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Abstract As global temperatures continue to rise, the impact of heatwaves becomes increasingly striking.
The increasing frequency and intensity of these events underscore the critical need to understand regional-scale
mechanisms and feedback, exacerbating or mitigating heatwave magnitude. Here, we use an ensemble of
convection-permitting regional climate models (CPRCMs) to elucidate future heatwave changes at fine spatial
scales. We explore whether the recently highlighted drier/warmer signal introduced by CPRCMs improves
summer temperature extremes representation and if it modulates future heatwave changes compared to
convection-parameterizing regional climate models (RCMs). In historical runs, CPRCMs show a more realistic
representation of summer maximum temperature especially on a ground-station-based evaluation. CPRCMs
project substantially drier conditions than RCMs. This is associated with a modulation of heatwave temperature
changes which show diversified spatial patterns, magnitudes, and signs. CPRCMs ensemble shows an overall
reduction in heatwave metrics future changes inter-model spread compared to the RCMs ensemble.

Plain Language Summary Heatwaves are progressively having a bigger impact on communities and
ecosystems. The growing frequency and intensity of these events highlight the need to understand regional
mechanisms and feedback that can either worsen or mitigate increasing heatwave trends. We use an ensemble of
very high-resolution regional climate models (CPRCMs, ~3 km) to explore changes in heatwaves at fine spatial
scales. We investigate if the drier and warmer conditions characterizing CPRCMs improve the accuracy of
summer temperature extremes and how they affect future heatwave patterns compared to lower-resolution
regional climate models (RCMs). In historical simulations, CPRCMs provide a more accurate representation of
summer maximum temperatures, especially on a station-based evaluation. CPRCMs predict drier conditions
than RCMs. This dryness affects heatwave temperature changes according to varied spatial patterns,
magnitudes, and trends. Overall, the CPRCMs ensemble shows less uncertainty in predicted heatwave changes
compared to the RCMs ensemble.

1. Introduction

Among the weather extremes exacerbated by a warmer climate, heatwaves stand out as one of the most con-
cerning phenomena, triggering massive impacts on ecosystem services and societies (Seneviratne et al., 2021).
Mid-latitude heatwaves are mainly associated with co-located blocking with Rossby waves breaking and
disruption of zonal westerlies, promoting the northward expansion of subtropical belt ridges (Sousa et al., 2018).
Large-scale forcing can be in turn modulated by local soil moisture-temperature feedback loops (S. I. Seneviratne
& Koster, 2012). These latter drive partitioning of latent and sensible heat fluxes, impacting surface air tem-
perature, particularly in soil moisture-limited regions (Santanello et al., 2018) with a knock-on effect on planetary
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boundary layer dynamics and mesoscale circulation features (Taylor et al., 2007, 2012). The response of these
processes to a warming climate is still relatively poorly represented in state-of-the-art climate models (Van
Oldenborgh et al., 2022). This is especially true for regional patterns (e.g., Vautard et al., 2023). Regional climate
models (RCMs) are crucial tools for the representation of heat extremes thanks to the inclusion of finer-scale
process feedback (Molina et al., 2020). Despite an overall improved representation of temperature extremes
compared to global climate models (GCMs), reproducing extreme temperature features and trends is still chal-
lenging (Vautard et al., 2021). Besides a varying dependency on the driving GCM (Karypidou et al., 2023), RCMs
still parameterize many relevant processes (Hohenegger et al., 2009), have limitations in representing land-
atmosphere interactions (Barlage et al., 2021) and, generally, do not consider time-evolving aerosols (Schu-
macher et al., 2024).

In this study, we leverage the first very high-resolution regional climate model ensemble of twelve convection-
permitting scales (~3 km) RCMs (CPRCMs) performed within the CORDEX Flagship Pilot Study on convection
(CORDEX-FPSCONYV, Coppola et al., 2020) over the Greater Alpine Region (GAR), a well-known hotspot of
climate change (Bakke et al., 2023). A relevant body of literature has examined the added value of the ensemble,
for example, improved representation of precipitation extremes moving to an explicit deep convection repre-
sentation (Ban et al., 2021). Less attention has been given to temperature extremes modulation (Sangelantoni
et al., 2023, S23 hereafter; Soares et al., 2022). S23 reveal that CPRCMs introduce a warmer signal during
heatwaves and throughout the warm season w.r.t. RCMs at coarser resolution of about 12 km. The signal in S23
stems from stronger land-atmosphere coupling leading to drier soils combined with longer dry spell lengths,
and with implications for temperature representation in CPRCMs. However, disentangling the contribution of
land-atmosphere coupling versus “atmospheric-only” processes to this signature remains crucially challenging.
Ha et al. (2022) have demonstrated that for similar tropospheric temperature ranges the convection triggering is
suppressed in CPRCMs.

