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Abstract: The Mediterranean region is frequently affected in autumn by heavy precipitation that
causes flash-floods or landslides leading to important material damage and casualties. Within the
framework of the international HyMeX program (HYdrological cycle in Mediterranean EXperiment),
this study aims to evaluate the capabilities of two models, WRF (Weather Research and Forecasting)
and DESCAM (DEtailed SCAvenging Model), which use two different representations of the
microphysics to reproduce the observed atmospheric properties (thermodynamics, wind fields,
radar reflectivities and precipitation features) of the HyMeX-IOP7a intense precipitating event
(26 September 2012). The DESCAM model, which uses a bin resolved representation of the
microphysics, shows results comparable to the observations for the precipitation field at the surface.
On the contrary, the simulations made with the WRF model using a bulk representation of the
microphysics (either the Thompson scheme or the Morrison scheme), commonly employed in NWP
models, reproduce neither the intensity nor the distribution of the observed precipitation—the rain
amount is overestimated and the most intense cell is shifted to the East. The different simulation
results show that the divergence in the surface precipitation features seems to be due to different
mechanisms involved in the onset of the precipitating system: the convective system is triggered by
the topography of the Cévennes mountains (i.e., south-eastern part of the Massif Central) in DESCAM
and by a low-level flux convergence in WRF. A sensitivity study indicates that the microphysics
properties have impacted the thermodynamics and dynamics fields inducing the low-level wind
convergence simulated with WRF for this HyMeX event.

Keywords: mesoscale models; bulk and bin microphysics; precipitation estimation;
HyMeX experiment

1. Introduction

During autumn, the South of France is frequently affected by heavy precipitation that produce
flash-floods and landslides [1,2] costing each year several billions euros of damages and fatalities.
Mesoscale Convective Systems (MCSs) that stay over the same area during hours are the main
reason for high rainfall totals [3,4]. These convective precipitating systems are associated with
synoptic situations characterised by upper-level low pressure northwest of the precipitation area,
generating low-level marine inflow charged with water vapour and directed towards the coastal
mountainous regions [5,6]. Then, the onset of deep convection could be triggered, for example, by an
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orographic lifting of the moist air [7] among others or the presence of a low-level cold pool induced by
the convective system itself [3].

To improve the forecast of these MCSs in Numerical Weather Prediction (NWP) models,
the 10-year international HyMeX (Hydrological Cycle Experiment in the Mediterranean) program [8]
organised a major field campaign over the north-western Mediterranean region from September
to November 2012 [9]. During a special observation period (SOP1), a large set of instruments was
deployed to characterize the MCSs. Several convective activities observed during SOP1 provide a
good opportunity to evaluate the capability of mesoscale models to reproduce the observed MCSs.
Indeed, using these data, an objective of HyMeX and the associated MUSIC project (MUltiscale process
Studies of Intense Convection precipitation events in Mediterranean) was to compare model
simulations with observations for the purpose of improving NWP model representation of convection
and intense precipitation events.

The representation of the microphysics processes has been identified as one of the major
components that strongly influence the forecasts of the MCSs at the kilometric scale [10]. Indeed, it is
considered as a leading order contributor to NWP models precipitation forecast errors.

Heavy precipitation is typically connected with cloud fields that extent at least to the mid
troposphere or higher altitudes. At these altitudes, the temperature ranges approximately from −5 to
−35 ◦C and cloud and precipitation formation takes place in mixed phase conditions (i.e., presence of
supercooled liquid water and ice). However, the microphysical properties of these clouds are still not
completely understood. Indeed, in this temperature range, the formation of ice crystals occurs due
to heterogeneous nucleation [11] and the parameterisations representing this microphysical process
differ significantly from each other, leading to different results when applied in cloud models [12]
among others. The properties of the ice hydrometeors depend on temperature and supersaturation.
Their growth by vapour deposition as well as their collection efficiencies for riming and aggregation
varies significantly with the crystal habit [13]. Thus, the ice microphysics and its representation in
models have a significant impact on quantitative precipitation forecasts [14,15] and on cloud-dynamical
interactions [16].

Microphysics representations are classified broadly into two types: (i) the bin schemes that
predict the particle size distribution (PSD) by discretising it explicitly into multiple size (or mass)
bins as in for example, References [17,18], and (ii) the bulk schemes that predict one or more bulk
quantities assuming some prescribed form for the PSD [19–21] among others, often as a superposition
of several three-parameter gamma distribution functions. The size distribution evolves continuously
in microphysics schemes and the computational cost associated to bin schemes is high and thus
currently not suitable for NWP models. The one-moment bulk approach, in which only one moment
of the hydrometeor size distribution function is predicted, was first developed by Kessler for
warm clouds [22]. A more detailed approach was subsequently developed predicting not only the
mixing ratio (i.e., third moment of the hydrometeor size distribution function) but also the number
concentration (i.e., zero-th moment of the size distribution function) of cloud droplets and rain [23,24].
Then, the bulk approach was extended to the ice phase using a similar separation between cloud ice
and precipitating ice and adding different predefined categories of precipitation (e.g., snow, aggregates,
graupel and hail) [19,20]. Recently, a novel approach has been introduced [25,26] replacing the different
ice categories that are difficult to define with a representation of a gradual transition from small to
large ice particles due to growth by water vapour deposition and aggregation, and from unrimed
crystals to graupel due to riming. This latter representation of the microphysics is not yet used in the
NWP models where one-moment or two-moment bulk schemes with predetermined ice categories are
considered for example, References [27,28].

