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Abstract. We present the results of downscaling CMIP6
global climate projections to local scales for the Mediter-
ranean and Italian regions, aiming to produce high-resolution
climate information for the assessment of climate change sig-
nals, with a focus on precipitation extreme events. We per-
formed hindcast (i.e., ERA5-driven) and historical simula-
tions (driven by the MPI-ESM1-2-HR model) to simulate
the present (1980–2014) and future (2015–2100) climate un-
der three different emission scenarios (SSP1-2.6, SSP2-4.5,
SSP5-8.5).

For each experiment, a double-nesting approach is adopted
to dynamically downscale global data to the regional domain
of interest, firstly over the Europe (EURO) COordinated
Regional climate Downscaling Experiment (CORDEX) do-
main, at a spatial resolution of 15 km, and then further refined
(second nesting) over Italy and the northwestern Mediter-
ranean at a resolution of 5 km, i.e., in the so-called gray zone
(5–10 km), close to the convection-permitting (CP) limit. Be-
sides validating the experimental protocol, this work poten-
tially questions the need for climate simulations to always
resort to deep convection parameterizations when spatial re-
finement is increased up to the limit of the CP scale, yet
convective processes are still not explicitly resolved. Anal-
yses of air temperature and precipitation are presented, with
a focus on the spatial distribution of precipitation, its prob-
ability density function, and the statistics of extreme events
for both current climate and far-end scenarios. By the end
of the century for all the scenarios and seasons there is a

projected general warming along with an intensification of
the hydrological cycle over most of continental Europe and
mean precipitation reduction over the Mediterranean region
accompanied, over the Italian Peninsula, by a strong increase
in the intensity of extreme precipitation events, particularly
relevant for the SSP5-8.5 scenario during autumn.

1 Introduction

In recent years, the availability of increasingly powerful
computational resources has pushed regional modeling tech-
niques to finer and finer scales, with demonstrated added
value in comparison to the coarser resolution of global mod-
els, especially in complex-morphology regions (e.g., Torma
et al., 2015).

Climate studies have benefited from such technological
advances and regional climate projections have achieved the
spatial and temporal resolution needed to assess the local im-
pacts of climate change and climate-related risks and to sup-
port adaptation and mitigation policies (Giorgi et al., 2009;
Torma et al., 2015; Giorgi et al., 2022). This represents
a substantial breakthrough for the Mediterranean region, a
climate hotspot characterized by a strongly heterogeneous
morphology (a semi-closed basin with high and complex
mountainous surroundings), which inherently demands high-
resolution analyses. The region is, in fact, critically prone to
the impacts of local-scale and severe weather (Rotunno and
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Houze, 2007; Ducrocq et al., 2014), which can dramatically
affect the well-being and the economies of local communi-
ties (Rebora et al., 2013; Arrighi and Domeneghetti, 2024).

The agreed protocol for regional climate projection deliv-
ery relies on the availability of standardized global climate
projections from the international Coupled Model Intercom-
parison Project, now in its 6th phase (CMIP6, Eyring et al.,
2016).

CMIP6 state-of-the-art global projections typically have a
nominal horizontal grid resolution that ranges from roughly
38 to 200 km, corresponding to a 3 to 5 times larger effec-
tive resolution (Klaver et al., 2020). The necessity to bet-
ter represent local processes and teleconnections among dis-
tant regions (Mahajan et al., 2018), as well as directly pro-
viding boundary conditions to high-resolution regional cli-
mate models (RCMs) with no need for intermediate nest-
ing (RCMs, Dickinson et al., 1989), has recently prompted
very high-resolution (in the range from 120 to 20 km) coor-
dinated global experiments in the CMIP framework (High-
ResMIP, Haarsma et al., 2016). These efforts have proven
to be too demanding in terms of computational and storage
resources, so dynamical downscaling via RCMs still con-
stitutes the most viable solution to describe the complex
phenomena (Feser et al., 2011) and mesoscale interactions
that emerge over complex-morphology regions such as the
Mediterranean (Doblas-Reyes et al., 2021).

As a matter of fact, IPCC AR6 acknowledged that re-
gional climate projections now provide increasingly robust
and mature information to feed climate services and impact
studies at the necessary high resolution (Ranasinghe et al.
2023). RCMs are similar to global climate models (GCMs)
in terms of model architecture, but they are applied over lim-
ited areas and implemented as a boundary condition problem,
with boundary information usually provided by a driving
GCM. RCMs can both provide subcontinental climate infor-
mation and improve process understanding. In analogy to the
CMIP initiative, the COordinated Regional climate Down-
scaling Experiment (CORDEX) (Giorgi et al., 2009; Giorgi
and Gutowski, 2015) provides a multi-model ensemble of
present climate and future projections for different regions
of the planet. Typical resolutions for the CORDEX models
range from 50 to 10 km. The CORDEX experiments cover
14 different regions, including the European region (EURO-
CORDEX) and the Mediterranean region (MED-CORDEX,
Ruti et al., 2016).

While the resolution of RCMs indeed improves the dy-
namical representation of atmospheric processes, sub-grid
processes still need to be parameterized. In particular, con-
vection by cumulus clouds exhibits a continuous energy
spectrum across kilometer scales without apparent scale sep-
aration (Wyngaard, 2004; Moeng et al., 2010), prompting a
sustained effort to further increase resolution in both weather
and climate simulations up to an ideal limit that balances
model accuracy and computational requirements (Prein et
al., 2015). Convection plays a crucial role in vertically re-

distributing heat and moisture, thus modulating the vertical
structure of the atmosphere and its stability and interacting
with mesoscale dynamics. It triggers major impact drivers,
such as heavy precipitation, windstorms, and floods, whose
representation is essential for environmental risk assess-
ments. Nevertheless, its parameterization constitutes a major
source of uncertainty in model projections (Foley, 2010; Ban
et al., 2014), and bypassing it by explicitly representing all
the involved spatial scales, from kilometers to (ideally) tens
of meters, is indeed an attractive solution. The added value
of resolving the convection-permitting (CP) scale has been
demonstrated in terms of both local circulation and land–
atmosphere interaction description (Coppola et al., 2020;
Lucas-Picher et al., 2021; Ban et al., 2021; Soares et al.,
2024; Sangelantoni et al., 2024; Belušić Vozila et al., 2023),
as well as the capability of convection-permitting models
(CPMs) to improve the representation of precipitation ex-
tremes (Pichelli et al., 2021), allowing the investigation of
their sensitivity to global warming. In multi-model studies,
heavy precipitation events are in fact found to propagate far-
ther and faster at the end of the century in an RCP8.5 warm-
ing scenario, with an increase in precipitation volumes, hit
area, and severity (Muller et al., 2024; Caillaud et al., 2024).
In particular, Fosser et al., (2024) found that the CORDEX-
FPSCONV CPM ensemble (Coppola et al., 2020) reduces
model uncertainties by more than 50 % compared to lower-
resolution models due to the more realistic representation of
local dynamical processes.

