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Abstract: Recent studies over different geographical regions of the world have proven that regional
climate models at the convection-permitting scale (CPMs) improve the simulation of precipitation in
many aspects, such as the diurnal cycle, precipitation frequency, intensity, and extremes at daily—but
even more at hourly—time scales. Here, we present an evaluation of climate simulations with the
newly developed RegCM4-NH model run at the convection-permitting scale (CP-RegCM4-NH)
for a decade-long period, over three domains covering a large European area. The simulations
use a horizontal grid spacing of ~3 km and are driven by the ERA-Interim reanalysis through an
intermediate driving RegCM4-NH simulation at ~12 km grid spacing with parameterized deep
convection. The km-scale simulations are evaluated against a suite of hourly observation datasets
with high spatial resolutions and are compared to the coarse-resolution driving simulation in order
to assess improvements in precipitation from the seasonal to hourly scale. The results show that
CP-RegCM4-NH produces a more realistic representation of precipitation than the coarse-resolution
simulation over all domains. The most significant improvements were found for intensity, heavy pre-
cipitation, and precipitation frequency, both on daily and hourly time scales in all seasons. In general,
CP-RegCM4-NH tends to correctly produce more intense precipitation and to reduce the frequency
of events compared to the coarse-resolution one. On the daily scale, improvements in CP simulations
are highly region dependent, with the best results over Italy, France, and Germany, and the largest
biases over Switzerland, the Carpathians, and Greece, especially during the summer seasons. At the
hourly scale, the improvement in CP simulations for precipitation intensity and spatial distribution
is clearer than at the daily timescale. In addition, the representation of extreme events is clearly
improved by CP-RegCM4-NH, particularly at the hourly time scale, although an overestimation over
some subregions can be found. Although biases between the model simulations at the km-scale and
observations still exist, this first application of CP-RegCM4-NH at high spatial resolution indicates a
clear benefit of convection-permitting simulations and encourages further assessments of the added
value of km-scale model configurations for regional climate change projections.

Keywords: regional climate models; RegCM4; km-scale resolution; Mediterranean; Europe; convec-
tion permitting; extreme precipitation

1. Introduction

Over the past decade, computational advances and updates of Regional Climate
Model (RCM) systems to non-hydrostatic frameworks has allowed the application of RCMs
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to continuous long-term simulations at very high resolutions, the so-called “convection-
permitting” (CP) scale, i.e., with kilometer-scale grid spacing (order of 1–4 km) [1–8].
These models, which we refer to as Convection-Permitting Regional Climate Models (CP-
RCMs), allow the explicit representation of deep convective processes without the use of
parameterization schemes [1,3,9]. Indeed, the parametrization of convection in standard
RCMs is considered to be a major source of model errors and uncertainty [10,11]. In
particular, most models relying on convection schemes show deficiencies in simulating the
diurnal cycle of precipitation, tend to underestimate the intensity and overestimate the
frequency of sub-daily precipitation, fail to simulate mesoscale convective systems, and
lack the ability to advect diagnosed convection or trigger new showers along convective
outflow boundaries [12–15].

CP-RCMs can provide a step change in our understanding of future changes at local
scales and in the simulation of extreme weather events [16–20], although there are still key
challenges to address. For example, CP-RCMs tend to produce overly intense precipitation
and have issues in representing land-surface processes; in addition, sub-kilometer-scale pro-
cesses other than convection still need to be parametrized, with existing parameterization
schemes often requiring development for use at such scales. Within this framework, the
use of CP-RCMs requires substantial assessment and evaluation for climate applications.

While the use of CP-RCMs has been consolidated in short-range regional weather
forecasting for almost two decades [21–31], the application within the context of long-term
climate simulations is relatively new. Until recently, due to the high computational cost
of running CP-RCMs, long-term simulations at convection-permitting resolutions have
been limited to typically small regional domains, e.g., UK [3,4,32,33], Germany and Central
Europe [34,35], France [8,36], Iberian Peninsula [37], the Alps [2,38–41], Scandinavia [42],
and Belgium [43]. Few studies have been carried out over whole continental domains,
e.g., the continental U.S. [6], Europe [5,7,44], and Africa [45,46]. These studies have shown
that CP-RCMs do provide an important added value (AV) in the simulation of regional
and local climate processes, for example, improving the representation of hourly rainfall
characteristics [2,3,40], such as intensity, frequency, and extremes along with the diurnal
cycle of convection [32,42].