This study focuses on the potential implications of these findings on changes in heatwaves in a future climate. The
research question is whether the warming/drying at km-scale as seen in the S23 model runs can be expected to be
time-stationary or amplified/reduced in a warmer future climate. In the next Section 2 data sets used will be
described; Section 3 describes the results, and in Section 4 we provide a discussion and the conclusions.

2. Materials and Methods
2.1. CORDEX-FPSCONYV Ensemble

We analyze an ensemble of 12 CPRCM simulations performed within the CORDEX-FPSCONYV, over two pe-
riods: historical (1996-2005) and future (2090-2099). All the CPRCMs (2—4 km resolution) except for the UK
Met Office and Justus-Liebig-University simulations are driven by the corresponding convection-parameterizing
RCM (12-15 km resolution). Although the UK Met Office group is not using the intermediate dynamical
downscaling step, they are providing the data from the UM model at the resolution of 12 km, which is used for
comparison.

In a one-way double-nest setup (GCM-RCM-CPRCM), the RCMs are in turn driven by a subset of five CMIPS
GCMs (Table S1 in Supporting Information S1). An overview of the multi-physics ensemble setup can be found
in Ban et al. (2021). The three modeling systems are forced by an observed radiative forcing in the historical
period and by the high-emission RCP8.5 scenario in the future climate integration. The study area consists of the
Greater Alpine Region (Figure Sla in Supporting Information S1).

2.2. Reference Data Sets

We use different reference products to evaluate RCM and CPRCM ensembles' summer daily maximum tem-
perature (T,,,,) and precipitation (pr) during the historical period. For the Tmax, we take advantage of both
gridded and point-scale observational data sets. As a gridded product, the European Meteorological Observations
with 5 km horizontal resolution (EMO-5, Thiemig et al., 2022). As station-scale product, we use the quality-
controlled, sub-daily, station-based Met Office HadlSD (Dunn et al., 2016). Observational sites elevation is
shown in Figure S1b in Supporting Information S1.

For pr, we use EMO-5 and the list of high-resolution gridded data sets reported in Table S2 in Supporting
Information S1.
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2.3. Heatwave Metrics

Analyses involve eight heatwave-related metrics, described in Table S3 in Supporting Information S1. Here, we
define a heatwave as a period of at least three consecutive days with Tmax equal to or above a daily based 90th
percentile of the historical period per ensemble member (Russo et al., 2015). The 90th percentile is derived over a
31-day time window centered on each summer calendar day. Heatwave metrics are computed for each year of the
two time periods. In case of more than one event per summer, we select the event with the highest heatwave
magnitude representing the largest cumulative deviation from the standardized climatology (see HWMId defi-
nition below). Future period heatwaves are derived over the summer 90th percentile of the historical period. Five
out-of-eight metrics represent relevant features of heatwaves: mean Tmax (HWTXm), max Tmax (HWTXXx),
magnitude (HWMId), persistence (HWper), and frequency (HWf). Two metrics are considered as a proxy of
surface moisture availability and based on latent heat (LH) flux during heatwave days both in terms of physical
values (HWLH) and in terms of standardized anomaly (evaporative deficit, HWLHdef, Careto et al., 2018).
Finally, summer mean dry spell length (DSL) is regarded as a heatwave preconditioning factor. In the next
section, results from RCM and CPRCM ensembles during the historical period and for the projected change signal
will be presented. All the heatwave metrics are computed on the models' original grid, then bilinearly interpolated
on a common grid (RCMs: 15 km, CPRCMs: 3 km) to compute ensemble statistics. When compared to obser-
vations, RCMs and CPRCMs are interpolated to the reference products grid.

