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Abstract. Regional climate modelling is essential for pro-
viding reliable information to understand localised impacts
and guide adaptation strategies in the context of climate
change. This study evaluates long-term continuous climate
simulations over Belgium performed with the ALAROI1-SFX
model, a novel version of ALARO-1 that incorporates an
advanced surface scheme (SURFEX) and improved physio-
graphic datasets.

A scale-selective evaluation setup is introduced, employ-
ing a multi-level dynamical downscaling framework to assess
the progressive added value of increasing resolution from the
mesoscale to convection-permitting scales. The model’s per-
formance is evaluated against a gridded observational dataset
and precipitation station measurements, focusing on temper-
ature and precipitation biases, diurnal precipitation cycles,
and extreme precipitation statistics.

Results indicate that the higher resolutions (12.5 and 4 km)
improve temperature and precipitation biases relative to the
25 km simulation, with the 4 km resolution providing the best
representation of hourly extreme precipitation and its diurnal
cycle. A dedicated sensitivity experiment isolates the con-
tribution of the SURFEX land-surface scheme from that of
resolution, attributing a substantial part of the improvement
in near-surface temperature and precipitation to the introduc-
tion of SURFEX. However, all simulations exhibit varying
degrees of wet and cold biases. The findings underscore the
added value of convection-permitting modelling for improv-
ing diurnal precipitation cycles. Furthermore, the study pro-

vides evidence that increasing model resolution improves the
representation of extreme precipitation.

1 Introduction

As climate change intensifies, the demand for reliable and
local climate information has become increasingly criti-
cal for understanding localised impacts and guiding effec-
tive adaptation strategies (Ranasinghe et al., 2021). To this
end, state-of-the-art global circulation models (GCMs) per-
form simulations within the latest phase of the Coupled
Model Intercomparison Project, CMIP6 (Eyring et al., 2016).
These models typically run at a horizontal resolution of 50—
250 km (Nguyen et al., 2024; IPCC, 2021; Masson-Delmotte
et al., 2021). At such resolutions, GCM simulations accu-
rately represent large-scale dynamics and responses to exter-
nal forcings. However, data at these resolutions are often too
coarse for many applications, including local impact models.
Additionally, these models fail to account for certain sub-grid
characteristics (e.g., complex topography, land-sea contrasts,
or land cover heterogeneities) and mesoscale dynamical
processes, such as deep convection (Rummukainen, 2016;
Giorgi, 2019; Lucas-Picher et al., 2021). These processes are
included in GCMs through parameterisation schemes. Global
model simulations at higher resolutions would alleviate these
problems, but these are rendered unfeasible due to the im-
mense computational cost (Fuhrer et al., 2018).
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Regional climate models (RCMs) address this computa-
tional cost by simulating only a limited area instead of the en-
tire globe but at a higher resolution (Giorgi, 2019). Thereby,
however, lateral boundary conditions need to be provided
to RCMs by other datasets. These boundary conditions can
originate from GCM simulations or from (global) reanalysis
data, such as the ERAS dataset (Hersbach et al., 2020). Typ-
ically, long-term climate simulations with an RCM employ
a resolution of 10-50km. Compared to GCM output, this
finer-scale output adds value particularly in regions featuring
diverse topography and varying land-cover properties (Rum-
mukainen, 2016; Doblas-Reyes et al., 2021). Nevertheless, at
such scales, deep convective processes are still parameterised
and not explicitly resolved. This is a well-known source of
model uncertainty for precipitation, evident in e.g., excessive
light precipitation and a too early peaking diurnal convective
cycle (Ban et al., 2014; Fosser et al., 2015; Hohenegger et al.,
2008; Kendon et al., 2012; Vergara-Temprado et al., 2020).
However, for climate models with resolutions higher than
~ 5 km, these processes are in fact (partially) resolved (Prein
et al., 2015; Lucas-Picher et al., 2021). Models operating at
these scales are referred to as convection-permitting models
(CPMs).

CPMs typically turn off their convective parameterisation
schemes (Coppola et al., 2020). However, the boundary be-
tween convection-permitting and convection-parameterised
scales is not well defined. In the so-called “grey zone of
convection” (~ 4-10km), deep convection is only partially
resolved, making it unclear whether parameterisation is re-
quired (Vergara-Temprado et al., 2020). In the grey zone, the
explicit and parameterised representations compete with one
another, which can result in double counting of convective
transport or no counting at all (Gross et al., 2018). This can
lead to convection being triggered too late by the parameteri-
sation, leading to spurious grid-scale storms, or to convection
being triggered too early, systematically shifting convective
onset too early in the day (Gross et al., 2018).

The development of scale-aware convective parameteri-
sation schemes addresses this problem. Rather than sim-
ply switching convection on or off, these schemes adapt to
the resolution by adjusting their tuning parameters accord-
ingly. Scale awareness can be introduced through several ap-
proaches, for example by introducing a prognostic variable
for the convective fraction of a grid cell (Gerard et al., 2009),
scaling the convective area fraction and mass flux with the
grid-box area (Grell and Freitas, 2014; Han et al., 2017), or
adjusting scheme parameters explicitly as a function of the
grid spacing (Zheng et al., 2016). Therefore, models with
these parameterisation schemes can operate at both coarse
and fine resolutions and even in the grey zone.

CPMs have been shown to improve some notable limita-
tions associated with the parameterisation of deep convection
used in lower resolution models. For instance, they improve
the diurnal cycle of precipitation, as demonstrated in studies
across Europe, including Belgium (De Troch, 2016; Brisson
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et al., 2016), and more widely across the continent (Berthou
et al., 2020). Furthermore, while RCMs generally underes-
timate precipitation extremes at sub-daily durations (Berg
et al., 2019), these extremes are better represented in long-
term CPM simulations, as shown by Coppola et al. (2020)
and Fosser et al. (2024), and studies over Belgium (De Troch
etal., 2013; Tabari et al., 2016; Van de Vyver et al., 2021) and
the Alpine-Mediterranean region (Miiller et al., 2023, 2024).
This improvement in extreme precipitation was also noted in
the evaluation of an ensemble of kilometre-scale simulations
over Europe and the Mediterranean (Pichelli et al., 2021; Ban
et al., 2021; Ha et al., 2024). While precipitation is often the
primary focus of added value studies for CPMs, it has also
been found that temperature is better represented due to im-
proved representations of topography, clouds, precipitation,
and land cover (Leutwyler et al., 2017; Lucas-Picher et al.,
2021; Soares et al., 2022).

Despite these advancements, significant model uncertain-
ties remain, particularly in climate projections. These model
uncertainties arise from the inherent limitations of the mod-
els themselves, and differ amongst models because of dif-
ferent choices in their architectures. On short time horizons
(~ 30 years), these model uncertainties are often larger than
the uncertainty related to the chosen climate scenario (Lehner
et al.,, 2020). While increasing resolution tends to reduce
model uncertainties, as suggested by Fosser et al. (2024),
they remain substantial even in CPMs. This is because higher
resolution alone is not a panacea; e.g., microphysics pro-
cesses remain parameterised in CPMs, contributing to sig-
nificant uncertainties (Prein et al., 2015; Lucas-Picher et al.,
2021). Therefore, it is crucial to maintain model diversity
to reliably estimate these uncertainties (Doblas-Reyes et al.,
2021). However, the diversity of RCMs is decreasing, as seen
in the current iteration of EURO-CORDEX simulations, due
to the high community effort required to develop and main-
tain such models (Jacob et al., 2020; CORDEX, 2025).

In this study, we present ALARO-1, an updated version
of the ALARO-0 regional climate model originally intro-
duced by De Troch et al. (2013), where the surface scheme is
now handled by the externalised SURFEX! platform (Mas-
son et al., 2013; Hamdi et al., 2014) rather than by the built-
in ISBA? scheme (Noilhan and Planton, 1989; Noilhan and
Mahfouf, 1996). Within SURFEX, natural land surfaces are
still treated by ISBA, but SURFEX additionally introduces
a tiled representation of the surface with dedicated schemes
for urban areas, lakes, and seas. This is necessary to use
ALARO-1 for land-use climate studies. The ALARO model
was originally developed for numerical weather prediction

ISurface Externalisée.
Interaction Soil Biosphere Atmosphere.
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(NWP) by the ALADIN? consortium*, which comprised the
national (hydro)meteorological services of 16 European and
northern African countries (Termonia et al., 2018a). The
ALARO model is one of three canonical model configura-
tions (CMCs) within the ALADIN framework, along with the
baseline ALADIN model and the AROME?® model®. For a
more detailed description, we refer to Termonia et al. (2018a)
and to Sect. 2.