This study compared the performance of two regional models, WRF (Weather Research and
Forecasting) and DESCAM (DEtailed SCAvenging Model), for one of the most intense convective
event observed during the HyMeX SOP1 campaign, that is, the IOP7a convective system observed
on the 26th of September in 2012. The main objective of this study is to compare how WRF and
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DESCAM (where the microphysics is represented using, respectively, a bulk or a bin approach)
reproduce this MCS over the South of France and highlight the mechanisms that are important in its
formation and development. The paper is organised as follows—Section 2 provides a description of
the case studied and its setup and configuration in the considered mesoscale models. Sections 3–6
compare the observations and mesoscale simulation results obtained with DESCAM using the bin
microphysics scheme see Reference [29] for additional results and with WRF using two different
bulk microphysics schemes [19,20] focusing on precipitation features, thermodynamic profiles,
microphysics and dynamics properties. Additional sensitivity studies performed to understand
the differences in the convective system simulated with both models are presented in Section 7. Finally,
the main findings are discussed in Section 8.

2. Methodology

2.1. The HyMeX-IOP7a (26 September 2012, Southern France)

Although several MCSs were observed during the HyMeX campaign, in this study we only focus
on the IOP7a intense convective event developed over the Cévennes-Vivarais region (South of France)
during the morning of the 26th of September 2012. The synoptic conditions were favorable for the
development of a convective event since an upper-level low pressure system was centered over the
British Isles propagating eastwards to France. In association to a cold front located over Spain, a strong
southwesterly flow passing over the Mediterranean was formed carrying moist, warm and unstable air
masses towards the French mountainous coasts (i.e., the reliefs of the Cévennes-Vivarais) more details
in Reference [30]. The convective system was observed over the mountain ridge during the morning
with the most intense rainfall around 07:30–08:30 UTC. Figure 1 shows the composite 12-h cumulative
rainfall retrieved from the S- and C-band radars of the French operational radar network ARAMIS
(Application Radar à la Météorologie InfraSynoptique) [31]. The cumulative rainfall attains a maximum of
approximately 100 mm.

(a) 12:00 UTC

x

(b) 12:00 UTC

x

d01

d02

d03

N
B

S

Figure 1. 12-h cumulative rainfall retrieved from the French radars network ARAMIS: (a) over France
and (b) over the Cévennes-Vivarais region. The rectangles present the area of the Cévennes-Vivarais
region (solid), which corresponds to region presented in the panel (b), and the domains d01, d02 and
d03 (dashed) used in the different simulations. Note that the innermost domain (d03) is presented in
panel (b). The S- and C-band operational radars (Bollène, Nimes and Sembadel) covering the innermost
domain (d03) of the simulations are represented by the grey small filled squares (in panels (a) and
(b) and by letters B, N and S (in panel (b). The red and blue crosses show respectively the position of
the X-band radar of the LaMP (Laboratoire de Météorologie Physique) and the UHF radar of the CNRM
(Centre National de Recherches Météorologiques - Météo-France) located at Candillargues. The sounding
used in this study was launched from the Nimes station represented by the letter N in panel (b).
The topography is represented in the panel (b) from sea level to 2000 m height every 400 m.
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During the HyMeX SOP1, the LaMP (Laboratoire de Météorologie Physique) X-band radar was
deployed for a few months within the Cévennes-Vivarais Mountains (Figure 1b). It is designed
to provide the precipitation field with high spatial (60 m) and temporal (30 s) resolution over a
typical domain of a small catchment basin (about 36 km range) using a beam elevation of 1.5◦ [29,32].
Figure 2a,b show the radar reflectivity field observed by the X-band radar at different times that
characterize the most intense period of the convective system over the radar observational area.
The cloud system forms close to mountain ridge (dashed line on Figure 2a) and moves towards the
north-north-east of the radar domain. The precipitating system is quite intense and the reflectivity
field attains a maximum of 60 dBZ for many hours.

X band radar
 08:00 UTC 

b)

X band radar
 07:20 UTC 

a)

b)

c)

d)

c)

d)

Figure 2. Radar reflectivity observed with the LaMP X-band radar (a,b) and simulated with DESCAM
(c,d) at different time steps of the mature stage of the cloud system (i.e., at 07:20 UTC (a,c) and at 08:00
UTC (b,d)), considering the 1 h delay (see details in Section 3.2). The representation of these figures is
the Plan Position Indicator (PPI) Radar Image. The model results outside the observational area are not
represented. The dashed line indicates the mountain ridge.

2.2. The DESCAM and WRF Models

The numerical simulations were performed with two different mesoscale models—the Clark
model [33–35] coupled to the DESCAM bin microphysics scheme [18,32,36] and the WRF model
(version 3.6.1) with two different bulk microphysics schemes [37].

The Clark model is a non-hydrostatic and anelastic cloud scale model. This model is an
established tool for the simulation of airflow and the formation of clouds over complex terrain
on small meteorological scales [38,39] and its potential for high horizontal and vertical resolution can
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provide important insights in the cloud evolution process [32,40]. The environmental variables are
written in perturbation form, as detailed in Clark et al. [41].

The WRF v3.6.1 model is a non-hydrostatic atmospheric model. For this model, two dynamical
solvers are available, but in this study, only the ARW solver is used (originally referred to as the
Eulerian mass solver) [37]. The model serves a wide range of meteorological applications across
scales ranging from meters to thousands of kilometers. Table 1 summarizes the pertinent physical
characteristics of both models used in this study.

Table 1. Description of the most pertinent DESCAM and Weather Research and Forecasting
(WRF) physical characteristics for this study (assumptions for microphysics, aerosol and convection
representation; databases and resolution used for the topography; surface properties).

