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Abstract. The first Special Observation Period of the
HyMeX campaign took place in the Mediterranean between
September and November 2012 with the aim of better un-
derstanding the mechanisms which lead to heavy precipita-
tion events (HPEs) in the region during the autumn months.
Two such events, referred to as Intensive Observation Pe-
riod 6 (IOP6) and Intensive Observation Period 7a (IOP7a),
occurred respectively on 24 and 26 September over south-
eastern France. IOP6 was characterised by moderate to weak
low-level flow which led to heavy and concentrated convec-
tive rainfall over the plains near the coast, while IOP7a had
strong low-level flow and consisted of a convective line over
the mountainous regions further north and a band of strat-
iform rainfall further east. Firstly, an ensemble was con-
structed for each IOP using analyses from the AROME,
AROME-WMED, ARPEGE and ECMWF operational mod-
els as initial (IC) and boundary (BC) conditions for the re-
search model Meso-NH at a resolution of 2.5 km. A high
level of model skill was seen for IOP7a, with a lower level of
agreement with the observations for IOP6. Using the most
accurate member of this ensemble as a CTRL simulation,
three further ensembles were constructed in order to study
uncertainties related to cloud physics and surface turbulence
parameterisations. Perturbations were introduced by perturb-
ing the time tendencies of the warm and cold microphysi-
cal and turbulence processes. An ensemble where all three
sources of uncertainty were perturbed gave the greatest de-
gree of dispersion in the surface rainfall for both IOPs. Com-
paring the level of dispersion to that of the ICBC ensemble
demonstrated that when model skill is low (high) and low-
level flow is weak to moderate (strong), the level of disper-
sion of the ICBC and physical perturbation ensembles is (is

not) comparable. The level of sensitivity to these perturba-
tions is thus concluded to be case dependent.

1 Introduction

The Mediterranean basin is a complex geographic region
prone to extreme rainfall events during the autumn months.
The resulting flash floods can lead to economic damage
and even fatalities (seeLlasat et al., 2013 for a list of
such events over the northwestern Mediterranean). Clearly
these high-impact weather events need to be accurately
forecast, leading to the development of dedicated interna-
tional research projects. MEDEX (MEDiterranean EXperi-
ment,http://medex.aemet.uib.es/), DRIHM (Distributed Re-
search Infrastructure for Hydro-Meteorology,http://www.
drihm.eu/) and HyMeX (HYdrological cycle in Mediter-
ranean EXperiment,http://www.hymex.org/) are three such
projects. MEDEX aims to forecast more accurately the im-
portant weather events associated with Mediterranean cy-
clones while simultaneously investigating the societal im-
pacts of these events. DRIHM seeks to provide easier ac-
cess to hydrometeorological data while also facilitating the
collaboration between meteorologists and hydrologists with
the aim of accelerating scientific advances in hydrometeoro-
logical research. Such advances will include enhanced mod-
elling and data processing capabilities through the integra-
tion of dedicated hydrometeorological services throughout
the European e-Infrastructure network. The overall aim of
the HyMeX project (Drobinski et al., 2014) is to better under-
stand and forecast the water cycle in the Mediterranean with
an emphasis on intense hydrometeorological events. The first
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Special Observation Period (SOP1), which took place be-
tween September and November 2012, focused on heavy pre-
cipitation events (HPEs) in the northwestern Mediterranean.
Twenty intensive observation periods (IOPs) were under-
taken during the SOP1, with a survey of HPEs in Spain,
France and Italy (Ducrocq et al., 2014).

In southeastern France, these HPEs develop principally
associated with a large-scale upper-level trough over the
North Atlantic which brings southerly low-level marine
flows towards Mediterranean coastlines. These flows are
laden with moisture as the sea surface temperature dur-
ing the autumn months remains greater than the temper-
ature of the surrounding land basins. When heavy rain-
fall accumulations are observed on the foothills of the
Cévennes, deep convection is more likely to be triggered by
the orography. When heavy rainfall accumulations are ob-
served on the plains or the sea, other mechanisms of con-
vection triggering and sustainment are suggested, such as
low-level convergence reinforced by an evaporative cold pool
(Bresson et al., 2012; Ducrocq et al., 2008).

Numerical weather prediction (NWP) of convective rain-
fall events has improved in recent years due to advances
in computing power. NWP models can now run at kilo-
metric resolutions and thus explicitly resolve the dynam-
ics of mesoscale convective systems. However, despite this
progress, limitations still apply due to the involvement of
many multi-scale processes, the quick propagation of initial
errors throughout the forecasting domain and the complex-
ity in correctly simulating deep convective processes.Walser
et al. (2004) andHohenegger and Schär(2007) have inves-
tigated these issues.Walser et al.(2004) argued that the de-
velopment of convective cells become increasingly difficult
to predict at decreasing scales due to chaotic aspects of cer-
tain convective processes. They also showed that the growth
of small-scale uncertainties and nonlinear interactions be-
tween atmospheric processes can quickly disrupt predictabil-
ity. Hohenegger and Schär(2007) demonstrated that initial
perturbations can disperse throughout the entire forecasting
domain within a couple of hours, becoming amplified at far
remote locations.Leoncini et al.(2010) suggested that the
growth of the perturbation is weakly sensitive to the char-
acteristics of the initial perturbation and that a similar value
is reached at saturation, independent of the amplitude of the
perturbation.