On the other hand, regional climate simulations typically
span several decades and comparatively large domains and
can still prove very expensive in terms of computational re-
sources (Fuhrer et al., 2018), even limiting grid spacing at the
upper edge of the so-called gray zone. While cloud-scale and
updraft statistics only converge for scales of the order of tens
of meters (Jeevanjee 2017; Panosetti et al., 2018, 2019) and
storm morphology is still resolution-dependent below 1 km
(Hanley et al., 2015), it is generally assumed that deep con-
vection at least is permitted for horizontal grid spacing be-
tween 1 and 4 km (Weisman et al., 1997; Hohenegger et al.,
2008, Kendon et al., 2017; Prein et al., 2015). The gray zone
spans the 4–10 km range, where the performance of convec-
tion parameterization is critically scale-dependent, scheme
assumption violations can potentially be induced, and the op-
timal resolution at which it is preferable to turn it off needs
to be assessed (Vergara-Temprado et al., 2020).

As a matter of fact, high-resolution (6 km) and very high-
resolution (2 km) reanalyses over the European region have
shown that a grid spacing of 6 km is already sufficient to re-
produce precipitation accumulation comparable to point ob-
servations, at least for accumulation times larger than 1 h
(Wahl et al., 2017), although the higher-resolution dataset
improves point-to-point comparison due to the combined ef-
fects of data assimilation techniques, grid refinement, and ex-
plicit convection. It is, in fact, generally difficult to assess
the relative weight of simultaneously implemented improve-
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ments in cross-resolution comparisons (Vergara-Temprado et
al., 2020).

However, due to the computational effort required to pro-
duce climate simulations at convection-permitting scales,
compromises have so far been made on both the computa-
tional domain and the time length of the simulations (see,
for example, the protocol in Coppola et al., 2020). In order
to produce sufficiently robust statistics for use in national
risk assessment plans, both of these limitations must there-
fore be overcome. One possible compromise is to venture
into the so-called gray zone for the convective schemes. This
choice may enable coverage of domains of regional interest
and still allow for simulations, whether reference or projec-
tions, that are long enough to give some robustness to the
statistics of extreme events as well. In any case, one should
be cautious in order not to run into ambiguous results due
to the use of parameterizations that are not suitable for the
scale at which one is working (Prein et al., 2015). These cau-
tions should be extended not only to the parameterization of
convection but also to the related ones of microphysics and
the planetary boundary layer (Jeworreck et al., 2019). The
Weather Research and Forecasting model with the Advanced
Research core (AR-WRF, Skamarock and Kemp, 2008) pro-
vides a wide suite of parameterizations to choose from, in-
cluding the scale-aware ones that have proved effective in
managing the transition to more resolved scale in many tests
(Liu et al., 2011; Jeworreck et al., 2019; Park et al., 2024).

In this context we present results from an evaluation run
(ERA5 driven) and from a coherent set of high-resolution
multi-scenario climate simulations (present climate, SSP1-
2.6, SSP2-4.5, and SSP5-8.5, O’Neill et al., 2016) ob-
tained by applying a double-nesting technique to dynami-
cally downscale the global CMIP6 MPI-ESM1-2-HR projec-
tions. The Weather Research and Forecasting model (WRF)
is used, first over the EURO-CORDEX domain, at a horizon-
tal spatial resolution of 15 km and then over inner domain
at a finer grid covering the whole of Italy and extending to
the northwestern Mediterranean at a resolution of 5 km, i.e.,
within a grid step range in the gray zone for the cumulus rep-
resentation. Future scenarios continuously extend from the
present time to 2100.

The paper is organized as follows. Section 2 presents the
model characteristics and describes the protocol adopted, as
well as the independent datasets used for the evaluation. Sec-
tion 3 is dedicated to the evaluation analysis of the reanalysis-
driven simulations. Section 4 deals with the results of the
scenario simulations; all the codes used to generate the orig-
inal figures in Sects. 3 and 4 are available (Struglia, 2025).
Conclusions are summarized in Sect. 5.

2 Model and data description

We produce a coherent set of high-resolution multi-scenario
climate simulations based on the WRF-ARW version 4.2.2

(Skamarock and Kemp, 2008). The model configuration was
chosen partly in accordance with the guidelines provided by
the WRF modeling community for the coordinated runs in
the context of the EURO-CORDEX CMIP6 protocol. The
WRF community adopted these guidelines to perform evalu-
ation and scenario simulations driven by different global cli-
mate models and to facilitate the exchange and use of data,
also as boundary conditions for higher-resolution models.

We use a double-nested domain strategy to downscale the
coarse global CMIP6 data from a regional domain, covering
the whole of Europe, to a fine spatial scale domain centered
over Italy (as represented in Fig. 1 through orography).

The double-nesting approach consists of performing re-
gional downscaling of a global simulation through the use
of two domains with increasing spatial resolution: the parent
simulation, at an intermediate resolution between the global
model one and the finest one, provides initial and boundary
conditions to the finest-resolution experiment at the inner-
most level (i.e., child simulation). This approach is widely
used to gradually enhance the grid resolution over a region
of interest and it is demonstrated to be particularly useful
over regions with complex morphology and orography (Im
et al., 2006; Ji and Kang, 2013); it is an extension over multi-
ple levels of nesting of the widely used regionalization tech-
nique based on dynamical downscaling with a regional cli-
mate model (Giorgi et al., 2001; Giorgi, 2019). This approach
allows performing a progressive downscaling on a given re-
gion, from the original resolution of a global model (of the
order of 100 km) to the finer resolutions recommended for
regional applications and impact studies, while better deal-
ing with the local forcings and interactions (e.g., complex
topography, coastlines, and land use). The use of increasing
resolutions allows the system to develop its own dynamics
at the intermediate scales that will feed the high-resolution
model, as well as to avoid numerical instabilities and unreli-
able results.