DESCAM WRF

Microphysics spectral (bin) representation [18,36] bulk representation [19,20]
Aerosol spectral (bin) representation not considered
Convection resolved resolved
Turbulence 1-order turbulence closure 1.5-order turbulence closure
Topography GTOPO30 data base (resolution: 30’) [42] GMTED2010 data base (resolution: 30’) [43]
Surface constant heat & moisture fluxes [44] Unified Noah Land Surface Model [45]

Moreover, in DESCAM, radiative cooling and heating rates in the clouds were not considered.
Incoming radiative fluxes do only interact with the earth surface and thus determine the up-down
welling fluxes of sensible and latent heat. The variability of the surface fluxes depends on the altitude,
the direction of the terrain slope and the sun’s inclination angle see details in Reference [44]. In WRF,
the longwave and shortwave radiations are, respectively, described by the Rapid Radiative Transfer
Model (RRTM) [46], and the Dudhia schemes. Also, WRF considers the Yonsei University boundary
layer scheme (YSU) [47]. As the horizontal resolution is greater than 3 km in the outermost domain,
the Kain-Fritsch cumulus parameterization scheme [48] is applied in this domain in order to well
represent the sub-grid-scale effects of convective and/or shallow clouds.

For this study, the used microphysics schemes in WRF are either the Morrison scheme [20]
or the Thompson scheme [19] that are respectively a two-moment or a partially two-moment bulk
microphysics scheme (more details about differences in the representation of the rain processes are
available in References [49,50]). In contrast, the DESCAM microphysics scheme is a spectral (bin)
scheme which simulates the number distribution functions for the aerosol particles and for drops. Both
number distributions use a logarithmically equidistant spaced mass coordinate for wetted aerosol
particles and drops, both with mass doubling for two subsequent bins. The model also considers the
mass density distribution of aerosol material in cloud and rain drops. All functions are discretised
in 39 bins covering the range from 1 nm to 7 µm for wet aerosol particles and 1 µm to 12 mm for
drops. The ice phase is represented in a similar way with two additional distribution functions
characterising the number of ice particles and the aerosol mass inside ice particles. As described in
details in References [18,32], the DESCAM scheme considers the following processes from both liquid
and ice cloud phases: the growth of drops by condensation and the ice growth by vapour deposition
according to Pruppacher and Klett [13], the collision-coalescence and riming processes follow the
scheme of Bott [51] considering the collection efficiencies of Hall [52] and the terminal velocities of
Pruppacher and Klett [13], the ice melting, and the homogeneous and heterogeneous ice nucleation
follow respectively the parameterisation of Koop et al. [53] and Meyers et al. [54]. The model also
considers the aerosol particle activation and growth and the drop de-activation following the Köhler
theory [13]. Note that this microphysics scheme allows the study of the impact of the aerosol particle
loading on the intense rainfall of the HyMeX IOP7a event as in Reference [29].
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2.3. Simulation Strategy

In order to evaluate the quantitative forecast of the precipitation for the IOP7a convective
cloud system, the different high-resolution simulation results are compared to the available HyMeX
observations. For all experiments, the configuration of the numerical domains is the same as in the
work of Kagkara et al. [29]: it consists of three nested domains with an increasing horizontal resolution.
The innermost domain is represented on Figure 1b. The different models were initialised with the
IFS (Integrated Forecasting System) operational data (produced thanks to the Cy40r1 spectral general
circulation model with parameterised processes) from the European Center for Medium-range Weather
Forecasts (ECMWF) for the 26th of September 2012 at 00:00 UTC and forced every 12 h. In DESCAM,
the aerosol size distribution and chemical properties are initiated similarly than in the HymRef case
of Reference [29] (properties derived from the French ATR-42 aircraft aerosols measurements). The
vertical grid z is following terrain and non-equidistant with a different model top according to the
nested domains in all experiments. However, the different model architectures do not allow us to use
exactly the same gridding. Indeed, in WRF, the vertical spacing ∆z next to the surface is about 60 m
and increases to 305 m at 9 km for the innermost domain, whereas in DESCAM, ∆z varies respectively
from 40 m to 230 m. Table 2 details the numerical settings used for the different experiments.

Table 2. Description of the model domain configuration as well as initiation and forcing conditions for
DESCAM, WRF-THOM, WRF-MORR and WRF-NOMIC experiments.

DESCAM WRF-THOM WRF-MORR WRF-NOMIC

Dynamics core Clark model WRF-ARW
Microphysics scheme DESCAM Thompson scheme Morrison scheme No scheme
Initiation & Forcing IFS operational data & every 12 h
Number of domains 3 nested domains
Horizontal resolutions 8 km, 2 km and 0.5 km
Vertical resolution 40–230 m 60–305 m
Number of levels 80 72

Sensitivity studies are performed with WRF in order to better understand the differences between
the observations and the simulation results obtained with DESCAM, WRF-THOM and WRF-MORR.
All the physical characteristics (see Table 1) and the model domain configuration (see Table 2) are
kept for these WRF tests except for the microphysics scheme and the initiation data. Indeed, in order
to know if different initial WRF settings could provide simulation results more comparable to the
observations, homologous experiments to WRF-THOM and WRF-MORR are performed initiating
the model with the Era-Interim operational reanalyses (available every 6 h) from the ECMWF [55]
instead of the IFS data (see Section 4). Moreover, to study the impact of the microphysics on the
simulated convective system, the WRF model is used without any microphysics scheme (experiment
called WRF-NOMIC in Table 2) (see Section 7).

