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1 Detailed description of the mesoscale models
1.1 BOLAM and MOLOCH

The modelling system developed at CNR-ISAC consists in the hydrostatic model BOLAM (Bologna Limited Area Model,;
Buzzi et al., 2003) and the non-hydrostatic, fully compressible, convection-permitting model MOLOCH (Local Model in
Hybrid Coordinates; Malguzzi et al., 2006) that in the operational practise are nested in cascade. Both model employ a
latitude—longitude rotated grid, a terrain following coordinate and they share numerical characteristics such as the three-
dimensional advection scheme based on a second-order, weighted-average flux implementation (Hubbard and Nikiforakis,
2003). The prognostic variables pressure, virtual temperature, specific humidity, horizontal and vertical wind velocity com-

ponents, turbulent kinetic energy and five water species are defined on the staggered Arakawa C grid. Also parameterization
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schemes are similar, with some adjustments required to adapt to the different nature and resolution of the models: an E-1, 1.5
order scheme for the boundary layer closure (Trini Castelli et al., 2020), Kain-Fristch parameterization for deep convection
(Kain, 2004), a combined application of the Ritter and Geleyn (1992) and the ECMWF (Morcrette et al., 2008) schemes for
computing radiation, a 7-layer soil model and a 1-moment microphysical scheme (Buzzi et al., 2014). An update review of
models’ characteristics and applications can be found in Davolio et al. (2020).

BOLAM is run only at 10 km horizontal grid spacing, with 60 sigma levels in the vertical, relaxing to pressure coordinates
with increasing height above the ground, starting at around 15 m. Deep convection is parameterized. MOLOCH is run at both
horizontal grid-spacings, 10 and 2 km, using 60 height-based hybrid atmospheric levels, relaxing smoothly to horizontal sur-
faces away from Earth’s surface, the lowest located at about 20 m above the surface. Convection parameterization is activated at

both resolutions, because MOLOCH showed a clear improvement with parameterized convection also with 2 km grid spacing.
1.2 Meso-NH

Meso-NH is the mesoscale non-hydrostatic model of the French research community (Lac et al., 2018). All Meso-NH simula-
tions in this study use a Lambert conformal projection centred on 35.5°N, 17.5°E and height-based terrain-following vertical
coordinates. The mass flux scheme for deep convection of Bechtold et al. (2001) is activated in the 10 km runs only, while the
eddy-diffusive mass-flux scheme for shallow convection of Pergaud et al. (2009) is activated in all runs. Cloud microphysics
are described by the single-moment mixed scheme of Pinty and Jabouille (1998), turbulence by the 1.5 order closure scheme
of Cuxart et al. (2000) and radiation by the ECMWF scheme described in Gregory et al. (2000). The piecewise parabolic
method advection scheme (PPM; Colella and Woodward, 1984) is used for scalars, while different advection schemes are
used for momentum. The surface is described by the Surface Externalisée model (SURFEX; Masson et al., 2013) with various
representations of fluxes over sea.

Two variants of Meso-NH are used here and their differences are briefly described in the following. In the configuration run at
Centre National de Recherches Météorologiques (MESONH-CNRM), model version 5.5 is used with 88 levels starting at 8 m
using vertical coordinates defined by Gal-Chen and Somerville (1975). A fourth order centered advection scheme is preferred
for momentum to provide better numerical accuracy, while the operational Exchange Coefficient Unified Multi-campaign Ex-
periments parameterization (ECUME; Belamari, 2005) version 6 is chosen for sea surface fluxes. In the configuration run at
Laboratoire d’Aérologie (MESONH-LAERO), model version 5.4 is used with 70 levels starting at 10 m using vertical coor-
dinates defined by Leuenberger et al. (2010). The fifth order weighted essentially non-oscillatory advection scheme (WENO;
Shu and Osher, 1988) is preferred for momentum to favour numerical stability, while the well-established Coupled Ocean-

Atmosphere Response Experiment parameterization (COARE; Fairall et al., 2003) version 3 is chosen for sea surface fluxes.
1.3 MetUM

Simulations with the MetOffice Unified Model (MetUM) at version 12.0 are carried out with horizontal grid spacings of
10 km and 2.2 km, using a rotated-pole grid with the pole at 35.5°S and 197.5°E. MetUM has got two different scientific

configurations, one for global convective-parametrized and second for regional convective-resolving resolutions. The 10 km
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simulations use the Global Atmosphere and Land v7 science configuration (GAL7; Walters et al., 2019), developed for 10—
200 km numerical weather prediction and climate global models, whereas the 2.2 km simulations use the Regional Atmosphere
and Land configuration version 2 for mid-latitudes (RAL2M; Bush et al., 2023), developed for km and sub-km scale limited
area models over the mid-latitudes. The major difference between the GAL7 and RAL2M configuration is the absence of a
convection scheme in the latter, where it is entirely switched off, including the shallow convection. The vertical discretization
is similar in the 10 km and 2.2 km simulations, with terrain-following levels, but the 10 km simulations use 70 levels with
a model lid at 80 km and the 2.2 km 90 levels with a model lid at 40 km. The timestep is 300 seconds in the 10 km and 75
seconds in the 2.2 km simulations.

