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Abstract. Understanding the evolving patterns of intense rainfall in the Mediterranean under climate change is an urgent chal-

lenge. An analysis of the annual total and maximum one-day precipitation from 1955 to 2023 performed with the ERA5-Land

dataset over the Mediterranean area reveals emerging patterns of contrasting trends along much of the northern Mediterranean

coast, with heavy precipitation events increasing and total annual rainfall decreasing. An independent investigation on a ground-

based dense monitoring network in southern Italy confirms the results. We focus on this representative sub-region of the study5

area to examine in detail the role of sea-atmosphere-orography interactions, particularly the impact of increasing sea surface

temperature (SST), in enhancing heavy precipitation despite overall drying. Twenty consecutive precipitation events identified

in a particularly intense rainy season (September-December 2019) are reproduced at a convection-permitting resolution (2 km)

using the Weather Research and Forecasting (WRF) model with ERA5 reanalysis boundary conditions. Then, two scenarios

are tested: one with past SST levels approximating 1980 and another with SST increases in line with end-of-century Shared10

Socioeconomic Pathways (SSPs) projections. WRF simulations thoroughly describe cyclone tracks and precipitation patterns,

showing that increased SST boosts the frequency of heavy rainfall events overland. However, peak rainfall accumulations re-

main mostly unchanged because the highest precipitations occur over the sea. The study demonstrates the unique capability of

high-resolution, convection-permitting analyses to capture complex processes in orographically challenging regions and con-

tributes to clarifying the seemingly contradictory trend of rising daily precipitation extremes despite falling annual precipitation15

totals in Southern Europe.

1 Introduction

Observations from the last century confirm that the global warming trend has not had a uniform impact worldwide on local

climates and hydrological cycles. The carbon dioxide-induced warming is more emphasized in the Arctic pole, especially in

winter (Stone, 2021), but severe implications on weather can also be detected in the mid-latitudes of the Northern Hemisphere,20

where cold anomalies due to outbreaks of Arctic cold air are detected (Kömüşcü and Oğuz, 2021) and the expansion of the

Hadley Cell is slightly faster than in the Southern Hemisphere (Xian et al., 2021). Generally, the atmospheric circulation of the

thermally closed Hadley Cell pushes the warmer fluid from the equator polewards, while cold fluid is pushed towards the sub-

tropics and equatorward. Over the last few decades, as confirmed by chemical metrics, the Hadley Cell has shown a poleward
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trend, which may lead to more frequent droughts at higher latitudes (Xian et al., 2021). For instance, the Mediterranean area,25

as well as the Middle East, Western Pacific, and Asian monsoon regions, are hit by more frequent heatwave events due to the

expansion of the Hadley Cell.

Among the subtropical regions, the Mediterranean Basin is a recognized climate change hotspot (Giorgi, 2006), subject of

particular interest due to the high number of inhabitants living in this region and its importance in several historical, economic,

and social aspects, but also because of the peculiarities of the observed and projected climate change signals (Tuel and Eltahir,30

2020). In particular, Alpert et al. (2002) had already highlighted a paradox in the increase of extreme daily rainfall despite

a decrease in total precipitation, which in statistical terms can be summarized as an "increase in variance" overcoming the

"reduction in the mean" (Meehl et al., 2000). Such dichotomous behavior, concerning both observations and projections, has

been confirmed and detailed in further studies (e.g., about mean reduction: Lionello and Scarascia 2018; Tuel and Eltahir 2020;

Zappa et al. 2015; Babaousmail et al. 2022; about variance increase: Zappa et al. 2015; Zittis et al. 2021; Avino et al. 2024;35

while Lazoglou et al. 2024 adopted an approach identifying the spatial distribution of both trends).

The geographical and climatological peculiarities of the Mediterranean Basin contribute to a further increase in Sea Surface

Temperature (SST), accelerating the effects of global warming (Pastor et al., 2020). The annual warming rate recorded in

Mediterranean SST is about 0.35 °C/decade, corresponding to a rate increase of about 1.3 °C from 1982 to 2019 (Pastor et al.,

2020; Mohamed et al., 2019) for the whole basin, with a maximum rate in the Eastern basin (0.40 °C/decade), and lower rates40

related to the western and central basin (0.35 °C/decade and 0.31 °C/decade, respectively) (Pastor et al., 2020; Sannino et al.,

2022). In 2023 and 2024, the recorded Mediterranean Sea SST was the highest since the 1950s (Cheng et al., 2024, 2025).

Moreover, the Mediterranean region is generally affected by significant cyclonic activity, which can even lead to the for-

mation of tropical-like cyclones, known as Medicanes (Miglietta and Rotunno, 2019; Flaounas et al., 2022; Miglietta et al.,

2025), characterized by destructive winds and torrential rainfall. For instance, frequent extreme precipitation events caused45

by Medicanes were recorded in Europe between 1979 and 2017, among which over 20 occurred in Italy, followed by France,

Croatia, Serbia, and Greece (Zhang et al., 2021). However, in the very recent years, the whole region has experienced sev-

eral extreme events with severe consequences, whether they were classified as Medicanes (e.g., the Storm Daniel in Libya in

2023, Armon et al. 2025; Flaounas et al. 2024), cut-off low pressure systems (the Valencia event in Spain in 2024, Amiri et al.

2025) or persistent depression vortexes (the two consecutive events in Emilia Romagna (Italy) in 2023 and 2024, Arrighi and50

Domeneghetti 2024; Ferrari et al. 2025), all of which were correlated to particularly high SST values.

From the point of view of physics, cyclogenesis processes are influenced by thermodynamical and dynamical factors. Ther-

modynamically, the SST warming, which defines the air-sea heat flux, leads to larger evaporation and more moisture content,

especially in the lower Planetary Boundary Layer (PBL) and in a minor part in the upper PBL (Khodayar et al., 2021; Sun

and Wu, 2022). Additionally, the effects of increased moisture may dynamically interact with orographic lifting, causing deep55

convection, an increase in Convective Available Potential Energy (CAPE), and, as a final result, extreme precipitation events

(Müller et al., 2024; Ricchi et al., 2023; Pfahl et al., 2017; Meredith et al., 2015).

The increasing trend of the Mediterranean SST is predicted to continue. Future scenario projections of SST suggest addi-

tional warming. As an example, under RCP8.5, an increase of over 3 °C is predicted (+3.31 °C for 2081-2100 related to the
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upper layer 0-100 m for the whole Mediterranean Basin, +2.98 °C for the western basin, and +3.50 °C for the eastern basin)60

(Sannino et al., 2022). On the other hand, the spatial patterns of future precipitation trends are more heterogeneous and com-

plex to detect. The great challenge of deciphering how global warming will affect rainfall at local scales (Chadwick, 2017) is

particularly tough in regions with transitional climate regimes, such as the Mediterranean. In the subtropics, a large-scale pre-

cipitation decline is generally projected (He and Soden, 2017). However, the indications about how this phenomenon will affect

local areas can be different depending on whether one relies on analyses at low spatial resolutions, such as GCMs (General65

Circulation Models) (Pfahl et al., 2017), or gradually increasing through climatic downscaling (Tramblay and Somot, 2018;

Hosseinzadehtalaei et al., 2020; Reale et al., 2022; Matte et al., 2022) up to convection-permitting resolutions (Müller et al.,

2024).

Several studies have evaluated the SST’s strong influence on cyclonic activity in the Mediterranean, as well as on Medicanes.

As intuitively expected, with a negative SST anomaly, cyclones are weaker, while in warmer SST conditions, precipitation70

increases (Miglietta et al., 2011; Meredith et al., 2015; Ricchi et al., 2017, 2023; Varlas et al., 2023). However, even slight

uniform variations in SST (±0.5 °C) can influence precipitation patterns under particular synoptic conditions (Senatore et al.,

2014). Similarly, it has been shown that a larger variation of SST from -2 °C to +2 °C strongly affects extreme events, such as

in the case of cyclone Ianos (Varlas et al., 2023) that occurred in 2020, which produced a variation of precipitation intensity

from -56% to +44% and influenced the tracks and the landfall location. Additionally, the high-resolution representation of the75

SST pattern reveals a weak but not negligible impact on operational forecasting results in many cases (Ricchi et al., 2017;

Senatore et al., 2020b; Pilatin et al., 2021), contributing to the overall uncertainty along the modeling chain (Senatore et al.,

2020a).