2.4. Analyses

Historical period RCM and CPRCM ensembles Tmax-based heatwave metrics are evaluated through a com-
parison with EMOS data set. DSL is evaluated in comparison with EMOS5 and with high-resolution observed data
sets (Section 2.2). Moreover, the added value of CPRCMs in reproducing station-scale summer Tmax statistics is
examined through the Distribution Added Value, DAV (P. M. M. Soares & Cardoso, 2018) derived in corre-
spondence with HadlSD sites (Figure S1b in Supporting Information S1). DAV represents a percentage
improvement produced by the higher versus the lower resolution over the S score (Perkins et al., 2007). This latter
corresponds to the common area between observed and simulated summer Tmax probability density functions
(distribution hereafter). Two DAYV configurations are considered. (a) Where distributions are built considering all
values of summer Tmax and (b) where distributions are built only on summer Tmax exceeding the historical 90th.

Future changes in heatwave metrics are examined by comparing the mean values of the future and historical
periods (2090-2099 and 1996-2005 respectively) for the two-resolution ensemble median. Statistical signifi-
cance is derived with bootstrapping method, generating distributions of random resampling (1000 times for each
grid point) of differences derived from combined historical and future time series (D. Wilks, 2006). If the actual
change falls beyond distribution 95th percentile is considered significant. Moreover, two 7-test configurations are
considered, one considering the standard p-value and a second applying a False Discovery Rate (FDR) adjustment
(Benjamini & Hockberg, 1995; D. S. Wilks, 2016). This latter is idealized to set limits against overstating sta-
tistical significance when testing involves collections of spatially autocorrelated time series (D. Wilks, 2006).

Ensemble changes are considered significant only if 50% or more of the models show statistically significant
differences (p-value <0.05) and 2/3 agree over the sign of the change (Tebaldi et al., 2011).

3. Results
3.1. Historical Period

During the historical period, CPRCMs are confirmed to introduce a warmer/drying signal compared to the driving
RCMs, coherently to (S23). Figure 1 shows two representative metrics, the heatwaves mean Tmax and evapo-
rative deficit (HWTXm and HWLHdef) ensemble median and spread for the two resolutions. CPRCMs are
warmer, up to ~2°C, especially over low-lying areas (Figure 1a). Higher heatwave Tmax is combined with
substantially drier conditions as shown by HWLH (Figure S2e in Supporting Information S1). However,
HWLHdef (expressing how anomalously dry heatwaves are) shows an opposite-sign modulation over the
northern and southern sectors of the domain. For instance, over the Po valley, despite drier conditions (Figure S2e
in Supporting Information S1) we observe a smaller LH deficit, suggesting systematically drier conditions beyond
heatwaves, in contrast, to the northern part of the domain. Concerning the ensemble inter-model variability, the
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Figure 1. Historical means for HWTXm (a) and HWLHdef (b) metrics. Upper subpanels: RCMs (CPRCMs) ensemble medians on the left (right). Bottom subpanels:
ensemble's inter-model spread. HWLHdef unit: dimensionless.

CPRCMs ensemble shows a generally smaller inter-model agreement (i.e., larger ensemble standard deviation),
except for coastal areas. These results are true for all the metrics, especially those LH-related and the DSL.

According to a gridded reference product (EMO-5), the CPRCMs warmer signal translates into a reduction of
the RCMs cold bias and at the same time, an increase of the warm bias (Figure 2a). Over the other metrics
(magnitude, persistence, and frequency), the two resolutions are affected by similar biases (Figure S3 in Sup-
porting Information S1). CPRCMs tend to get too dry over coastal areas and the western part of the domain
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Figure 2. Historical HWTXm bias for the RCM and CPRCM ensemble medians with EMO-5 as reference (a). % DAV built on the entire summer Tmax statistical
distribution. Text box shows the percentage of sites with DAV > 0 and the mean DAV (b). DAV built on Tmax > 90th percentile (c). Violin plots identify distributions
built on the S score from all sites. Horizontal lines represent 25th, 50th, and 75th percentiles (d).

showing positive DSL biases according to different reference products (Figures S4a and S4b in Supporting
Information S1).