Studies focusing on future changes in precipitation show that future increases in short-
duration precipitation extremes are larger in CP-RCMs compared to coarser-resolution
counterparts [6,47], with evidence in some regions of super Clausius–Clapeyron scaling for
extreme hourly precipitation intensities [44,48,49]

Recently, CP-RCMs inter-comparison projects such as the CORDEX Flagship Pilot
Study on convection (CORDEX-FPS) [41,50,51]), the European Climate Prediction System
(EUCP) [52], and the first ensemble of CP-RCM projections for the UK Climate Projections
project (UKCP [53]) have enabled the first multi-model and multi-scale assessments of
precipitation extremes, going from coarser convection-parameterized models down to
CP-RCMs. These studies showed that CP-RCMs may lead to a significant reduction of
model uncertainties, particularly concerning the projection of extreme rainfall events and
the structure and evolution of mesoscale convective systems [53–57]. This is of high
importance, e.g., for the assessment of changes in severe natural hazards, such as flash
floods affecting urban areas and small river catchments [47,58].

The need to produce climate information at local scales will bring about increasing
demand for climate models able to work at the CP scale, which will require much effort in
assessing model performance. In fact, the use of CP-RCMs for climate applications is not
a simple resolution refinement of hydrostatic models; it is a truly qualitative step requir-
ing substantial model developments, not only in the implementation of non-hydrostatic
dynamical cores, but also in the representation of physical processes such as cloud and
precipitation microphysics.

Within this general research framework, recently, a non-hydrostatic version of the
regional climate model RegCM4 [59] was developed, called RegCM4-NH [60]. The model
was used to produce decade-long simulations at convection-permitting scales over three
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European subdomains in the framework of two international CP-RCM inter-comparison
projects: the CORDEX-FPS on convection simulation [51] and the European Climate Predic-
tion System (EUCP) [52]. The three domains simulated with CP-RegCM4-NH included the
so-called greater Alpine region (AL), South-East Europe (SE), and Central East Europe (CE)
(Figure 1).
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The aim of this work is to present an initial validation of these CP simulations, focusing
on different precipitation statistics produced with the model driven by the ERA-Interim
reanalysis of observations through an intermediate run (RegCM4-NH) at a coarser res-
olution (12 km). We compare the CP-RegCM4-NH (3 km) simulations against available
high-resolution observations (Table 1) and the RegCM4-NH (12 km) driving run. We anal-
yse both daily and sub-daily precipitation statistics, focusing on the benefits and limitations
of running RegCM4-NH at the kilometer scale over climate timescales. The main aim of
our analysis is to identify the added value of running CP-RegCM4-Nh compared to the
coarser-resolution driving counterpart.

The structure of this manuscript is as follows: Section 2 presents the data and methodol-
ogy of this study, Section 3 discusses results on the evaluation of precipitation characteristics,
and Section 4 presents final considerations.

2. Data and Methods
2.1. Methods

We focus our analysis on a number of statistical indices detailed in Table 2: Seasonal
mean daily precipitation, seasonal wet-day/hour intensity, seasonal wet-day/hour fre-
quency, seasonal heavy precipitation (defined as the 99th and 99.9th percentile of all daily
and hourly precipitation events, respectively). We further evaluate the model performance
using the probability distribution of precipitation intensities, the relative bias, the spatial
variability, and correlation.

The indices are calculated as seasonal values for summer, June–July–August; winter,
December–January–February; spring, March–April–May; and autumn, September–October–
November. For all indices, models and observational data are kept on their original grid
to retain as detailed a representation as possible. However, as the calculation of metrics
such as the relative bias, spatial correlation, and spatial variability requires a grid-by-grid
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comparison between model and observations, for these cases, the observational and model
data were remapped onto a common 3 km grid for the evaluation of the CP-RegCM4-NH
runs, and to the ~12 km EURO-CORDEX grid for the RegCM4-NH simulations.

2.2. Model Simulations

Here, we investigate the CP-RegCM4-NH [60] simulations at 3 km grid spacing over
the three subdomains shown in Figure 1: the Alps (AL), South-East Europe (SE), and
Central Europe (CE). Fields from the ERA-Interim reanalysis [61] are used to provide
initial and lateral boundary atmospheric conditions for the intermediate resolution run of
RegCM4-NH at 12 km grid spacing over a domain covering the entire European region;
this, in turn, provides initial and lateral boundary conditions for the convection-permitting
experiments with CP-RegCM4-NH at 3 km (updated every 6 h). No domain-side nudging
to the ERA-Interim driven data or other data sources has been used. The new RegCM-NH
core [60] allows for acoustic wave damping and Rayleigh damping at the top model levels,
which can be used to make the model solution more stable by controlling mechanical wave
amplification (see Refs. [60,62] for details).