So far, the majority of the studies that aimed at disentangling the SST effect on precipitation in the Mediterranean basin using

high-resolution simulations have restricted their analysis to a limited number of events (e.g., Meredith et al. 2015; Stocchi and80

Davolio 2017; Ricchi et al. 2023), focusing in particular on tropical-like cyclones (Fita et al., 2007; Miglietta et al., 2011;

Ricchi et al., 2017; Noyelle et al., 2019; Varlas et al., 2023). To the authors’ knowledge, only Armon et al. (2022) performed a

systematic analysis by identifying 41 extreme events hitting the eastern Mediterranean over 24 years starting from 1990, and

comparing them with "pseudo-global warming" (e.g., Rasmussen et al. 2011) simulations, in which the climate change signal

related to the end-of-21st-century RCP8.5 scenario was added to several historical variables besides SST, including the whole85

skin temperature, surface pressure, and 3D fields of temperature, wind, and specific humidity.

The climate of Southern Europe, whose coastline broadly faces the central/western Mediterranean Sea, is influenced on the

one hand by the SST and on the other hand by an often locally complex orography with steep mountains opposing atmospheric

water transport, both conditions rendering this region prone to extreme precipitation events characterized by strong air-sea-

orography interactions (Berthou et al., 2016; Senatore et al., 2020b). A systematic analysis of the effects of Mediterranean Sea90

warming on the intensity and location of weather events of different sizes affecting this region, with particular reference to

their impact overland, is lacking, although it is necessary for adequate preparation for water resource management and land

protection under ongoing climate change.

3



In this study, we first analyzed current trends of intense precipitation considering maximum one-day observations for the

whole Euro-Mediterranean region, and compared them with total annual precipitation trends to disentangle possible contrasting95

behaviors of the two variables, therefore verifying and updating the information about the decreasing mean/increasing variance

paradox highlighted by Alpert et al. (2002). To this aim, we used the data provided by the ERA5-Land dataset (Muñoz-Sabater

et al., 2021) over the EURO-CORDEX domain (Jacob et al., 2014). The robustness of the results achieved with the large-

scale reanalysis in the Mediterranean area was then tested with local observations from a dense ground-based monitoring

network available in the southernmost part of the Italian peninsula, corresponding to the administrative region of Calabria,100

located almost at the geographical center of the Mediterranean Sea. Calabria’s unique geography, with steep orography and

surrounding seas, creates conditions highly favorable to extreme precipitation. Interactions between intense air–sea exchanges

and coastal topography amplify local instabilities. As climate change advances, this area faces frequent and severe extreme

precipitation events, making it a challenging and significant testbed in the Mediterranean Basin (Mastrantonas et al., 2022).

The comparison between the reanalysis and local observations showed general agreement between the two datasets, further105

confirming the regional representativeness of the Calabrian Peninsula. Afterwards, to explain the current and future influence

of SST on the dynamics and intensity of precipitation events in Southern Europe, we focused on this representative sub-region,

considering for the first time a set of 20 real-world events with different intensity that occurred during a particularly heavy

rainy season (from September to December 2019) and reproducing them at convection-permitting scale (2 km) using the WRF

(Weather Research and Forecasting, Skamarock et al. 2021) model with boundary conditions provided by ERA5 reanalysis for110

two nested domains. Successively, while preserving the other boundary conditions, we performed a sensitivity analysis with

calibrated SST lower boundary conditions for two scenarios: a past scenario with a decrease in SST equivalent to the SST

recorded approximately in 1980, and a scenario with an increase reasonably representative of the projections for the end of

this century according to selected Shared Socioeconomic Pathways (SSPs) scenarios. The overall analysis, which specifically

focused on the impact on land areas, provided a comprehensive insight into the evolution of heavy precipitation intensity and115

frequency in the northern coastal Mediterranean and its correlation to sea surface warming.

2 Data and Methods

2.1 Datasets and study area

For the historical trend analysis at the Euro-Mediterranean level, the ERA5-Land data were used for the 69 years from 1955 to

2023. The ERA5-Land dataset is an enhanced global land dataset at 0.1◦ resolution derived from the 5th generation of European120

ReAnalysis (ERA5), produced by the European Centre for Medium-Range Weather Forecasts (ECMWF) in the framework of

the Copernicus Climate Change Service (C3S) (Muñoz-Sabater et al., 2021). ERA5-Land data were chosen because of their

relatively high resolution and the concurrent availability of coherent precipitation and temperature data. Furthermore, ERA5-

Land proved to be generally reliable in the selected domain (Muñoz-Sabater et al., 2021; Cammalleri et al., 2022; Vanella et al.,

2022; Gomis-Cebolla et al., 2023; Ippolito et al., 2024).125
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Figure 1. a) Overview of the Calabria Region with the administrative borders (bold black lines) and the location of the 134 historical

precipitation gauges used for the trend analysis (white dots). In addition, 16 other gauges were used for the 2019 spatial precipitation

distribution (blue dots). The vertical water vapor fluxes are calculated across section A-A’ (Fig. 15); b) Topographic map of the Central

Mediterranean area showing the two outermost (D01) and innermost (D02) WRF domains.

The results based on the ERA5-Land dataset were compared at the local scale, considering the southernmost peninsula of

Italy, which corresponds to the administrative region of Calabria. Calabria Region (Fig. 1a) covers an area of 15080 km2 that

lies between 37◦54′ and 40◦09′N and 15◦37′ and 17◦13′E. The profound influence of the surrounding sea on atmospheric

conditions, combined with the complex local orography, makes the Calabrian climate highly heterogeneous, with sharp tran-

sitions from humid to dry areas (Mendicino and Versace, 2007; Senatore et al., 2020a). The peculiar physical characteristics130

of the territory not only make it prone to drought risk (generally higher in the eastern part) but contribute to the development

of extreme and damaging hydrometeorological events on both eastern (Ionian) and western (Tyrrhenian) coasts, especially

during the late summer until the late fall season when considerable amounts of precipitation in a short time cause severe floods

with economic and social damages, including fatalities (e.g., Llasat et al. 2013; Petrucci et al. 2018; November 2015 - Avolio

and Federico 2018; November 2016 - Senatore et al. 2020a; November 2019 - Furnari et al. 2022). Daily precipitation data135

were collected in Calabria from 134 gauges (roughly a gauge per 110 km2) of the regional monitoring network (Fig. 1a). To

estimate missing values or reconstruct detected outliers, a linear correlation process was applied as follows: (i) daily rainfall

data were collected for each station from 1955 to 2023. If fewer than 15 days were missing in a given year (approximately 4%,

as suggested in several studies, e.g., Aguilar et al. 2005; Donat et al. 2013; Stephenson et al. 2014), the dataset for that year
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was considered complete. (ii) If more than 15 days were missing for a station in a given year, we performed a linear regression140

between that station’s available data and the data from a nearby station with a strong correlation (always above 0.8, often much

higher). The regression equation was then used to fill the gaps. While this approach could influence extreme-event values, we

applied it cautiously, taking into account the characteristics of the data.

The season most prone to extreme hydrometeorological events in southern Italy is the fall (from September to December)

when cold-air intrusions reach the marine boundary layer with still high SST (Noyelle et al., 2019). For example, during145

the 2019 fall season, 20 precipitation events were recorded in southern Italy, among which two extreme events (from 11th to

13th of November, Marsico and Rotundo 2019, and from 23rd to 25th of November, Fusto et al. 2019) produced very intense

precipitations (more than 200 mm of accumulated precipitation in some locations) and powerful wind speeds (gusts of up

to 100 km/h), causing severe floods. Therefore, the period from September to December 2019 was selected as a case study

to assess the sensitivity of the events to varying SST boundary conditions. For this period, it was possible to benefit from150

new gauges, increasing the size of the ground-based observations to 150 gauges (Fig. 1a). Precipitation data were spatially

interpolated using inverse distance weighting (IDW) at the same resolution as the atmospheric model, allowing for easier

comparison with its spatially distributed output. Although including ungauged (interpolated) areas in the evaluation introduces

some uncertainty, three points are worth noting: (i) a single gauge may not fully represent the model grid cell where it lies,

especially in steep terrain so that also gauge-to-pixel comparisons can be biased; (ii) the region’s dense monitoring network155

limits major misinterpretations of spatial precipitation patterns; and (iii) the fully validated observational dataset is the most

reliable basis for constructing a gridded dataset.

We used several datasets to analyze the observed and projected SST values of the Mediterranean Sea, assessing a rea-

sonable range of variations in the atmospheric model’s boundary conditions. As observed data, the 5th generation ECMWF

reanalysis, i.e., the monthly SST ERA5 reanalysis from 1980 to 2023, combining global model data with observations sam-160

pled globally, was selected. We also used the Copernicus Marine Service (CMEMS) observations (SST-GLO-SST-L4-REP-

OBSERVATIONS-010-011, ID: ESACCI-GLO-SST-L4-REP-OBS-SST, C3S-GLO-SST-L4-REP-OBS-SST) on a daily scale

from 1982 to October 2022, based on the reprocessing analysis of satellite and in-situ data. The spatial extensions of the

analyzed region correspond to the external domain of the weather simulations (Section 2.3).