In the current work the parent simulation (D01 in Fig. 1)
has a horizontal grid step of 15 km, while the innermost
nested domain D02 has a resolution of 5 km. Both domains
use a Lambert conformal projection. The resolution of the in-
ner domain falls in the so-called gray zone for the representa-
tion of deep convection: this choice enables us to cover rela-
tively wide-sized domains of regional interest and still allows
for transient simulations, whether historical or projections,
that are long enough to give some robustness to the climate-
scale statistics, especially of extreme events. In any case, one
should be cautious in order not to run into ambiguous results
due to the use of parameterizations that are not suitable for
the simulation resolution. In this context, the Weather Re-
search and Forecasting model with the Advanced Research
core (WRF-ARW, Skamarock and Kemp, 2008) provides a
wide suite of parameterizations, including scale-aware ones
that have proved effective in managing the transition to more
resolved scale (Liu et al., 2011; Jeworreck et al., 2019; Park
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Figure 1. Model domains used for the downscaling with the WRF regional model: European domain (D01 – 15 km), national domain (D02
– 5 km). Colors represent the orography of the region.

et al., 2024). Table 1 summarizes the configuration imple-
mented for the experiments described in this work.

For the representation of deep convection, we have im-
plemented the Grell–Freitas cumulus parameterization (Grell
and Freitas, 2014; Freitas et al., 2021) (see Table 1).

Although there is not a universal recipe for the sub-grid
physics configuration and the choice may strongly depend on
the specific case and region of interest (for a review see, for
example, the introduction of Jeworrek et al., 2019), there is
consensus in the adoption of a scale-aware parameterization
of convection such the Grell–Freitas one (Grell and Freitas,
2014; Freitas et al., 2021; Jeworrek et al., 2019; Park et al.,
2024) for experiments dedicated to investigating the benefits
of increasing the grid resolution.

To assess the performances of the model in both the re-
gional and fine-spatial-scale domains, a hindcast simulation
forced by ERA5 reanalysis (Hersbach et al., 2020) has been
produced for the period 1980–2023.

Historical and three future scenario simulations (SSP1-
2.6, SSP2-4.5, SSP5-8.5; Eyring et al., 2016; O’Neill et al.,
2016) have been produced by downscaling the CMIP6 MPI-
ESM1-2-HR (Gutjahr et al., 2019), which has a grid of T127
(0.93° or ∼ 103 km). Among all the available CMIP6 mod-
els, in addition to the relatively high spatial resolution, we
selected the MPI-ESM1.2-HR as it has a well-balanced radi-
ation budget and its climate sensitivity is explicitly tuned to
3 K (Müller et al., 2018), making this model well suited for
prediction and impact studies.

The present climate experiment (historical) covers a pe-
riod of 35 years, nominally from 1980 to 2014 (overlapping
a large part of the hindcast simulation), while future climate
simulations span the period 2015–2100.

Table 2 synthetically shows the newly produced simula-
tions, providing some details. For each simulation an iden-

tification of the experiment has been assigned, and domain,
resolution, and length are listed.

For the evaluation we use the following benchmarks: E-
OBS (Cornes et al., 2018), which is a daily gridded land-
only observational dataset over Europe at 11 km resolution,
and the hindcast driving ERA5 reanalysis data (25 km) and
two other reanalysis products, namely ERA5-land (11 km,
Muñoz-Sabater et al., 2021) and CERRA (5 km, Ridal et al.,
2024). The latter is comparable, in terms of its resolution and
use of convection parameterization, to our highest-resolution
simulation (D02).

3 Evaluation of RCM simulations

In the following subsections, we evaluate the hindcast sim-
ulations by analyzing both the climatology and interannual
variability of the near-surface temperature (T2m) and of the
total daily precipitation (P ) and comparing the results with
available observational datasets and/or independent reanaly-
sis datasets. These variables are chosen because they affect
a wide variety of processes with important implications for
natural ecosystems and human society.

Although the hindcast simulations are available for the pe-
riod 1980–2023, we perform the evaluation over the common
period among the different datasets used as benchmarks, i.e.,
1984–2014.

3.1 Climatology and interannual variability

In order to quantify the climatological biases of the 15km-
Hindcast experiment across its entire domain, we computed
the mean seasonal cycles over the PRUDENCE European ge-
ographical subregions (Christensen and Christensen 2007),
which are commonly used as standard regions for the evalu-
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Table 1. Main parameterizations adopted for the downscaling with WRF regional model.

Parameterization Type Short description Reference

Cumulous Grell–Freitas Convective cloud representation Freitas et al. (2021)

Microphysics Thompson Simulates the transport, physical change, and thermo-
dynamic effects of the total hydrometeor population in
clouds

Thompson et al. (2008)

PBL MYNN 2.5 Turbulence representation in the lower troposphere Nakanishi and Niino (2009)

Land surface Noah_MP Simulate the exchange of water and energy fluxes at the
Earth surface–atmosphere interface

Niu et al. (2011),
Yang et al. (2011)

Radiation RRTMG The Rapid Radiative Transfer Model for GCMs for in-
teraction with solar radiation at the SW and LW spectral
band

Iacono et al. (2008)

ation of the EURO-CORDEX climate simulations (e.g., Kot-
larski et al., 2014): British Islands (BI), Iberian Peninsula
(IP), France (FR), Middle Europe (ME), Scandinavia (SC),
Alps (AL), Mediterranean (MD), and Eastern Europe (EA).
The D01 domain covers all these regions, while only the Alps
domain entirely falls within the D02 area. Figures 2 and 3 re-
spectively show the seasonal cycles of temperature and pre-
cipitation on each PRUDENCE subdomain for the 15km-
Hindcast simulation. The seasonal cycle derived from the
ERA5 dataset (driver) is also shown for comparison. Results
indicate that the 15km-Hindcast simulation closely follows
the driver’s seasonal mean curve of T2m and P . In particu-
lar, the temperature bias of the downscaled model is within
0.5–1.5 °C over all the subdomains considered on an annual
basis, with more evident deviations in winter months. More-
over, the model performs fairly in the Mediterranean domain.
Precipitation seasonal cycles show a systematic wet bias with
respect to the driver across the whole year over some subre-
gions, like France and the Alps, while in the other subregions
(ME and EA) the bias peaks during the warm season. How-
ever, such biases are mostly within 1 mm d−1, only exceeded
in the JJA season in the Eastern Europe subdomain.