The key feature of the ALARO physics package is the
3MT’ scheme, which handles convection, turbulence, and
microphysics (Gerard and Geleyn, 2005; Gerard, 2007; Ger-
ard et al., 2009). The 3MT scheme has a unique scale-aware
character, so that it can determine itself which processes are
resolved at a specific resolution. This provides a smooth mul-
tiscale transition from fully-parameterised mesoscale resolu-
tions over the grey zone to fully convection-resolving scales.
This multi-scale feature of the ALARO model is unique with
respect to other convection-permitting models and makes it
the ideal candidate for a multi-resolution model evaluation
from the mesoscale up to the convection-permitting scales.
Climate simulations will therefore be evaluated at three dif-
ferent resolutions in this study. Specifically, this evaluation
focuses on the climatology of near-surface temperature and
precipitation, as well as the representation of precipitation
extremes and the diurnal precipitation cycle.

Evaluating models at different resolutions is essential for
both practical and scientific reasons. From a practical per-
spective, the computational demands of high-resolution sim-
ulations, particularly at convection-permitting scales, are
prohibitive for many research groups. As a result, lower-
resolution RCMs remain widely used. Scientifically, exam-
ining how model representation of the climate evolves with
changing resolution is crucial for improving our understand-
ing and interpretation of simulation results.

In this study, we evaluate long-term climate simulations
with the ALARO-1 model at three different resolutions: 25,
12.5, and 4 km. Previous climate simulations with ALARO-
0 have been extensively evaluated, particularly over Belgium
(De Troch et al., 2013; Hamdi et al., 2014; Giot et al., 2016;
Tabari et al., 2016; Berckmans et al., 2017; Top et al., 2021).
These studies employed ALARO cycle 36, following the ver-
sioning system aligned with the cycles of the global IFS?
and ARPEGE® models (Termonia et al., 2018a). In con-

3 Aire Limitée Adaptation Dynamique Développement Interna-
tional.

4The ALADIN consortium merged with the HIRLAM (High
Resolution Limited-Area Model) consortium in 2020 to form the
ACCORD (A Consortium for COnvection-scale modelling Re-
search and Development) consortium.

5 Application of Research to Operations at Mesoscale.

5The name ALARO stands for ALADIN-AROME.

"Modular Multiscale Microphysics and Transport

8Integrated Forecasting System.

9 Action de Recherche Petite Echelle Grande Echelle.

https://doi.org/10.5194/gmd-19-7911-2026

trast, this study utilises a more recent version, ALARO cy-
cle 43t2. Moreover, from cycle 40 onwards, ALARO un-
derwent substantial updates, leading to the development of
ALARO-1. It introduced significant advancements, including
the ACRANEB2 radiation scheme (Masek et al., 2016; Ge-
leyn et al., 2017) and the TOUCANS scheme (Dura’m et al.,
2014; Marquet and Geleyn, 2013) for turbulence and shal-
low convection. The use of ALARO-1 at higher resolutions
in this study marks a novel contribution. The combination
of ALARO-1 with SURFEX v8.0 (as used in this study)
will be denoted by ALARO1-SFX. More generally, the term
ALARO-1 will refer to the current version of the ALARO
model, irrespective of the surface scheme used. The broader
term ALARO is used when referring to the model in general
or when the specific cycle is clear from the context.

The structure of this paper is as follows. Section 2 pro-
vides a discussion of the model and the experimental de-
sign. Following this, the observational datasets and verifica-
tion methods used in this study are described in detail. Sec-
tion 3 presents the results of the evaluation, highlighting the
model’s performance across different resolutions and com-
paring it with observational data. In Sect. 4, these results
are discussed and placed in a broader context, comparing
them with those from previous ALARO-simulations. Finally,
Sect. 5 draws the conclusions, summarising the key findings
of the study while addressing the limitations and suggesting
directions for future research.

2 Data and methods
2.1 Model and experimental design
2.1.1 ALARO1-SFX model

Historically, the ALARO model has its roots in the global IFS
of the ECMWF!? and the global ARPEGE model of Météo-
France. These global models were adapted to run on a lim-
ited area, which resulted in ALADIN. The ALADIN model
employs the same physical parameterisation schemes as the
global ARPEGE model. ALARO is in turn a further develop-
ment of ALADIN: it shares the dynamical core of ALADIN,
but it contains different physics parameterisations.

The dynamical core of ALARO can be run both hydro-
statically and non-hydrostatically (Bubnova et al., 1995; Ter-
monia et al., 2018a). In both configurations, the dynamical
equations are spatially discretised using a spectral represen-
tation of double-Fourier modes. For the time-step algorithm,
a semi-implicit semi-Lagrangian scheme is employed. In the
vertical dimension, the model uses a hybrid terrain-following
pressure coordinate (Simmons and Burridge, 1981; Laprise,
1992).

The ALARO-1 physics package combines several param-
eterisations. Radiative transfer is treated by the ACRANEB2

1OEuropean Centre for Medium-Range Weather Forecasts.
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scheme (Masek et al., 2016; Geleyn et al., 2017), a broad-
band scheme with a single shortwave and a single long-
wave spectral interval that retains the full cloud-radiation
interaction at every time step through a net-exchanged-rate
decomposition. Turbulent transport and shallow convection
are parameterised by the prognostic-TKE-based TOUCANS
scheme (Dura’m et al., 2014; Marquet and Geleyn, 2013),
which is valid across the full range of atmospheric stabil-
ity and represents the effect of moisture and phase changes
through a modified moist Brunt—Viisild frequency, remov-
ing the need for a separate shallow-convection scheme.
Deep convection is represented by the scale-aware 3MT
scheme (Gerard et al., 2009), a mass-flux formulation with
prognostic updraught and downdraught properties that aban-
dons the quasi-equilibrium assumption and mimics cloud-
resolving behaviour in the convection-permitting limit. The
associated stratiform cloud and microphysical processes are
treated within the same 3MT framework, ensuring a consis-
tent transition between resolved and subgrid condensation as
resolution increases.

ALARO-1 can be coupled to the land-surface model SUR-
FEX, which considers four types of land surface: nature, ur-
ban areas, lakes and seas. For every grid box, a fraction is de-
fined for each of these four types in a tiling approach. The in-
teraction with the free atmosphere is then calculated by type-
specific schemes: ISBA for nature, TEB!! for urban areas,
WATFLUX for lakes and SEAFLUX for seas. The separate
variables of each tile are finally aggregated with a weighted
average to compute grid-box values.

2.1.2 Experimental design

Firstly, a simulation is run at a resolution of 25km (see
Fig. 1) with the ALARO-1 model using boundary conditions
from the ERAS reanalysis dataset (Hersbach et al., 2020).
Next, this simulation data is dynamically downscaled to two
higher resolutions with a multi-level nesting strategy: each
higher-resolution run is coupled hourly to the previous lower-
resolution run at the boundaries. The output of all simulations
is stored at an hourly frequency. This downscaling results in
simulations at 12.5 and 4 km coupled to, respectively, the 25
and 12.5 km simulations. Henceforth, we will refer to each
simulation as ALARO-xkm with x the resolution in kilome-
tres. For the lateral boundary coupling, the Davies relaxation
scheme is employed (Davies, 1976), with a coupling zone
of 8 points (Termonia et al., 2018a). The coupled prognostic
variables are temperature, the horizontal wind components,
specific humidity, and surface pressure.

All simulations span a period of 32 years from 1 January
1991 to 31 December 2022. The first year is discarded for
each simulation to ensure the model, specifically the soil,
reaches an equilibrium state. The simulations are continuous,
with monthly updates to certain (otherwise) constant fields

UTown Energy Balance
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including the sea surface temperature, the surface roughness
length, surface albedo, surface emissivity, and the vegeta-
tion parameters. This monthly update methodology is also
applied in Giot et al. (2016) and Top et al. (2021).

The different simulation domains are shown in Fig. la.
The ALARO-25km and ALARO-12km simulations both
cover the EURO-CORDEX domain (Jacob et al., 2020). The
ALARO-4km simulation covers a smaller domain due to
computational constraints. This domain is the operational
NWP domain of the Royal Meteorological Institute of Bel-
gium. It is centred on Belgium and covers parts of Western
Europe.

The main technical specifications of the simulations are
outlined in Table 1. All simulations use the same physics
parameterisation framework, including the 3MT scheme for
deep convection, which adapts to the model resolution due to
its scale-aware nature. Moreover, they all are run with 46 ver-
tical levels and use the hydrostatic dynamical core. Although
the 4 km simulation reaches the convection-permitting range,
where non-hydrostatic effects can become relevant, we con-
sider the hydrostatic core appropriate at this resolution. For
ALARO specifically, Van Ginderachter et al. (2020) com-
pared both dynamical cores at 4 km over a domain of intense
deep convection and found that the hydrostatic configuration
performed better, as the ALARO physics package, including
the scale-aware 3MT deep-convection scheme, is tuned to the
hydrostatic core. Retaining the hydrostatic core is moreover
consistent with the operational use of ALARO at ~ 4 km. Fi-
nally, it keeps the dynamical core identical across all three
resolutions so that resolution effects are not confounded with
a change of core.