Regarding SST projections, we utilized the internationally coordinated Coupled Model Intercomparison Project Phase 6165

(CMIP6), which provides 22 GCM (Global Circulation Model) results (Table 1). The projections selected belong to two dif-

ferent Shared Socioeconomic Pathways (SSPs, Meinshausen et al. 2020) scenarios:

– the medium-high emission scenario, i.e., SSP3-7.0 (called Regional Rivalry) characterized by high GHG emissions and

CO2 doubling around current levels until the end of the century;

– the worst scenario, SSP5-8.5 (named Fossil-Fueled Development - Taking the Highway) with very high GHG emissions170

and CO2 that roughly triple from current levels by 2075.
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Table 1. List of datasets (IDs 0_1 and 0_2) and GCMs (IDs 1-22) considered for assessing observed/estimated historical and estimated future

SST evolution in the Mediterranean Area. GCMs data have been provided by Instituto de Física de Cantabria (IFCA)

ID Complete Name Institution Model Variant Reference

0_1 ERA5 Reanalysis ECMWF Reanalysis Hersbach et al. (2020)

0_2 SST_GLO_SST_L4_REP_OBSERVATIONS_010_024 CMEMS Observation (CMEMS) (2023)

1 ACCESS-CM2_CSIRO-ARCCSS_r1i1p1f1 CSIRO-ARCCSS ACCESS-CM2 r1i1p1f1 Dix et al. (2023)

2 ACCESS-ESM1-5_CSIRO_r1i1p1f1 CSIRO ACCESS-ESM1-5 r1i1p1f1 Ziehn et al. (2023)

3 AWI-CM-1-1-MR_AWI_r1i1p1f1 AWI AWI-CM-1-1-MR r1i1p1f1 Semmler et al. (2023)

4 BCC-CSM2-MR_BCC_r1i1p1f1 BCC BCC-CSM2-MR r1i1p1f1 Xin et al. (2023)

5 CAMS-CSM1-0_CAMS_r2i1p1f1 CAMS CAMS-CSM1-0 r2i1p1f1 Rong (2023)

6 CESM2-WACCM_NCAR_r1i1p1f1 NCAR CESM2-WACCM r1i1p1f1 Danabasoglu (2023)

7 CMCC-CM2-SR5_CMCC_r1i1p1f1 CMCC CMCC-CM2-SR5 r1i1p1f1 Lovato and Peano (2023)

8 CNRM-CM6-1-HR_CNRM-CERFACS_r1i1p1f2 CNRM-CERFACS CNRM-CM6-1-HR r1i1p1f2 Voldoire (2023a)

9 CNRM-CM6-1_CNRM-CERFACS_r1i1p1f2 CNRM-CERFACS CNRM-CM6-1 r1i1p1f2 Voldoire (2023b)

10 CNRM-ESM2-1_CNRM-CERFACS_r1i1p1f2 CNRM-CERFACS CNRM-ESM2-1 r1i1p1f2 Seferian (2023)

11 CanESM5_CCCma_r1i1p1f1 CCCma CanESM5 r1i1p1f1 Swart et al. (2023)

12 EC-Earth3_EC-Earth-Consortium_r1i1p1f1 EC-Earth-Consortium EC-Earth3 r1i1p1f1 (EC-Earth)

13 FGOALS-g3_CAS_r1i1p1f1 CAS FGOALS-g3 r1i1p1f1 Li (2023)

14 GFDL-ESM4_NOAA-GFDL_r1i1p1f1 NOAA-GFDL GFDL-ESM4 r1i1p1f1 Krasting et al. (2023)

15 IITM-ESM_CCCR-IITM_r1i1p1f1 CCCR-IITM IITM-ESM r1i1p1f1 Panickal et al. (2023)

16 INM-CM5-0_INM_r1i1p1f1 INM INM-CM5-0 r1i1p1f1 Volodin et al. (2023)

17 IPSL-CM6A-LR_IPSL_r1i1p1f1 IPSL IPSL-CM6A-LR r1i1p1f1 Boucher et al. (2023)

18 MPI-ESM1-2-HR_MPI-M_r1i1p1f1 MPI-M MPI-ESM1-2-HR r1i1p1f1 Jungclaus et al. (2023)

19 MPI-ESM1-2-LR_MPI-M_r1i1p1f1 MPI-M MPI-ESM1-2-LR r1i1p1f1 Wieners et al. (2023)

20 NorESM2-LM_NCC_r1i1p1f1 NCC NorESM2-LM r1i1p1f1 Seland et al. (2023)

21 NorESM2-MM_NCC_r1i1p1f1 NCC NorESM2-MM r1i1p1f1 Bentsen et al. (2023)

22 UKESM1-0-LL_MOHC_r1i1p1f2 MOHC UKESM1-0-LL r1i1p1f2 Tang et al. (2023)

Although the likelihood of these intermediate to very high warming scenarios is debated (e.g., Schwalm et al. 2020; Hausfather

and Peters 2020), they were taken into account to highlight as much as possible the effects of climate change on SST and

indirectly on precipitation events driven by sea surface-atmosphere interaction.

2.2 Trend analysis175

The non-parametric trend tests of Mann-Kendall (identifying significance at a 5% level) and Sen’s slope estimator (determining

the trend slope per year) were employed to analyze long-time hydro-climatic series of annual precipitation (PRCPTOT) and

maximum one-day precipitation (RX1day). Mann (1945) formulated a non-parametric trend detection test, whereas the test

statistic distribution was given by Kendall (1948) for turning point and non-linear trend assessment. This test aims to determine

how independently and randomly the data are ordered by comparing the rank order of observations with their time order,180

considering the null hypothesis of no trend and serial structure in correlations (Hamed and Rao, 1998). Concerning the slope

7



estimator test, instead of the least squares estimator of a regression coefficient, the unbiased point estimator was defined based

on the median of the set of slope joining pairs of points by Sen (1968).

To further clarify the joint behavior of the two variables, a rectangular two-axis coordinate system can be adopted. This

representation enables a more systematic classification of compound trends. Within this framework, four distinct zones are185

defined based on whether the two variables exhibit concordant positive/negative trends or discordant trends. As Fig.2 shows,

when PRCPTOT and RX1day trend values are assigned to the X- and Y-axes, respectively, Zone I (first quadrant) corresponds

to the case in which both indices exhibit positive trends, Zone III (third quadrant) corresponds to the case in which both exhibit

negative trends, and so on.

Figure 2. Quadrant classification diagram based on Sen’s slopes of PRCPTOT and RX1day.

2.3 WRF downscaling and validation190

Weather simulations over the Calabrian region were performed using WRF V4.1. Two one-way nested domains were used (see

Fig. 1b): the outermost (D01) centered on the Italian peninsula, with a horizontal resolution of about 10 km (33.04−49.85◦N,

3.59− 28.59◦ E, thus producing 187×205 grid points); the innermost (D02) centered on the Calabrian region, with 2 km as

horizontal resolution (37.10− 40.87◦ N, 13.88− 18.71◦ E, 200×200 grid points). Both domains were extended on 44 vertical

atmospheric layers, up to 50 hPa, and four soil layers. The time step size was set to 60 s and 12 s for the D01 and D02195

domains, respectively. The physical scheme configuration (Table 2) is the same as that adopted by Avolio et al. (2019), with

the replacement of NOAH-MP for NOAH as the Land Surface Model. This configuration has been operational for weather

forecasting as an online service managed by the University of Calabria since 2020 (https://cesmma.unical.it/cwfv2/).
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Table 2. WRF physical schemes adopted.

Component Scheme References

Microphysics New Thompson Thompson et al. (2008)

PBL MYJ Janjić (1994)

Longwave RTTM Mlawer et al. (1997)

Shortwave Goddard Matsui et al. (2020)

Land Surface Model NOAH-MP Niu et al. (2011)

Cumulus Tiedke (only D01) Tiedtke (1989)

SST sst_skin Zeng and Beljaars (2005)

The initial and boundary conditions were provided by ERA5 using the pressure levels mode; specifically, the following

levels were used: 1000, 950, 900, 850, 800, 700, 600, 500, 400, 300, 200, 150, 100, and 50 hPa. The update frequency of the200

boundary conditions was set to three hours. The simulations started on the 1st of September 2019 and went on until the 1st of

January 2020.

To perform the sensitivity analysis with respect to sea surface temperature, in addition to the reference simulation, we

carried out two further experiments. In these experiments, the SST boundary conditions from ERA5 were uniformly modified

(increased or decreased) in both domains, D01 and D02, based on evidence from historical observations (lower SST values)205

and GCM projections (higher SST values). The magnitude of the cold and warm SST perturbations, the method used to

calculate them, and the rationale for their selection are described in the Results section 3.2. Furthermore, regarding warm SST

perturbations, we ensured that the addition of a relevant quantity of energy to the modelled system did not significantly alter the

larger-scale dynamics, patterns, and feedback. Therefore, we created another set of simulations in which we applied spectral

nudging to the outer domain (D01) on the geopotential (ERA5 source) at heights above 500 m, as done in Meredith et al.210

(2015). New experiments, shown in the Supplementary (Fig. S1), ensured consistency of the large-scale structures with respect

to ERA5 and confirmed the robustness of the analysis.