3. Precipitation Features

Several radars deployed during the campaign permit to characterize the precipitation
distribution of the IOP7a event down to sub-kilometric scales. Additional instruments, such as rain
gauges, disdrometers, and micro rain radars provide observations locally and at raindrop scale.
Hereafter, only bulk comparisons over the innermost domain are described but comparisons between
DESCAM and observations at raindrop scale are available in Reference [29]. For these comparisons,
the respective limitations and uncertainties of the observations have to be considered, for example,
calibration and attenuation, perturbations of the signal, instrumental effects or locations of the stations.
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3.1. Accumulated Rain

Figure 3 shows the 12-h cumulative rain retrieved from the ARAMIS radars network and
simulated with DESCAM and WRF for the innermost domain. The rain rate R (in mm h−1) is
derived from the observed radar reflectivity Z using a classical Marshall-Palmer Z − R relationship:
Z[mm6m−3] = 200R1.6 [56]. The rain accumulation (in mm) is then computed from R and represented
in Figure 3a. The observed accumulated rain attains a maximum of 105.3 mm (see Table 3) at
12:00 UTC and is distributed along an intense band that follows the relief of the Cévennes Mountains,
that is, from the south-west to the north-east of the domain. In Reference [29], using the KED
technique (geo-statistical technique merging radar observations and rain gauge measurements [57]),
the distribution of the precipitation at the ground is similar to the ARAMIS retrieval but reaches a local
maximum of 116 mm.

Vernassal
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(a) - ARAMIS -

0 20 40 60 80 100 120
0

20

40

60

80

100

120

Y
 (

in
 k

m
)

Y
 (

in
 k

m
)

X (in km) X (in km)

Figure 3. 12-h cumulative rainfall retrieved from the ARAMIS radar network (a) and simulated with
DESCAM (b), WRF-THOM (c) and WRF-MORR (d) for the innermost domain. The red cross and the
black circle show, respectively, the location of the X-band radar and its observed area. The topography
is represented from sea level to 2400 m height every 200 m.

The accumulated rain amount simulated in DESCAM for a 12-h period is given in Figure 3b.
We can see an intense band of precipitation located over the relief and oriented as in the ARAMIS
observations. In addition to its location, the intensity of the maximum of rain is well reproduced
in DESCAM since it attains a value of 119.5 mm. The area of intense precipitation at the surface
observed to the east of Langogne is quite well reproduced by DESCAM. However, the area with a rain
amount greater than 5 mm and lower than 30 mm is less spread in the simulations than in the ARAMIS
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observations. In both WRF experiments, the cumulative rain amount is also organised according to
a band that is oriented in a direction similar to the observations (or DESCAM). However, this band
of rain is shifted by approximately 20 km to the East. After 12-h of integration, the maximum of the
accumulated rain amount for the main cell is largely overestimated in WRF-THOM and in WRF-MORR
(Figure 3c,d).

Table 3. Cumulative rain properties observed at 12:00 UTC for the ARAMIS radar network and obtained
after 12 h of simulation using either the DESCAM or the WRF model. The WRF results are given for the
different microphysics schemes (Thompson and Morrison) and initial data (IFS and ERA-Interim) used
in this study. The maximum (in mm/12 h) and the total amount (in Megatons) of rain are obtained
considering all the grid points of the innermost domain whereas the mean (in mm/12 h) and the area
(in km2) of rain are obtained considering only the grid points where the cumulative rain is ≥0.25 mm.

ARAMIS DESCAM WRF-THOM WRF-MORR WRF-THOM WRF-MORR
OBS IFS IFS IFS ERA-Interim ERA-Interim

Rain max. (mm/12 h) 105.3 119.5 227.7 181.7 174.1 169.2
Mean rain (mm/12 h) 17.55 10.09 13.61 13.99 14.85 16.05
Total rain mass (Mt/12 h) 158.6 105.6 221.5 229.3 242.1 263.0
Rain area (×103 km2) 9.04 10.78 11.93 11.98 12.82 11.54

3.2. Temporal Evolution of the Cumulative Rain

The temporal evolution of the cumulative rain (Figure 4) shows that the IOP7a convective system
was particularly intense since the domain-averaged of rain increases by a factor of 10 from 06:00 to
08:00 UTC.

Figure 4. Temporal evolution of the mean accumulated rain amounts in mm in the innermost domain
from simulations and retrieved from ARAMIS observations. The averages are obtained considering
the grid points where the cumulative rain is ≥0.25 mm. The line representing the DESCAM results is
shifted to consider the 1 hour delay in the rain development.

In DESCAM, the development of the system is delayed by approximately 1 hour (see also
Reference [29]). So, in order to help the comparison of DESCAM results with the observations or
the WRF experiments, the corresponding line is 1-h shifted in Figure 4. The intense period of rain
is rather well reproduced in DESCAM but its duration was shorter than observed (only 1h30). In
WRF-THOM and WRF-MORR, the temporal evolution of the mean cumulative rain amount is different.
At 11:00 UTC the mean rain amount simulated in both experiments are close to the observations, but
the model is not able to reproduce the flash rain period. Also, the precipitation starts earlier in the WRF
simulations than in DESCAM or in the observations. After 12-h of integration with DESCAM, both the
total and mean rain amount are underestimated whereas the rain area (considering points where the
cumulative rain is ≥0.25 mm) is comparable to the observations (see Table 3; in Figure 3b lot of points
correspond to a cumulative rain comprised between 0.25 mm and 5 mm see Reference [29]). Table 3
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also confirms that the total rain is overestimated by approximately 40% in both WRF simulations. On
the opposite, the mean rain amount is underestimated (by ≈22%) in WRF-THOM and in WRF-MORR
because the irrigated area is much larger (+32%) than in the observations.