To investigate the effect of increasing the resolution, we
compute the mean seasonal bias, i.e., the differences of the
seasonal means of T2m and P against E-OBS, for the two
simulation domains.

All the fields have been re-gridded to the coarsest resolu-
tion of 15 km. Figure 4 shows in the first column the seasonal
means of T2m and P , derived from the reference observa-
tional dataset E-OBS. Data are shown only over land due to
the E-OBS availability and over the common area of the D02
domain. The second and third columns represent the model
bias of the seasonal average against the observations for the
15km-Hindcast and 5km-Hindcast simulations, respectively.

There is a prevailing cold bias in each season within 2 °C,
although greater values are reached in mountainous regions.
Conversely, a warm bias is evident over plain regions, espe-
cially in the Po Valley (southern flank of the Alps in northern

Italy). Increasing the resolution, we observe a slight reduc-
tion of the temperature bias.

The improvement is much more evident for the precipita-
tion field, especially in the summer season, when the effects
of convective precipitation are expected to be more relevant;
the positive bias of 15km-Hindcast with respect to observa-
tion is clearly reduced in 5km-Hindcast, showing the added
value of the double-nesting procedure with increased reso-
lution. A slight overestimation of P is still evident over the
orography across the Alpine region.

Figure 5 shows the precipitation seasonal cycle averaged
over the AL subregion for both the downscaling domains
against ERA5, E-OBS, and CERRA datasets. Sea points
falling in the domain have been masked out. The three
reference datasets are quite close to each other over the
whole annual cycle, falling within a range that does not ex-
ceed 1 mm d−1. The 15km-Hindcast experiment (red line/di-
amond symbols) has a wet bias with respect to all the ref-
erence datasets throughout the year of the order of 1 and
2 mm d−1 compared to ERA5 (arrow symbols) and E-OBS
(square symbols), respectively. The 5km-Hindcast curve (or-
ange line/dot symbols) reproduces a better seasonal variabil-
ity characterized by the two relative maxima during spring
and autumn, and it is closer to the observations, especially in
summer, clearly reducing the biases compared to its 15km-
Hindcast driver within May and October.

In Fig. 6 we analyze in detail how the two contributions
to the total daily precipitation are produced by the schemes
of cumulus and microphysics in the hindcast simulations. In
the 15km-Hindcast (red), the seasonal cycles of the precip-
itation parameterized by the convection scheme (solid line)
and the component coming from the microphysics scheme
(dashed) and explicitly resolved have maxima of the same or-
der of magnitude, although in different seasons, as expected.
By comparison with the 5km-Hindcast curves (orange) and
keeping in mind the results in Fig. 5, we can speculate that
an overestimation of the contribution coming from the cu-
mulus parameterization during summer is the cause of the
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Table 2. Overview of the newly produced CMIP6 simulations with the RCM, according to the adopted protocol.

ID Domain ID H res [km] Start End N years Forcing Simulation

15km-Hindcast D01 15 1980 2023 44 ERA5 hindcast
15km-Historical D01 15 1980 2014 35 MPI-ESM historical
15km-SSP126 D01 15 2015 2100 86 MPI-ESM SSP126
15km-SSP245 D01 15 2015 2100 86 MPI-ESM SSP245
15km-SSP585 D01 15 2015 2100 86 MPI-ESM SSP585
5km-Hindcast D02 5 1980 2023 44 ERA5 hindcast
5km-Historical D02 5 1980 2014 35 MPI-ESM historical
5km-SSP126 D02 5 2015 2100 86 MPI-ESM SSP126
5km-SSP245 D02 5 2015 2100 86 MPI-ESM SSP245
5km-SSP585 D02 5 2015 2100 86 MPI-ESM SSP585

Figure 2. Seasonal cycle of the T2m (°C) on the PRUDENCE subdomains: ERA5 reanalyses (blue dashed line) and 15km-Hindcast simula-
tion (red solid line).

Geosci. Model Dev., 18, 6095–6116, 2025 https://doi.org/10.5194/gmd-18-6095-2025
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Figure 3. Seasonal cycle of the total precipitation P (mm d−1) on the PRUDENCE subdomains: driving ERA5 reanalysis (blue dashed line)
and hindcast simulation (15km-Hindcast, red solid line).

wet bias in the 15km-Hindcast. On the other hand, the con-
tribution of the convective parameterized precipitation in the
5km-Hindcast (orange solid curve) is 1 order of magnitude
lower than the one at coarse resolution for every month of
the year, thus signifying that most of the precipitation, either
large-scale or convective, is explicitly resolved. This suggests
that the model in the gray zone due to the scale-aware behav-
ior implemented in the Grell–Freitas scheme (Freitas et al.,
2021) mimics a convection-permitting model, smoothing the
transition from sub-grid (cumulus) to resolved scale (micro-
physics) with increasing resolution (Jeworrek et al., 2019).

Figure 7 shows the interannual variability of the daily pre-
cipitation over the Alps domain. The other PRUDENCE do-
mains have also been analyzed for the 15km-Hindcast sim-
ulation but are not shown for brevity. It is worth noting that
the 15km-Hindcast simulation closely follows its driver in

terms of T2m with biases within 0.5 °C, more evident over
the IP (overestimation) and the SC, MD, and EA subregions
(underestimation). Also in terms of precipitation the 15km-
Hindcast closely follows ERA5, with only a slight overes-
timation tendency within 1 mm d−1 for most of the subre-
gions. The highest wet bias is reached in the Alps region
(Fig. 7); however, the bias does not exceed 1 mm d−1 along
the whole time series with respect to its driver and 2 mm d−1

with respect to the E-OBS dataset. The model bias is consid-
erably reduced in the 5km-Hindcast experiment and mainly
attributable to the bias reduction over the spring to fall period
discussed for the annual cycle (Fig. 5).
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Figure 4. Seasonal model bias (second and third columns) with respect to E-OBS (first column) of T and P for the D01 and D02 hindcast
experiments. The rows represent DJF, MAM, JJA, and SON seasons.
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Figure 5. Seasonal variability of P over the Alps domain (AL)
averaged over land only. Experiments 15km-Hindcast (red/di-
amonds) and 5km-Hindcast (orange/dots). Reference datasets:
ERA5 (blue/arrows), E-OBS (green/squares), and CERRA (black-
/crosses).