Ensemble prediction systems (EPSs) have been put for-
ward as a suitable strategy for coping with predictability limi-
tations (Houtekamer et al., 1996; Fritsch and Carbone, 2004).
They give the probability of an event occurring by starting
from a set of perturbed scenarios which represent the inher-
ent uncertainties in the initial atmospheric state and in model
parameterisations. Taking the different sources of uncertainty
into account in an ensemble design is a challenge, as the un-
certainties can depend upon the biases of the computational
model and on the situation under examination.Ducrocq et al.
(2008) showed that for HPEs in the south of France the mi-

crophysical processes were important factors which can con-
trol the stationarity of a mesoscale convective system (MCS).
An accurate description of these processes is thus imper-
ative. As they occur at sub-grid resolutions, they must be
parameterised, which introduces a level of uncertainty in
their representation. Many studies have attempted to exam-
ine the issues related to physical parameterisation uncertain-
ties.Houtekamer et al.(1996), Buizza et al.(1999) andSten-
srud et al.(2000) were some of the first to construct ensem-
ble simulations using perturbed physical processes. Different
methodologies have been employed, ranging from the use
of different physical parameterisation schemes to stochas-
tic perturbations applied upon the time tendencies of phys-
ical processes. More recently,Gebhardt et al.(2011), Clark
et al. (2011), Bouttier et al.(2012), Fresnay et al.(2012),
Leoncini et al.(2013) and Hally et al. (2013) constructed
convection-permitting short-range ensembles. The existence
of such a breath of ensemble methodologies demonstrates
that the most suitable approach remains open to debate, as
no one methodology is found to be superior to the others.

Increases in model resolution have also brought to light the
uncertainties associated with the parameterisation of bound-
ary layer turbulence (Bryan et al., 2003; Fiori et al., 2010).
The rainfall field and the evolution of convective systems
have been shown to be sensitive to its representation.Wisse
and de Arellano(2004), Wyngaard(2004) andHonnert et al.
(2011) also demonstrated that at a kilometric resolution, the
use of 1-D turbulence closure methods is questionable, while
the formulation used in large eddy simulations (LES) is not
appropriate.

The present work uses the methodology described inHally
et al. (2013) and inspired by the previous works ofBuizza
et al. (1999) and Fresnay et al.(2012). These studies de-
scribed ensemble simulations using stochastic perturbations
upon the physical processes.Hally et al. (2013) and Fres-
nay et al. (2012) concentrated on errors associated with
the boundary layer turbulence and warm microphysical pro-
cesses. They investigated the possible use of ensembles con-
taining perturbations upon these processes in the forecast-
ing of HPEs in the Mediterranean region. The aim of the
present study is to extend this methodology to include per-
turbations upon the cold microphysical processes, which can
also have an impact upon convective storm development
(Gilmore et al., 2004; Richard et al., 2003; Lascaux et al.,
2006). Secondly, the sensitivity of the simulated rainfall field
to perturbations upon the physical processes is compared to
the sensitivity introduced by modifying the initial (IC) and
boundary (BC) conditions. Studies from both the COSMO
and AROME communities (Peralta et al., 2012; Kühnlein
et al., 2014; Vié et al., 2011, 2012) demonstrated that the
simulation of precipitation events is quite sensitive to per-
turbations upon the IC and BC.Vié et al. (2011, 2012) in
particular investigated the impact of IC and BC uncertain-
ties upon Mediterranean HPE simulations and illustrated that
the rainfall development displays a more important level of
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sensitivity to errors in the IC and BC than to errors in the
physical parameterisations. This hypothesis will also be scru-
tinised within the scope of this study.

The layout of the paper is as follows: an introduction of
the chosen case studies, the reasons for their selection and
the large-scale atmospheric conditions under which they de-
veloped are described in Sect. 2, along with a description of
the model set-up and an explanation of the configuration of
the different ensembles. Section 3 presents the results of the
physical perturbation and IC and BC perturbation ensembles
for each case study. A comparison and discussion of the level
of dispersion and the sensitivity of the rainfall field to the dif-
ferent perturbations is given in Sect. 4. Summaries and con-
clusions of the paper’s main results are outlined in Sect. 5.

2 Description of cases, model set-up and configuration
of ensembles

2.1 Description of cases

The two heavy rainfall episodes that were chosen for this
study are HyMeX IOP6 and IOP7a which occurred on 24
and 26 September 2012 respectively. Both were extensively
measured and observed at the time and represent two of the
most significant rainfall episodes to have taken place within
France during the HyMeX SOP1 campaign.

2.1.1 IOP6

On the evening of 23 September 2012, an upper-level trough
was observed over western Europe (see Fig.1a). This was
associated with a low-pressure system which was situated
to the northwest of Ireland and led to convectively in-
ducive low-level conditions. Surface winds from the south-
west brought moist air sweeping in from the Mediterranean
as shown by the plots of 10 m wind and potential temperature
at 950 hPa in Fig.1b. These conditions instigated the devel-
opment of an intense and fast-moving convective line which
caused approximately 100 mm rainfall in the 24 h period be-
tween 00:00 UTC on 24 September and 00:00 UTC on 25
September. Most of the precipitation fell during the 6 h win-
dow between 00:00 UTC and 06:00 UTC on 24 September
with observed intensities of up to 50 or 60 mm per hour. The
heaviest rainfall was organised in a southwest to northeast-
erly line extending from the northern Gard department into
the Drôme department (see Fig.2 for location of important
geographical features and French departments). Soundings
taken at the Nîmes station gave a CAPE value of 57 Jkg−1 at
00:00 UTC on the 24 September and a value of 176 Jkg−1 at
06:00 UTC on the 24 September.

2.1.2 IOP7a

In the early hours of 26 September, the low-pressure sys-
tem had propagated eastwards and was now centred over
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Fig. 1. ECMWF large-scale analysis at 18:00 UTC on 23 September 2012 showing (a) temperature (◦C)
and geopotential height (m) at 500 hPa and (b) potential temperature (K) and winds (ms−1) at 950 hPa.
Identical plots for 26 September 2012 at 00:00 UTC are given as (c) and (d).

