same place. In RE-
ANAZ? this local maximum is located in the central part of

Geosci. Model Dev., 12, 2657-2678, 2019
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Figure 16. Precipitation amounts (mm) over a 2-month period from 5 September 2012 06:00 UTC to 5 November 2012 06:00 UTC, measured
by surface stations. Accumulation for 24 h from 06:00 to 06:00 the next day (a) predicted by SOP1 (b), REANAI (c), and REANA2 (d).
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Figure 17. Bias of the 6-30h accumulated precipitation simu-
lated real-time version, REANA1, and REANA?2 computed over the
AROME-WMED domain with rain gauges for the 2-month period
during the HyMeX campaign. Logarithm scale on the x axis.

the island, whereas in REANAL1 it is located over the east-
ern part. In addition, more precipitation is simulated over
the sea in the Gulf of Lion for REANA?2. The 2-month pe-
riod accumulated rainfall amount shows some moister bias
for REANA2 compared to REANAT1 (not shown) and SOP1,
mainly over elevated terrain (Pyrenees, Alps, Sierra Nevada
in Spain); some negative difference is found over central Italy
and elsewhere (figure not shown).

Figure 18 shows the equitable threat score (ETS; the def-
inition is given in the Appendix of Ebert, 2008) and the fre-

Geosci. Model Dev., 12, 2657-2678, 2019

quency bias for the 24 h accumulated precipitation computed
with all data available in version 4 for Spain, France, and
Italy. The closer to 1 the ETS is, the better the forecast. Over
Spain, the ETS is improved for both reanalyses and the gain
is seen up to the 20 mm (24 h)~! threshold. The ETS val-
ues for small thresholds are improved with REANA2 (up to
1 mm (24 h)~1) over France, but no improvement is seen over
Italy. In the reanalyses, the frequency bias decreases up to
the 5mm (24 h)~! threshold over Spain and France and only
for small thresholds (less than 1 mm (24 h)~!) over Italy. For
large thresholds, the frequency bias is larger for REANA2
than for the other two AROME-WMED versions. These re-
sults are in agreement with the overall accumulation of pre-
cipitation found in Fig. 16.

5 IOPS8 qualitative evaluation

As illustrated in the section on quantitative forecast evalua-
tion, tiny improvements are noticed for REANA2 with re-
spect to previous simulations for quantitative precipitation
forecasts (QPFs). Such improvements in REANA?2 can be
found for specific periods of the HyMeX campaign. This
is the case for IOPS, which took place during 2d from 28
to 29 September 2012. The key pattern of this IOP was a
cutoff low centered to the southwest of the Iberian Penin-
sula (28 September 00:00 UTC) moving northeast and lo-
cated over the Alboran Channel (29 September 00:00 UTC).
A detailed description of the early stages of the [OP8 synop-
tic meteorological environment can be found in Bouin et al.

www.geosci-model-dev.net/12/2657/2019/
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(2017). Figure 19 depicts the large-scale synoptic conditions
on 29 September 2012 at 00:00 UTC.

At low levels, on 29 September at 00:00 UTC, a weak
complex surface low was positioned over the Gulf of Lion,
associated with the cutoff low as analyzed by the global-
scale model ARPEGE. This cutoff drove a moist south-
easterly flow on its northeastern flank, towards the French
Mediterranean coast, reinforced by orography (Cevennes
ridge, which induced a barrier effect as shown in Buzzi et al.,
2003). On 29 September, this pressure minimum triggered
heavy rainfall with embedded convection over the Gulf of
Lion (morning) and later on over the northern part of Catalo-
nia and the western part of Cévennes—Vivarais. Daily precip-
itation amounts reaching 100 mm (24 h)~! were recorded on
the coastal zones along an axis from northern Catalonia to
the Cevennes area, depicted by the red line extending from
40° N-0°E to 45°N-5°E in Fig. 19c. Such an amount of
rainfall was also observed in the northeastern part of the Gulf
of Lion from the 3B42 TRMM (Tropical Rainfall Measuring

www.geosci-model-dev.net/12/2657/2019/

Mission) estimates (Fig. 19d), which compare well qualita-
tively and quantitatively with in situ measurements over land.