3.3. X-Band Radar Reflectivity Fields

In order to evaluate the DESCAM performances for simulating rain at sub-kilometric
scales, the computed radar reflectivities are compared to the high resolution X-band radar
observations (see location in Figures 1 and 3). Panels c and d of Figure 2 show the modelled radar
reflectivity field obtained with DESCAM at different time steps corresponding to the same
stages of development of the precipitating system shown in the observations (panels a and b),
that is, considering the one hour delay. An additional qualitative comparison at 07:50 UTC is available
in Reference [29]. To facilitate the comparison between model and radar observations, the simulation
results are presented for the same Plan Position Indicator (PPI) as the X-band radar observations
(i.e., using the same 1.5◦ beam elevation angle). Radar reflectivity is calculated from the simulation via
the sixth moment of the hydrometeor size distribution and, herein, the normalised radar reflectivity
ZdBZ (in dBZ) is compared to observations as in Reference [32]. As in the X-band radar observations,
the precipitating cells are also organised along a band. The locations and intensities of the modelled
precipitating cells are comparable to those observed (Figure 2). Furthermore, the modelled band of
rain is slightly shifted to the east with a slight underestimation of its intensity at 07:20 UTC. Also, the
different cells cover a larger horizontal extension than the observed one. This may be explained by the
model resolution of 500 m which is coarse compared to the 60 m radial resolution of the X-band radar.
Likewise, this can explain the weaker model maximum intensities with respect to those of the X-band
radar.

A more quantitative comparative analysis is performed in Figure 5. The probability density
functions (PDF) of the observed and simulated radar reflectivities for the entire lifetime of the cloud
system over the X-band observational area from 06:40 to 10:40 UTC are compared. We chose a
resolution of 1 dBZ for the PDF and restricted the study to the range 10 to 60 dBZ in order to exclude
noisy data (below 10 dBZ) of the X-band radar.

Figure 5. Probability density function of the X-band radar observations from 06:40 to 10:40 UTC and
modelled with DESCAM over the same period every 20 min.

Comparison of the PDFs confirm the reasonable agreement between the X-band radar
measurements and the DESCAM model for the entire lifetime of the convective system. The differences
in the 20–30 dBZ range may be due to an excessive correction of the radar attenuation.
Indeed, attenuation is not negligible at X-band and it has been taken into account in the radar data
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by using the Hitschfeld and Bordan algorithm [58] which is well known for being unstable in case of
large attenuation [59]. It results in extended areas of overestimated reflectivity as visible in Figure 2a,b
(turquoise areas beyond most of the intense small cells).

4. Thermodynamics Properties

4.1. Temperature and Humidity Profiles

Figure 6 shows the profile of the thermodynamics conditions obtained by the radio-sounding
launched at Nimes on the 26th of September 2012 at 12:00 UTC (see location on Figure 1b), that is, at the
end of the rain period. Note that the sounding at 06:00 UTC was not available. This sounding reveals
that the conditions of the atmosphere, that is, unstable and slightly humid, are favourable for
the formation of the convective cloud up to the temperature inversion at approximately 500 hPa.
However, as the Nimes station is more to the south than the innermost domain area, and is at low
altitude whereas the simulation domain covers high mountainous region, no direct comparison
between the Nimes sounding and the domain-averages obtained for the different experiments is
done. Unfortunately, no other observations from lidar or satellite are available for this specific location
and period.
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Figure 6. Mean vertical profiles of the temperature (solid lines) and the dew point temperature (dashed
lines) between 07:00 and 12:00 UTC for the innermost domain with DESCAM, WRF-THOM and
WRF-MORR simulations and obtained by the radio-sounding launched at Nimes on the 26th of Sept.
2012 at 12:00 UTC.

Figure 6 also shows the domain-averaged mean profiles of the temperature and the dew point
temperature obtained with DESCAM and WRF using either the Thompson scheme (WRF-THOM)
or the Morrison scheme (WRF-MORR) for the innermost domain between 07:00 and 12:00 UTC.
The mean temperature profiles simulated with the three different experiments are close. DESCAM is
slightly warmer (1–2 ◦C) than WRF between the 850–500 hPa levels. On the contrary, between
950 and 850 hPa, the temperature in DESCAM is slightly lower than in both WRF experiments.
Above ≈800 hPa, the mean dew point temperature in DESCAM is higher than in both WRF experiments.
Thus, DESCAM is wetter than WRF at upper-level. On the contrary, DESCAM shows a much drier
low-level than WRF. The humidity and temperature differences in the profiles are determinant for
convection evolution. Indeed, in the dryer environment of DESCAM, convection can be impeded by a
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more stable stratification and could contribute to the lower accumulated rain amount compared to
WRF-MORR and WRF-THOM (Figure 3).

4.2. Impact of the Initial Thermodynamics Fields

In order to know whether different initial forcing data could provide a cumulative rain field
with WRF more comparable to the observations, a test was performed initiating the model with the
Era-Interim operational reanalyses (see details in Section 2) instead of the IFS data. This numerical
configuration does not improve the results previously obtained for the precipitation production with
IFS. The band of precipitation is again shifted 20 km to the East compared to the observations (not
shown) and the overestimation of the rain amount is even amplified. Indeed, Table 3 shows that the
mean rain amount is modified by +5% (or +14.7%) using the ERA-Interim forcing data in WRF-THOM
(or in WRF-MORR) whereas the maximum of the accumulated rain is, respectively, decreased by
−23.5% and −7%. Moreover, the total rain mass accumulated at the surface during the 12 h of
integration is 242.1 Megatons (Mt) in WRF-THOM and 263.0 Mt in WRF-MORR, that is, an increase of
+9.5% in WRF-THOM and +14.7% in WRF-MORR. The increase of the rain production in both WRF
simulations forced with the ERA-Interim data is probably due to the fact that the humidity is higher in
ERA-Interim, especially at lower levels of the atmosphere.