Figure 6. Partitioning of the total precipitation among parameter-
ized (par) and resolved (res) ones for the two hindcast experiments.

3.2 Statistics of extreme events

The Mediterranean is a region particularly prone to heavy
precipitation due to the complexity of its morphology, which
is reflected in the interactions between the local and large-
scale forcings which trigger them. For example, its orogra-
phy is a key factor for flow modifications that drive the inten-
sity, location, and duration of orographic rain (Rotunno and
Houze, 2007); the shape of the Alps favors lee cyclogene-
sis (Buzzi et al., 2020), which can trigger heavy precipitation
over subregions lying at their southern flank (Rotunno and
Ferretti, 2001). Moreover, the sea, as a source of moisture,
can modulate the intensity of the precipitation, reinforcing
the vapor load of low-level jets converging over orography
(Buzzi et al., 1998). A fair representation of heavy precipita-

Figure 7. Interannual variability of P over the Alps domain
(AL) averaged over land only. Experiments 15km-Hindcast (red/-
diamonds) and 5km-Hindcast (orange/dots). Reference datasets:
ERA5 (blue/arrows), E-OBS (green/squares), and CERRA (black-
/crosses).

tion is crucial to study their sensitivity to the global warming.
The following analysis evaluates the model ability to repro-
duce the most intense rainfall over Italy.

Figure 8 compares the probability density functions
(PDFs) of daily precipitation over Italy for different datasets:
ERA5, CERRA, E-OBS, and the two hindcast experiments.
The statistics have been computed over the common period
of 1984–2014. Data are reported on their original grid, and
each event is defined as the daily precipitation at each grid
point. The distributions are normalized with the dataset total
number of events. For a fair comparison, especially in terms
of extreme events, a model simulation should be compared
with a benchmark with the closest possible resolution. As
already discussed in previous sections, the 15km-Hindcast
simulation (red line) overestimates the observations (green
line) across the whole PDF and especially at its tail, produc-
ing quite large extremes for such a resolution (400 mm d−1),
closer to the CERRA dataset which has a much higher res-
olution. The comparison between the 5km-Hindcast and the
CERRA PDFs shows that, although the experiment still over-
estimates its reference, it slightly reduces their distance in
terms of extremes, catching the rarest ones at the tail of the
distribution, but overestimating their precipitation. Although
less clear in terms of extremes, these results are in line with
the indication of an added value of the increased resolution
for simulating precipitation.

Figure 9 shows more in detail the geographical distribution
of the average heavy precipitation represented through the
95th, 97th, and 99th percentile of the two 15km-Hindcast and
5km-Hindcast experiments and of reference datasets.

The most severe events are concentrated in the mountain
regions: in the Alpine sector reanalysis and experiments give
coherent results and overestimate the observations, although
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Figure 8. Probability density function of the daily precipitation over
Italy: ERA5 (arrows), CERRA (crosses), E-OBS (squares), and the
experiments 15km-Hindcast (diamonds) and 5km-Hindcast (dots)
over the period 1984–2014.

the two experiments show some differences. It is worth not-
ing that part of the model bias over orography compared to
E-OBS might not be accounted for as an error due to possible
underrepresentation of heavy precipitation within the obser-
vational dataset due to poor spatial coverage of rain gauges
feeding the data and to possible under-catchment issues (La
Barbera et al., 2002). In the Ligurian region and northern
Apennines, CERRA, E-OBS, and the two experiments have
comparable results with respect to spatial distribution and in-
tensity; in the central and meridional regions the overestima-
tion with respect to the reference datasets is more evident for
all the considered percentiles.

4 Results from the scenario simulations

The simulation protocol includes a historical simulation for
each domain. The two experiments 15km-Historical and
5km-Historical, which must be used as a term of reference
for future impact assessment, were run with the same con-
figuration as the hindcast one but were forced by the CMIP6
MPI-ESM1-2-HR model. The historical simulation aims to
reproduce the main statistics of the current climate. The cli-
mate change signal is computed as the average difference
between the 2071–2100 and 1985–2014 periods. Figures 10
and 11 show the spread of T2m and P derived from the

15km-Historical experiment over the PRUDENCE domains
compared to the driving GCM and to the ERA5 as a term of
reference for current climate.

The historical experiment does not show large differences
with respect to the results reported in Sect. 3 for the hind-
cast: the climatological mean of the surface temperature av-
eraged over the domains is generally close to the driver and
within its variability, although in some areas it is closer to
ERA5 than to the driver (IP, FR). The climatological val-
ues are also close to those derived from ERA5 and can be
considered fairly representative of current climate tempera-
tures. In terms of precipitation, the global driver is close to
the ERA5 dataset, with no definite bias tendency across the
domains. The bias is positive in some regions and negative
in others but always within 1 mm d−1. The downscaled pre-
cipitation field suffers from the same characteristics already
analyzed in the hindcast experiments. There is a wet bias in
all regions (except the SC domain) that is corrected, analo-
gously to what is shown for the hindcast simulation in Fig. 5,
with the double-step nesting at 5 km in the Alps domain (not
shown).

Figure 12 shows the 2 m temperature projected climate
change in the three scenarios over the D01 domain for the
four seasons. A general warming is shown, as expected, for
each scenario in the whole region. This is in accordance
with analogous regional experiments driven by the same
global driver but conducted within the Med-CORDEX pro-
tocol with the coupled model ENEA-Reg (Anav et al., 2024),
adopting the same version of the atmospheric model but with
different parameterizations. Scenario SSP1-2.6 does not dis-
play large changes among the seasons, while in SSP2-4.5 and
SSP5-8.5 the change signal evidences seasonal differences.
In particular, the largest changes are projected in DJF over
eastern Europe and JJA in the Mediterranean. Values at all
grid points are significant at the 10 % level. The significance
has been assessed by a Monte Carlo bootstrap procedure with
1000 repetitions.

Figure 13 shows the projections of precipitation change at
the end of the century. Black dots indicate 10 % level signif-
icance, assessed by a Monte Carlo bootstrap procedure with
1000 repetitions. Even in the mitigated scenario SSP1-2.6,
significant changes are present. For all the scenarios and sea-
sons there is a projected intensification of the hydrological
cycle over most of continental Europe and precipitation re-
duction over the Mediterranean region. In JJA the precipi-
tation reduction also extends to western Europe (Spain and
France). Similar results were found in Anav et al. (2024),
with local differences likely due to the different configura-
tion of the model (ocean coupling and parameterizations).