The daily accumulated precipitation amounts for the real-
time and first reanalysis exceeding SO0 mmd~"! are shifted too
far westward when compared to rain gauges (Fig. 20a and
b). The maximum rainfall amount located over the Gulf of
Lion is better localized, though overestimated, in the second
reanalysis (Fig. 20c). The ETS was computed for the vari-
ous forecasts (0-24, and 24-48 h range) valid for 29 Septem-
ber (00:00-24:00 UTC period). The score was also computed
for the 630 h forecast range (corresponding to the 24 h pe-
riod between 29 September 06:00 UTC and 30 September
06:00 UTC). Figure 21 presents these ETS curves; one can
see that generally the reanalyses (1 or 2) perform better than
the real-time version of AROME-WMED:; surprisingly the
ETS scores are better for the 24—48 h forecast range than for
the shorter (0-24 h) forecast period. This degradation of the
short-range forecast could originate from a spin-up present

Geosci. Model Dev., 12, 2657-2678, 2019
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Figure 20. Daily precipitation amounts for 29 September 2012 simulated by the three different AROME-WMED versions: (a) SOP1, (b) RE-

ANAL1, and (c) REANA2.

in the very short ranges of the forecast that degrades the pre-
dicted precipitation during the first hours of the forecast.
The positive impact in QPF may be linked to the better
simulation of the deepening of the surface pressure low in the
second reanalysis for the morning of 29 September located
in the Gulf of Lion. At the Lion buoy (42.102° N, 4.703° E),

Geosci. Model Dev., 12, 2657-2678, 2019

the minimum surface pressure observed on 29 September is
1008 hPa at 14:00 UTC; the minimum surface pressure pre-
dicted by the 00:00 UTC forecast initialized with the first re-
analysis is 1010 hPa at 03:00 UTC (not deep enough and too
early), while the forecast simulation initialized at 00:00 UTC

www.geosci-model-dev.net/12/2657/2019/
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Figure 21. ETS scores valid for 29 September 2012 for simulated
precipitation accumulated between 0 and 24 h (a), 6 and 30h (b),
and 24 and 48 h (c) forecast ranges; initial conditions of 29 Septem-
ber 2012 00:00 UTC for panels (a) and (b), 28 September 2012
00:00 UTC for panel (c).

by the second reanalysis indicates a minimum of 1008 hPa at
09:00UTC.

6 Discussion and conclusion

The AROME-WMED model was initially developed to study
and forecast heavy-precipitating events over the western
Mediterranean basin in the framework of the HyMeX pro-
gram. This model ran in real time during both SOPs of
HyMeX in autumn 2012 and winter 2013. Two reanalyses
were run after the HyMeX autumn campaign. The first one

www.geosci-model-dev.net/12/2657/2019/
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was carried out just after the campaign to provide the same
model configuration over the whole period because an up-
grade of the AROME-WMED version occurred during the
period. In addition, a second reanalysis was performed a
few years after and took into account as many data as pos-
sible from the experimental campaign (i.e., lidar and drop-
sonde humidity profiles) or from reprocessed datasets (such
as GNSS ground station ZTD, wind profilers, high-vertical-
resolution radiosondes, and Spanish doppler radars). It also
benefited from a more recent version of the AROME code,
including an orography change, and from improved back-
ground error statistics computed over a 15 d period of the first
HyMeX observing period. The analysis and forecast fields
of these three AROME-WMED versions are available in the
HyMeX database (http://mistrals.sedoo.fr/HyMeX/, last ac-
cess: 3 July 2019).

The characteristics and the quality of the three AROME-
WMED versions are discussed in this paper. More observa-
tions are assimilated in both reanalyses. The first reanalysis
included 9 % additional data, and the second reanalysis as-
similated 24 % more data. These data in the case of REANA2
mainly came from the GNSS ground stations, radiosondes,
and satellite radiances. The use of background error statistics
more representative of the studied period allows for better
use of the observations in the second reanalysis. The root
mean square differences between first-guess simulations and
observations are the smallest for the second reanalysis. De-
pending on the change in the background statistics, the root
mean square differences between analysis simulations and
observations are adjusted. The observation departure study
showed that the quality of research data, such as lidar data, is
found to be comparable with the operational radiosonde data.