5. Microphysics Features

The mean vertical profiles of the mixing ratio of cloud water, rain and ice (i.e., suspended and
precipitating species) are represented in the Figure 7. These profiles are obtained by averaging
the corresponding fields over the innermost domain between 07:00 and 12:00 UTC in the different
simulations. Regarding the rain species, the vertical distribution (Figure 7b) is quite similar for both
WRF experiments and in DESCAM, except above 4 km where the mean mixing ratio is larger in
DESCAM than in WRF but remains small. Moreover, the profiles of the cloud and the ice species show
that the vertical distribution of the liquid- and the ice-water phases is different in DESCAM and in
both WRF experiments. Indeed, in WRF, the cloud is mostly composed of ice, especially between 3
and 6 km where the ice mixing ratio is 4 to 6 times greater than the cloud mixing ratio. In contrast,
in DESCAM, over the same range of altitudes, the ice mixing ratio is close to the cloud mixing ratio.

Figure 7. Mean vertical profiles of the mixing ratio of cloud (a), rain (b) and ice (c) obtained over
the innermost domain between 07:00 and 12:00 UTC with DESCAM, WRF-THOM and WRF-MORR
simulations. The mean profiles are given with ±1 standard deviation.
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The large amount of ice in WRF-MORR (Figure 7c) could explain that the total rain amount
simulated at the surface (see Table 3) is the highest in this experiment. As suggested, for example, by
References [13,15,60], when the ice phase is involved the formation of the precipitation is more efficient
within convective systems. We can also note that the convective cloud system is thicker at upper levels
in DESCAM than in WRF (Figure 7a) (i.e., the cloud mixing ratio (qc) at high altitudes is continuously
significantly larger in DESCAM than in WRF). This is probably due to the fact that the atmosphere is
wetter in DESCAM than in WRF at levels above 500 hPa (see Figure 6). From these comparisons, it
appears that the convective systems simulated in both WRF experiments and in DESCAM are quite
different, from the cloud initiation to the evolution of the cloud and precipitation properties. However,
for this case, we do not have observations of the amount and the distribution of the different water
phases inside the cloud system.

6. Wind Fields

Figure 8 shows the horizontal and the vertical wind components simulated over the innermost
domain in DESCAM, in WRF-THOM and in WRF-MORR at 0.5 km and at 2 km above sea level (asl),
that is, respectively below the cloud system and where the cloud mixing ratio is ≥ 0.05 g kg−1 in all
simulations (see Figure 7a). The two time steps represent the wind fields 1 hour after the beginning and
at the end of the intense precipitation period. At 07:00 UTC, a south-easterly low-level wind reaches the
eastern slopes of the Cévennes Mountains in DESCAM whereas in WRF-THOM and in WRF-MORR
a wind convergence line (yellow solid lines in Figure 8) appears because of a weak south-westerly
flow present on the lee side of the Mountains. At 09:00 UTC, the cloud system is well developed and
Figure 8 shows the wind components at 2 km asl (i.e., close to the cloud base). A south-westerly wind
flow is obtained in the different simulations with a quite homogeneous intensity over the entire domain.
Nevertheless, in DESCAM, the wind comes more from the southern directions and intensifies over
the relief of the Cévennes Mountains. Also, an organised band of updrafts is visible in all simulations
but at a different location: close to the crest of the mountain in DESCAM and around 20 km to the
east of the mountainous area in both WRF simulations. This band is located close to the maximum of
the rain amount of the different simulations (compare Figure 3 with yellow dashed lines in Figure 8).
This suggests that the initiation of the convection is induced by the low-level wind convergence in
WRF-THOM and in WRF-MORR while it is induced by the relief itself in DESCAM.

Note that the horizontal wind simulated with WRF and DESCAM close to the surface and at 2 km
height (Figure 8) are similar to the UHF radar observations (not shown) made from the Candillargues
site (see position on Figure 1). However, this site is far from the area of the innermost domain and this
comparison cannot be used to confirm neither the presence of the simulated convergence in WRF nor
the impact of the relief found in DESCAM.

To better understand the build-up of the low-level wind convergence in WRF, Figures 9 represents
the hourly evolution of the wind components in WRF-MORR at 0.5 km. Figure 9 shows that the
south-easterly low-level wind reaching the east slopes of the Cévennes Mountains at 01:00 UTC
(Figure 9a) gradually weakens and turns towards a south-westerly wind at 06:00 UTC (Figure 9f) over
time. In addition, the two outermost domains (not shown) reveal that this south-westerly wind is
confined to the foot of the Cévennes Mountains. Thus, the associated wind convergence obtained in
WRF simulations seems to be induced by local processes. Note that similar results are obtained in
WRF-THOM.

Sections 5 and 6 demonstrate the influence of different vertical distributions of water species
(cloud, rain, ice) for precipitation amount (Figure 3) and the shifting of the main convective band due to
low-level convergence in the WRF simulations, compared to DESCAM. In Section 7, we will investigate
the origin of the different low-level wind convergence (Figure 9) obtained in both WRF-MORR and
WRF-THOM.
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Figure 8. Horizontal and vertical wind components simulated over the innermost domain in DESCAM
(a,b), WRF-THOM (c,d) and WRF-MORR (e,f) below the cloud system (at 0.5 km height) (a,c,e) and
at the cloud base (at 2 km height) (b,d,f). The colour scale represents the vertical wind for which the
updrafts and the downdrafts are given with, respectively, positive (red) and negative (blue) values.
The horizontal wind is indicated by the arrows. The two time steps represent the wind field 1 h after the
onset (i.e., 7:00 UTC) and at the end (i.e., 9:00 UTC) of the intense precipitation period. The yellow solid
and dashed lines indicate respectively the position of the wind convergence in the WRF simulations
(solid) and the position of the precipitation band (dashed) in the different simulations (see Figure 3).
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Figure 9. Hourly evolution of the horizontal and vertical wind components simulated from 01:00
to 06:00 UTC (a–f) over the innermost domain in WRF-MORR at 0.5 km height. The colour scale
represents the vertical wind for which the updrafts and the downdrafts are given with, respectively,
positive (red) and negative (blue) values. The horizontal wind is indicated by the arrows. The yellow
line indicates the position of the horizontal wind convergence simulated at 07:00 UTC in the WRF
simulation (see Figure 8).
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7. Diabatic Effects