Figures 14 and 15 are analogous to Figs. 12 and 13 but
for the D02 domain. The warming over the national territory
in 5km-SSP1-2.6 (Fig. 14, left column) is mostly contained
within the range 0.5–1 °C across the different seasons. Dur-
ing fall the projected climate change reaches 1.5 °C over Italy
and the Tyrrhenian Sea. The 5km-SSP experiments tend to
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Figure 9. Annual P95 (top), P97 (middle), and P99 (bottom) of daily rainfall from ERA5-LAND, CERRA, and E-OBS and the simulations
15km-Hindcast and 5km-Hindcast.

Figure 10. Box plot of historical simulation of T2m: mean (yellow
points), median (orange lines within the box), and 1st–3rd interquar-
tile range (IQR, color box). The whiskers extend from the box to the
farthest data point lying within 1.5× the interquartile range (IQR)
from the box. 15km-Historical experiment (red), ERA5 (black), and
GCM (green).

maintain a mean projection of the future warming like that
of the coarser domain, although the effect of increased res-
olution reduces the warming in JJA and SON over most of
the peninsula and especially in DJF and MAM in the Po Val-
ley, as can be seen by comparing Figs. 12 and 14. Projected
warming is less intense compared to the results of the global
forcing (Fig. S1 in the Supplement), especially in JJA and

Figure 11. Same as Fig. 10 but for mean precipitation.

SON. Furthermore, the results at 5 km resolution clearly ev-
idence larger warming over mountainous areas in JJA and
SON for SSP2-4.5 and SSP5-8.5, which is not reproduced
by the global model.

Figure 15 shows the projected climate change in precipi-
tation for the three scenarios, across the seasons. In the 5km-
SSP1-2.6 experiment the mean change in the precipitation
field over Italy at the end of the century in DJF and MAM is
generally positive and exceeds 0.5 mm d−1 in mountain re-
gions, especially in the Alpine sector. This result is in accor-
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Figure 12. Projections of temperature change at the end of the century in the multi-scenario experiments – 15km-SSPs (°C).

dance with the results of 15km-SSP1-2.6 in terms of the sign
and strength of the signal but more statistically robust.

In the JJA season the 5km-SSP1-2.6 experiment projects a
significant reduction in the precipitation field over almost the
entire Italian territory. Instead, in the 15km-SSP1-2.6 there is
not a clear precipitation change and Italy stands in the tran-
sition between two distinct zones with opposite change, i.e.,
western and eastern Europe.

For the SON season no large differences are evident in the
projections between the two different resolutions.

The projected changes of the mean precipitation for the
scenarios SSP2-4.5 and SSP5-8.5 are similar across the sea-
sons. The climate becomes generally drier, especially in sum-
mer, while in the Alpine region the mean precipitation is ex-
pected to increase in winter and fall, thus projecting an in-
crease in the seasonality of the hydrological cycle in this area.
Interestingly, the precipitation climate change signal in the

downscaled projection is quite different from results by the
global driver (Fig. S2) and even of opposite sign over some
areas in the shoulder seasons (MAM and SON). In particular,
while in these seasons the global model projects an overall
drying signal for SSP2-4.5 and SSP5-8.5, the regional model
projects a significant increase in mean seasonal precipitation
over the Alps and the northeast in MAM and northern Italy
in SON. The change in signal at both levels of nesting (15
and 5 km, Figs. 13 and 15) in the fall season across the west-
ern Mediterranean coastal areas and over alpine topography,
probably due to the improved representation of local interac-
tions (sea–land, orographic forcings), is worth noting.

Climate change is expected to alter the frequency and in-
tensity of extreme precipitation events, which initiate nat-
ural hazards such as floods or may trigger landslides. Ex-
treme convective precipitation events are getting more in-
tense and more frequent due to global warming, hitting larger
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Figure 13. Projections of precipitation change at the end of the century in the multi-scenario experiments – 15km-SSPs (mm d−1).

areas and exacerbating their characteristics, especially over
the Mediterranean (Pichelli et al., 2021; Muller et al., 2024;
Pichelli and the CORDEX-FPSCON Team, 2023; Caillaud
et al., 2024). Figure 16 shows the change of the precipitation
PDFs at the end of century for the three scenarios. The PDFs
computed at the end of the century (2071–2100) are shown
in bright colors, while the PDFs computed over the reference
period (1984–2014) are shown with the same fading color.
In the sustainable scenario (SSP1-2.6) we do not detect sig-
nificant variations among present and far future projections
globally over Italy. However, the SSP2-4.5 and the SSP5-8.5
scenarios project an increase in both the frequency and in-
tensity of extreme events, which are similar between the two
resolution runs within the range of 150–300 mm d−1 thresh-
olds, while it is exacerbated, especially in terms of frequency,
at 5 km with respect to its 15 km driver at the very end of the
tail of the distribution. More detailed information about the

changes of extreme events in the far future can be derived
from Figs. 17 and 18.

Figures 17 and 18 show the change at the end of the cen-
tury of the 99th percentile (P99) of daily precipitation over
the Italian territory for the different seasons and for the two
experiments, respectively. By using a jackknife method to
calculate the P99 values, we reduce the bias of the estimated
P99 values (Ferreira, 2024). At the same time, the jackknife
methodology provides an estimate of the mean squared error
of the P99 values for the scenario and for the reference pe-
riod, which allows us to perform a Student’s t test at the 5 %
confidence level showing that the modeled changes in the
intensity of extreme events are statistically significant. The
jackknife method is applied by dropping half of the origi-
nal samples before calculating the P99 values and the corre-
sponding difference between the scenario and the reference
period. Except for a few grid points corresponding to areas
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Figure 14. Projections of temperature change at the end of the century in the multi-scenario experiments – 5km-SSPs (°C).

where the difference in P99 is very small, most of the differ-
ences shown in Figs. 17 and 18 are statistically significant.

There is general agreement in the results of the two ex-
periments, with limited local differences and with an overall
reduction in the amplitude of the climate change signal in the
higher-resolution experiment.