Both GAL7 and RAL2 MetUM configurations share the Even Newer Dynamics for the General Atmospheric Modelling of
the Environment (ENDGAME) dynamical core (Wood et al., 2014), the Joint community land surface model (JULES; Best
et al., 2011), and a microphysics scheme based on Wilson and Ballard (1999) with the particle size distribution for rain from
the rain-rate-dependent distribution of Abel and Boutle (2012). The convection scheme in GAL7 uses a mass-flux scheme
based on Gregory and Rowntree (1990). GAL7 includes the orographic drag scheme described in Lott and Miller (1997) with
improvements detailed in Vosper (2015), and the non-orographic scheme of Scaife et al. (2002). Both schemes have got the 1-D
boundary layer scheme described in Lock et al. (2000), but the RAL2M blends it with a subgrid turbulence scheme (Boutle
et al., 2014). The cloud parametrization in RAL2M is based on Smith (1990) with empirical adjustments to cloud fraction
based on Boutle and Morcrette (2010), and GAL7 uses the prognostic cloud fraction and prognostic condensate (PC2) scheme
(Wilson et al., 2008). The radiation scheme is the “Suite Of Community RAdiative Transfer codes based on Edwards and
Slingo” (SOCRATES) radiation scheme (Manners et al., 2018), GAL7 includes several improvements to the radiation scheme
described in sections 3.3 and 3.2 of Walters et al. (2017) and Walters et al. (2019).

14 WRF

The WRF (Weather Research and Forecasting) model (Skamarock et al., 2008) is a numerical weather prediction system that
solves the fully compressible, non-hydrostatic Euler equations. In the latest versions, it uses hybrid vertical coordinates that
are terrain-following near the surface and become isobaric at higher levels. Five variants of WRF are tested in this study to
assess the impact of using different model versions, vertical levels, microphysics and physical parameterizations. Their key
characteristics are summarized in Table 1.

In terms of microphysics (MP), 4 formulations are tested: (a) the Thompson scheme (Thompson et al., 2008), (b) the Single
Moment 6-class with graupel (WSM6; Hong and Lim, 2006), (c) the Single Moment 6-class adding hail category (WSM7; Bae
et al., 2019) and (d) the Double Moment for cloud droplets, rain drops, ice crystals, snow, graupel, and hail (NSSL-2; Mansell
et al., 2010). WRF simulations are performed at both 2 km and 10 km grid spacings. At 2 km, cumulus (CU) parameterizations
are turned off, while two main cumulus parameterizations are used at 10 km: (a) the Kain-Fritsch (KF; Kain, 2004) and (b)
the Betts-Miller-Janjic (BMJ; Janjic, 1994) schemes. To account for turbulence effects, 3 different Planetary Boundary Layer
(PBL) parameterizations are tested: (a) the Yonsei University scheme (YSU; Hong et al., 2006), (b) the Mellor-Yamada-Janjié

scheme (MY]J; Janjic, 2001), and (c) the non-local Asymmetric Convective Model with upward mixing and local downward
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Table 1. Key parameterizations of WRF model variants: cloud microphysics (MP), cumulus (CU), planetary boundary layer (PBL), land
surface (SFC) and short- and long-wave radiation (SW/LW).

Variant Version  Levels MP CU PBL SFC SW/LW
WRF-AUTH 42.1 50 WSM6 KF YSU Noah RRTMG/RRTMG
WRF-ISAC 43 57 Thompson  KF MYJ  Noah Dudhia/RRTM
WRF-ISAC2 4.3 50 WSM7 BMJ ACM2 Noah RRTMG/RRTMG
WRF-NOA 4.0 50 NSSL-2 KF YSU Noah RRTMG/RRTMG

WRF-UIB 3.9.1.1 50 Thompson  KF YSU Noah RRTMG/RRTMG

mixing scheme (ACM2; Pleim, 2007). To account for both short-wave and long-wave (SW/LW) radiation, three different
schemes are used: (a) the Rapid Radiative transfer Model (RRTM; Mlawer et al., 1997), (b) the newer version of the Rapid
Radiative Transfer Model application for Global climate models (RRTMG; Iacono et al., 2008) and (c) the Dudhia short-wave
radiation scheme (Dudhia, 1989). Regarding the Land-Surface (SFC) model, the 5 WRF variants share the same Unified Noah
model (Chen and Dudhia, 2001).
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