26

Fig. 1. ECMWF large-scale analysis at 18:00 UTC on 23 Septem-
ber 2012 showing(a) temperature (◦C) and geopotential height (m)
at 500 hPa and(b) potential temperature (K) and winds (ms−1) at
950 hPa. Identical plots for 26 September 2012 at 00:00 UTC are
given in(c) and(d).

the British Isles (see Fig.1c). The upper-level trough deep-
ened and began to edge its way in over France as the day
progressed. This brought moderate to strong south to south-
easterly flow in over the southern regions of France. These
winds were laden with warm moist air, picked up as they
passed over the relatively warm Mediterranean Sea (Fig.1d).
This led to the development of a mesoscale convective sys-
tem in the early morning over the Ardèche and Gard regions
as the warm unstable air converged. A cold front associated
with the low-pressure system further to the north approached
the area during the afternoon, merged with the convective
system and moved eastwards as evening arrived. Upwards of
100 mm of rain was observed during the 24 h period between
00:00 UTC on 26 September and 00:00 UTC on 27 Septem-
ber. The majority of the rain fell over the Ardèche depart-
ment but the Drôme also experienced accumulations of up to
75 mm in 24 h. The Nîmes sounding taken at 12:00 UTC on
26 gave a CAPE value of 109 Jkg−1.

2.2 Model set-up

The French research model Meso-NH (Mesoscale Non-
Hydrostatic model,Lafore et al., 1998, http://mesonh.aero.
obs-mip.fr/mesonh) was used to conduct the simulations pre-
sented in this study. Meso-NH was developed jointly by the
Laboratoire d’Aérologie (LA) and the Centre National de
Recherches Métérologiques (CNRM) and it shares the same
set of physical parameterisations as the operational model
of Météo-France, AROME. The turbulence scheme follows
the work ofCuxart et al.(2000) while the radiation fluxes

www.nat-hazards-earth-syst-sci.net/14/1071/2014/ Nat. Hazards Earth Syst. Sci., 14, 1071–1084, 2014
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Fig. 2. (a) Map of the domain of southern France used for the
simulations. The area under the solid line, referred to as the tar-
get area in the text, is enlarged in(b). All simulation statistics are
performed over the domain in(b). Shading represents altitudes over
250 m. Geographical names and French administrative regions are
recalled, in particular sevendépartementsof the southern France re-
gion which are given in blue. Two important geographical features,
the Cévennes mountain ranges and the Rhône Valley, are indicated
in green. The location of the Nîmes sounding is also given for ref-
erence.

are calculated using the Rapid Radiative Transfer Model
(Mlawer et al., 1997). Shallow convection is parameterised
according toPergaud et al.(2009) while for the purposes of
this study the deep convection scheme is deactivated as the
simulations are performed at a convection-resolving resolu-
tion. Six water species (vapour, cloud water, rainwater, pri-
mary ice, snow aggregates and graupel) are prognosis vari-
ables whose equations are managed by the ICE3 bulk mi-
crophysical scheme ofPinty and Jabouille(1998). The ex-
changes of energy at the surface are represented according
to four possible surface types (natural surfaces, urban areas,
oceans and lakes). The ISBA (Interactions Soil-Biosphere-
Atmosphere schemeNoilhan and Mafhouf, 1996) is used for
natural land surfaces.

The grid spacing used for the simulations here presented
is that of the Météo-France operational forecasting model
AROME, or 2.5 km. The simulated area covers a 288× 288
point domain located over southern France and the north-
western Mediterranean (see Fig.2 for description of domain).
All of the simulations described were performed over 24 h
periods. For IOP6, the maximum observed rainfall occurred
at 02:00 UTC on 24 September. In order to avoid the influ-
ence of spin-up errors, simulations for this case were ini-
tialised at 18:00 UTC on 23 September. For IOP7a, the maxi-
mum observed rainfall occurred at 08:00 UTC on 26 Septem-
ber. The simulations were initialised at 00:00 UTC on 26
September allowing sufficient time before the onset of con-
vection and for the dissipation of model spin-up errors.

Table 1.Characteristics of the different ensembles.

Warm Warm,
Ensemble Case ICBC Warm and cold and
name study pertur- perts. cold turbulent

bations perts. perts.

ICBC6 IOP6 X
ICBC7a IOP7a X
WA6 IOP6 X
WC6 IOP6 X X
MT6 IOP6 X X X
WA7a IOP7a X
WC7a IOP7a X X
MT7a IOP7a X X X

2.3 Configuration of ensembles

Four ensembles were constructed for each convective
episode, the characteristics and details of which are given
in Tables 1 and 2. The first ensemble (which will be la-
belled ICBC(6)(7a), with the 6 and 7a representing either
IOP6 or IOP7a) contained four members. Each of the mem-
bers was given a different set of initial (IC) and boundary
conditions (BC) derived from the ECMWF/IFS and Météo
France/ARPEGE, AROME and AROME-WMED analysis.
The AROME and AROME-WMED analysis files are avail-
able every 3 h compared to every 6 h for the ARPEGE and
ECMWF outputs. The AROME and AROME-WMED files
are available at the same 2.5 km resolution that was used
within this study. AROME covers the region of Metropoli-
tan France with further details of the model available inSe-
ity et al. (2011). AROME-WMED, designed especially for
HyMeX, is similar to AROME but takes in a larger geograph-
ical region including the western half of the Mediterranean
Sea. ARPEGE runs at a 10.5 km resolution over France while
the horizontal resolution of the ECMWF mesh size is ap-
proximately 16 km. No intermediary downscaling step was
performed between these resolutions and that of the 2.5 km
resolution employed by the Meso-NH model. Each member
was run over the periods described in Sect. 2.2.