One significant difference between the simulations con-
cerns the land-surface scheme. SURFEX is not employed for
ALARO-25km: instead, the original ISBA scheme is used.
The main reason for omitting SURFEX in the 25 km simula-
tion is that urban effects are minimal at this resolution, mak-
ing its inclusion less relevant. This setup also aligns more
closely with the one used in previous simulations from Giot
et al. (2016).

The SURFEX land-surface scheme is configured identi-
cally in the ALARO-12km and ALARO-4km simulations.
Natural land surfaces are represented by the ISBA scheme in
its force-restore formulation, which discretises the soil into
three layers: a thin surface layer, a root-zone layer, and a
deeper sub-root reservoir. Soil hydraulic and thermal prop-
erties are derived from the ECOCLIMAP sand and clay frac-
tions (Masson et al., 2003) through the Clapp and Horn-
berger (1978) pedotransfer relations. The nature tile is treated
as a single aggregated patch, and vegetation is prescribed
from the ECOCLIMAP climatology without interactive pho-
tosynthesis, so that root fractions follow the standard ISBA
force-restore profile. Snow is represented by the single-layer
force-restore scheme of Douville et al. (1995). Turbulent
fluxes over sea and inland water are computed with the di-
rect Charnock method (Charnock, 1955).
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Figure 1. (a) Map showing the three simulation domains used in
this study, with each domain corresponding to an ALARO-1 sim-
ulation at a specific resolution: 25, 12.5, and 4 km, as indicated
in the figure legend. (b) Map of Belgium displaying the elevation
above sea level, with precipitation measurement stations marked.
The marker styles (circles, squares, and triangles) denote the topo-
graphic regions each station is assigned to: Low-Belgium (0-50 m),
Middle-Belgium (50-200 m), and High-Belgium (> 200 m). © Eu-
roGeographics and © GTOPO30.

Because ALARO-25km and ALARO-12km differ in both
resolution and land-surface scheme, the 25 to 12km change
conflates two effects. To isolate the impact of coupling
ALARO-1 to SURFEX, we have performed a sensitivity
experiment with an additional simulation, ALARO-12km-
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noSFX, identical to ALARO-12km but retaining the original
ISBA scheme. Holding resolution fixed at 12.5 km, any dif-
ference between ALARO-12km and ALARO-12km-noSFX
is attributable to the land-surface scheme alone. This exper-
iment is analysed separately in Sect. 3.3; all other analyses
retain the original set of three simulations.

2.2 Observational data

The simulations are evaluated using the CLIMATE-GRID
(CG) dataset (Journée et al., 2019), a Belgian 5 km gridded
observational dataset based on interpolated station data and
developed at the Royal Meteorological Institute of Belgium.
The dataset spans the period from 1961 until the present day.
It includes daily average temperature and daily total precip-
itation, which are provided as areal averages over each pixel
of the 5 km grid.

For sub-daily observations of precipitation, we employ
station measurements from five measurement networks:
VMM in Flanders, DGH in Wallonia, IBGE in Brussels,
and the HYDRO and AWS networks covering all of Bel-
gium. The VMM and DGH networks are managed by the
Vlaamse Milieumaatschappij and the Direction de la Ges-
tion Hydrologique of SPW Mobilité et Infrastructures, re-
spectively. The IBGE network, established by the Ministry of
the Brussels-Capital Region, has been managed by Brussels
Environment since 2007 (Dehem et al., 2010; Journée et al.,
2014). The AWS and HYDRO networks are operated by the
Royal Meteorological Institute of Belgium (Van de Vyver,
2021). The station locations are shown in Fig. 1b, while de-
tails about each network are provided in Table C1. Precipita-
tion data from all networks are aggregated to an hourly reso-
lution to align with the temporal resolution of the simulation
output.

2.3 Evaluation metrics and data pre-processing

The ALARO-1 simulations are evaluated by calculating the
mean bias for near-surface air temperature (simply called
temperature from here on) and accumulated precipitation
depth on annual, seasonal, and monthly timescales. For an
exact mathematical formulation, we refer to Appendix A.

To assess whether the biases are statistically distinguish-
able from zero, we apply a non-parametric bootstrap at each
grid point. For a given field, the 31 years (1992-2022) are
resampled with replacement 10° times. The climatological
bias (simulation minus observations) is then recomputed for
each resample. Next, the 95 % confidence interval is taken
as the 2.5th-97.5th percentiles of the resulting distribution.
A grid point is deemed significant where this interval ex-
cludes zero. Each simulation and the CLIMATE-GRID ob-
servations are anchored to the same historical years: the sim-
ulations are all originally driven by ERAS reanalysis over
the identical 1992-2022 period. Therefore, the resampling
is paired: the same resampled set of years is used for the

Geosci. Model Dev., 19, 7911-7937, 2026
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Table 1. Technical specifications of simulations with the ALARO-1 model. This table outlines the main differences between the simulations,
while the common features are described in the text. ALARO-12km-noSFX is a sensitivity experiment used only to isolate the effect of

SURFEX (Sect. 3.3).

Simulation ALARO-25km ALARO-12km-noSFX  ALARO-12km ALARO-4km
Resolution 25km 12.5km 12.5km 4km

Domain size 251 x 251 points 499 x 499 points 499 x 499 points 421 x 421 points
Time step 450s 300s 300s 180s

Lateral boundary coupling ~ ERAS reanalysis ~ ALARO-25km ALARO-25km ALARO-12km
Land surface scheme ISBA ISBA SURFEX v8.0 SURFEX v8.0

simulated and observed fields within each iteration. The
same paired-bootstrap procedure is applied to the domain-
averaged monthly biases, where the bias is first averaged over
all grid points before the confidence interval is computed.
A month is deemed significant where this interval excludes
ZEero.

To ensure a consistent comparison, all data are regridded
to a common latitude-longitude grid with a spacing of 0.07°
longitude by 0.045° latitude, which closely aligns with the
5 km resolution of the CG dataset. For precipitation, a conser-
vative remapping is applied to all simulations to preserve the
spatially averaged precipitation depth (Jones, 1999). For tem-
perature, the same conservative procedure is used to reproject
ALARO-4km. For ALARO-12km and ALARO-25km, an-
other regridding method is employed for temperature. Since
low-resolution data are interpolated to a higher resolution,
a conservative regridding method would effectively function
as a nearest-neighbour approach in such cases. Therefore, a
bilinear interpolation procedure is used instead, as it is more
suitable for the smooth nature of temperature fields.

2.4 Definition of extreme precipitation

Simulations at convection-permitting scales generally add
value through the improved representation of convection and,
consequently, of precipitation in general (Prein et al., 2015;
Ban et al., 2014; Lucas-Picher et al., 2021; Berthou et al.,
2020). Therefore, this evaluation study also focuses on the
statistics of extreme precipitation over Belgium. Extreme
precipitation events are here defined as the annual maximum
(AM) value for a given duration at a specific location or grid
point. An advantage of this definition is its simplicity: there
is no need to determine an arbitrary threshold. AM values are
selected for durations of 1, 2, 3, 6, 12, 24, 48, and 72 h us-
ing a rolling-window approach over the hourly precipitation
data.

The statistics of these AM values are calculated by fitting
a generalised extreme value (GEV) distribution, as defined in
Egs. (B1)-(B2) (Coles, 2001). A GEV distribution is defined
by three parameters: the shape &, location u, and scale o.
These parameters are fitted for each duration separately with
the L-moments method as defined by Hosking (1990). Con-
sequently, these parameters are used to calculate the return
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level z4(T), i.e. the d-hourly precipitation intensity expected
to be exceeded once every T years, where d is the duration
and T the return period. For a mathematical description, we
refer to Appendix B.

Next, we apply the regional frequency analysis framework
(RFA), as introduced by Hosking and Wallis (1993). The idea
behind this framework is to aggregate precipitation data from
different locations that share the (presumably) identical un-
derlying distribution. A single fitting procedure is then per-
formed for an entire region instead of fitting a separate distri-
bution in each point, allowing for a more robust fit. Note that
the precipitation data are aggregated and not averaged over a
region. Recent literature, such as the work by Carreau et al.
(2017) and Guerreiro et al. (2024), further supports the use
of RFA for improving precipitation extreme estimations.

We subdivide Belgium into three distinct regions based
on elevation: Low-Belgium (0-50 m), Middle-Belgium (50—
200 m) and High-Belgium (> 200m), as shown in Fig. 1b.
Elevation is used as a discriminatory parameter since it cor-
relates strongly with the annual precipitation totals, which
themselves are closely linked to precipitation extremes (Van
de Vyver, 2012). This subdivision strikes a balance between
reducing uncertainties and maintaining relatively homoge-
neous climatic conditions within each region, as suggested
by Van de Vyver (2012).