The model performances were evaluated using two classical weather forecast indices: the Fractional Skill Score (FSS) and

the Critical Success Index (CSI), also referred to as the Threat Score (TS) (Wilks, 2006). The FSS (Eq. 1) ranges from 0

(mismatch) to 1 (perfect match) and highlights how the spatial pattern forecasted could match with respect to the observed one.215

Assuming a square-shaped neighborhood of length (size) n, FSSn is given by:

FSSn = 1−
1
N

∑N
i=1

(
Pf −Po)

2

1
N

[∑N
i=1P

2
f +

∑N
i=1P

2
o

] (1)

In the above equation, N is the number of windows in the domain, and Pf and Po are boolean values indicating if the pixel

value is higher or lower than the threshold related to the observation. We applied the FSS by considering the events identified

according to the procedure described in the next section 2.4 and using the 90th percentile on the cumulative precipitation220
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observed as the threshold. Moreover, according to Senatore et al. (2020a), we calculated the FSS only for the Calabrian

peninsula, where we collected and interpolated highly reliable spatial data, excluding the sea.

The CSI (Eq. 2) quantifies the fraction of observed and forecasted events that are correctly predicted by varying the rainfall

thresholds. The index varies between 0 (no skill) and 1 (perfect skill):

CSI =
hits

hits+misses+ false alarms
(2)225

We considered the observed and predicted precipitation cell by cell during the events to build up the contingency table by

varying the thresholds, whose selected values were 0.2, 0.5, 1, 2, 5, 10, 20, and 30 mm.

2.4 Space and time events identification and evaluation of the effects of the SST scenarios

During the selected period from September to December 2019 for WRF simulations, the spatial average of the simulated daily

precipitation over the inner domain with actual SST boundary conditions was used to identify and label the events that occurred.230

Each event was objectively recognized by using a fixed threshold of 0.8 mm on the average daily precipitation values simulated

by the WRF reference run over the Calabria region. This procedure ensured that each event was treated as independent from

the others. The analysis was based on the reference simulation rather than on actual observations, as the simulation proved

highly reliable in terms of event timing and facilitated subsequent comparisons with the SST sensitivity experiments.

The precipitation patterns for the current SST and modified SST scenarios were also evaluated. In particular, since we were235

interested in the localization of the precipitation peaks, for each event and given SST boundary condition, we calculated the

positions of the barycenters of the areas where the accumulated precipitation exceeded the 95th percentile. Specifically, the

barycenters were calculated by considering all grid points in which the accumulated precipitation during the event was greater

than the 95th percentile, according to the equations reported below:

x=

∑N
i=1Prec(i, j) ∗ i∑N
i=1Prec(i, j)

(3)240

y =

∑N
j=1Prec(i, j) ∗ j∑N
j=1Prec(i, j)

(4)

In the above equations, i and j indicate the indices of each of the N pixels exceeding the 95th percentile threshold, while

Prec(i, j) is the accumulated precipitation value in the pixel with coordinates (i, j). Finally, x and y are the coordinates of the

barycenter of the precipitation event.

Finally, to quantitatively assess the effect of the different SST scenarios, we calculated the SAL metrics (Wernli et al.,245

2008) for each of the 20 events, considering the entire inner domain and the SST0 scenario as a reference. The SAL method

comprises three components: the Structure component assesses whether the spatial patterns in the considered field align with
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the reference ones, focusing on the shape of the precipitation areas, specifically whether they are too smooth (negative values)

or too peaked/fragmented (positive values). Amplitude compares the average intensity, checking for over- (positive values) or

under-estimation (negative values). Location evaluates the distance by which the precipitation fields are displaced, focusing on250

the centers of mass.

3 Results

3.1 Trend Analysis

Even though the Sen’s slope and Mann-Kendall trend test for PRCPTOT and RX1day were calculated over the whole EURO-

CORDEX domain, for the sake of clarity, the results are shown only for the Mediterranean area (30° to 50° N and 15° W to255

45° E, Fig. 3). In general, eastern and southern regions of Europe are experiencing decreasing trends of PRCPTOT (Fig. 3a),

unlike the central and northern territories of the continent (only partially shown in the Fig.). Negative trends also affect most

of North Africa. On the other hand, the RX1day trend is more scattered but overall slightly increasing, with approximately an

average of 0.1 mm/year (Fig. 3b). The areas with significant trends are a minority (17.2% and 10.1% of the whole area, for

PRCPTOT and RX1day, respectively), and are also widespread in space.260
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Figure 3. Mann-Kendall and Sen’s slope (mm/year) tests for PRCPTOT (a) and RX1day (b) over the Mediterranean area, using ERA5-Land

data from 1955 to 2023. Dashed areas highlight significant trends.

The assessment of combined trends is particularly interesting. Figure 4 presents the spatial distribution of the areas falling

in the four quadrants of a two-dimensional domain where the horizontal axis represents the PRCPTOT trend, and the vertical

axis represents the RX1day trend. 18,116 pixels out of about 69,000 land pixels (26%) are classified in the first quadrant (Zone

I), where both PRCPTOT and RX1day trends are positive. Similarly, 22,735 (33%) and 24,727 (36%) pixels are placed in the

second and third quadrants (Zones II and III), respectively, while the number of pixels belonging to the fourth quadrant (Zone265

IV) is the least (5%). Generally, the northern part of the study area (roughly, central Europe) is characterized by an increasing

trend of both extreme and mean precipitation (Zone I). The same trend occurs for the areas in the southeastern corner of the

domain (of course, in these dry areas, lower amounts of total precipitation are involved). In contrast, the southern regions of

Europe and, to some extent, the eastern areas are experiencing a decreasing PRCPTOT trend (hence, higher drought risk) and
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an increasing RX1day trend (which could contribute to higher flood risk) (Zone II). Other Eastern European areas, as well as270

most of the southern Mediterranean coasts, are experiencing a generalized decrease in trends (Zone III).

Figure 4. Four zones of compound trends of PRCPTOT and RX1day at annual scale over the Mediterranean region, using ERA5-Land data

from 1955 to 2023, according to the diagram shown in Fig. 2. Dashed areas indicate that both PRCPTOT and RX1day trends are significant.

The quadrant classification diagram is reproduced for the reader’s convenience in the bottom-left corner of the Fig..

The results obtained with the ERA5-Land reanalysis dataset were compared locally with ground-based observations in the

Calabrian Peninsula. Of the 134 stations considered, 29 were recognized with PRCPTOT significant negative trends (Fig. 5a),

while four stations showed a significantly positive trend. In contrast, only eight stations (6% of the total) with significantly

positive trends were found concerning RX1day (Fig. 5b), and even fewer stations (3, 2% of the total) with significant negative275

trends. Though the general behavior across the region is relatively straightforward, with the majority of the stations exhibiting

negative PRCPTOT trends and positive RX1day trends, we performed a further analysis on how geographical and orographic

factors —latitude, longitude, elevation, slope, aspect, and distance from the sea— affect average annual precipitation as well

as PRCPTOT and RX1day trends. Using the k-means method within a Principal Component Analysis (PCA) framework,

we divided the study area into four homogeneous clusters (Fig. S2, supplementary material). The results (Table S1) show280

that orography has a significant influence on the spatial distribution of precipitation, according to several previous studies

(e.g., Colacino et al. 1997; Federico et al. 2009; Buttafuoco et al. 2011; Avolio and Federico 2018). Instead, no significant

correlations emerged for the temporal trends of PRCPTOT and RX1day.
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Figure 5. Mann-Kendall and Sen’s slope tests for observations of a) PRCPTOT, b) RX1day over Calabria from 1955 to 2023. Black-contoured

dots represent stations where trends are statistically significant.

The four zones of combined PRCPTOT and RX1day trends are depicted in Fig. 6. Nearly half of the stations (55, correspond-

ing to 41.0%) are located in Zone (quadrant) II, facing an increasing risk of drought and extreme precipitation. Then, Zone III285

(both decreasing PRCPTOT and RX1day) is noticed with 50 stations (37.3%), whereas 23 stations (17.2%) are identified in

Zone I. Finally, only six stations (4.5%) are placed in Zone IV. Only the stations with both significant PRCPTOT and RX1day

trends are highlighted as "significant" in the maps. They are very few, with one station in Zones I and II and three in Zone III.