The second ensemble WA(6)(7a), the 6 and 7a again rep-
resenting either IOP6 or IOP7a, was constructed of 11 mem-
bers: ten perturbed members and one control (CTRL) mem-
ber. The most skillful member of the ICBC(6)(7a) ensemble
was used as the CTRL member. Here the definition of skillful
is the ensemble member which modelled the observed rain-
fall in the most realistic and statistically satisfying manner.
Simple statistical tests such as correlation with observed val-
ues, standard deviation and root mean squared error (RMSE)
were used to determine this statistical skill. For the other ten
members, the time tendencies of the warm rain processes
of the ICE3 microphysical scheme were perturbed by a ran-
dom factor ranging between 0.5 and 1.5. This random factor
was generated in the same manner as inHally et al. (2013)
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Table 2.Processes perturbed in the 6(7a)WA and 6(7a)WC ensembles.

Processes perturbed WA WC
ensemble ensemble

Autoconversion of cloud drops to raindrops X X
Accretion of cloud droplets by raindrops X X
Evaporation of raindrops X X
Autoconversion of ice particles to snow particles X
Vapour deposition on snow and graupel X
Light and heavy riming of snow aggregates and graupel X
Accretion of rain and aggregates X
Dry and wet growth of graupel X
Melting of snow aggregates and graupel X

andFresnay et al.(2012). Each random factor multiplied si-
multaneously the sources and sinks of a given microphys-
ical process to ensure mass conversation was met. For the
third ensemble (WC(6)(7a)), perturbations were performed
upon the cold microphysical processes as well as the warm
processes. The ensemble had the same CTRL simulation as
the WA ensemble and also contained 10 perturbed members.
A unique random factor was generated for each cold pro-
cess. The fourth and final ensemble (MT(6)(7a)) consisted in
adding perturbations to the turbulent parameterisation time
tendencies, while simultaneously maintaining the perturba-
tions upon the warm and cold microphysical processes. Per-
turbations were introduced upon the turbulent tendencies in
the same manner as was done for the warm and cold pro-
cesses and as is also described inHally et al.(2013). As for
the WA(6)(7a) and WC(6)(7a) ensembles, the ensemble con-
sisted of a CTRL member and ten perturbed members.

3 Ensemble simulations

3.1 IOP6

3.1.1 ICBC ensemble

The simulated rainfall for each member of the ICBC6 en-
semble is shown in Fig.4 with the corresponding observed
rainfall amounts displayed in Fig.3a. The signal of the con-
vective system can be seen forming a southwest to northeast-
erly line from the Gard department into the Ardèche depart-
ment. The AROME forced simulation (Fig.4a) simulates the
heaviest rainfall to the north of the convective line over the
ridges of the Cévennes mountain ranges. Over the areas of
the observed maxima (upwards of 75 mm) simulated accu-
mulations only reach values of between 20 and 40 mm. This
is however the most accurate representation of the convective
system of all the four members. The AROME-WMED mem-
ber simulates the precipitation maxima over the Cévennes
ridges, as in the AROME member, but also produces rain-
fall to the northeast of the convective line over the central
Ardèche. The localisation of the convective line is almost
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Fig. 3. The rainfall amounts (in mm) observed at Météo France stations between 18:00 UTC on
23 September and 18:00 UTC on 24 September (a) and between 00:00 UTC on 26 September and
00:00 UTC on 27 September (b).
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Fig. 3. The rainfall amounts (in mm) observed at Météo France
stations between 18:00 UTC on 23 September and 18:00 UTC on
24 September(a) and between 00:00 UTC on 26 September and
00:00 UTC on 27 September(b).

completely missed by the ECMWF member simulation as
it places a large rainfall maximum to the northeast of the
Cévennes Mountains. The ARPEGE member produces no
discernible maximum but does succeed in finding the north-
eastern tail of the convective line over the Ardèche albeit
with less accumulated rainfall than was observed. Overall,
three out of the four sets of initial and boundary conditions
(AROME, AROME-WMED, ARPEGE) succeed in localis-
ing the rainfall over the southwestern Ardèche but fail to sim-
ulate the correct intensities. The AROME member most ac-
curately captures the convective line over the western and
northern Gard, while all other members fail to simulate it
correctly.

Figure 5 shows a time series of the hourly accumulated
rainfall averaged over the model domain. The peak in ob-
served precipitation occurred at 02:00 UTC. This peak is
missed by all simulations, regardless of their initial and
boundary conditions The AROME simulation is closest in
terms of timing and averaged rainfall amounts with a dif-
ference of 3 h between the simulated and observed maxima.
The AROME-WMED, ECMWF and ARPEGE members of
the ensemble present less accurate representations of the ob-
served maximum but simulate more accurately the second
peak at 07:00 UTC.

www.nat-hazards-earth-syst-sci.net/14/1071/2014/ Nat. Hazards Earth Syst. Sci., 14, 1071–1084, 2014
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Fig. 4. The simulated daily rainfall amounts (in mm) between
18:00 UTC on 23 September and 18:00 UTC on 24 September for
the AROME(a), AROME-WMED (b), ECMWF (c) and ARPEGE
(d) members of the ICBC6 ensemble.