The RegCM4-NH run uses a parameterization of deep convection [59], while in the CP-
RegCM4-NH, convection is explicitly resolved and only a trigger for shallow convection
remains. All simulations share the non-hydrostatic dynamical core [60]. RegCM4-NH
uses the following physics schemes: UW-PBL scheme [63], Tiedtke Cumulus convection
scheme [64–66], Subex moisture scheme [67], CCSM radiation scheme [68], CLM4.5 Land
surface [69], and Zeng Ocean Flux scheme [70]. CP-RegCM4-NH uses the same schemes
except for Holstag PBL scheme [71]); the deep cumulus convection is switched off, but
a simplified Tiedtke Cumulus scheme is used for triggering non-precipitating shallow
convection, with a WSM5 scheme for microphysics [72].

Both for RegCM4-NH and CP-RegCM4-NH, this choice of schemes was found to
be the best performing in a series of preliminary tests. The simulation (and evaluation)
period is 10 years long (2000–2009) for all domains, following the EUCP and CORDEX-FPS
protocols [51]. While longer simulation periods might have provided more robust results,
limitations in computing resources led to this choice in the aforementioned projects.

2.3. Observations

A key issue concerning the evaluation of CP-RCMs in many world regions is the availabil-
ity of high-resolution and high-quality observation datasets. Precipitation measurements es-
sentially come from three distinct sources: In situ rain gauges, ground radars, and satellites. In
the present study, we use nine observation datasets described in Table 1. Five of these datasets
(EURO4M (alpine region), RdisaggH (Switzerland), COMEPHORE (France), GRIPHO (Italy),
and RADKLIM (Germany)) are station based, and provide daily/hourly records represent-
ing the highest spatial and temporal resolution data available for the respective subregions
(Figure 2). The other four datasets are HMR, PERSIANN-CCS, CHIRPS, and CMORPH,
where HMR is a reanalysis dataset, CMORPH and PERSIAN-CCS are based on satellite
measurements, and CHIRPS blends satellite imagery with in situ station data (Table 1).
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Table 1. The main characteristics of the observational datasets used in the study.

Dataset Name Available
Period Spatial Res. Temporal Res. Data Source Region Reference

EURO4M-APGD 1971–2008 5 km Daily Station Alpine region [73]
RdisaggH 2003–2010 1 km Hourly Station + Radar Switzerland [74]

COMEPHORE 1997–2016 1 km Hourly Station + Radar France [8,75]
GRIPHO 2001–2016 3 km Hourly Station Italy [76]

RADKLIM 2001–2018 1 km Hourly Radar + station Germany [77]
HMR 1979–2013 5.5 km Daily Reanalysis Europe [78]

PERSIANN-CCS 2003–present 4 km Hourly/daily Satellite Global [79]
CHIRPS 1981–present 5.5 km Daily Station + Satellite Global [80]

CMORPH 2002–present 8 km 30 min Satellite Global [81]

Table 2. Statistical indices analysed in this study (a wet day (hour) is a day (hour) with precipitation
≥ 1 mm (≥ 0.1 mm)).

Index Definition Unit

Mean Mean daily precipitation mm/day

Frequency Wet day/hour frequency (defined as fraction of
number of wet days/hours per season) (raction)

Intensity Wet day/hour intensity mm/d-mm/h

Heavy Precipitation (p99, p99.9) 99th (99.9th) percentile of all daily/hourly
precipitation events (wet and dry) mm/d-mm/h

Probability density Func. (PDF) Normalized frequency of occurrence of precipitation
events within a certain bin

Relative Bias
The relative difference

(
model−observation

observation

)
of

spatially averaged values for a selected
region/domain

Spatial variability
Ratio

(
model

observation

)
of spatial standard deviations of

seasonal values across all grid points of a
selected region

Spatial correlation
The spatial correlation of seasonal values

between model and observations across all grid
points of a selected region

When dealing with observations, one should consider shortcomings associated with
the types of sensor considered. For example, uncertainties for in situ data are mostly related
to low station density (especially over mountainous regions), choice of gridding technique
(which can induce underestimation of high intensities trough interpolation), and underesti-
mation of precipitation (due to the problem of gauge undercatch in windy conditions) [82].
Concerning radar measurements, there are mask effect problems in high-altitude terrain
areas, while in the case of satellite data, the measurements can be affected by large uncer-
tainties introduced by the physical limitations of the different measurement techniques and
the algorithms used to retrieve precipitation from interferometry data [83–86].