The forcing data (IFS analyses) used in order to study the IOP7a intense convective event are the
same for both the DESCAM and the WRF simulations. Thus, the low-level wind convergence obtained
in WRF experiments cannot be due to the initial synoptic conditions, or the relief representation since
the resolutions are identical in the different experiments. Moreover, the wind convergence is also
produced (not shown) when the WRF model is initiated with the ERA-Interim reanalyses (Section 4.2),
implying that the origin of these dynamical features is inherent to the WRF model.

To understand the origin of this low-level wind convergence in WRF, an experiment called
WRF-NOMIC (details in Tables 1 and 2), where none of the cloud and precipitation microphysics
processes occur, is performed to untangle the dynamics and the microphysics effects. The comparison
between the wind properties obtained in WRF-NOMIC at 0.5 km asl and 07:00 UTC (Figure 10a)
with those obtained in DESCAM, WRF-THOM and WRF-MORR at the same altitude and time
(Figures 8a,c,e) reveals that a south-easterly low-level wind reaches the east slopes of the Cévennes
Mountains in WRF-NOMIC, as in DESCAM: until this time the wind convergence does not appear in
WRF-NOMIC. This sensitivity study indicates that the microphysical processes impact the dynamics
properties locally.

20 m/s

Figure 10. Horizontal and vertical wind components simulated over the innermost domain in
WRF-NOMIC below the cloud system (at 0.5 km height) and at 7:00 UTC (a) and temperature difference
(∆T) between WRF-MORR and WRF-NOMIC at 0.5 km (b) and at two other altitudes: 2 km and
5 km (c,d), that is, the altitudes where the amount of the condensed water phases are the highest
(see Figure 7). The positive values indicate that the temperature is warmer in WRF-MORR than in
WRF-NOMIC. The yellow segment indicates the position of the low-level wind convergence simulated
in WRF-MORR at 07:00 UTC.
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Moreover, the thermodynamics properties simulated in WRF-NOMIC are compared to DESCAM,
WRF-THOM and WRF-MORR experiments within a model volume (located near the wind convergence
area) with a base of 12 × 10 km2 and a vertical depth of 6 km (illustrated by the rectangle in Figure 10b).
In this column, the calculated mean profile of temperature (Figure 11) is quite similar in WRF-MORR
and WRF-THOM. On the contrary, in WRF-NOMIC, the temperature is lower than in the other WRF
experiments all along the profile. As cloud processes are switched off in WRF-NOMIC then the latent
heat release is reduced since no phase changes occur (i.e., condensation or freezing).

Figure 11. Mean vertical profile of the temperature obtained in the column represented in the Figure 10b
for DESCAM, WRF-MORR, WRF-THOM and WRF-NOMIC simulations at 07:00 UTC.

A further study of the the mean temperature profile simulated in WRF-NOMIC and the three
other experiments (i.e., DESCAM, WRF-MORR, and WRF-THOM) indicates that the most important
discrepancies appear at around 5 km and within the two first km of the atmosphere (Figure 11).
At 5 km, the local warming is more important in the WRF experiments than in DESCAM because the
condensed water content is larger. Indeed, the ice mixing ratio is two times larger in WRF-MORR than
in DESCAM (Figure 7c). In the lower atmosphere, the presence (or the absence) of precipitation
(see Figure 3) in the studied volume induces a less (or more) intense local warming in WRF
(or in DESCAM). As the atmosphere is subsaturated in this layer (Figure 6), the precipitation can
evaporate [49,50]. Thus, the latent heat consumed during the evaporation process induces colder
environment temperatures in WRF-MORR and WRF-THOM than in DESCAM.

Figure 10b–d show the atmospheric temperature difference (∆T) between WRF-MORR and
WRF-NOMIC at 07:00 UTC (same time than in Figure 11) and at three specific altitudes: at 0.5 km, 2 km
and 5 km which correspond to, respectively, the altitude of the wind convergence, and the altitudes
where the amount of the liquid and the ice phases are the highest in WRF-MORR (see Figure 7).
As expected, especially at 2 km and 5 km, the latent heat released associated to the cloud formation
processes (condensation and freezing) generally induces warmer environment temperatures in
WRF-MORR (extended red areas) and only small portions show an atmospheric cooling in WRF-MORR
(blue color). For example, Figure 10c shows that the temperature difference reaches ≈4.5 ◦C over the
relief at 2 km height.