The Taylor diagram for the ICBC ensemble is presented
in Fig. 6. The AROME member presents a spatial corre-
lation of 0.45 with the observations, as do the AROME-
WMED and ARPEGE simulations. The AROME member
gives a normalised standard deviation of almost 1.Taylor
(2001) defines this normalised standard deviation as a ra-

tio of the modelled over the observed variability. Accord-
ing to this definition, one could say that the AROME sim-
ulation describes most accurately the level of observed dis-
persion. The AROME-WMED and ARPEGE members give
lower standard deviations illustrating their weaker degree of
dispersion. The RMSE, shown on the Taylor diagram as the
distance between the model point and the REF point, illus-
trates that the AROME-WMED and ARPEGE members are
slightly more accurate than the AROME member. However,
the improved spatial correlation, normalised standard devi-
ation and the fact that the AROME member captures most
accurately the observed peak were judged to be more impor-
tant measures of statistical skill.

Concluding from Figs.4–6, a hierarchy of forecasting ac-
curacy is deduced for this case. The AROME simulation
is deemed the most accurate at representing the observed
rainfall pattern as it is the only member of the ensemble to
simulate the amplitude of the observed peak. The AROME
member also gave the highest spatial correlation and was
quite accurate in forecasting the observed rainfall variabil-
ity. The AROME-WMED and ARPEGE rainfall representa-
tions are similar but the AROME-WMED member simulates
the rainfall intensities more accurately. The ECMWF mem-

ber gives the least realistic rainfall localisation and evolution,
as it completely misses the convective activity in the northern
Gard.

3.1.2 Physical process ensembles

The AROME simulation from the ICBC6 was thus chosen
as the CTRL simulation to which the members of the WA6,
WC6 and MT6 ensembles were compared. The Taylor di-
agram for each of these ensembles is presented in Fig.7.
Examining the diagram for the WA6 ensemble, some mem-
bers show increased spatial correlation with the observa-
tions compared to the CTRL simulation. The most correlated
member now has a correlation of 0.55 compared to 0.45 for
the CTRL. Spread between the ensemble members is more
remarkable in the differing spatial correlation values than in
the normalised standard deviation values as most members
retain a value of 1.0. This would suggest that the perturba-
tions impact more strongly upon the localisation of the sim-
ulated rainfall rather than upon the intensity. In comparison
with WA6, WC6 has more members with lower spatial corre-
lation. There is little increase in spread between the members
of the WC6 ensemble, suggesting that the sensitivity of the
surface rainfall field to these processes is small. A compar-
ison of the WA6 and MT6 ensembles shows that adding in
perturbations to the turbulent time tendencies does increase
dispersion. The range of spatial correlation values for the
members of the MT6 ensemble extends from 0.4 to 0.6 with
the normalised standard deviations varying between 0.75 and
1.0. Thus simultaneously perturbing the cold and warm mi-
crophysical and turbulent processes impacts upon the spatial
localisation and intensity of the surface rainfall field.

Figure8 shows the mean and standard deviation from the
24 h accumulated surface rainfall for each of the WA6, WC6
and MT6 ensembles. The standard deviation signal for the
WA6 and WC6 ensembles are similarly weak. Some spread
is seen in the eastern Gard and to the east of the Cévennes
mountain ridges where the heaviest rain was simulated. Little
dispersion is seen over the mountain ridges, which indicates
that in these areas, the rainfall field is very weakly controlled
by the microphysical processes. The standard deviation sig-
nal for the MT6 ensemble shows a larger degree of disper-
sion, especially in the southwestern Ardèche where strong
convective activity was observed. This increase in dispersion
for the MT6 ensemble compared to the WA6 and WC6 en-
sembles would indicate that the rainfall field is more sensi-
tive to boundary layer turbulence perturbations than to per-
turbations upon the microphysical processes. Compared to
the WA6 and WC6 ensembles, MT6 shows increased disper-
sion over the mountainous ridges. However, like WA6 and
WC6, the strongest standard deviation values are located east
of the Cévennes.
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Fig. 5. Temporal evolution of the spatially-averaged hourly accumulation for each member of the ICBC6
ensemble between 18:00 UTC on 23 September and 18:00 UTC on 24 September. The AROME member
appears in blue, the AROME-WMED member in red, the ECMWF member in black and the ARPEGE
member in orange. The black dotted line represents the evolution of the observed rainfall.
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Fig. 5.Temporal evolution of the spatially averaged hourly accumu-
lation for each member of the ICBC6 ensemble between 18:00 UTC
on 23 September and 18:00 UTC on 24 September. The AROME
member appears in blue, the AROME-WMED member in red, the
ECMWF member in black and the ARPEGE member in orange.
The black dotted line represents the evolution of the observed rain-
fall.
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Fig. 6. Taylor diagram for the ICBC6 ensemble showing the spatial correlation, standard deviation and
RMSE of the simulated accumulated rainfall with the observed rainfall for the AROME (blue circle),
AROME-WMED (red circle), ECMWF (black circle) and ARPEGE (orange circle) members of the
ensemble.
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Fig. 6. 24 h Taylor diagram for the ICBC6 ensemble showing the
spatial correlation, standard deviation and RMSE of the simulated
accumulated rainfall with the observed rainfall for the AROME
(blue circle), AROME-WMED (red circle), ECMWF (black circle)
and ARPEGE (orange circle) members of the ensemble.