Moving to station-scale, distribution-based evaluation metric the DAV shows a clear added value from CPRCMs
in reproducing station-scale temperature extremes. When the whole summer Tmax statistical spectrum is
considered, the CPRCMs ensemble provides a positive DAV over 86% of reference sites (Figure 2b). When the
distributions are built only considering values larger than the 90th percentile (Figure 2c), we obtain fewer sites
with positive DAV, but a higher mean improvement (55% vs. 32%). Generally, the largest improvement can be
observed over complex orography and along the coastlines. S23 has shown that applying lapse-rate correction
derived from simulation-observation elevation differences does not substantially affect DAV results. Figure 2d
shows a model-specific comparison of the S score considering the entire summer Tmax distribution.

3.2. Future Changes

In this section, we compare mean values of the future and historical periods for the two-resolution ensemble
median. Two exemplary metrics, HWTXm and HWLHdef, are presented (Figures 3a and 3b respectively). Future
changes for the other metrics are displayed in Figure S5 in Supporting Information S1. For the HWTXm,
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agreeing on both signs and significant changes. Bottom sub-panels: ensemble spread. HWLHdef unit: dimensionless.

CPRCMs amplify the change signal over the northwestern Alpine sector and generally across the northern portion
of the domain. Conversely, a damping is observed over the Po Valley. This modulation is consistent for HWTXx
(Figure S5a in Supporting Information S1), showing a much higher change signal than HWTXm. CPRCMs also
amplify the mean heatwave persistence and the related magnitude change signals over the western Italian
peninsula, northwestern Po Valley, and western Alps, exacerbating a southwest-northeast heatwaves change
gradient, as observed by Lin et al. (2022). Similarly, an amplification is observed for the LH-related heatwave
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Figure 4. Boxplots represent distributions of four representative heatwave
metrics change signals built on all grid points. x-axis ticks report the entire

modeling chain (GCM-RCM-CPRCM).

metrics. The largest modification introduced by CPRCMs involves DSL
changes, where a doubling of the signal is observed over a vast portion of the
domain, including the Italian peninsula coastal areas, Po Valley, and the
western sector. Interestingly and contrary to the historical period, the
CPRCMs ensemble reduces the inter-model spread compared to the RCMs
ensemble for all metrics, excluding DSL, where CPRCMs project a more
pronounced DSL extension combined with a larger inter-model spread. A
comparison of future changes' significance resulting from original and FDR-
adjusted r-test p-values is shown in Figure S6 in Supporting Information S1. It
can be observed that FDR-adjusted and bootstrapping produce similar sig-
nificance patterns, preserving differences between the two resolutions.

In Figure 4, we further examine the inter-model variability of future changes.
Here, we integrate change signals from driving GCMs, offering insight into
the dependency of downscaled simulations' future changes on those generated
by the driving GCM. While the modulation introduced by CPRCMs
compared to RCMs is primarily linked to local scale forcing, the large-scale
forcing signal introduced by the GCM can still significantly influence the
magnitude of changes in the nested simulations. This can be noticed in
HadGEM-driven simulations, where the signal of the downscaled simulations
mirrors the GCM showing outstanding changes. In this context, we also
observe how this signal is differently modulated by the two nested RCMs,
UKMO and ICTP, with the former unveiling a higher dependency on the
GCM signal and the second bringing the value closer to the RCMs ensemble
variability. In this context, UKMO produces the largest modification of the
signal between RCM and CPRCM. KNMI CPRCM amplifies the change
signal across all the metrics, except for the heatwave frequency. For the
remaining models, we find no change signal systematic modulation moving
from RCM to CPRCM.

Figure 5 summarizes the modulation of heatwave metrics change signals
across four subdomains representing the northern, western, Po Valley, and
Alpine sectors of the GAR. Diverse future changes in Tmax-based metrics are
observed, with amplifications occurring over the Alps and the northern sector
by up to 0.5°C. Conversely, smaller but opposite-sign modulation is evident
in the other sectors. CPRCMs augment the change signal of heatwave
persistence by approximately 2 days on average over the Alps and Po Valley.
Similar modulation is observed for the related heatwave magnitude. Notably,
LH-related metrics exhibit a more substantial modulation. The CPRCMs
ensemble amplifies the reduction in mean heatwave days' LH (HWLH) by
about 20% over the northern GAR compared to the RCMs ensemble.
Regarding evaporative deficit (HWLHdef), CPRCMs indicate a drier signal
than the RCMs ensemble, particularly over the Alps (approximately 1/3
drier). As mentioned, the largest modulation is observed for the DSL
change signal. Unlike other metrics, CPRCMs show a roughly symmetric
modulation across different sectors. RCMs project a slight increase in mean

DSL (~1-~3), which CPRCMs augment by up to ~3 to ~7 over Po Valley and the western sector of the GAR.
Here, we recall that CPRCMs are characterized by higher inter-model spread (Figure S5f in Supporting

Information S1).