For these reasons, different datasets can have significantly different climatologies,
especially in areas with low data availability. For example, Ref. [82] analysed seven
regional high-resolution datasets, two gauge-based European-wide datasets, and seven
global low-resolution ones, showing a substantial spread between different products, often
comparable with the spread of model ensembles.

Figures 3–5 show a comparison among the datasets described in Table 1 for some of
the indexes described in Table 2: seasonal mean daily precipitation (Figure 3), seasonal
daily intensity (Figure 4), and seasonal heavy precipitation, expressed as the 99th percentile
of daily precipitation (p99 in Figure 5). The data are presented only for the autumn
SON (September–October–November) and summer JJA (June–July–August) seasons, since
convective and heavy precipitation events (HPEs) dominate during these seasons over the
regions of interest.
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The analysis indicates that HMR and the in situ station-based datasets show very
similar patterns for mean (Figure 3), intensity (Figure 4), and heavy precipitation (Figure 5),
capturing similar spatial details and intensity of extremes. The CMORPH dataset shows
particularly low daily mean precipitation in the colder months (Figure 3), while PERSIANN-
CCS shows lower precipitation in JJA (Figure 3) and an extremely reduced spatial variability
across the domain compared to the other datasets (Figures 4 and 5). The CHIRPS dataset
shows patterns for seasonal mean precipitation generally in line with the HMR and in situ
ones, along with extremely high precipitation intensities compared to all other datasets
(Figure 4).
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The comparison among the datasets described in Table 1 confirms that the uncertainty
associated with precipitation observations can be large, especially when dealing with
precipitation extremes. The satellite-based products (CMORPH, PERSIANN-CCS, and
CHIRPS) show large differences compared to high-resolution products, suggesting that
they are not sufficiently accurate to validate the model over these regions.

However, it is generally agreed [82,87–89] that in regions where in situ data are
available, station-based datasets provide more reliable data. For this reason, where possible,
we use only in situ data available for comparison with the model. Specifically, we use
the EURO4M (alpine region), RdisaggH (Switzerland), COMEPHORE (France), GRIPHO
(Italy), and RADKLIM (Germany) datasets to validate the model over the Alpine domain
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and an ensemble mean of CMORPH, PERSIANN-CCS, CHIRPS, and HMR for the central
and southeastern Mediterranean regions (Figure 2), where, unfortunately, there is lack of in
situ high-resolution station observation data. In this regard, the use of ensemble means of
observations should reduce related uncertainties [82].

One problem to consider in mountainous areas is the underestimation of precipitation
due to the rain gauge undercatch, which is difficult to quantify; it can severely impact
the estimate of precipitation, especially for solid precipitation on windy days. According
to some studies, this underestimation of total precipitation can be as high as 30–40% for
some winter stations [73,90,91], with peaks of 80% in some cases [92]. To account at least
partially for these uncertainties, we consider precipitation biases between −5 and +25 to be
an acceptable range in some of our analyses.

Finally, for consistency, in our model assessment, we only use periods in which model
simulations and corresponding observations overlap, i.e., 2000–2008 for the APGD data;
2003–2010 for the RdissagH; 2000–2009 for GRIPHO; 2000–2009 for COMEPHORE; 2001–
2009 for RADKLIM; 2003–2009 for PERSIANN-CCS; and 2000–2009 for HMR, CHIRPS,
and CMORPH. Each dataset has been considered over the entire simulation period (2000–
2009) if available, or the maximum possible overlapping subperiod. This maximizes the
consistency between observed and simulated data.

3. Validation and Evaluation of Convection-Permitting Simulations

The CP-RegCM4-NH evaluation is mainly focused on the autumn (SON) and summer
(JJA) seasons, since convective systems and extreme events dominate during these seasons
over the regions of interest. HPEs and associated flash floods are the most dangerous
meteorological hazards affecting Mediterranean countries, causing extensive mortality
and hundreds of millions of euros in damages every year. The Mediterranean basin and,
in particular, the surrounding mountainous coastal regions are often affected by these
phenomena, especially in autumn [93]. The Mediterranean Sea is a source of heat and
moisture surrounded by steep orography, which favours the frequent occurrence of heavy
precipitation, mainly of convective nature [94]. Under climate change, the intensity and
frequency of these HPEs is expected to increase [54,60,95,96].