Overall, the results indicate that Calabria primarily confronts a higher water stress risk, with a reduction in PRCPTOT detected

in 105 stations, mostly accompanied by a temperature increase (not shown). Nevertheless, the risk of extreme precipitation290

events is not decreasing in the majority of the region (78 stations), with broad clusters of increased compound risk in the south,

east, and northwest of the area (Zone II in Fig. 6).

Despite the differences (a gridded re-analysis at a 0.1° resolution vs. local-scale ground observations), the indications pro-

vided by the two datasets are generally convergent. According to Fig. S3, which shows the Sen’s slope overlays extracted from

both data sets for PRCPTOT (left panel) and RX1day (right panel), the percentages of ERA5-Land pixels and station-based295

positive trends in Calabria are quite similar for PRCPTOT (30.2% and 21.6%, respectively). In contrast, regarding RX1day,

the ERA5-Land increasing trend percentage (92.2%) overestimates that provided by the gauge network (58.2%). Examining

the spatial distribution of the trends, the ERA5-Land dataset reveals two main differences compared to observations: regarding

PRCPTOT, it exhibits a bias towards positive trends in some mountainous areas; regarding RX1day, it provides an almost

uniform positive trend. However, the level of agreement between the ERA5-Land pixels and the overlying stations (i.e., both300
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Figure 6. Four zones of compound trends of PRCPTOT and RX1day at the annual scale for observations over Calabria from 1955 to 2023,

according to the diagram shown in Fig. 2. Black-contoured dots represent stations where both trends are statistically significant. The quadrant

classification diagram is reproduced for the reader’s convenience on the left of the Fig..

pixels and stations exhibiting positive or negative trends) is remarkable, with 62.1% and 66.4% for PRCPTOT and RX1day,

respectively.

Another evaluation has been made by comparing the four zones that accommodate the compound annual PRCPTOT and

RX1day trends over the Calabria region, as illustrated in Fig. S4. This analysis reveals that ERA5-Land mainly represents

zones I and II, whereas ground-truth measurements indicate that zones II and III are the majority. In this case, the level of305

agreement between the ERA5-Land pixels and the overlying stations is 33.6%, primarily due to the matching of pixels and

stations in zone II, which, however, is the zone of major interest in this study.

The comparison between the large-scale reanalysis dataset and the local-scale ground observations demonstrates that the

ERA5-Land dataset can generally capture the contrasting daily and annual precipitation trends in Calabria. More generally,

the analysis, also combined with other studies evaluating observations-based trends at the Mediterranean level (Gomis-Cebolla310

et al., 2023; Vicente-Serrano et al., 2025; Beranová et al., 2025), highlights that the Calabrian Peninsula shares with a relevant

part of the northern Mediterranean Basin the paradox of decreasing mean/increasing variance. Furthermore, it benefits from

a dense and reliable monitoring network. These features are particularly helpful for supporting further analysis of climate

evolution and related challenges in the study region. Specifically, the following sections will focus on the connection between
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extreme events in Calabria and SST since the latter is a critical variable in disentangling the seemingly counterintuitive outcome315

of increasing RX1day trends in a general context of decreasing PRCPTOT.

3.2 Observed and projected SST warming

Figure 7 shows the evolution of both the observed and projected yearly average SST in the external domain (D01) of the WRF

simulation (Fig. 1). The increasing trend is almost monotonic for both observations and projections, whose agreement lies in

the expected range (Menemenlis et al., 2025). Concerning observations, a substantially similar difference of approximately320

1.3 °C emerges when examining the average values of the first and last five years of both ERA5 and CMEMS datasets. Such

a difference, which agrees with previous literature (Mohamed et al., 2019; Pastor et al., 2020; Sannino et al., 2022), is only

slightly higher than that found in the period from September to December (1.1 °C), which will be further addressed with the

WRF simulations.

Concerning projections, temperature changes were evaluated by comparing the future periods (2040-2069 and 2070-2098)325

with the reference period (1985-2014) for both SSP scenarios (Fig. 8). At the annual scale, the projected temperature increase

for the SSP3-7.0 scenario is, on average, 1.7±0.4 °C (with the term after the symbol "±" being the standard deviation) and

2.8±0.7 °C for the periods 2040-2069 and 2070-2098, respectively. Concerning the SSP5-8.5 scenario, instead, the differences

are, on average, equal, for the same periods, to 2.0±0.5 °C and 3.5±0.9 °C, respectively (not far from what was already

projected by the CMIP5 models, e.g. Sannino et al. 2022). The differences detected at the annual scale are nearly identical to330

those found in the period from September to December, as highlighted by an analysis performed at the monthly scale. The

values found for this 4-month period are equal to 1.7±0.5 °C and 2.9±0.7 °C for SSP3 and 2.1±0.6 °C and 3.6±0.9 °C for

SSP5, considering the 2040-2069 and 2070-2098 period, respectively. In particular, the 3rd quartile in the period 2070-2098 is

equal to 3.2 °C with SSP3-7.0 and 4.1 °C with SSP5-8.5.

The period selected for the high-resolution weather simulations was September to December 2019. During that time interval,335

the average SST recorded was approximately 1.4 °C above the average SST of the first five years for which observations were

available, and approximately 0.9 °C higher than in the reference period 1985-2014. Therefore, a homogeneous 1 °C reduction

of the SST fields is a reasonable choice to trace back SST average conditions to the early ’80s. In contrast, a homogeneous

increase of 3 °C in the SST fields allows for reproducing the warmest projected conditions for both the SSP3-7.0 and the

SSP5-8.5 scenarios in the farthest future period, 2070-2098 (Fig. 8). Hereafter, the simulation considering the actual SST340

conditions will be referred to as SST0, the past scenario with uniformly reduced SST values as SST-1, and the future scenario

with uniformly increased SST values as SST+3.

3.3 High-resolution atmospheric simulations

The time sequence of the 20 events identified and labeled during the analyzed season is depicted in Fig. 9, in which the average

daily precipitation values obtained for the Calabria region by spatial interpolation of the 150 available gauges are shown.345

Model validation using SST0 was performed for all 20 detected events. While Figs. S5-S24 in the Supplementary show

the observed and simulated accumulated precipitation maps for all events, Fig. 10 compares the verification indices FSS
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Figure 7. Annual average SST (°C) in the external domain (D01) of the WRF simulation. For SSP3-7.0 and SSP5-8.5 scenarios, the thicker

lines indicate the median for the model simulations, while the colored bands highlight the 10th and 90th percentiles, respectively. The area on

which the values are calculated is the D01 domain, shown in Fig. 1.

Figure 8. Monthly spaghetti graphs, showing the SST increase compared to 1985-2014 in the periods 2040-2069 and 2070-2098, considering

22 GCMs with both SSP3-7.0 and SSP5-8.5 scenarios, respectively. The dashed lines in each graph represent the medians, and the shaded

areas highlight the period from September to December. The dashed lines with circles indicate the observed anomaly in 2019 compared to the

reference period, while the triangles and squares represent the changes applied to the observed SST values (+3 °C and -1 °C, respectively).

The area on which the values are calculated is the D01 domain, shown in Fig. 1.
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Figure 9. Temporal evolution of daily mean precipitation [mm] for the Calabria region in the analyzed fall 2019 period. The black line

represents the observed values obtained through spatial interpolation of observations, and the orange line indicates the results of the SST0

simulation for the same area. In the Fig., each event is identified and labeled.

and CSI achieved for SST0, SST-1, and SST+3 scenarios, as well as the ERA5 reanalysis. Specifically, Fig. 10a illustrates

the FSS, highlighting the importance of dynamic downscaling for an accurate representation and demonstrating its superior

performance compared to the lower-resolution ERA5. Considering all 20 events, the median FSS increases for larger window350

sizes as expected, exceeding already for a window size of 3 km the value of 0.5, which is generally considered a benchmark

for a skillful forecast, even though a small increase should be taken into account to consider the occurrence of half of a random

forecast (Roberts and Lean, 2008; Necker et al., 2024). The FSS is also shown for the SST-1 and SST+3 simulations, with the

aim of highlighting the extent to which SST representation affects the simulations. Due to its higher difference from observed

SST, SST+3 performance does not increase as much as SST-1 with increasing window size. Still, the SST+3 simulation remains355

better than the reanalysis. Considering the CSI index (Fig. 10b), all models perform relatively well for smaller precipitation

thresholds. In contrast, as the threshold increases, the simulation with SST0 performs the best. It can also be seen that ERA5

has a median of 0 when considering the threshold of 30 mm, indicating that at least 50% of the events have no prediction skill.