3.2 IOP7a

3.2.1 ICBC ensemble

The simulated rainfall for each member of the ICBC7a en-
semble is illustrated in Fig.9 with the corresponding ob-
servations being displayed in Fig.3b. In contrast with the
convective line seen in IOP6, the precipitation of IOP7a fell
mainly over the mountainous regions in the Cévennes area.
Although convective initiation was the result of a convergent
air mass, the orography played a substantial role in the evo-
lution and sustainability of the convective system. As men-
tioned in the case description, this convective line merged
with a cold front which arrived from the west during the
afternoon of 26 September and then propagated eastwards,
which led to a second rainfall maximum concentrated mainly
over the Ardèche and Isère departments. The model performs
much more accurately for this case than for the IOP6 with
all sets of initial and boundary conditions capturing the con-
vective line. The AROME member (Fig.9a) simulates quite
well the rainfall over the mountainous areas with accumu-
lations of between 75 and 100 mm corresponding well with
the observed values. The AROME-WMED member (Fig.9b)
gives the least accurate representation as it shifts the con-
vective line eastwards away from the mountainous regions.
The simulated rainfall values do not compare as well as the
AROME member with the observed values as maxima re-
mained between 50 and 75 mm. An investigation of the state
of the large-scale dynamics present in the initial conditions
for this case (not shown) indicates that the aforementioned
cold front arrived in over the target area too early in the
AROME-WMED conditions, thus preventing the convective
system from fully developing and pushing the heaviest of the
rainfall eastwards. The ECMWF member also performs well
in localising the rainfall pattern but tends to over-forecast
the rainfall amounts, with a simulated maximum of 194 mm
vs. an observed maximum of 100 mm. The ARPEGE mem-
ber succeeds in simulating the rainfall pattern over the moun-
tain ranges but in contrast with the ECMWF member the sim-
ulated values were less than what was observed.

The temporal evolution of the instantaneous rainfall for the
ICBC7a ensemble is presented in Fig.10. In general, all of
the ensemble members succeed in reproducing the observed
rainfall evolution. As for the ICBC6 ensemble, the AROME
member gives the most accurate description of the evolution,
successfully capturing both the precipitation peak at 8 h af-
ter initialisation time or 08:00 UTC and the peak at 17 h after
initialisation time or 17:00 UTC. The over-forecasting in the
ECMWF simulation is not as clear on this plot but the sim-
ulated rainfall does exceed the observed one between 10:00
and 13:00 UTC. The AROME-WMED member produces a
very weak signal for the first observed peak at 08:00 UTC
which corresponds with its inaccuracy in forecasting the
most convectively active period of the system. The weak
ARPEGE accumulations are also easily visible on this plot.

www.nat-hazards-earth-syst-sci.net/14/1071/2014/ Nat. Hazards Earth Syst. Sci., 14, 1071–1084, 2014
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Fig. 7. Same as Fig. 6 except for the WA6, WC6 and MT6 ensembles. The CTRL simulation is given in
red, the ensemble members in black and the ensemble mean in green.
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Fig. 7. As Fig.6 except for the WA6, WC6 and MT6 ensembles. The CTRL simulation is given in red, the ensemble members in black and
the ensemble mean in green.

The Taylor diagram in Fig.11 confirms the increase in
forecasting skill of the different sets of conditions for this
case compared to IOP6. Both the AROME and ECMWF
members present a spatial correlation of 0.8. The ECMWF
member gives a normalised standard deviation value of al-
most 1.25 indicating the over-forecasting of the rainfall
compared to the observed values. Like the IOP6 case, the
AROME member gives a normalised standard deviation
value close to 1.0 demonstrating that of the four sets of con-
ditions, it gave the most realistic description of the observed
variability. The AROME-WMED member shows the lowest
spatial correlation owing largely to its misplacement of the
convective system. The ARPEGE member’s normalised stan-
dard deviation was close to 0.5 indicating this simulation’s
inability to model the observed variability.

These plots show that as for the previous case of the IOP6,
a hierarchy of forecasting accuracy is present. The AROME
forced member of the ensemble gave the most accurate rep-
resentation of the rainfall field, resulting in a high spatial
correlation and a favourable normalised standard deviation
value. Also, its temporal evolution followed the observed
evolution quite adeptly. The ECMWF member simulation
gave a good spatial localisation of the convective system
but gives a slight over-forecast of the rainfall intensity. The
AROME-WMED and ARPEGE members give weaker rain-
fall accumulations with the ARPEGE member slightly out-
performing the AROME-WMED member in terms of spatial
localisation.

Nat. Hazards Earth Syst. Sci., 14, 1071–1084, 2014 www.nat-hazards-earth-syst-sci.net/14/1071/2014/
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Fig. 8.Mean and standard deviation of the 24 h accumulated rainfall
for the WA6 (top), WC6 (middle) and MT6 (bottom) ensembles.

3.2.2 Physical process ensembles

The ensembles WA7a, WC7a and MT7a were constructed
using the AROME member of the ICBC7 ensemble as a
CTRL. The Taylor diagram for each ensemble is shown in
Fig. 12. Very little dispersion is produced between the mem-
bers of the WA7a ensemble. All members maintain the spa-
tial correlation of 0.8 that the CTRL simulation presented,
with slight differences appearing in the standard deviation
values. This lack of spread in the members’ representation
of the rainfall underlines the small role played by the micro-
physical processes for this case. Adding cold process pertur-
bations to those of the warm processes does little to change
the ensemble spread as the Taylor diagram for WC7a illus-
trates. Examining the Taylor diagram for MT7a, there is a
significant increase in dispersion between the members com-
pared to the WA7a and WC7a ensembles. The correlation
now ranges from 0.7 to approximately 0.85. The normalised
standard deviation values are also much more dispersed than
for the WA7a and WC7a ensembles.

The mean and standard deviation plots for the rainfall field
are given in Fig.13. These plots reinforce the results gleamed

Fig. 9. The simulated daily rainfall amounts (in mm) between
00:00 UTC on 26 September and 00:00 UTC on 27 September for
the AROME(a), AROME-WMED (b), ECMWF (c) and ARPEGE
(d) members of the ICBC7a ensemble.

from the Taylor diagrams. Little if any deviation from the
mean is produced by the WA7a and WC7a ensembles. Com-
paratively the MT7a ensemble displays a much stronger stan-
dard deviation signal. This is most clearly in evidence in the
northern Ardèche region where some of the heaviest rain fell.
Deviation from the mean can also be seen to the south and
further eastwards where the less convectively intense rain-
fall occurred. This ensemble even presents some dispersion
over the mountainous regions, although the most significant
spread occurs just to the east of the Cévennes.