Intensity-Duration-Frequency (IDF) statistics jointly char-
acterise the intensity of extreme precipitation as a function of
both duration and return period, and are a standard tool for
hydrological design and flood-risk assessment (Tabari et al.,
2016). The return levels for each region are subsequently
presented per return period as a function of the duration to
construct these IDF statistics. In order to gauge the return-
level uncertainty, we derive the 95 % confidence interval us-
ing 10* bootstraps, obtained by resampling yearly data. For
each simulation, the observational return levels are compared
with their simulated counterparts by calculating the relative
error. The error uncertainty is acquired with a pairwise cal-
culation of the error between all observational and simulated
bootstrap samples, respectively. This calculation results in a
distribution of 10® samples for the relative error.
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3 Results
3.1 Average climatology

Figure 2 shows that ALARO-1 at all three resolutions ex-
hibits a cold temperature bias with respect to the Bel-
gian CLIMATE-GRID observations. This bias is most pro-
nounced in the eastern, more elevated region. Near the coast,
all simulations exhibit a small warm bias. The cold bias is
statistically significant across almost the entire domain in
ALARO-25km, whereas for ALARO-12km and ALARO-
4km large parts of the interior are not significantly differ-
ent from zero (hatched in Fig. 2), consistent with their much
smaller domain-mean biases of —0.25 and —0.32°C. Fur-
thermore, the spatial bias patterns for ALARO-12km and
ALARO-4km are very similar. Certain urban areas can be
discerned in these simulations presenting themselves as ar-
eas with a warm bias.

While the bias difference between ALARO-12km and
ALARO-4km is small, a large difference is present between
ALARO-25km and ALARO-12km. As outlined in Table 1,
apart from the resolution difference, the primary distinction
between these two simulations is the inclusion of SURFEX
into ALARO-12km. The dedicated ALARO-12km-noSFX
experiment (Sect. 3.3) shows that the inclusion of SURFEX,
rather than the resolution increase, is the dominant driver
of this difference, raising the annual-mean temperature by
nearly 1 °C. Overall, ALARO-12km provides the best repre-
sentation of mean annual temperature.

Considering the annual cycle of the biases, a more com-
plex picture emerges. The spatially averaged biases per
month are plotted in Fig. 3, while spatial bias patterns are
shown per season in Fig. DI1. In each season, ALARO-
12km and ALARO-4km perform similarly, except during
summer, when both simulations feature a warm bias which
is larger in ALARO-12km, particularly in July and August
when the bias exceeds 1 °C. This warm bias partially com-
pensates for the cold bias in other seasons on an annual
basis. Consequently, ALARO-12km exhibits a smaller an-
nual cold bias than ALARO-4km, despite ALARO-4km per-
forming better in more seasons. Additionally, both ALARO-
12km and ALARO-4km strongly underestimate the temper-
ature in spring, which also corresponds to the largest sea-
sonal cold bias for ALARO-25km. The largest negative bias,
which is around —1.5 °C, is attained in May. The domain-
averaged monthly biases of ALARO-25km are significant
year-round except in September, whereas for ALARO-12km
and ALARO-4km significance is confined to the seasonal ex-
tremes: the spring cold bias (March—May/June), the summer
warm bias (August), and a November cold bias (Fig. 3a).

During the seasons with warming sea surface tempera-
tures (SST), spring and summer, there is a cold bias near the
coast, while the opposite is true for autumn and winter (see
Fig. D1). This may be attributed to the monthly replacement
of SST, creating a lag effect. In addition, coastal grid points

https://doi.org/10.5194/gmd-19-7911-2026

partly consist of sea: the diagnosed 2m temperature is the
tile-weighted average over the land and sea fractions, so the
(lagged) sea surface temperature is directly reflected in the
near-surface temperature of these mixed cells.

In terms of significance (Fig. D1), the cold bias of
ALARO-25km is significant across the whole domain in ev-
ery season. For ALARO-12km and ALARO-4km the bias is
largely insignificant, except in spring, where the cold bias is
significant domain-wide. In summer, ALARO-12km exhibits
a significant warm bias over much of the domain, whereas in
ALARO-4km this warm bias is weaker and largely insignifi-
cant, consistent with its cooler summer near-surface temper-
ature.

ALARO-1, at all three resolutions, features a wet bias both
annually (Fig. 4) and across all months (Fig. 3) and seasons
(Fig. D2), except for summer (July and August) in ALARO-
12km and ALARO-4km, which coincides with a warm bias
in these simulations. Similarly to temperature, the bias in an-
nual precipitation is smallest for ALARO-12km. ALARO-
4km is slightly wetter, while ALARO-25km features a bias
nearly twice as high as ALARO-12km. The wet bias is sig-
nificant over essentially the whole domain for all three simu-
lations (Fig. 4).

However, once more, ALARO-4km performs best when
evaluating the seasons separately. ALARO-12km shows a
smaller bias only during springtime. Similarly to tempera-
ture, the precipitation bias in spring is substantially larger
(in absolute values) compared to the other seasons. Regard-
ing significance (Fig. D2), the wet bias is significant across
essentially the whole domain for all three simulations in au-
tumn, winter, and spring. Summer is the exception: ALARO-
25km retains a significant wet bias only in the south of the
domain, whereas ALARO-12km and ALARO-4km show a
significant dry bias in the north. Consistent with its smaller
domain-mean dry bias, ALARO-4km shows a significant dry
bias over a smaller northern area than ALARO-12km, with
the central domain no longer significantly biased.

Figure 5 shows the diurnal cycle of precipitation in Uc-
cle, Belgium. The diurnal cycle is first analysed across all
hours (Fig. 5a). All simulations overestimate precipitation
for all hours. Apart from the systematic bias, ALARO-4km
neatly reproduces the diurnal precipitation variation. The ob-
served afternoon peak around 16:00 UTC, for instance, is
also present in ALARO-4km albeit with a higher intensity.
ALARO-12km displays a smaller and slightly delayed peak,
while ALARO-25km lacks a clear peak, maintaining roughly
uniform precipitation amounts throughout the day. During
wet hours (i.e. hours with a precipitation rate > 0.1 mmh~1),
on the other hand, there is a dry bias for all models (Fig. 5b).
ALARO-4km again aligns most closely with observations,
followed by ALARO-12km and ALARO-25km. The after-
noon peak at 16:00 UTC remains visible for the observations
but is less pronounced and slightly delayed for ALARO-4km.
The delay is even larger for ALARO-12km and ALARO-
25km, with progressively smaller peaks as resolution de-
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Figure 2. Bias in mean annual near-surface air temperature of each simulation with respect to the daily gridded observational CLIMATE-
GRID dataset over Belgium, for the period 1992-2022. (a) ALARO-25km, (b) ALARO-12km, (¢) ALARO-4km. Hatching indicates grid
points where the bias is not significantly different from zero at the 95 % confidence level, based on a paired bootstrap resampling of years.
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Figure 3. The annual cycle of the temperature bias (a) and relative precipitation bias (b) for each simulation (25, 12.5, and 4 km resolutions)

with respect to the gridded observational CLIMATE-GRID dataset,

averaged over Belgium, for the period 1992-2022. Square markers

denote months where the domain-averaged bias is significantly different from zero at the 95 % confidence level (paired bootstrap resampling

of years); circular markers denote non-significant months.

creases. In summer (Fig. 5c), average precipitation values
and peak amplitudes are considerably higher, although the
simulated peaks occur slightly later and are less intense at
lower resolutions. In winter (Fig. 5d), no clear peak is ob-
served, and the average precipitation intensity is approxi-
mately half of the summer values.

Overall, these results indicate that although the sim-
ulations reproduce the timing of the diurnal cycle rea-
sonably well, they overestimate precipitation frequency —
raining too often with too little intensity — especially at
coarser resolutions. To quantify this, we decompose the
mean hourly precipitation P into the frequency and inten-
sity contributions from wet hours, defined as hours with
a precipitation rate>0.I mmh~! (Table 2). All simula-
tions overestimate the wet-hour frequency 7iye (11.8 % ob-
served) while underestimating the wet-hour intensity Pyet
(0.791 mmh~! observed), most severely at 25km (17.2 %
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and 0.692mmh~!). Increasing resolution reduces the fre-
quency bias and raises the wet-hour intensity, shifting
the simulations from frequent-weak towards less-frequent,
more-intense precipitation. This confirms that the mean wet
bias arises from a too-high precipitation frequency combined
with too-weak wet-hour intensities, rather than from exces-
sive intensity.