After validating the simulations against observational data, we conducted an in-depth analysis of how varying sea surface

temperature boundary conditions influence precipitation patterns. Considering the whole innermost domain at convection-360

permitting resolution (D02 in Fig. 1b), precipitation increases as the SST increases. In fact, the simulated accumulated precipi-

tations for the 20 events analyzed are always lower for the past scenario (SST-1) and higher for the future scenario (SST+3) than
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Figure 10. Box and whisker plots of the Fractional Skill Score (a) and the Critical Success Index (b) obtained by considering all the

identified precipitation events and the three SST scenarios over the Calabria region. Each boxplot represents the variability across the 20

different events. The size in the FSS sub-figure indicates the size of the moving average windows, as specified in Eq. 1. Conversely, in the

CSI sub-figure, the label indicates the precipitation threshold (mm). In the boxplots, the bottom and up whiskers indicate the 5th and 95th

percentiles, respectively; the box limits the 1st and the 3rd quartiles, respectively, and the small line in the box is the median. The squares

represent the average values.

Figure 11. Percentage variation of the accumulated (spatially-averaged) precipitation all over the D02 domain (a) and only overland (b) for

each event with SST-1 (blue dots) and SST+3 (red dots) boundary conditions vs. accumulated overland precipitation with SST0 boundary

conditions. The shaded areas represent the 95th percentile confidence level performed for the 2nd-order polynomial fitting (represented with

the lines) over the two different scenarios.

the actual conditions (SST0), as shown in Table A1 in the Appendix and in Fig. 11a, which sets out the percentage of difference

in precipitation between simulations using modified boundary conditions and the SST0 boundary condition compared to the
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accumulated precipitation simulated with SST0. This outcome indicates that higher precipitation occurs when a greater amount365

of water vapor is available in the atmosphere, due to a larger contribution of evaporation from a warmer sea. Specifically, the

precipitation amounts (spatial average) collected for all events with different SSTs are quite well linearly correlated so that

it is PSST−1 = 0.92 ·PSST0 − 1.4 (r = 0.99) and PSST+3 = 1.14 ·PSST0 +6.4 (r = 0.95), with PSSTx [mm] indicating the

accumulated precipitation with the given SST boundary condition.

If only accumulated rainfall on land is considered rather than over the whole domain D02 (Table A1 and Fig. 11b), the370

linear correlations between PSST0 and PSST−1 and PSST+3 still hold, being PSST−1 = 0.94 ·PSST0 − 1.1 (r = 0.99) and

PSST+3 = 0.88 ·PSST0 +8.5 (r = 0.94), respectively. Nevertheless, the increase in precipitation in response to SST increase

is no longer always respected, especially for higher precipitation, as the slopes of the linear equations (higher for PSST−1

in this case) suggest. Opposite trends arise considering SST-1 and SST+3. In the case of low SST0 precipitation values (i.e.,

light events), colder SST conditions lead to markedly reduced rainfall (approximately from -25% to -50%). In comparison,375

warmer SST conditions produce the opposite effect, with increases up to +75% and even more. However, when accumulated

precipitation values with SST0 increase (i.e., in the case of heavier events), both the colder/warmer SST-induced precipitation

differences tend to cancel out. For the two heavier events, the precipitation differences for SST-1 are equal to -6% and -9%,

while for SST+3, they are equal to -3% and -7%, respectively.

The counterintuitive behavior of overland accumulated rainfall, which, for the heavier events, tends to decrease despite the380

higher SST values, is linked to the changes in the spatial pattern of the precipitation fields in the domain and, in particular,

to the eastward shift of the rainfall peaks. Figure 12 depicts with circles the locations of the barycenters of the precipitation

patterns calculated as described in section 2.4. In the Fig., the circles related to the same event but with different SST boundary

conditions are connected by blue (SST-1 to SST0 barycenters) and red (SST0 to SST+3 barycenters) lines, and the small arrows

indicate the predominant wind directions at 850 hPa during the events. For each triplet, the size of the red circle, representing385

the average precipitation of the pixels exceeding the 95th percentile for that event, is always bigger than the sizes of the blue

(SST-1) and grey (SST0) circles. Indeed, such as for average precipitation, also rainfall peaks (Table A1) are linearly correlated

(PSST−1 = 0.88 ·PSST0 − 1.6 with r = 0.98 and PSST+3 = 1.13 ·PSST0 +28.6 with r = 0.92, respectively).

Besides the amount of rainfall peaks, however, for our purposes, their different locations are particularly important. Figure

12 highlights that in most cases, the increased rainfall peaks of the SST+3 events are shifted eastwards of the respective390

SST0 events. Some of them, notably the rainiest events (nos. 6 and 12), are relocated over the Ionian Sea, thereby saving

the land from the heaviest rainfall. Such an effect was found especially for the cyclonic circulations that cross the Ionian Sea

before reaching the eastern Calabrian coast, which are, in general, the heaviest and most impactful. The warmer boundary

conditions modify appreciably the circulation pattern (for example, for event no. 12, the blue circle is over the Tyrrhenian Sea

and the red one over the Ionian Sea) and, mainly, foster the upload of significant moisture content from the sea, enhancing395

instability so that the heaviest precipitation is induced offshore rather than overland. Notably, this behavior is also caught with

lower-resolution simulations (Fig. S25 shows the same analysis of Fig. 12 performed using the external domain). In addition,

sensitivity analyses highlighted that the eastward shifting is quite a robust outcome, not depending on the atmospheric model
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Figure 12. Locations of the centers of mass of the accumulated precipitation exceeding the 95th percentile for the 20 analyzed events,

considering the innermost domain, with SST-1 (blue filled circles), SST0 (dark grey), and SST+3 (red). The small arrows indicate the

predominant wind directions at 850 hPa during the events, calculated as the average values over the whole D02 domain. The inset shows the

SAL violin plot by considering the SST-1 and SST+3 scenarios with respect to SST0; the dashed line indicates the median, while the dotted

lines highlight the 1st and 3rd quartiles, respectively.

parameterization (Fig. S26 shows that using a different PBL scheme, i.e., YSU - Yonsei University scheme, Hong et al. 2006,

does not cause substantial changes in SST0 and SST+3 precipitation patterns for event no. 12).400

The eastward shift is caused by changes in cyclone structure induced by warmer sea-surface temperatures (SSTs). Higher

SSTs increase the energy and moisture available to storms, producing deeper, larger cyclones with stronger winds. As a result,

the cyclone precipitation footprint — which generally lies east–northeast of the pressure minimum (e.g., Field and Wood

2007) — becomes larger and extends further east/northeast. This scaling also applies to the synoptic patterns most responsible

for intense precipitation over the Calabrian peninsula, whose lows often center over a region including the Strait of Sicily405
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Figure 13. Column precipitable water (kg m-2) for configurations a) SST-1, b) SST0 and c) SST+3 on 12 November 2019 at 03:00 GMT.

The maps also show sea level pressure (contours; hPa).

and the Tyrrhenian Sea (e.g., Mastrantonas et al. 2022). Thus, SST-driven increases in cyclone size can relocate the heaviest

precipitation from overland (where, however, orographic enhancement is possible) to offshore areas in the Ionian Sea.

The SAL analysis, shown in the inset of Fig. 12, objectively confirms the visual analysis. The SST-1 scenario mainly

generates negative S and A components, thus smoothing and reducing the precipitation fields. On the other hand, the SST+3

scenario tends to be sharper and to increase the average precipitation. The L component, which in principle can vary from 0 to410

2, depicts a more prominent increase in distance between the centres of mass when applying SST+3 compared to SST-1.

Event no. 12, which produced the heaviest simulated precipitation, was analyzed in detail as an exemplary case to better

explain the dynamics leading to the eastward shift of the precipitation maxima. Figure 13 shows a snapshot of the large-scale

pattern during the event. As described above, the cyclone dominating the western Mediterranean Basin, though being in all

cases broadly centered on west Sicily, is deeper and larger with SST+3 than with SST0 and SST-1, increasing the amount415

of precipitable water in the atmosphere and moving eastward the barycenter of the water vapor concentration pattern. The

characteristics of event no. 12 are also reflected in the large-scale analysis of other events, namely nos. 6 and 15, as shown in

Fig. S27, with the differences that for event no. 6 the pressure low is centered southward, closer to the Libyan coast, and for

event no. 15 in the central Tyrrhenian Sea.