One member in particular (displayed in blue on the MT7a
ensemble) separates itself quite distinctly from the other
members. Investigating the perturbations introduced for this
member shows that the value of the turbulent time tendencies
was cut by 50 %, the graupel melting process was at 80 %
of its original value, while the evaporation process was de-
creased by 40 %. The members’ spatial correlation decreased
from 0.8 to less than 0.7 between the WA7a and MT7a en-
sembles due to the effect of these perturbations. However,
this change in spatial correlation was not observed between
the WA7a and WC7a ensembles, indicating that the turbu-
lence perturbations were responsible for the modification in
the simulated rainfall. A plot of the horizontal flow along the
mountainous regions (not shown) illustrates that the turbu-
lence perturbations change the interaction of the flow with
the local orography, and thus displace the point of convective
initiation. Vertical velocity plots (also not shown) indicate
that the turbulence perturbations also led to weaker convec-
tive updrafts and thus weaker accumulated rainfall amounts.
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Fig. 10. Temporal evolution of the spatially-averaged hourly accumulation of the rainfall field for each
member of the ICBC7a ensemble between 00:00 UTC on 26 September and 00:00 UTC on 27 September.
The AROME member appears in blue, the AROME-WMED member in red, the ECMWF member in
black and the ARPEGE member in orange. The black dotted line represents the evolution of the observed
rainfall field.
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Fig. 10.Temporal evolution of the spatially averaged hourly accu-
mulation of the rainfall field for each member of the ICBC7a en-
semble between 00:00 UTC on 26 September and 00:00 UTC on
27 September. The AROME member appears in blue, the AROME-
WMED member in red, the ECMWF member in black and the
ARPEGE member in orange. The black dotted line represents the
evolution of the observed rainfall field.
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Fig. 11. 24 h Taylor diagram for the ICBC7a ensemble showing the spatial correlation, standard deviation
and RMSE of the simulated rainfall with the observed rainfall for the AROME (blue circle), AROME-
WMED (red circle), ECMWF (black circle) and ARPEGE (orange circle) members of the ensemble.
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Fig. 11.24 h Taylor diagram for the ICBC7a ensemble showing the
spatial correlation, standard deviation and RMSE of the simulated
rainfall with the observed rainfall for the AROME (blue circle),
AROME-WMED (red circle), ECMWF (black circle) and ARPEGE
(orange circle) members of the ensemble.

This may lead to the conclusion that such perturbation con-
figurations should be avoided as they lead to a decrease in
model skill. However, the set of perturbation coefficients em-
ployed for MT6 were identical. The member of MT6 which
experienced blue member perturbations gives an increase in
spatial correlation (not shown) between WC6 and MT6. This
underlines the case dependency of these types of perturba-
tion.

4 Sensitivity in the different ensembles

Comparisons between the dispersion induced by changing
IC and BC and modifying the physical parameterisations are
drawn from the Taylor diagrams in Figs.6, 7, 11, and12and
the mean and standard deviation of rainfall plots in Figs.8,
13 and14. Clearly there is a greater degree of dispersion for
the WA6, WC6 and MT6 ensembles compared to the WA7a,
WC7a and MT7a ensembles. This agrees with the results re-
ported inHally et al.(2013), Fresnay et al.(2012) andSten-
srud et al.(2000), where the authors illustrate that sensitiv-
ity to perturbations upon physical processes is case depen-
dent.Hally et al.(2013) demonstrated that the sensitivity of
Mediterranean HPE simulations to physical perturbations is
dependent upon the model skill and the strength of the low-
level flow. IOP6 and IOP7a confirm this tendency.

Ensembles with changing IC and BC do not show this
tendency. Examining the Taylor diagrams in Figs.6 and11
shows that both ensembles display similar levels of disper-
sion. The ICBC7a ensemble gives a larger range of standard
deviation values, which is confirmed by the plots in Fig.14,
with the ICBC7a demonstrating a large deviation from the
mean for the convective rainfall pattern. This contrasts to the
weaker deviation exhibited by the ICBC6 ensemble over the
convective rainfall region. This seems to suggest that the IC
and BC were more important to the development of the con-
vective rainfall in IOP7a than in IOP6.

For IOP6, the most dispersive physical ensemble, MT6,
displays a degree of dispersion comparable to that of ICBC6.
The mean and standard deviation plots in Figs.8 and14 un-
derline this most evidently. However, the ICBC and physical
process ensembles differ as to where the deviation from the
mean is located. The MT6 ensemble shows a greater level
of dispersion over the regions of convective rainfall com-
pared to the ICBC6 ensemble, suggesting an enhanced role in
the development of this rainfall pattern for the physical pro-
cesses over the IC and BC. For IOP7a, the physical process
ensembles display a lesser degree of dispersion compared to
the ICBC ensemble. A comparison of the plots in Figs.13
and14 illustrates this quite clearly. Apart from the MT7a en-
semble, the physical process ensembles do not demonstrate
any significant deviation from the mean rainfall pattern. Con-
trastingly, the ICBC7a ensemble gives a large area of dis-
persion over the Ardèche, where the convective rainfall was
observed, and also further to the east, where the stratiform

Nat. Hazards Earth Syst. Sci., 14, 1071–1084, 2014 www.nat-hazards-earth-syst-sci.net/14/1071/2014/



A. Hally et al.: An ensemble study of HyMeX IOP6 and IOP7a 1081
D

iscussion
P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|

Fig. 12. 24 h Taylor diagram for the WA7a, WC7a and MT7a ensembles. The CTRL simulation is given
in red, the ensemble members in black and the ensemble mean in green.
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Fig. 12.As Fig. 11 except for the WA7a, WC7a and MT7a ensembles. The CTRL simulation is given in red, the ensemble members in black
and the ensemble mean in green.

peak occurred. This again underlines the more important role
of the IC and BC conditions in the development of IOP7a
compared to the physical processes. The patterns exhibited
in these ensembles seem to suggest that when the model skill
is low (low-level flow is moderate – IOP6), the sensitivity
of the rainfall pattern to physical and ICBC perturbations is
comparable, but that when the model skill is high (low-level
flow is strong – IOP7a), the rainfall pattern is more sensitive
to ICBC perturbations.