3.2 Extreme precipitation

The calculated IDF statistics are presented in Fig. 6 for each
topographic region. The difference in observational return
levels between the regions is apparent for both sub-daily
durations (< 6h) and durations extending beyond one day
(> 24h). In the former case, the values for Middle- and
High-Belgium are similar to one another, but those for Low-
Belgium are smaller, while in the latter case, the difference
between Middle- and Low-Belgium disappears and the re-
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Figure 4. Relative bias in mean annual precipitation of each simulation with respect to the daily gridded observational CLIMATE-GRID
dataset over Belgium, for the period 1992-2022. (a) ALARO-25km, (b) ALARO-12km, (¢) ALARO-4km. Hatching indicates grid points
where the bias is not significantly different from zero at the 95 % confidence level, based on a paired bootstrap resampling of years.
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Table 2. Decomposition of the mean hourly precipitation in Uccle into wet hour intensity and frequency contributions, for the period 1992~
2022. A wet hour is defined as an hour with a precipitation rate > 0.1 mm h~!. P is the mean precipitation over all hours; Pyet is the mean
intensity during wet hours; nyet is the corresponding frequency of occurrence.

Quantity Observations ALARO-25km  ALARO-12km  ALARO-4km
P [mmh~!] 0.093 0.124 0.112 0.118
Pyet [mm h™1] 0.791 0.692 0.722 0.768
nwet [%] 11.8 17.2 15.0 14.8
Pyet X fiwet [mm h™1] 0.093 0.119 0.108 0.114

turn levels over High-Belgium exceed those over the other
two regions.

The observational return levels decrease approximately
linearly with precipitation duration on a log-log scale
(Fig. 6), corresponding to the power-law scaling of extreme
precipitation. The simulated return levels follow the same
linear behaviour for durations of 6h and longer, but devi-
ate at short durations (< 6 h), where they curve downward,
away from the observations. To quantify this behaviour, a lin-
ear regression of the log-transformed return levels against the
log-transformed duration was performed for each dataset, re-
gion, and return period. The resulting slopes and coefficients
of determination (Rz, the fraction of variance in the return
levels explained by the linear fit) are shown in Fig. D3; the
fitted lines themselves are not overlaid on Fig. 6. The slope
is steepest for the observations, followed by the simulations
in order of decreasing resolution (ALARO-4km, ALARO-
12km, ALARO-25km). The linear fit is also best for the
observations (R? closest to 1), again followed by ALARO-
4km, ALARO-12km, and ALARO-25km, reflecting the in-
creasing downward curvature at short durations as resolution
decreases. Comparing return periods, longer return periods
yield a steeper (more negative) slope but a lower R2.

Despite its strong wet bias for average precipitation,
ALARO-25km underestimates the sub-daily (< 6h) return
levels for all regions and return periods, as shown in Fig. 7.
For the (multi-)daily (> 24 h) durations, the performance de-
pends on the return period. The least extreme events, i.e.
those with the shortest return period, are overestimated,
while the events with the longest return period generally
tend to be underestimated, although the uncertainty is large.
Conversely, ALARO-12km provides smaller return levels
than ALARO-25km for sub-daily (< 6h) durations, except
for hourly events in Low- and Middle-Belgium (Fig. 7a,
d). Hence, the sub-daily extreme precipitation intensities are
also underestimated by this simulation. For (multi-)daily (>
24 h) durations, this intensity decrease with higher resolution
is also present, especially in High-Belgium (Fig. 7g—i). Fi-
nally, for ALARO-4km the hourly return levels are substan-
tially closer to the observational values for a 2-year return pe-
riod and markedly closer for longer return periods. Generally,
the ALARO-4km extremes increase in intensity compared to
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the ALARO-12km simulation, leading to improvements for
some durations and regions, but not universally.

Figure 8 presents the diurnal and seasonal cycles of the fre-
quency of annual-maximum hourly precipitation intensities
over Belgium. In the diurnal cycle, the observations clearly
show a primary peak in the afternoon. ALARO-4km cap-
tures both the timing and magnitude of this peak with high
accuracy. ALARO-12km also reproduces a peak, but it oc-
curs slightly later (i.e. 1-2h) and with a higher frequency
than observed. For ALARO-25km, the peak occurs even later
(around 22:00 UTC) and has a lower frequency compared to
the observations.

3.3 Effect of SURFEX

Figure 9 shows the annual-mean difference between
ALARO-12km and ALARO-12km-noSFX, which isolates
the effect of the SURFEX land-surface scheme, as all other
components are identical between the two simulations. Both
differences are significant across the entire domain (Fig. 9a,
b). The temperature difference is roughly constant across the
domain, except for some urban areas (e.g., Brussels) where
the warming is stronger. On the other hand, the precipita-
tion difference exhibits a clear north-south gradient, with
the southern part of Belgium experiencing a stronger re-
duction in precipitation than the northern part. Moreover,
the diurnal cycle of precipitation over Belgium (Fig. 9c)
isolates how SURFEX acts on the sub-daily distribution.
Both configurations share the same single afternoon peak
at 16:00-17:00 UTC. Introducing SURFEX leaves the tim-
ing and shape of the cycle essentially unchanged except
for a reduction in amplitude, damping the afternoon peak
more strongly than the overnight minimum. Therefore, the
resolution-dependent shift in peak timing seen in Fig. 5 is
not a consequence of the land-surface scheme.

To identify the mechanism, we examine the surface en-
ergy balance (Fig. 10), showing the seasonal diurnal cy-
cle of the latent (a—d) and sensible (e-h) heat fluxes. The
simulations separate by land-surface scheme rather than
resolution: ALARO-12km-noSFX closely tracks ALARO-
25km, while the SURFEX simulations (ALARO-12km and
ALARO-4km) cluster together. Introducing SURFEX re-
duces the latent heat flux and increases the sensible heat flux,
in both cases most strongly in summer, and slightly advances
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Figure 6. Intensity-Duration-Frequency (IDF) statistics for three topographic regions over Belgium, using all available years for each dataset
(observational record lengths are given in Table C1; simulations span 1992-2022): (a) Low-Belgium (< 50 m), (b) Middle-Belgium (50—
200 m), (¢) High-Belgium (> 200 m). The markers show the return-level precipitation intensities as a function of duration on a log-log scale
(both axes), calculated using the Regional Frequency Analysis (RFA) framework. The colours represent the dataset (station observations or
simulations), while the marker styles denote the different return periods (2, 10, and 50 years).

the diurnal peak of each. The net surface radiation is essen-
tially identical across all simulations (Fig. D4), so the avail-
able energy at the surface is unchanged. The sum of the la-
tent and sensible heat fluxes is correspondingly near-identical
in daily-mean magnitude, but its diurnal cycle is advanced
in the SURFEX simulation. This phase shift, together with
the shift toward sensible heating, points to a reduced surface
thermal inertia, consistent with drier soil responding more
rapidly to daytime forcing. This is consistent with the flux
differences being driven by the surface state, as the net sur-
face radiation, which sets the total available energy, is essen-
tially unchanged.

As a whole, it is shown that the introduction of SURFEX
reduces the latent heat flux and increases the sensible heat
flux, especially in summer. This can be partly attributed to
the inclusion of urban elements, which contain no moisture
and therefore reduce the latent heat flux. However, the effect
is also present in non-urban areas, indicating that the differ-
ence is not solely due to urbanisation. Although the differ-
ing soil discretisations of the two schemes preclude a direct
quantitative comparison of soil moisture, the reduced latent
heat flux, drier summers, and associated warming are all con-
sistent with reduced soil moisture in the SURFEX config-
uration. This shift in the partitioning of the surface fluxes
is consistent with the observed warming of near-surface air
temperature and the reduced precipitation.

4 Discussion
4.1 Average climatology

A clear distinction in climatology can be drawn between
ALARO-25km on the one hand, and ALARO-12km and

https://doi.org/10.5194/gmd-19-7911-2026

ALARO-4km on the other hand, both for near-surface air
temperature and accumulated precipitation. The cold bias
from ALARO-25km of —1.14°C over Belgium is signifi-
cantly improved by about 1 °C in the two simulations with
the highest resolutions, as shown in Fig. 2. Furthermore,
these simulations both exhibit a reduced wet bias in compar-
ison with ALARO-25km. The difference between ALARO-
12km and ALARO-4km is mostly small when compared
to ALARO-25km. Aside from the difference in resolution,
ALARO-12km employs the land-surface model SURFEX,
while ALARO-25km still uses the built-in module ISBA.
The dedicated ALARO-12km-noSFX experiment (Sect. 3.3),
which holds resolution fixed, shows that this difference in
land-surface scheme, rather than the resolution increase, is
responsible for the clear distinction between these two sets
of simulations.

In Giot et al. (2016) 30-year simulations over Europe
were performed with ALARO-0, a previous version of the
ALARO model, and the built-in land surface scheme ISBA.
These simulations were performed at resolutions of 0.44° (~
50km) and 0.11° (~ 12 km) and contained an area-averaged
yearly bias in near-surface air temperature of a little less than
—1°C over the Middle-European sub-region (which covers
Belgium, the Netherlands, most of Germany, and parts of
neighbouring countries). This result is very similar to the
yearly bias of ALARO-25km in this work. The seasonal tem-
perature biases of Giot et al. (2016) over Middle-Europe are
also in line with the results of ALARO-25km.