Focusing on higher-resolution simulations (domain D02) of event no. 12, Fig. 14 shows the average convective available420

potential energy (CAPE) during the night preceding the most intense rainfall (Figs. 14a, c, and e), together with the average

water vapor mixing ratio, vertical wind and vertical velocity omega profiles (Figs. 14b, d, and f) for a specific cross-section

(red line in Figs. 14a, c, and e). The experiment produced a substantial increase in CAPE on the Ionian Sea as SST increased,

indicating a more considerable offshore instability for this kind of event in future scenarios. The vertical profile of omega, water

vapor mixing ratio, and vertical wind at the selected cross-section confirmed this result. Negative values of omega describe425
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Figure 14. Left: Average CAPE (color bar), horizontal average wind at 850 hpa (arrows), and precipitation (isolines) during the eight hours

preceding the most intense rainfall during event no. 12: a) SST-1, c) SST0, e) SST+3. The red star indicates the center of mass previously

shown in Fig. 12. Right: vertical profile of omega (color bar), water vapor mixing ratio (isolines), and vertical wind (upward or downward

arrows for direction; speed proportional to the reference vector) for b) SST-1, d) SST0, f) SST+3.
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Figure 15. Temporal evolution of the vertically integrated water vapor flux (kg/ms), perpendicular to section A-A’ shown in Fig. 1a, during

event 12.

unstable conditions, which were shifted eastwards with increasing SST. Additionally, the specific humidity in the atmosphere

increased over the Ionian Sea, and the ascending currents were stronger. Therefore, Fig. 14 underscores that the atmospheric

instability and the moisture content can be shifted eastwards and offshore while moving towards warmer SST conditions. The

same analysis, performed for events no. 6 (Fig. S28) and 15 (Fig. S29), showed similar outcomes, even though the difference

in the vertical profile of omega in the latter case, having a minimal eastward shift, is less marked.430

Finally, still focusing on event no. 12, another effect of the SST scenario selection is shown in Fig. 15, with the column-

integrated water vapor flux crossing the section A-A’ shown in Fig. 1a. The analysis indicates that the SST+3 scenario reduced

the overall amount of water vapor flowing towards the eastern coast of Calabria by almost -24 %. According to previous

analyses, with the SST+3 simulation, the water vapor mainly flows northward, approximately parallel to the coastline, until it

triggers intense rainfall.435

4 Discussion

4.1 Trend analysis

The reliability of the trend analysis at the large scale strongly depends on the ability of ERA5-Land to capture the contrasting

daily and annual precipitation trends. Our findings make further contributions to the existing literature on the soundness of trend

reconstruction using ERA5 and ERA5-Land, particularly along the northern Mediterranean coast. The analysis performed over440

Calabria highlights that the ERA5-Land dataset provides more smoothed precipitation time series in comparison with the

gauges, which take more localized variations (not necessarily representative of an entire ERA5-Land grid cell); a conclusion

strongly supported by Gomis-Cebolla et al. (2023) implying underestimations of ERA5/ERA5-Land for heavy (from 20 to 40

mm/day) and violent precipitation (exceeding 40 mm/day) categories over Spain apart from their good capacity to introduce
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the spatial patterns and temporal trends of observations from 1951 to 2020, by Beranová et al. (2025), concluding the tendency445

of reanalyses like ERA5 to underestimate total precipitation in wintertime over Europe considering observations from 1961 to

2010, and by Cammalleri et al. (2024), finding that ERA5 captures inter-annual variability trends in Southern Italy. Being based

on a reanalysis, the ERA5-Land dataset relies on observations indirectly, providing a spatially homogeneous level of accuracy.

Other spatially distributed datasets directly based on ground data supply biased information in zones where the monitoring

network is not dense enough. For example, the stations feeding the E-OBS dataset (Cornes et al., 2018) are rather sparse in450

southern and eastern Europe (Cammalleri et al., 2024). Also, concerning the hydrological impact, the findings of Stahl et al.

(2012) and Blöschl et al. (2019) about decreasing regional trends of river flood discharges in southern Europe are contradicted

by Prete et al. (2023) and Avino et al. (2024) local-scale findings about daily precipitation trends, probably because in the

studies analyzing streamflow data very sparse observations are available for this region. Finally, a recent study based on a

comprehensive station-based dataset for the whole Mediterranean region (Vicente-Serrano et al., 2025) confirms a general455

decreasing trend for annual precipitation in the period 1951-2020, attributing it to internal variability of atmospheric dynamics.

Despite the inevitable uncertainty that accompanies the use of any large-scale grid dataset, trend results in the Mediter-

ranean are largely consistent with the previous literature and support the mentioned paradox of decreasing mean/increasing

variance. Summarizing several previous studies, also the 6th IPCC Assessment Report (Masson-Delmotte et al., 2021) high-

lights significantly increased observed heavy precipitation in northern and central Europe and a lower agreement in the type460

of change for the Mediterranean area. In contrast, a significant increase was observed in agricultural and ecological drought in

the Mediterranean and Western and Central Europe, with low agreement for the trend sign in other European areas. Similarly,

results concerning Calabrian gauges’ trends reveal consistent outcomes with those of previous studies. In particular, Prete et al.

(2023) found increasing daily rainfall extremes for 50- and 100-year return periods, Avino et al. (2024) pointed out generally

increasing trends for daily and sub-daily rainfall durations, and Caloiero et al. (2020, 2021) observed a decreasing trend in465

annual rainfall. On the contrary, Caloiero et al. (2017) asserted a decreasing trend in the higher daily rainfall categories, but

with a dataset that stopped in 2006.

However, an important point to consider for both the analyzed datasets is that, while the pattern of the spatial distributions

of both PRCPTOT and RX1day trends is clear, with the prevalence of decreasing PRCPTOT and increasing RX1day, many

of the detected trends are statistically non-significant, especially concerning RX1day. There are multiple possible reasons470

for this outcome. Of course, the simplest is that the trend signal in the time series is too weak. However, the statistically

non-significant trends observed in ERA5-Land may also stem from issues related to spatial aggregation (Guo et al., 2024),

potentially smoothing out localized variations and extreme events captured by ground observations, and model biases (Xie

et al., 2022), arising from assumptions made in the simulation of physical processes. Regarding point-based precipitation

measurements, the issue of statistically nonsignificant trends may originate from recurrent outliers (González-Rouco et al.,475

2001), which can be attributed to instrument malfunctions and environmental influences such as wind. In our dataset, although

outliers in a few cases contributed to the loss of statistical significance, they were not removed, as they were considered verified

observations.
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4.2 Mediterranean Sea warming effect on precipitation

To the best of the authors’ knowledge, this research, for the first time, aims at disentangling the expected influence of sea surface480

warming, even combined with orography, on cyclonic event features in Southern Europe, by analyzing an entire season with 20

events at a convection-permitting resolution, and highlighting variations in features like average and maximum accumulation

precipitation values and overall spatial patterns. Our experiments extend and are directly comparable to the existing body of

literature focusing on the Mediterranean area. Meredith et al. (2015), analysing a single Black Sea event at very high resolution,

chiefly reported a large increase in simulated precipitation and also substantial changes in the rainfall patterns. By contrast,485

studies that considered multiple events in the Adriatic (Stocchi and Davolio, 2017; Ricchi et al., 2023) emphasised that the

effect of SST varies considerably between events and that SST mainly influences the stability of the atmospheric boundary

layer. Focusing on Medicanes, Fita et al. (2007) and Miglietta et al. (2011) showed that warming or cooling of the sea surface

can affect Medicane formation, producing much more intense and larger systems with higher SST; Pytharoulis (2018) found

an almost linear deepening of Medicanes with increasing SST anomalies and noted that Medicane lifetime depends on SST.490

Noyelle et al. (2019), while agreeing on the strong SST influence on Medicane intensity, concluded that the SST state has

only a minor effect on cyclone tracks. Conversely, Varlas et al. (2023) attributed both the intensity and the track and landfall

location of the Ianos Medicane to SST changes. In other world regions, Lin et al. (2023) argued that SST modifies the marine

boundary-layer jet, which can shift Taiwanese rainfall southward, whereas Dutheil et al. (2019) found that rainfall variations in

the South Pacific Convergence Zone are driven by uncertain changes in the zonal SST gradient consistent with a “warmer-gets-495

wetter” mechanism. Finally, Armon et al. (2022), analysing many historical events, reported a substantial decrease in rainfall

accumulation in the eastern Mediterranean, caused by a marked reduction in storm rain area and shorter storm duration, even

though mean conditional rain intensity increased.

While this research expressly focuses on SST warming trajectories, to achieve a more comprehensive overview of future

conditions, other information should be complemented. For example, contrary to the pseudo-global warming approach used500

here, generally, the atmosphere’s vertical profile is also expected to be modified. Varying only SST can lead to an overesti-

mate in the vertical gradient of temperature and, therefore, biased effects on precipitation. The present analysis treats each

event individually and regards them as isolated phenomena, such as, e.g., the cold air intrusions that typically occur in this

area at this time of year, and are therefore plausible also in a global warming scenario, not undermining the relevance of

our experiments. Nevertheless, changes in event frequency or seasonality cannot be assessed with our event-based, SST-only505

framework. Important forcings and feedbacks are omitted, such as, for example, the effects of increased salinity levels due to

lower precipitation and freshwater supply (Verri et al., 2024), which could lead to reduced evaporation and consequently less

severe precipitation events (e.g., Lee and Hong 2019). Coupled GCM/RCM scenarios, on the other hand, account for multiple

drivers simultaneously and can produce additional effects such as a shortened rainy season (Hochman et al., 2018), weakened

land–sea thermal contrasts (Tuel and Eltahir, 2020), and altered cyclone frequency and tracks through changes in large-scale510

circulation. However, although much recent literature relying on GCM- and RCM-based scenarios focuses on the projection of

heavy rainfall events in the central Mediterranean, it does not yet provide a unanimous response.
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Analyzing the decomposed contribution from atmospheric thermodynamics and dynamics in CMIP5 projections, Pfahl et al.