5 Conclusion and perspectives

Southeastern France experiences heavy precipitation events
(HPEs) during the months of September to November each
year. These HPEs can lead to devastating flash-flood events
causing economic damage and even loss of human life. IOP6

and IOP7a of the HyMeX SOP1 are two good examples of
the meteorological conditions in which these events occur.
IOP6 occurred in the presence of moderate to weak low-level
flow from the southeast bringing moist air in over the cooler
land basins. This led to the development of a convective rain-
fall event on the coastal plains which peaked at 02:00 UTC.
IOP7a occurred under the influence of a large upper-level
trough to the west of the target area, which led to strong low-
level flow from the south-east over the Mediterranean Sea.
This moist flow converged, triggering convective precipita-
tion, with the convective updrafts further enhanced by the
local orography. A peak in convective precipitation was seen
at 08:00 UTC for this case. A second peak was observed at
17:00 UTC, associated with a cold front which moved in over
the target area during the afternoon of IOP7a.
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Fig. 13.Mean and standard deviation of the 24 h accumulated rain-
fall for the WA7a (top), WC7a (middle) and MT7a (bottom) ensem-
bles.

An ensemble of simulations using different initial (IC)
and boundary (BC) conditions was constructed for each of
these cases with analysis files from the AROME, AROME-
WMED, ECMWF and ARPEGE models. This ensemble
aimed to uncover the most accurate control (CTRL) simu-
lation for each of the cases and to measure the sensitivity
to IC and BC modifications. Temporal evolution plots and
simple statistical comparisons demonstrated that the level of
dispersion induced in the surface rainfall by simultaneously
changing the IC and BC was similar for both cases. A CTRL
simulation with IC and BC from the analysis of the AROME
forecasting model displayed the most realistic representation
of the observed rainfall field for both cases.

Starting from this CTRL simulation, ensembles were con-
structed in order to represent sources of error inherent in
the model parameterisations. Particular attention was paid
to the microphysical and boundary layer turbulence pro-
cesses with random perturbations introduced upon the pa-
rameterised time tendencies of these processes. For IOP6,
an ensemble where solely the warm microphysical processes
were perturbed led to moderate dispersion in the rainfall
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Fig. 14. The 24 h mean and standard deviation of the rainfall field for the ICBC6 (top) and ICBC7a
(bottom) ensembles.
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Fig. 14.Mean and standard deviation of the 24 h accumulated rain-
fall for the ICBC6 (top) and ICBC7a (bottom) ensembles.

field. Little sensitivity was demonstrated when perturbations
were added to the microphysical cold processes. However,
introducing perturbations upon the turbulence time tenden-
cies led to a more significant increase in dispersion, espe-
cially over regions where the most convective rainfall oc-
curred. For IOP7a, the level of sensitivity to physical per-
turbations was less than that of IOP6. As for IOP6, the rain-
fall pattern displayed an increased sensitivity to perturbations
upon the turbulent time tendencies than upon the microphys-
ical tendencies.

Comparisons between the ICBC and physical process en-
sembles showed that for IOP6, the area of convective rainfall
was less sensitive to modifications in the IC and BC than
to perturbations upon the physical processes. This was not
the case for IOP7a, where the rainfall pattern, convective and
stratiform, demonstrated a much larger degree of sensitiv-
ity to changing IC and BC. These comparisons illustrate that
for HPEs which have weak to moderate low-level flow (and
thus convective initiation upstream of the orography) and
low model skill (IOP6), the level of dispersion introduced
in the rainfall pattern by ICBC or physical process perturba-
tions is comparable. Concurrently, when the HPE develops
in the presence of strong low-level flow (and thus convec-
tive initiation due to orographic lifting) and high model skill
(IOP7a), the level of dispersion related to ICBC modifica-
tions is greater.

The ensembles presented in this study indicate that the
sensitivity to perturbations upon the physical processes and
IC and BC is case dependent. The relative importance of each
source of error depends on the nature of the rainfall pattern
and on the atmospheric conditions in which the precipitation
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event develops. This confirms the results reported in the pre-
vious studies ofHally et al.(2013) andFresnay et al.(2012)
and also complements the recent work ofKeil et al. (2014),
who described the increased impact of physics perturbations
in the case of a weakly forced heavy rainfall event. However,
further work is needed to investigate the relative contribution
of the IC and BC to the rainfall pattern for these types of
HPEs.

Both cases presented within this study developed under
strong synoptic-forcing, thus indicating a larger contribu-
tion from the atmospheric rather than the surface conditions.
For weakly forced Mediterranean HPEs, the specific influ-
ence of surface conditions deserves further examination. This
would highlight the importance of the surface processes to
the development of the rainfall pattern and would thus per-
mit the construction of ensemble simulations which directly
target the error related to the representation of such processes
(Lebeaupin et al., 2006; Barthlott and Kalthoff, 2011).
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