Figure 12 represents the hourly evolution of the temperature difference (∆T) between WRF-MORR
and WRF-NOMIC at 0.5 km. In combination with Figure 10b, this shows the temporal evolution
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of the ∆T field between 01:00 and 07:00 UTC. Figure 12 also represents the temporal evolution of
the cloudy areas at 0.5 km and the surface accumulated rain in WRF-MORR. When clouds form at
02:00 UTC, the temperature locally (i.e., close to the slopes of the Cévennes mountains) becomes
warmer in WRF-MORR (Figure 12b). At the same time, precipitation is already visible over the reliefs.
Then, with time, the cloud field becomes more extended over the valley and the latent heat released
during the cloud condensation induces a warmer air (Figure 12c,d). These thermodynamic conditions
impact the horizontal wind direction building-up an up-valley wind along the windward side of
Cévennes. This creates a barrier flow (such as in Reference [61]) leading to a low-level convergence
which initiates convection afar from the mountains (see Figure 9f).

At 05:00 UTC, the cloud base is at higher altitude (i.e., altitude where qc > 0.01 g kg−1, not shown)
and the precipitation starts in the valley close to the convergence line. Later, when the precipitation
intensifies (Figure 12f), it locally impacts the wind speed (Figure 9e,f) and the temperature of the
atmosphere close to the surface. Indeed, as shown in Reference [49], below the cloud base where
the atmosphere is sub-saturated, the precipitation can evaporate. Thereby the latent heat consumed
during this process induces a decrease of the air temperature (see blue patches in Figure 12e,f).

The low-level wind convergence follows the modification of the temperature field
induced by the cloud formation at the beginning of the simulation. The microphysics processes
(especially, those involving a phase change) in WRF substantially impact the dynamics of this case
study and does not allow to reproduce the observed accumulated precipitation field at the surface.
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Figure 12. Hourly evolution of the temperature difference (∆T) between WRF-MORR and
WRF-NOMIC at 0.5 km height from 01:00 to 06:00 UTC (a–f). The positive values indicates that
the temperature is warmer in WRF-MORR than in WRF-NOMIC. The gray areas represent the zone
where the cloud mixing ratio is greater than 0.001 g kg−1. The rain accumulation at the surface (in
WRF-MORR) is represented from 10 mm every 10 mm by the solid blue lines. The yellow segment
indicates the position of the wind convergence found at 07:00 UTC in the WRF simulations (see
Figure 8).
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8. Conclusions

In this study a highly resolved 3D cloud model with detailed (bin) microphysics called DESCAM
and the WRF model with different bulk microphysics schemes are used to simulate an intense
convective cloud system. This cloud system was observed during the HyMeX campaign that took
place in the South of France during the autumn 2012. The convective cells were initiated over the
Cévennes Mountains (France) in the early morning of the 26th of September and persisted there for
about 5 hours with a very intense period of rain from 6:00 to 9:00 UTC.

The radar reflectivity fields and cumulative rain amount simulated with DESCAM show a
reasonable agreement with high resolution X-band radar observations and with the rain amount
retrieved from the ARAMIS French radars network, even if for the lowest rain amounts, the irrigated
area is smaller in DESCAM than in the observations (for additional details see Kagkara et al. [29]).
On the contrary, in the WRF simulations, the rain amount is largely overestimated and the main
irrigated region is shifted 20 km to the East compared to the observations.

In order to identify the origin of the differences between model results, we investigate the
thermodynamics, the microphysics and the dynamics features. The mean thermodynamics profiles
in DESCAM and WRF show large moisture differences, especially at low-level. The much drier
low-level in DESCAM probably affects the instability of the atmosphere and the intensity of convection
explaining the lower precipitation amount in DESCAM than in WRF. Moreover, regarding the
microphysics, the mean vertical profiles for cloud water, rain and ice contents simulated in the
two models are different, especially for the cloud water and the ice contents. Indeed, between 3 and
6 km height, the cloud water content is approximately 3 times higher in DESCAM than in WRF. On the
contrary, the ice content is up to 2 times higher in WRF than in DESCAM over the same vertical layer.
These differences in the vertical distribution of the cloud ice- and the liquid-water phases impact the
formation of the precipitation. Consequently, the larger amount of ice present in WRF simulations
induces larger rain amounts than in DESCAM simulations; this is consistent with more-efficient
formation of precipitation when ice is involved [13] among others.

Regarding the dynamics features, the triggering of the convective system is due to the complex
relief of the Cévennes Mountains in DESCAM and by a low-level flux convergence located 10–15 km
upstream of the mountainous area in WRF. An additional sensitivity study shows that if the
microphysics is switched off in WRF, the low-level flux convergence disappears. A further analysis
of the temperature fields obtained in the WRF simulations with or without a microphysics scheme
reveals that the latent heat released during the cloud formation at the beginning of the simulations
locally impacts the atmospheric properties. Indeed, the local temperature differences help to build-up
an up-valley wind along the windward side of the Cévennes Mountains leading to a low-level
convergence which induces the convection initiation afar the mountains slopes (i.e., in the Rhone
Valley). Thus, the low-level flux convergence present in WRF simulations is induced by diabatic effects
of the microphysical processes.

As shown by Reference [50], inaccuracies in the DSD (Drop Size Distribution) representation
induce underestimation of the evaporation rate within the stratiform region of an intense squall line
case in WRF, impacting then not only the rain rate but also the strength of the cold pool associated to
this system. In the intense convective system studied in this paper, the condensation process strongly
impacts the dynamics fields inducing a precipitation field different from the one observed. So, in order
to better estimate this intense precipitation event, it is important to advance our understanding of
the involved microphysics processes by studying other convective systems. Moreover, a statistical
approach, using various model settings such as in References [62,63], could further confirm the
robustness of our simulation results. Furthermore, in future works, to make progress on the estimate of
the impact of the diabatic effects of the microphysics processes on the dynamics of convective systems,
it would be helpful to perform sensitivity studies using a detailed (bin) microphysics scheme coupled
to the WRF model. Accordingly, the implementation of the DESCAM microphysics module into the
WRF model is in progress.
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