3.1. Evaluation of Spatial Patterns and Spatial Variability of Precipitation

Figures 6 and 7 compare the spatial distribution of daily and hourly precipitation
indices (Table 2) between observations and models, for SON and JJA means over the period
2000–2009 for the 3 km and 12 km RegCM4-NH experiments, respectively. Both SON and
JJA are characterised by more intense precipitation over topography. As seen in Figure 6,
both CP-RegCM4-NH and RegCM4-NH capture the observed spatial patterns of mean daily
precipitation, intensity, frequency, and heavy precipitation for both summer and autumn.
In SON, RegCM4-NH appears to produce more rain along the coast and valleys than over
topography, particularly across the Apennines. With increasing resolution, an increase in
detail is seen related to the more refined representation of topography in CP-RegCM4-NH.

Some biases can be found in CP-RegCM4-NH, such as an overestimation of precipi-
tation intensity and heavy precipitation (p99) in SON, particularly over the orographical
peaks, and an underestimation of frequency and mean seasonal precipitation in JJA. Con-
versely, the RegCM4-NH run shows an overestimation of frequency, an underestimation
of intensity (typical of coarse-resolution convection-parameterized models), and an un-
derestimation of heavy precipitation in both seasons; CP-RegCM4-NH achieves better
performance for these metrics.

These differences between the simulations are further enhanced for hourly precip-
itation (Figure 7). Both in SON and JJA, RegCM4-NH largely overestimates wet-hour
frequency, especially over topography, while intensity and heavy precipitation (p99.9)
are underestimated. This cancellation of biases leads to a relatively good performance in
simulating mean daily precipitation (Figure 6). On the other hand, CP-RegCM4-NH has
reduced overestimation of wet-hour frequency and reduced underestimation of hourly
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intensity and heavy precipitation. However, it tends to underestimate hourly precipitation
intensity over southern France, overestimate heavy hourly precipitation over the west coast
of Italy in SON, and miss extremes over the Alps in JJA (Figure 7).
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The spatial representation of daily and hourly precipitation has been further assessed
using Taylor diagrams [97], which combine the spatial correlation coefficient and normal-
ized spatial variability (Table 2) for daily and hourly precipitation (Figures 8–10) over six dif-
ferent regions (Figure 2; Italy, France, Switzerland, Germany, the Carpathians, and Greece).
For the regions where hourly observational data are available (Italy, France, Switzerland,
and Germany), we only show—in addition to mean daily precipitation (Figure 8)—results
at hourly scales for the other statistical indices (Figure 9), since the conclusions do not differ
between daily and hourly precipitation. For the Carpathians and Greece (Figure 10), we
show only daily results, due to the lack of hourly observations in these areas.
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Figure 8. Spatial Taylor diagrams exploring model performance in terms of the spatial variability
of mean seasonal daily precipitation over six regions—Italy (IT), France (FR), Switzerland (SW),
Germany (GE), the Carpathians (CRPT), and Greece (GRE). The diagrams combine the spatial
correlation (cos; azimuth angle) and the ratio of spatial variability (radius). The grey isolines show an
additional measure of skill [97], with the skill score defined to vary from zero (least skilful) to one
(most skilful). Red circles indicate results obtained by RegCM4-NH (12 km) simulation, while blue
circles indicate results obtained by CP-RegCM4-NH (3 km) simulation.



Atmosphere 2022, 13, 861 14 of 26
Atmosphere 2022, 13, x FOR PEER REVIEW 14 of 26 
 

 

 

 

 

 
Figure 9. Spatial Taylor diagrams exploring model performance in terms of the spatial variability of 
seasonal hourly precipitation. The performance is explored for hourly precipitation frequency (first 
column), intensity (middle column), and heavy hourly precipitation (defined as 99.9th of all hourly 
precipitation events; last column) over four regions—Italy, France, Switzerland, and Germany (from 
top to bottom). The diagrams combine the spatial correlation (cos; azimuth angle), and the ratio of 
spatial variability (radius). The grey isolines show an additional measure of skill [97], with the skill 