(2017) concluded that reduced cyclone frequency is expected in the broader Mediterranean region. Both Zappa et al. (2015),

analyzing 17 CMIP climate models, and Reale et al. (2022), considering a higher resolution provided by the Med-CORDEX515

(CMIP5-derived) ensemble, for the end of this century found that the overall frequency decrease and weakening of cyclones

moving across the Mediterranean will be compensated, in the central part, by increased wind speed and precipitation rate.

Using the EURO-CORDEX ensemble, Matte et al. (2022) projected for the Central Mediterranean an increase in the num-

ber of events exceeding the 90th percentile for the larger-sized precipitation systems and a small decrease for medium-sized

systems. Also, Hosseinzadehtalaei et al. (2020), projecting intensity–duration–frequency curves over Europe, showed that the520

sub-daily extreme precipitation events with the highest return periods are expected to become more frequent. Another analysis

based on the EURO-CORDEX ensemble and focused on precipitation overland (Tramblay and Somot, 2018) emphasizes an

overall increase in 20-year extreme precipitation in the northern Mediterranean coast and a decrease in the southern coast, in

agreement with the ongoing trends described in this paper (section 3.1). Finally, by further increasing the spatial resolution

with an ensemble of convection-permitting regional climate models under the RCP8.5 forcing scenario, Müller et al. (2024)525

found that more intense, heavy, and severe precipitation events must be expected in southern Italy, especially during fall in the

form of landfalling and geographically forced events. Moving to CMIP6 projections, Fernández-Alvarez et al. (2023), analyz-

ing the Community Earth System Model Version 2 (CESM2; Danabasoglu 2023) under the SSP5-8.5 scenario, recognized a

contrasting contribution of moisture transport from the Mediterranean Sea and the North Atlantic Ocean to the western conti-

nental area of the Mediterranean basin, with the former increasing precipitation and the latter decreasing it. Finally, Anav et al.530

(2024) performed a dynamical downscaling of the MPI-ESM1-2-HR model (model no. 18 in Table 1). Concerning precipita-

tion, they only provided results at the seasonal scale, revealing a substantial reduction. However, they demonstrated that the

high-resolution air-sea coupling improved the representation of high-impact events like marine heat waves.

In the overview of heavy rainfall projections summarized above, the risk of high-impact events increases, in general, with

increasing resolution of the simulation. This outcome can be explained by considering the more relevant effect of higher-535

resolution complex topography in triggering convection (Ricchi et al., 2023). Using very high-resolution (2 km) modeling,

our study demonstrated that the interaction of an increasingly warmer and humid atmosphere with coastal orography, which

impacts the development of convective systems even offshore (Khodayar et al., 2021), further enhances the moisture loading

and favors their maturity so that rainfall peaks occur before landfall, especially for more unstable systems. In this way, given a

precipitation rate increase in the overall domain (i.e., considering both land and sea), the overland precipitation rate increases540

for small to medium-sized events, making them more dangerous and impactful, but is constant or even reduces slightly for

heavy events, which, however, remain still dangerous. Therefore, the overall tendency overland can be summarized as an

expected increasing frequency of heavy events rather than increasing intensity.
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5 Summary and conclusions

The research provides an investigation of the decreasing mean/increasing variance paradox of precipitation in southern Eu-545

rope. First, a combined trend analysis of annual and maximum one-day precipitation over the Mediterranean region revealed

divergent trends along much of Southern Europe, with heavy precipitation increasing but total annual precipitation decreasing.

These trends were compared with those achieved by ground-based measurements in the Calabrian peninsula, leveraging an

observational dataset spanning nearly 70 years. The results confirmed the general reliability of the ERA5-Land dataset and

pointed out that this subregion can be considered representative of much of the northern Mediterranean coast.550

Next, we examined the role of sea-atmosphere-orography interactions in explaining heavy precipitation enhancement despite

the overall drying trend. In particular, we isolated the impact of sea surface warming by simulating an especially intense rainy

season in the Calabrian peninsula and comparing current SST conditions with both past (SST-1) and future (SST+3) scenarios.

The convection-permitting resolution of the dynamical downscaling approach allowed for a highly detailed reconstruction

of the different cyclone features and the resulting precipitation patterns induced by varying SST boundary conditions. The555

numerical experiments explained the enhancement of overland heavy precipitation events’ frequency but did not indicate an

increase in peak rainfall accumulation since the most extreme events should tend to produce their highest rainfall totals over

the sea before reaching land.

The study’s main methodological contribution is demonstrating the added value of high-resolution, convection-permitting

analyses in accurately capturing key processes unique in orographically complex regions like the one addressed. The benefit of560

such an approach has been highlighted by several different studies in the past (e.g., Ban et al. 2014; Prein et al. 2015; Coppola

et al. 2020; Pichelli et al. 2021), but its advantages continue to be thoroughly evaluated even in more recent studies (e.g.,

Fosser et al. 2024; Soares et al. 2024). While we showed that the main features of precipitation change can be observed already

by examining the outer (lower resolution) domain, the approach adopted helps explain in detail the seemingly contradictory

trends of increasing daily maximum rainfall and decreasing annual total precipitation, and can be generalized to much of565

the northern Mediterranean coast. As hyper-resolution climate simulations become more widely available, they will allow for

further validation and refinement of these results.

Overall, our results help clarify the specific role of Mediterranean Sea warming in shaping the evolution of precipitation

regimes in the study area. This work advances previous findings by preliminarily updating the analysis of current trends with

the most recent data available and then by systematically examining the effects of predicted SST increase over an entire rainy570

season. In doing so, it highlights changes not only in precipitation accumulation but also in its spatial distribution, including

minor events. The findings reveal a distinctive situation characteristic of the central–western Mediterranean domain, which

contrasts with other zones of the basin (i.e., the eastern Mediterranean; Armon et al. 2022), where synoptic circulation causes

the sea to contribute differently as a reservoir of atmospheric moisture for projected storms.

The focus on overland precipitation underscores the practical implications of this study. As a general indication, the results575

achieved so far suggest that in the future, rather than the maximum intensity of heavy events, their return period will more

probably change. The projected higher frequency of moderate-to-heavy events is a key factor to consider for climate adap-
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tation and territorial and urban planning, especially in terms of how extreme precipitation affects flood risk. Of course, this

indication needs to be complemented by further analysis, which will be performed in future research. A key focus will be the

quantification of the hydrological impact, as the expected rise in heavy precipitation event frequency could disproportionately580

elevate flood risk, but in different ways, according to the diverse features and sizes of the affected watersheds. The atmo-

spheric modeling performed so far needs to be linked to detailed hydrological modeling to quantify changes in runoff, peak

flows, and inundation patterns. Finally, robust assessment requires quantifying uncertainty through multi-experiment ensem-

bles. To this aim, the overall atmospheric-hydrological chain shall be supported by multiple pseudo-global-warming runs and

GCM/RCM-driven simulations that account for warming-induced processes beyond SST changes, characterized by sufficiently585

high (convective-permitting) resolution so that convective processes are explicitly resolved and orographic enhancement effect

is duly considered.

Data availability. The daily precipitation at the high resolution simulated by the WRF model in the innermost domain D02 can be down-

loaded at https://doi.org/10.5281/zenodo.16356046 for all three SST scenarios. Precipitation gauges data are available upon request from the

Centro Funzionale Multirischi – ARPACAL (2025; http://www.cfd.calabria.it/index.php/dati-stazioni/dati-storici). ERA5-Land can be re-590

trieved from https://cds.climate.copernicus.eu/datasets/reanalysis-era5-land. ERA5 Data can be retrieved from https://cds.climate.copernicus.

eu/datasets/reanalysis-era5-single-levels-monthly-means?tab=overview. CMIP6 Data can be retrieved from https://doi.org/10.20350/digitalCSIC/

15492. CMEMS Data can be retrieved from https://doi.org/10.48670/moi-00169.

Appendix A

Table A1 provides a detailed analysis of the 20 precipitation events identified in the September-December 2019 period. It595

quantifies average precipitation (mm) across the entire internal domain of the WRF simulation, overland-only precipitation,

and precipitation above the 95th percentile, simulated by SST0, SST-1, and SST+3 scenarios, respectively.
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