Furthermore, in Berckmans et al. (2017), simulations with
ALARO-O for a 10-year period were carried out in three dif-
ferent configurations, one of which consisted of continuous
simulations as performed in this work. It should be noted
that, contrary to those of Giot et al. (2016), these simula-
tions were performed with the SURFEX model, albeit a pre-
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Figure 7. Relative error of the return-level intensities for each region (rows: Low-, Middle-, High-Belgium) and return period 7' (columns:
2, 10, 50 years), using all available years for each dataset (observational record lengths are given in Table C1; simulations span 1992-2022).
Panels (a)—(i) are ordered row-wise. Each box plot represents the uncertainty gauged by the bootstrap procedure with 10% x 10* (= 10%)
samples: the box spans the interquartile range (25th—75th percentile) around the median, and the whiskers span the 95 %-confidence interval

(2.5th-97.5th percentile).

vious version, SURFEXvS5. Over Middle-Europe, an average
yearly temperature bias of —1.6 °C was found, while for win-
ter and summer a bias of —1.3 °C was presented. This is com-
parable to the results of Giot et al. (2016) and of ALARO-
25km, even though the latter simulations did not use SUR-
FEX.

Lastly, 4km ALARO-0 simulations without SURFEX
were performed in the context of the CORDEX.be I
project (Termonia et al., 2018b). In the final report (Termonia
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et al., 2018c) a cold bias of 1.3 °C in the average yearly tem-
perature over Belgium was presented. This value is in line
with the results from Giot et al. (2016), Berckmans et al.
(2017), and ALARO-25km, but contrasts with the tempera-
ture bias of the here-presented ALARO-12km and ALARO-
4km, even though these CORDEX.be I simulations were run
at 4km. This is consistent with our ALARO-12km-noSFX
experiment (Sect. 3.3), which directly demonstrates that the
use of SURFEX, and not the resolution increase, is responsi-
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Figure 8. Frequency of annual-maximum hourly precipitation intensities over Belgium for hourly station observations (HYDRO network)
and for each simulation (25, 12.5, and 4 km resolutions), using all available years for each dataset (observational record lengths are given in
Table C1; simulations span 1992-2022). (a) Diurnal cycle: showing the frequency of annual-maximum hourly precipitation intensities for
each hour of the day (UTC). (b) Seasonal cycle: showing the frequency of annual-maximum hourly precipitation intensities for each season
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at the 95 % confidence level, based on a paired bootstrap resampling of years. The difference is significant across the entire domain, so no
hatching is visible. (¢) Domain-mean diurnal cycle of precipitation (all hours) for the two configurations; dashed lines denote the daily-mean
value of each.

ble for the improved temperature bias, through a shift in the tial resolution, exerts the dominant influence on average pre-

partitioning of the surface heat fluxes. cipitation.

Evaluation against the CG dataset reveals that all ALARO- Our results for precipitation (Fig. 4) are now compared to
1 simulations exhibit a consistent annual wet bias over previous continuous simulations from Giot et al. (2016) (res-
Belgium, with this bias most pronounced in ALARO- olutions of 50 and 12.5km). The annual precipitation bias
25km. Seasonal analyses confirm a wet bias across all sea- of ALARO-25km (33.7 %) is markedly larger than the an-

sons, except for a dry bias in summer in both ALARO- nual bias of approximately 20 % over Middle-Europe (ME)
12km and ALARO-4km. Differences between ALARO- reported by Giot et al. (2016) (for both their 50 and 12.5 km
12km and ALARO-4km remain insubstantial across seasons. simulations), whereas ALARO-12km (15.3%) and ALARO-
The ALARO-12km-noSFX experiment (Sect. 3.3) confirms 4km (17.0%) are somewhat smaller. On the other hand,
that the inclusion of SURFEX, rather than the change in spa- the annual precipitation bias over ME in Berckmans et al.

(2017) (at 20km resolution) was 15 %, which agrees al-
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Figure 10. Seasonal diurnal cycle of the surface upward latent (a—d) and sensible (e~h) heat fluxes over Belgium for all simulations, 1992—
2022. Columns are the four seasons (DJF, MAM, JJA, SON). Dashed lines denote the daily-mean value of each simulation.

most perfectly with the results from ALARO-12km and
ALARO-4km. For summer and winter precipitation, the bi-
ases of Berckmans et al. (2017) and Giot et al. (2016) are
similar to each other and resemble closely those of ALARO-
25km. Conversely, the winter, and particularly the summer
precipitation totals are much drier in ALARO-12km and
ALARO-4km compared to ALARO-25km. The large wet
bias in spring, reported in Giot et al. (2016) is also present
(and slightly increased) in the simulations in this work. Fi-
nally, the large bias in autumn was absent in the simulations
of Giot et al. (2016), where the bias was between 0 % and
10 %.

Previous 4km simulations showed results similar to
ALARO-4km. Compared to the HRES-simulations from
CORDEX.be I, the bias in winter precipitation was of
comparable magnitude (Termonia et al., 2018c). Biases
from De Troch et al. (2013) were slightly smaller for summer
precipitation than for ALARO-4km: their 4 km simulation
showed a bias of only 3 %. Notably, those simulations em-
ployed daily restarts, which could have a significant impact—
especially in summer, when soil moisture feedbacks tend to
play a more important role. There was a difference of roughly
10 percentage points between their 10 km and 4 km simula-
tions in summer precipitation bias, which is also present be-
tween ALARO-12km and ALARO-4km but with an opposite
sign. Both cases can be interpreted as an improvement in the
representation of (convective) precipitation when increasing
the resolution.

In De Troch (2016), the multi-scale behaviour of ALARO-
0 was investigated by means of the diurnal cycle of precipita-
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tion in summer and winter. An identical distinction between
all hours and wet hours is made in this work, as shown in
Fig. 5. It was shown in De Troch (2016) that in summer
the timing and amplitude of the diurnal peak were improved
for simulations with ALARO-0 at 10 and 4 km compared
to a 40km simulation, when considering all hours. How-
ever, the timing of the afternoon peak as reproduced by the
model was still too early. A similar behaviour is evident in
this work, although ALARO-4km captures the timing bet-
ter (later) than in De Troch (2016). For winter precipitation,
the 4 km simulation from De Troch (2016) exhibited a weak
peak in the early afternoon, which is absent in the observa-
tions. Our ALARO-4km simulation reproduces this constant
diurnal pattern better than those in De Troch (2016). Since
winter precipitation over Belgium is predominantly strati-
form, the spurious afternoon peak in their ALARO-0 simula-
tion points to convective triggering when little is expected; its
near-absence in ALARO-1 suggests less spurious wintertime
triggering, though isolating the responsible change is left for
future research.

When considering only wet hours (i.e. hours with a pre-
cipitation rate > 0.1 mm h’l), the observations show no di-
urnal variation (regardless of some noise) in winter (Fig. 5d).
All simulations in this paper reproduce this pattern, with the
mean precipitation increasing towards the observed value as
the resolution increases. For wet hours in summer (Fig. 5c¢),
all simulations contain an afternoon/evening peak, with in-
creasing amplitude for higher resolutions, similar to the study
of De Troch (2016). The timing of the peak does not sig-
nificantly differ between ALARO-25km and ALARO-12km,
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and is slightly earlier for ALARO-4km. However, for all sim-
ulations, the summer wet-hour peak occurs later than the ob-
served peak, in contrast with the well-captured peak timing
reported by De Troch (2016) for ALARO-0. This contrast
reflects the change from ALARO-0 to ALARO-1 and cannot
be attributed to the scale-aware 3MT scheme, which is com-
mon to both versions, nor to the land-surface scheme, which
the ALARO-12km-noSFX experiment shows does not affect
the peak timing (Sect. 3.3, Fig. 9c). A further candidate is the
difference in experimental setup: the ALARO-0 simulations
of De Troch (2016) were reinitialised daily, whereas ours run
continuously. Such daily restarts can plausibly influence the
phase of the simulated diurnal cycle. However, we cannot
isolate the responsible factor from the available output. Over-
all, for both all-hour (Fig. 5a) and wet-hour (Fig. 5b) precip-
itation, the diurnal cycles in ALARO-4km are comparable to
those in the work of De Troch (2016).

In our analysis of the mean diurnal precipitation cycle,
notable differences emerge when comparing simulations at
varying resolutions with observational data, as shown in
Fig. 5. Specifically, while the “all-hour” precipitation cy-
cle overestimates precipitation relative to observations, the
“wet-hour” cycle underestimates it, which Table 2 attributes
to an overestimated wet-hour frequency combined with an
underestimated wet-hour intensity. This is most pronounced
in ALARO-25km and minimised in ALARO-4km, show-
ing that the coarser resolution overestimates precipitation
amounts through an overly high precipitation frequency, i.e. a
substantial drizzle contribution.