Figure 9. Spatial Taylor diagrams exploring model performance in terms of the spatial variability
of seasonal hourly precipitation. The performance is explored for hourly precipitation frequency
(first column), intensity (middle column), and heavy hourly precipitation (defined as 99.9th of all
hourly precipitation events; last column) over four regions—Italy, France, Switzerland, and Germany
(from top to bottom). The diagrams combine the spatial correlation (cos; azimuth angle), and the ratio
of spatial variability (radius). The grey isolines show an additional measure of skill [97], with the
skill score defined to vary from zero (least skilful) to one (most skilful). Red circles indicate results
obtained by the RegCM4-NH simulation (12 km), while blue circles indicate results obtained by the
CP-CP-RegCM4-NH simulation (3 km).
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Except over Switzerland, where both simulations show a low correlation coefficient,
for all the other regions and indices, CP-RegCM4-NH increases the spatial correlation
compared to RegCM4-NH, with a correlation coefficient above 0.5 for most indices and
seasons (Figures 8 and 9). The largest spatial correlations can be found for wet-hour
intensity and hourly extremes over France, Germany, and Italy (Figure 9).

The frequency index is where the spatial correlation coefficients vary the most among
seasons and regions. Over the Carpathians, the correlation coefficients are above 0.5 for wet-
hour frequency, while they show lower values for the daily intensity and heavy precipitation
indices (Figure 10). It is worth mentioning that the Carpathian and Greece basins are
characterised by a very complex topography and, as already mentioned in paragraph
2.2, the lack of dense high-resolution observations could strongly affect the comparison
between models. However, in general, the higher-resolution simulation produces higher
spatial correlations for the frequency index, while for all other indices, the correlation
coefficients are comparable between the two simulations.

Focusing on normalized spatial variability (Table 2), Figures 8–10 show a larger differ-
ence between the two model simulations, clearly due to their different resolutions. Figure 9
shows that RegCM4-NH underestimates the spatial variability of precipitation intensity
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and heavy hourly precipitation in all regions and seasons, and overestimates the observed
spatial variability of wet-hour frequency. This is consistent with the substantial underesti-
mation of precipitation intensity and overestimation of frequency in Figures 6 and 7. On
the other hand, the 3 km CP-RegCM4-NH produces a spatial variability in precipitation
intensity and heavy hourly precipitation more in line with the observed one, although with
an overestimation over the Carpathians and Greece (Figure 10) and an underestimation
over Switzerland.

As we already mentioned, part of these model errors over Switzerland can be also
explained by observational uncertainties due to the sparse observational networks over
higher altitudes, the interpolation methods used to produce gridded datasets, and the
lack of an undercatch gauge correction. For the Carpathians and Greece, we compared
the results mainly with satellite measurements, and differences found could be partially
explained by the large uncertainties introduced by the different measurement techniques
and algorithms used to retrieve precipitation (see Section 2.2).

Overall, we can conclude that the high-resolution CP-RegCM4-NH produces more
realistic precipitation patterns and variability than the coarser-resolution RegCM4-NH,
particularly when looking at hourly precipitation metrics.

3.2. Evaluation of Areal Mean and Distribution of Precipitation Uncertainties

The uncertainties in model simulations are presented in Figures 11 and 12 using box
plots for both daily and hourly precipitation. The figures report the spread in relative bias
across grid points for different indices (Table 2) in all seasons and for six regions (Italy,
France, Switzerland, Germany, the Carpathians, and Greece), with the box plots showing
the median (black line) along with the 5th, 25th, 75th, and 95th percentiles.

As reference data for both daily and hourly precipitation, we use GRIPHO for Italy;
COMEPHORE for France; RdisaggH for Switzerland; RADKLIM for Germany; and the
ensemble mean of the HMR, PERSIANN, CHIRPS, and CMORPH for the Carpathians and
Greece.

The spread of relative bias in daily precipitation and indices are presented in Figure 11.
For Italy, France, and Germany during winter, spring, and autumn, relative biases are much
smaller than for Switzerland, the Carpathians and Greece. In particular, over those regions,
frequency, intensity, and p99 biases are mostly in the acceptable range of observational
uncertainty, particularly for CP-RegCM4-NH. In the summer season, the model exhibits
higher daily precipitation biases both at high- and coarse-resolution over all regions, also
showing the largest difference between the coarse and the high resolution (Figure 11).