Concerning the forecast quality, the surface field forecast
is better for the second reanalysis; the 2 m temperature diur-
nal bias is reduced up to the 54 h forecast range. The forecast
error standard deviation is improved for the first 18 h forecast
ranges. This improvement is mainly due to the change in the
orography in REANA2. A reduction of the 2 m relative hu-
midity bias is also found.

Upper-level forecasts of the three AROME-WMED ver-
sions were compared to radiosonde observations and the
forecast root mean square errors for temperature, relative hu-
midity, and wind are decreased in the middle and upper tro-
posphere for both reanalyses up to the 48 h forecast range.
The comparison with the reprocessed version 3 of GNSS data
(Bock et al., 2016) shows that the second reanalysis IWV,
in terms of analyses and forecasts, is better correlated than
the first one and the real-time version up to the 24 h fore-
cast range. The standard deviation of IWV differences is also
lower. Moreover, a comparison to GNSS zenithal total delay
independent data (i.e., not assimilated) from the vessel Mar-
fret Niolon also shows this positive impact up to 424 h. This
is an interesting result over a sensitive area where no conven-
tional measurement is available.

Geosci. Model Dev., 12, 2657-2678, 2019
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Figure 22. Root mean square forecast errors with respect to radiosondes at the 36 h forecast range for temperature, humidity, and wind for
real time (in black), REANAI (in red), REANA2 (in blue), with an experiment demonstrating the change of the code version and the new

background statistics: REANA2(-OBS), in green.

Larger values of accumulated precipitation during the 2-
month period were obtained with the second reanalysis,
and the comparison with observations suggests an overes-
timation of the large precipitation amount, mainly over re-
lief. However, the frequency bias is decreased for smaller
thresholds over the AROME-WMED domain. Concerning
the 24 h precipitation evaluation, this positive impact is less
noticeable, but at least some improvement is diagnosed for
the Iberian Peninsula and France for thresholds lower than
10mm (24 h)~!. The gain brought by the second reanalysis
is smaller over Italy. Finally, the positive impact of the sec-
ond AROME-WMED reanalysis was detailed for the IOP8
high-precipitating event that occurred over Spain and south-
ern France at the end of September 2012.

Preliminary studies with data assimilation experiments
with only the code version changes, including the new back-
ground statistics, have shown that the gain in forecast score
brought by REANA?2 is due to the new observations as-
similated and the new code version. Figure 22 illustrates
this fact for the 36 h forecast range. A small reduction of
the root mean square error is obtained with the assimila-
tion of new observations for temperature and wind in the
troposphere. The improvement brought by the observations
is less clear for humidity. Concerning the 24h accumu-
lated precipitation, REANA?2 improves small thresholds (0.5,
1 mm (24 h)~") compared to the preliminary experiment, RE-
ANA1, and SOPI. It is clear that the 2m temperature and
humidity forecast bias improvement is related to the orogra-
phy change. The improvement found in the REANA?2 fields
is therefore the result of all the changes made compared to
REANATI and SOP1.

Studies are currently being carried out to examine the re-
spective impact of the additional observations, such as repro-
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cessed GNSS data, high-resolution radiosondes, radars, and
lidars assimilated in the second reanalysis.

Data availability. The source code of AROME-WMED, derived
from the operational AROME code, cannot be obtained, but
the analyses and forecast fields are available in the HyMeX
database (http://mistrals.sedoo.fr/HyMeX/, last access: 3 July
2019). SOP1 is available at https://doi.org/10.6096/HYMEX.
AROME_WMED.2012.02.20 (Fourri¢ and Nuret, 2011), REANAI
at https://doi.org/10.6096/HYMEX.REANALYSIS_ AROME _
WMED_V1.2014.02.10 (Fourrié and Nuret, 2014), and REANA2
at https://doi.org/10.14768/MISTRALS-HYMEX.1492  (Fourrié
and Nuret, 2017).
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