This drizzle bias is a well-known deficiency of regional
climate models (Fosser et al., 2015; Berthou et al., 2020). It
arises largely because parameterised convection triggers on
weak instability and releases it gradually, producing precip-
itation that is too frequent and too light. The improvement
with resolution reflects the sharper humidity and updraught
fields at higher resolution, which reduce the widespread
simultaneous triggering dominating the coarser runs. The
residual bias in ALARO-4km is consistent with 3MT still
parameterising part of the convective spectrum in the grey
zone.

Furthermore, both the timing and amplitude of the diur-
nal precipitation peak are best represented at high resolution,
as well established for CPMs (Lucas-Picher et al., 2021).
Most RCMs exhibit a premature diurnal peak, primarily due
to the limited memory of atmospheric instabilities; this be-
haviour is notably absent here, and at lower resolutions the
ALARO peak even occurs later than at higher resolutions.
The ALARO-12km-noSFX experiment (Sect. 3.3, Fig. 9¢)
shows that introducing SURFEX reduces the amplitude of
the diurnal cycle but leaves the timing of the peak unchanged,
so the resolution-dependent shift in peak timing is not driven
by the land-surface scheme. Its origin lies instead in the con-
vection scheme. Conventional mass-flux schemes that close
on CAPE remove instability almost as soon as it is gener-
ated by surface heating, so that simulated precipitation peaks
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around local noon, in phase with the surface fluxes, rather
than in the late afternoon as observed (Guichard et al., 2004;
Bechtold et al., 2004). In contrast, 3MT employs a prognostic
closure that retains memory of the updraught mesh fraction
and updraught velocity between time steps, with the mesh
fraction evolving through the moisture budget. Instability is
therefore released gradually over several time steps rather
than instantaneously, shifting the peak away from noon; none
of our configurations peaks near midday. At coarser resolu-
tions this gradual release appears to be too gradual, delaying
the convective peak, and the timing sharpens as explicit con-
vection progressively takes over at higher resolutions. A full
attribution of the responsible mechanism would require ded-
icated sensitivity experiments and is left to future work.

4.2 Extreme precipitation

IDF statistics are presented in Fig. 6 for durations of 1 to
72h across three distinct topographic regions in Belgium.
The regional differences in return levels, with smaller sub-
daily (< 6 h) values in Low-Belgium and higher (multi-)daily
(> 24h) values in High-Belgium, are consistent with the
findings of Van de Vyver (2013). In each case, the return
levels scale linearly with duration on a log-log scale, for
both observations and simulations. This corresponds to a
power-law relationship on a linear scale and reflects the un-
derlying scale invariance and multifractal characteristics of
extreme precipitation. These phenomena can be effectively
captured using simple scaling techniques, which in turn re-
sult in a power-law relationship (Gupta and Waymire, 1990;
Veneziano and Furcolo, 2002). However, for short precipita-
tion durations (1-3 h), simulated return levels deviate from
this linear trend, curving downward, whereas observational
return levels do not exhibit this pattern. This discrepancy
arises entirely from model error, as precipitation values from
both observations and simulations were first aggregated to
an hourly resolution before extracting the annual maxima.
As shown in Fig. D3b, the smaller R2-values indicate a less
optimal fit for larger spatial scales. The higher (less negative)
linear coefficients at these scales may also reflect this under-
estimation at short durations. However, previous studies have
also shown that annual-maximum precipitation at larger spa-
tial scales has a higher linear coefficient with respect to dura-
tion than at smaller scales (Innocenti et al., 2019). Next, these
linear coefficients can be compared to those from a simple-
scaling model by Van de Vyver (2018). In that work, station-
specific values in the range of —0.75 and —0.64 were found
for 16 stations over Belgium. The observational coefficients
depicted in Fig. D3a correspond to this range, although they
are slightly more negative.

At durations of 1 to 3 h, lower-resolution simulations in-
creasingly underestimate return levels compared to observa-
tional values, highlighting the added value of the convection-
permitting ALARO-4km simulation. A similar result was
found by Tabari et al. (2016), who also constructed IDF
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statistics for ALARO-0 simulations at different resolutions.
In that study, the 4 and 10km ALARO-0 simulations accu-
rately captured sub-daily intensities, with a slight underes-
timation, while ALARO-40km significantly underestimated
sub-daily precipitation amounts. For longer durations (>
24 h), ALARO-25km tends to overestimate the return levels,
particularly for short return periods (Fig. 7a—c). De Troch
(2016) reported a similar finding, as all ALARO-0 simula-
tions (4, 10, and 40 km) overestimated the 2-year return level
for daily precipitation. Additionally, while De Troch (2016)
observed increasing overestimation for longer return periods
in the 4 km ALARO-0 simulation, this effect is notably ab-
sent — and even reversed — in ALARO-4km.

The scale-aware design of the 3MT scheme provides a
smooth transition between parameterised and resolved con-
vection, which would lead one to expect a gradual change of
the extreme-precipitation statistics with resolution, as found
in previous studies (De Troch, 2016; Tabari et al., 2016). In
contrast, the return levels presented in this study display a
more abrupt, step-wise change when transitioning from 12
to 4km resolution. This behaviour is more similar to that
observed in other models without a scale-aware convective
scheme, where the step-wise shift is typically attributed to the
deactivation of the deep convective parameterisation at high
resolutions. For 3MT, however, no such deactivation occurs,
and the apparent abruptness may be partly an artefact of com-
parison: the 25 to 12 km change is small, so the 12 to 4 km
change stands out as step-wise by contrast. We propose two
contributing effects. First, the difference between ALARO-
25km and ALARO-12km conflates resolution with the land-
surface scheme: the drying effect of SURFEX (Sect. 3.3)
reduces precipitation and may partly offset the resolution-
driven increase in extreme intensity at 12 km, suppressing
the apparent 25 to 12 km change. Second, the step from 12 to
4 km crosses the grey zone of convection (~ 4—10km) (Prein
et al., 2015; Vergara-Temprado et al., 2020), where 3MT
transitions from a parameterised towards a resolved repre-
sentation of deep convection. This transition is expected to
affect the extreme-precipitation statistics most strongly. Iso-
lating the contributions of these two effects is left to future
work.

The diurnal cycle of hourly AM precipitation frequencies
is well captured by ALARO-4km (see Fig. 8a). Both the fre-
quency peak amplitude and timing are in agreement between
ALARO-4km and the observational data. The peak occurs
later in ALARO-12km and is further delayed in ALARO-
25km, while the peak amplitude increases in ALARO-12km
but decreases in ALARO-25km. This peak delay is also
present in 0.11° EURO-CORDEX simulations (Meredith
et al., 2021). It should be noted that the relatively large diur-
nal variation in extreme precipitation frequency of ALARO-
25km is quite remarkable, as most models exhibit almost no
diurnal variation at similar resolutions (Meredith et al., 2021;
Thomassen et al., 2023). The diurnal cycle of extremes from
previous ALARO-0 simulations at 12 and 4 km was shown
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in Van de Vyver et al. (2021). However, they did not find
a large difference in the diurnal cycle between both resolu-
tions, in contrast to the simulations of this work. As with the
peak-timing differences discussed above, this stronger res-
olution sensitivity of ALARO-1 relative to ALARO-0 most
plausibly reflects the broader physics update between the two
versions rather than the scale-aware convection scheme com-
mon to both, and is left to future work.

Similarly to the diurnal cycle, the seasonal cycle of hourly
extreme-precipitation frequency is well captured by our three
simulations, as shown in Fig. 8b. The frequency peak in sum-
mer due to the convective nature of hourly extreme precipi-
tation is apparent. This result corresponds to previous sim-
ulations from Van de Vyver et al. (2021), who also did not
find a difference in the seasonal cycle between 12 and 4 km
ALARO-0 simulations. In contrast, Innocenti et al. (2019) re-
ported the slight outperformance of a 12 km RCM simulation
compared to a 4 km convection-permitting WRF simulation
in capturing the seasonal cycle of hourly AM occurrences
over North America.

5 Conclusions

This study evaluated the performance of the ALARO-1
model, including a scale-aware deep convection parameter-
isation, over Belgium using a multi-level dynamical down-
scaling framework at three horizontal resolutions: 25, 12.5,
and 4 km. The ALARO-1 model was coupled online to the
land-surface model SURFEX v8.0 for ALARO-12km and
ALARO-4km. These simulations, spanning a 32-year period
(1991-2022), were compared against both a gridded obser-
vational dataset (CLIMATE-GRID) and hourly precipitation
values from station measurements.

The analysis of average climatology demonstrated that
across all resolutions the ALARO-1 model exhibits an annual
cold bias between —1.14 and —0.25°C and an annual wet
bias between 15.3 % and 33.7 % over Belgium. Comparing
resolutions, ALARO-12km and ALARO-4km outperformed
ALARO-25km, which exhibited larger biases in both temper-
ature and precipitation. While ALARO-12km and ALARO-
4km provided similar results in terms of average climatol-
ogy, ALARO-4km captured the diurnal cycle of precipitation
better. A dedicated sensitivity experiment (ALARO-12km-
noSFX) showed that this improvement relative to ALARO-
25km is not attributable to the increase in resolution alone:
the coupling to SURFEX accounts for a substantial part of
the reduction in the temperature and precipitation biases.