In general, the coarse-resolution simulation tends to overestimate precipitation mean
and daily frequency and underestimate daily intensity and heavy precipitation in all areas
and seasons. On the other hand, the high resolution shows an overestimation of intensity
and heavy precipitation, but in general, achieves a reduction of the relative bias compared
to the coarse resolution model in terms of median and spatial bias range.
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Figure 11. Box plots of 12 km (red) and 3 km (blue) model relative biases for indices presented in
Table 2 for daily precipitation over six regions—Italy, France, Switzerland, Germany, the Carpathians,
and Greece—for all seasons. The dashed black line indicates the acceptable uncertainty range
(0–+/−25%) of observations due to the possible systematic errors discussed in Section 2.2.
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Figure 12. Similar to Figure 11, but for hourly precipitation over four regions: Italy, France, Switzer-
land, and Germany. Heavy hourly precipitation is defined as the 99.9th percentile (p99.9) of all events.

The spread of hourly precipitation relative biases are presented in Figure 12 for Italy,
France, Switzerland, and Germany. Again, in all seasons, the coarse resolution results show
an overestimation of frequency and underestimation of intensity and heavy precipitation
compared to the high resolutions, with the latter performing better for wet-hour frequency
and intense precipitation. The heavy precipitation is also captured quite well by CP-
RegCM4-NH in all seasons except summer. In summer, over Switzerland and Italy, heavy
precipitation (p99.9) also tends to be underestimated by the high-resolution simulations.

It is worth mentioning that model biases can be reduced by regionally specific tuning
and model configuration, as shown by Ref. [51]. In addition, as mentioned, the observa-
tional databases used for the different regions differ from each other in many aspects and
suffer from well-known issues related to station density, radar masking, and retrieving
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limitations (see Section 2.2). Therefore, conclusions about model errors have to take these
issues into proper consideration.

3.3. PDF at Hourly and Daily Scale

Probability density functions (PDFs) of daily and hourly simulated and observed
precipitation for the different regions are shown in Figures 13 and 14 respectively. The
highest observed daily precipitations in the tails of the PDFs range between 200 mm (CRPT)
and 600 mm (north Italy (NI) and South of France (SF)) (Figure 13, green dots), while
for hourly precipitation, the range is between 100 mm (Germany) and 200 mm (Italy and
France) (Figure 14).

The highest daily events in NI and SF seem to be well reproduced by the CP-RegCM4-
NH simulation (blue dots), much better than RegCM4-NH 12-km (red dots). In general,
for daily precipitations (Figure 13), the coarse simulation at 12 km underestimates the
precipitation occurrences for the high thresholds, thereby missing the extremes. Conversely,
CP-RegCM4-NH shows a tendency to overestimate the distributions’ tails. The model
simulations present different behaviours with respect to the other regions only over the
Carpathians and Greece, but this may be affected by the fact that over these regions, the ob-
servations are based on satellite data, and therefore could present substantial uncertainties,
particularly for extreme events (see Section 2.2).
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Figure 13. Probability density function (PDF) of daily precipitation over North and South Italy (NI,
SI), North and South France (NF, SF), Switzerland (SW), Germany (GE), the Carpathians (CRPT), and
Greece (GR). CP-RCM simulation at 3 km is in blue, RCM at 12 km is in red, and observations are in
green. GRIPHO dataset has been used for Italy; COMEPHORE for France; RdisaggH for Switzerland;
RADKLIM for Germany; and the ensemble mean of HMR, PERSIANN, CHIRPS, and CMORPH for
the Carpathians and Greece.
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Figure 14. Similar to Figure 13, but for hourly precipitation. The observations are composed from
available gridded hourly precipitation over North and South Italy (NI, SI) (GRIPHO [76]), North
and South France (NF, SF) (COMEPHORE [8]), Switzerland (SW) (RADKLIM [74]), and Germany
(GE) [75].

We also highlight that better results over northern Italy with respect to southern
Italy are partially a consequence of the fact that the GRIPHO dataset is generated from a
non-uniform station network, with a higher density of rain gauges in the northern part
of the country than in the central and southern regions. Again, the hourly precipitation
PDFs in Figure 14 show an underestimation compared to the observed distribution by the
coarse-resolution model (red dots), which completely misses the extremes. Conversely,
CP-RegCM4-NH is much closer to the observations, showing more realistic extremes, but
producing longer tails than observed, particularly over Switzerland. This tendency of
convection-permitting models to overestimate the intensity of extremes has been found in
previous work [6,47], and may be due to the fact that convection is not entirely resolved
at the few km resolution, generating excessively deep and wide updrafts and insufficient
mixing [98,99]; moreover, the occurrence of sporadic numerical point storms might also
affect the simulations [100,101].