4. Discussion and Conclusion

A recent study highlights CPRCMs introducing warmer/drier conditions during heatwaves and in general during

the summer season (S23). Here, we explore if this signal modifies also heatwave future changes. During the

historical period, CPRCMs signature translates to a reduction (increase) of cold (warm) biases affecting RCMs
ensemble during heatwaves considering high-resolution gridded observations. This is combined with an
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exacerbation of dry conditions especially over coastal areas and western
GAR. Moving to a point-scale evaluation (DAV), the CPRCMs ensemble
turns out to substantially improve summer season Tmax distribution repre-
sentation. This is considering both the entire distribution and only the dis-
tribution right tail. The CPRCM added value is especially evident over
complex orography (Alps) and coastal areas. Combining the evaluation
experiment in S23 with the current results based on an independent and
extended data set of station-scale observations supports CPRCMs' drier/
warmer signature pointing to an improved representation of temperature
extremes. However, the local tendency to drift toward too prolonged dry
spells, even over areas with improved Tmax, is still an open issue. One path of
future research is paved by recent evidence indicating a still too-crude/
missing representation of land surface/subsurface processes and human water
use (e.g., irrigation) in the current CPRCMs, getting even more crucial when
approaching km-scale resolutions, and underlying development and ampli-
fication of heat extremes (Graf et al., 2021; Polcher et al., 2022; Warrach-Sagi
et al., 2022). An example is the tendency toward exaggerated evaporation
until the soil water is depleted and triggering excessive heat (Folwell
et al., 2022). At the same time, adding extra surface physics (e.g., ground-
water) could not solve atmospheric problems in origin (Ha et al., 2022).

CPRCMs show a diversified modification of heatwave future changes. Tmax-
based metrics signal is mostly modulated over the GAR northern sector where
CPRCMs introduce an amplification up to 0.5°C for the HWTXm. For the
same metrics, an opposite sign, though smaller, modulation occurs over Po
Valley. This could be motivated by a stronger drying between the historical
and future periods in the RCMs since CPRCMs were already dry in the
historical period. This determines a larger increase of the sensible heat
component in the RCMs. Conversely, in the northern sector, the historical
period availability of surface moisture sustains the stronger atmospheric
water demand in CPRCMs leading to a larger future drying (Figure S5e in
Supporting Information S1) which in turn drives the larger Tmax increase.
CPRCMs project substantially drier summer conditions, even though ac-
cording to different spatial patterns as physical LH or its deficit is considered.
Nevertheless, the most pronounced modulation introduced by the CPRCMs is
the amplification of DSL change signal. This can be interpreted as the
inextricably entangled effect of stronger land-atmosphere interactions and
convection inhibition (Ha et al., 2022), postulating similar mesoscale circu-
lation between the resolutions as found in S23. Another finding is that
excluding the DSL, the CPRCMs ensemble shows a reduced inter-model
spread of future changes, resembling results by Fosser et al. (2024) for pre-
cipitation extremes. This supports the plausibility of CPRCMs signature also
under a warmer climate. Nevertheless, being the first-of-its-kind assessment
further process-based studies are necessary to confirm these hypotheses. At
the same time, longer simulations are crucial for attributing statistical

robustness to these first results. In 10-year time segments, climate variability cannot be properly represented,

hampering findings robustness.

Data Availability Statement

Climate simulations analyzed are available from an open repository: Sangelantoni et al. (2024). Moreover, the
whole CORDEX-FPS Convection ensemble archiving is underway at the DKRZ node of the ESGF data portal
(https://esgf-metagrid.cloud.dkrz.de/search/cordex-dkrz/?project=CORDEX-FPSCONV &data_node=esgf1.
dkrz.de). Codes for generating heatwaves and analyses are available from Zenodo (Sangelantoni, 2024).
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