A key focus of this study was the representation of ex-
treme precipitation, evaluated through Intensity-Duration-
Frequency statistics derived from annual maximum precip-
itation. While all simulations followed the expected log-log
linear behaviour between return-level precipitation intensity
and duration, lower-resolution models underestimated return
levels at sub-daily timescales. ALARO-4km significantly im-
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proved upon this, producing more realistic hourly return lev-
els and better capturing the diurnal timing of hourly extreme
precipitation. These findings provide clear evidence that in-
creasing model resolution enhances the simulation of ex-
treme precipitation.

Despite these improvements, this study has some limita-
tions. The research domain was limited to Belgium due to
computational constraints. Another limitation is the absence
of simulations at even higher resolutions, which could further
improve model accuracy but are currently also constrained by
computational demands.

Future research should address these challenges by con-
ducting simulations at resolutions higher than 4 km and ap-
plying the ALARO-1 model to regional downscaling of
global climate models (GCMs) and climate projections. Ad-
ditionally, a more detailed investigation of the urban effect
on temperature and precipitation, as represented by the TEB
model in SURFEX, is warranted. Expanding the applica-
tion of the ALARO-1 model to other regions would further
validate its performance. Finally, given the high computa-
tional cost of convection-permitting simulations, future work
should explore alternative, more targeted downscaling ap-
proaches to reduce computational demands while maintain-
ing or improving model accuracy, specifically for extreme
precipitation.

Appendix A: Definition of bias

The temperature and precipitation biases are calculated in the
following way. Let Xy,; be the value of variable X at time &,
with k =1,..., K, in grid point n, withn =1, ..., N, and in
year i, with i = 1,..., I. We define the total value of X over
a period ¢ as:

X! = Zka'

ket

The average value over a period ¢ is defined as:

with K; the number of values in period : K; =), , 1
In this work, we consider three types of periods #:

1. months, denoted as m € M with M = {Jan, Feb, Mar,
Apr, May, Jun, Jul, Aug, Sep, Oct, Nov, Dec},

2. seasons, denoted as s € S with S = {DJF, MAM, JJA,
SON},

3. years, denoted as y .

The yearly total value of X is related to the seasonal values
as:

y )
Xni = fou
s
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and the yearly averaged value:
— 1 -
yo_ E :
Xoi = 4 X
N

Let Tn’i now be the temperature averaged over the period ¢,
with t € (M USU{y}). The temperature bias is consequently
calculated by taking the difference between the model tem-
perature 7):™ and the observational temperature T,:° with
t € (MUSU{y}) and averaging it over all years i (with I the
number of years). The bias in grid point n is hence:

T = 13 (T~ T5)
l

The spatially averaged bias is then acquired by averaging
over all grid points (with N the number of grid points):

- 1 _
Tt,b I Tl,b
w2

The seasonal and annual values can be straightforwardly re-
lated to each other:

Ty,b — %Zfs,b
s

For precipitation, we consider the relative bias. Let P/,
now be the total precipitation over the period ¢ with t € (M U
S U {y}). The relative bias over this period is then calculated
as:

t, t,
pir— Zi (Pnim B Pnio)
n - Z'Pz,-o
i ni

The spatially averaged value then becomes:

1
Pt,r:_ Pt,r
w2l

For the relative bias, there is no straightforward relation be-
tween annual and seasonal values:

pyr 7& Zps,r
s

Appendix B: Definition of GEV distribution

For & # 0, the cumulative GEV distribution function F(x) is
given by:

{ o\ Ve
Flx) = exp —[1+s< - )} B1)

The distribution with & = 0 is then interpreted as the limit of
Eq. Bl)as& — O:

reor=es| oo (2] o
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GEV distribution functions are constructed for each dura-
tion separately. We denote the duration-specific GEV param-
eters as &4, L4, and o4. Subsequently, these distribution func-
tions are used to calculate return levels z,4(T') for the precip-
itation intensity. A return level z4(7") (expressed in mm h 1
is specified for a certain return period 7 and duration d. It is
defined as the precipitation intensity which has a probability
of 1/T of being exceeded in any given year: so on average
once every T years. The formula for these return levels can
be derived from equations (B1) and (B2):

T) = 94 1 m(1- - B3
Zd( )_Md_é_d —[—n( —7>:| (B3)

Appendix C: Station data specifications

Table C1. Specifications of observational networks used in this study.

Network name  Number of years (start year — end year)  Number of locations

DGH 20 (2004-2023) 95
VMM 11 (2013-2023) 36
AWS 24 (2000-2023) 13
HYDRO 38 (1967-2004) 18
IBGE 19 (1992-2010) 14
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Appendix D: Additional figures
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Figure D1. Bias in mean seasonal near-surface air temperature of each simulation with respect to the daily gridded observational CLIMATE-
GRID dataset over Belgium, for the period 1992-2022. Columns: ALARO-25km (a, d, g, j), ALARO-12km (b, e, h, k), ALARO-4km (c, f,

i, ). Rows: winter (DJF; a—c), spring (MAM; d—f), summer (JJA; g-i), autumn (SON; j-1). Hatching indicates grid points where the bias is
not significantly different from zero at the 95 % confidence level, based on a paired bootstrap resampling of years.
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Figure D2. Bias in mean seasonal precipitation of each simulation with respect to the daily gridded observational CLIMATE-GRID dataset
over Belgium, for the period 1992-2022. Columns: ALARO-25km (a, d, g, j), ALARO-12km (b, e, h, k), ALARO-4km (c, f, i, 1). Rows: win-
ter (DJF; a—c), spring (MAM; d—f), summer (JJA; g—i), autumn (SON; j-1). Hatching indicates grid points where the bias is not significantly
different from zero at the 95 % confidence level, based on a paired bootstrap resampling of years.
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D2 Extreme precipitation
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Figure D3. Log-log linear regression analysis of the return levels as a function of duration, performed for each dataset (observations and
ALARO-simulations), topographic region, and return period separately, using all available years for each dataset (observational record lengths
are given in Table C1; simulations span 1992-2022). (a) The linear regression coefficients. (b) The R2_values. The dashed line denotes a
value of 1, which corresponds to a perfect fit.

D3 Effect of SURFEX
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Figure D4. Seasonal diurnal cycle over Belgium of the sum of the surface upward latent and sensible heat fluxes (a—d) and the net surface
radiative flux (e-h), for all simulations, 1992-2022. Columns are the four seasons (DJF, MAM, JJA, SON). Dashed lines denote the daily-
mean value of each simulation.

https://doi.org/10.5194/gmd-19-7911-2026

Geosci. Model Dev., 19, 7911-7937, 2026



7932

Code availability. The Python notebooks
used for the analysis are available through
https://doi.org/10.5281/zenodo.15791681  (Dewettinck et al.,
2025a). The ALAROI1-SFX code, along with all its related intel-
lectual property rights, is owned by the members of the ACCORD
consortium. Each member of this consortium can license the
shared code to academic institutions of their home country for
noncommercial research. Access to the codes of the ACCORD
system can be obtained by contacting one of the member institutes
mentioned in Termonia et al. (2018a) or by submitting a request
in the Contact link below the page of the ACCORD website
(https://www.umr-cnrm.fr/accord/, last access: 14 August 2026)
and the access will be subject to signing a standardised ACCORD
license agreement.

Data availability. The VMM precipitation observations over
Flanders are available on https://waterinfo.vlaanderen.be/ (last
access: 14 August 2026). The DGH precipitation observations
may be requested from the Service public de Wallonie — Mo-
bilité et Infrastructures, Direction de la Gestion hydrologique,
PEREX, Rue Del’Gréte, 22, 5020 NAMUR (Daussoulx). The
IBGE data may be requested at the Bruxelles Environnement
(https://fenvironnement.brussels, last access: 14 August 2026).
The automatic weather station (AWS) precipitation observa-
tions from the Royal Meteorological Institute of Belgium are
available on https://opendata.meteo.be/download (last access:
14 August 2026). Annual maxima extracted from the HYDRO-
network from the Royal Meteorological Institute of Belgium
are available on https://doi.org/10.5281/zenodo.4741177 (Van de
Vyver, 2021). Further information about the CLIMATE-GRID
dataset can be found on https://opendata.meteo.be/geonetwork/srv/
eng/catalog.search#/metadata/RMI_DATASET_GRIDDEDOBS
(last access: 14 August 2026), although the data are currently
not yet publicly available. The simulation data used in this
study is publicly available in a Zenodo repository through
https://doi.org/10.5281/zen0do.15296030  (Dewettinck et al.,
2025b).
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