4. Discussion and Conclusions

This study presents an evaluation of precipitation in the first application of RegCM4-
NH [60] in climate simulations at the convection-permitting scale conducted within the
CORDEX-FPS dedicated to convection and the ongoing H2020 European Climate Prediction
System (EUCP) project EUCP. We have assessed simulations over three different domains
in the Mediterranean area at a horizontal grid spacing of 3 km against observational
datasets and an intermediate resolution driving simulation at 12 km grid spacing with the
non-hydrostatic model RegCM4-NH. The main difference between the coarse- and high-
resolution simulations is the treatment of convection, where this is parameterized in the
former and explicitly resolved in the latter. The simulations are driven by the ERA-Interim
reanalysis through a double nesting procedure and are integrated over a 10-year period
(2000–2009). The model performance is assessed using several precipitation metrics: mean
daily precipitation; daily/hourly precipitation intensity and frequency, and heavy daily
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and hourly precipitation (defined as the 99th and 99.9th percentile of all daily or hourly
precipitation events, respectively).

In general, although some differences and biases are present, the observed spatial
patterns and variability of precipitation over the analysis domains are represented quite well
by RegCM4-NH, both at 12 km and 3 km resolution on both daily and hourly scales. The
coarse-resolution model tends to overestimate the frequency, underestimate the intensity
of both daily and hourly precipitation, and, in particular, underestimate the intensity of
extremes. The CP-RegCM4-NH simulations considerably improve these biases, particularly
at the hourly time scale. At the daily scale, results are highly region dependent. The best
results can be found over Italy, France, and Germany, while the largest biases are over
Switzerland, the Carpathians, and Greece, especially during the summer season (Figure 11).
At the hourly scale, the improvement in the CP simulation for precipitation intensity,
extreme indices, and spatial distribution is clearer than for the daily scale. Analysis of
daily and hourly precipitation PDFs over different regions shows that the representation of
extreme events is greatly improved in CP-RegCM4-NH, particularly at the hourly time scale.
However, the tail of the distribution is somewhat more extended than in the observations;
this drawback of the model needs to be addressed in future work.

As a general assessment, in the high-resolution simulations with CP-RegCM4-NH,
the overall results show good performance of the model at the kilometre scale, at least in
the domains analysed. Our study represents the first step towards assessing the ability
of CP-RegCM-NH to simulate precipitation over different Mediterranean and European
regions when run in climate mode. Our results, based on a newly developed CP-RCM and
a suite of high-resolution observational datasets, are in line with previous applications of
CP-RCMs [2,7,9,35,50] and confirm the improved performance of convection-permitting
models with respect to coarser-resolution ones in simulating important characteristics of
daily and hourly precipitation and, most importantly, extremes.

Some general considerations are necessary in the interpretation of our results. First,
RegCM4-NH is a relatively new development, and this is an initial application in climate
mode at a CP resolution. As such, in future simulations, there is ample space for ameliorat-
ing some of the model deficiencies evidenced in the present simulations. The availability of
high-resolution, high-quality observational datasets is paramount for a robust evaluation of
high-resolution models, and often, such observations are not easily available or accessible.
Uncertainties in in situ data are mostly related to low station density and choice of gridding
technique, which means different datasets can have significantly different climatologies, es-
pecially in areas with low data availability [82]. On the other hand, remotely based products
depend on the retrieval algorithms employed to estimate precipitation characteristics.

Another key aspect to consider is that many processes that occur on sub-kilometre
scales—such as microphysical processes within clouds, atmospheric turbulence, and radia-
tive transfer processes—are still parametrized in CP models, but available parameterization
schemes have frequently been developed for coarser-resolution models, and thus may
still require further modifications for use at kilometre scales. A final but very important
consideration is that kilometre-scale models still operate in the grey-zone of turbulent
motion, which means that convection is not fully resolved, for example, with updrafts
being too deep and too wide with insufficient mixing. Current research is focused on
the development of scale-sensitive turbulence schemes, which should mitigate systematic
biases in the planetary boundary layer and shallow and deep convective processes in
kilometre-scale models [102].

Despite these issues, our results provide encouraging indications towards the use
of the RegCM4-NH non-hydrostatic system for high-resolution regional climate studies,
and we are continuing to develop the model with the implementation and testing of new
dynamical and physical schemes and the identification of optimal model configurations
over different regions.
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