It is worth noting that it is quite difficult to identify a
general consistent trend across the climate scenarios from
SSP126 to SSP585, with the exception of the SON season.
As an example, the intensity of extreme precipitation along
the Tyrrhenian coast of southern Italy increases during DJF
in SSP126, while the scenario SSP245 shows a decrease in
intensity. On the contrary, SSP585 is similar to SSP126 in
this area. During DJF and MAM, the scenarios from SSP126
to SSP585 show a gradual reduction in the intensity of the
extremes over the northern part of the Apennines, along the
northern coast of the Adriatic Sea.

However, a well-defined seasonal pattern of changes in ex-
treme precipitation can be observed. During DJF, there is an
increase in intensity in the western Alpine region and a slight
decrease in intensity in the eastern Alps, while the intensity
of extreme precipitation decreases in the south, with a par-
ticularly marked decrease over the most prominent reliefs in
Sicily; a similar pattern occurs during MAM, except for an
increase in the intensity of extremes over the entire Alpine
region. During JJA, there is a decrease in the intensity of ex-
tremes, with a more pronounced signal in the 5 km experi-
ment and over the western coast of the peninsula, along the
Tyrrhenian Sea. During SON an increase in the intensity of
extreme precipitation is particularly relevant for SSP5-8.5 for
most of the area analyzed and for both the D01 and D02 ex-
periments, where an evident increase in the intensity of the
P99 events is detectable in correspondence to the increase in
scenario severity.
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Figure 15. Projections of precipitation change at the end of the century in the multi-scenario experiments – 5km-SSPs (mm d−1).

Figure 16. Intercomparison of the precipitation distributions at the end of the century (2071–2100) with the historical reference distributions
(1985–2014) for the three scenarios: SSP1-2.6, SSP2-4.5, and SSP5-8.5 from left to right.

https://doi.org/10.5194/gmd-18-6095-2025 Geosci. Model Dev., 18, 6095–6116, 2025



6110 M. V. Struglia et al.: Impact of WRF-ARW resolution on precipitation projections in Italy

Figure 17. Difference between the values of the 99th percentile (P99) of daily rainfall during the period 2071–2100 and the corresponding
values computed for the period 1985–2014. The differences are computed for the three scenarios for the model configuration D01. Dotted
areas correspond to the grid points where the difference is not statistically significant according to a Student’s t test at the 5 % confidence
level applied to a synthetic population of P99 values generated with the jackknife method described in Sect. 4.

In contrast to the complex spatial patterns observed in
experiments D01 and D02, the global climate model MPI-
ESM1-2-HR exhibits a more spatially uniform increase in
the 99th percentile of daily rainfall (Fig. 19), with no appar-
ent relationship to local orography and considerably larger
overall changes. The comparison between Figs. 17–18 and
S3 highlights a substantial improvement in the representa-
tion of local extreme events achieved through high-resolution

downscaling. Notably, as also seen for changes in mean sea-
sonal rainfall (Fig. 15), the accurate depiction of projected
changes in local extremes is strongly influenced by the rep-
resentation of interactions with local orography, which plays
a key role in constraining the spatial distribution of intense
precipitation events.
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Figure 18. Same as Fig. 17 but for the model configuration D02.

5 Conclusions

A dynamical downscaling strategy, from global model scale
to a regional scale within the gray zone (4–10 km) for the
representation of convection, has been applied and validated
to produce multi-scenario regional climate simulations with
the atmospheric model WRF for the Mediterranean region;
the finest level of nesting (5 km) is focused over the Italian
Peninsula and the western Mediterranean basin, while its in-
termediate parent domain has a resolution of 15 km over Eu-
rope.

The evaluation of the protocol simulation has been carried
out through an ERA5-driven experiment. The realization of
hindcast runs is of primary importance as it allows testing the
ability of the numerical tool to reproduce the current climate
and to validate the system against the reanalysis and obser-
vational datasets.

In this work, we explore a grid step (5 km) at the lower
edge of the gray zone range, usually avoided because at
these scales the convection parameterizations should still be
turned on due to the convection still being insufficiently re-
solved with the risk of some parameterization assumptions
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being potentially violated. We proved that the model in the
finer gray zone due to the scale awareness implemented
in the Grell–Freitas cumulus scheme mimics a convection-
permitting model behavior, smoothing the transition toward
the kilometer scale.

Doing so, we are able to cover wide enough domains but
save both computational time and storage and to perform sce-
nario simulations long enough to speculate on the impacts of
extreme events under climate change conditions.

Especially in terms of the representation of mean precipi-
tation, the 5 km simulations are proven to correct a wet bias
present in the intermediate 15 km simulations over most of
the Italian Peninsula, revealing the added value of the double-
nesting procedure. This feature is also confirmed by analyz-
ing the statistics of extreme rainfall events against reference
datasets.

The production of a coherent set of high-resolution multi-
scenario (SSP1-2.6, SSP2-4.5, and SSP5-8.5) climate simu-
lations of the last generation of global models (CMIP6) for
Italy is by itself a novelty. Although several products are al-
ready available at comparable or higher resolutions, they are
in some cases limited to the current climate as they are re-
analysis or hindcast products (Giordani et al., 2023; Viterbo
et al., 2024), while scenario projections are still referenced to
CMIP5 drivers and are available either at mid-century or for
short time slices (Pichelli et al., 2021; Raffa et al., 2023).

For all the scenarios and seasons there is a projected gen-
eral warming along with an intensification of the hydrologi-
cal cycle over most of continental Europe and mean precipi-
tation reduction over the Mediterranean region accompanied,
over the Italian Peninsula, by a strong increase in the inten-
sity of extreme precipitation events, particularly relevant for
the SSP5-8.5 scenario during autumn.

Finally, let us remark that both the intermediate and high-
resolution simulations are potentially usable as boundary
conditions for further convection-permitting scale (finer than
4 km) downscaling. This will be the subject of future work,
along with the investigation of any possible improvements
deriving from increasing the resolution, especially in relation
to known issues about the convection representation (early
onset, drizzle problem, underrepresentation of extreme inten-
sity precipitation).

Very high-resolution simulations may be planned over
limited areas following the needs of impact researchers. Fur-
ther room for improvement is expected by moving to an ex-
plicit simulation of convection, and the comparison with the
results obtained in the gray zone will be of particular interest
from the perspective of using climate data to produce rele-
vant information in terms of climate indicators for climate
services.

Code and data availability. The current version of WRF is avail-
able from the project website at https://github.com/wrf-model/
WRF/tree/v4.2.2 (last access: 21 January 2025) (WRF-ARW DOI

https://doi.org/10.5065/D6MK6B4K, WRF, 2025) under the fol-
lowing license.

WRF was developed at the National Center for Atmospheric Re-
search (NCAR), which is operated by the University Corporation
for Atmospheric Research (UCAR). NCAR and UCAR make no
proprietary claims, either statutory or otherwise, to this version and
release of WRF and consider WRF to be in the public domain for
use by any person or entity for any purpose without any fee or
charge. UCAR requests that any WRF user include this notice on
any partial or full copies of WRF. WRF is provided on an “as is”
basis and any warranties, either express or implied, including but
not limited to implied warranties of non-infringement, originality,
merchantability and fitness for a particular purpose, are disclaimed.
In no event shall UCAR be liable for any damages, whatsoever,
whether direct, indirect, consequential or special, that arise out of
or in connection with the access, use or performance of WRF, in-
cluding infringement actions.

The ERA5 dataset (Hersbach et al., 2020) is freely accessi-
ble after registration from the Copernicus Climate Data Store at
https://cds.climate.copernicus.eu/datasets (last access: 15 Novem-
ber 2024). The MPI-ESM data are freely available on the Earth
System Grid Federation (ESGF). Because of the large volume
(> 300 TB), the WRF output data and the scripts used for the vi-
sualization in this paper can only be made available upon request.

Codes used to generate the original figures
appearing in this study are available through
DOI https://doi.org/10.5281/zenodo.15738230 (Struglia, 2025).
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line at https://doi.org/10.5194/gmd-18-6095-2025-supplement.
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Belušić, D., Caillaud, C., Careto, J. A. M., Coppola, E., De-
mory, M. E., de Vries, H., Dobler, A., Feldmann, H., Goergen,
K., Lenderink, G., Pichelli, E., Schär, C., Soares, P. M. M., So-
mot, S., and Tölle, M. H.: Convection-permitting climate models
offer more certain extreme rainfall projections, Npj Clim. Atmos.
Sci., 7, 51, https://doi.org/10.1038/s41612-024-00600-w, 2024.

Freitas, S. R., Grell, G. A., and Li, H.: The Grell–Freitas
(GF) convection parameterization: recent developments, exten-
sions, and applications, Geosci. Model Dev., 14, 5393–5411,
https://doi.org/10.5194/gmd-14-5393-2021, 2021.

Fuhrer, O., Chadha, T., Hoefler, T., Kwasniewski, G., Lapil-
lonne, X., Leutwyler, D., Lüthi, D., Osuna, C., Schär, C.,
Schulthess, T. C., and Vogt, H.: Near-global climate simulation
at 1 km resolution: establishing a performance baseline on 4888
GPUs with COSMO 5.0, Geosci. Model Dev., 11, 1665–1681,
https://doi.org/10.5194/gmd-11-1665-2018, 2018.

Giordani, A., Cerenzia, I. M. L., Paccagnella, T., and Di Sabatino,
S.: SPHERA, a new convection-permitting regional reanalysis
over Italy: Improving the description of heavy rainfall, Q. J.
RMS, 149, 781–808, https://doi.org/10.1002/qj.4428, 2023.

Giorgi, F.: Thirty years of regional climate modeling: Where are we
and where are we going next?, J. Geophys. Res.-Atmos., 124,
5696–5723, https://doi.org/10.1029/2018JD030094, 2019.

Giorgi, F. and Gutowski, W. J.: Regional Dynamical Downscal-
ing and the CORDEX Initiative, Annu. Rev. Environ. Res.,
40, 467–490, https://doi.org/10.1146/annurev-environ-102014-
021217, 2015.

Giorgi, F., Hewitson, B., Arritt, R., Gutowski, W., Gutowski, W.,
Knutson, T., and Landsea, C.: Regional climate information –
evaluation and projections, chap. 10 of: Climate Change 2001:
The Scientific Basis. Contribution of Working Group I to the
Third Assessment Report of the Intergovernmental Panel on Cli-
mate Change, edited by: Houghton, J. T., Ding, Y., Griggs, D. J.,
Noguer, M., vad der Linden, P. J., Dai,X., Maskell, K., Johnson,
C. A., Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA, 583–638, https://dr.lib.iastate.edu/
handle/20.500.12876/38038 (last access: 15 November 2024),
2001.

Giorgi, F., Jones, C., and Asrar, G. R.: Addressing climate informa-
tion needs at the regional level: the CORDEX framework, WMO
Bull., 58, 175–183, 2009.

Giorgi, F., Coppola, E., Jacob, D., Teichmann, C., Abba Omar, S.,
Ashfaq, M., Ban, N., Bülow, K., Bukovsky, M., Buntemeyer, L.,
Cavazos, T., Ciarlo‘, J., da Rocha, R. P., Das, S., di Sante, F.,
Evans, J. P., Gao, X., Giuliani, G., Glazer, R. H., Hoffmann, P.,
Im, E., Langendijk, G., Lierhammer, L., Llopart, M., Mueller,
S., Luna-Nino, R., Nogherotto, R., Pichelli, E., Raffaele, F., Re-
boita, M., Rechid, D., Remedio, A., Remke, T., Sawadogo, W.,
Sieck, K., Torres-Alavez, J. A., and Weber, T.: The CORDEX-
CORE EXP-I Initiative: Description and Highlight Results from
the Initial Analysis, B. Am. Meteorol. Soc., 103, E293–E310,
https://doi.org/10.1175/BAMS-D-21-0119.1, 2022.

Grell, G. A. and Freitas, S. R.: A scale and aerosol aware
stochastic convective parameterization for weather and air
quality modeling, Atmos. Chem. Phys., 14, 5233–5250,
https://doi.org/10.5194/acp-14-5233-2014, 2014.

Gutjahr, O., Putrasahan, D., Lohmann, K., Jungclaus, J. H.,
von Storch, J.-S., Brüggemann, N., Haak, H., and Stös-
sel, A.: Max Planck Institute Earth System Model (MPI-
ESM1.2) for the High-Resolution Model Intercomparison
Project (HighResMIP), Geosci. Model Dev., 12, 3241–3281,
https://doi.org/10.5194/gmd-12-3241-2019, 2019.

Haarsma, R. J., Roberts, M. J., Vidale, P. L., Senior, C. A., Bellucci,
A., Bao, Q., Chang, P., Corti, S., Fučkar, N. S., Guemas, V., von
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