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

is-Focusing on a representa-
tive sub-region of the study-area-te-Mediterranean basin in southern Italy, we examine in detail the role of sea-atmosphere-
orography interactions, particularly the impact of increasing sea surface temperature(SSTtemperatures (SSTs), in enhancing

heavy precipitation despite overall drying. Twenty consecutive precipitation events identified in a particularly intense rainy sea-
son (September-December 2019) are reproduced at a convection-permitting resolution (2 km) using the Weather Research and
Forecasting (WRF) model with ERAS 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 Shared Socioeconomic Pathways (SSPs) pro-
jections. 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 remain mostly unchanged because the high-
est 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 contributes to clarifying the seemingly con-

tradictory trend of rising daily precipitation extremes despite falling annual precipitation 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,
where cold anomalies due to outbreaks of Arctic cold air are detected (Komiiscii and Oguz, 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,
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,
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;
white-furthermore, Lazoglou et al. 2024 adopted an approach identifying the spatial distribution of both trends under current

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 rates
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 caused
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 and
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 deep
convection, an increase in Convective Available Potential Energy (CAPE), and, as a final result, extreme precipitation events
(Miiller et al., 2024; Ricchi et al., 2023; Pfahl et al., 2017; Meredith et al., 2015).
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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
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)
(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
precipitation 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 (Gen

climatic downscaling (Tramblay and Somot, 2018; Hosseinzadehtalaei et al., 2020; Reale et al., 2022; Matte et al., 2022) up to
convection-permitting resolutions (Muller et al., 2024).

Several studies have evaluated the SST's strong in uence 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, precipitation in-
creasesMighi = : [ = - Ricchi = . : —(\Rbietta et al., 2011; Meredith et al,

. However, even slight uniform variations in SST ( 0.5 °C) can in uence precipitation patterns under particular synoptic con-
ditions (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 lanos (Varlas et al., 2023) that occurred in 2020, which produced a variation

representation of the 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 eventsi@ggith-et-al-2015:-Stoechi-and-Davelio-2

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 severa
historical variables besides SST, including the whole skin temperature, surface pressure, and 3D elds of temperature, wind,
and speci ¢ humidity.

The climate of Southern Europe, whose coastline broadly faces the central/western Mediterranean Sea, is in uenced on the
one hand by the SST and on the other hand by an often locally complex orography with steep mountains opposing atmo-

spheric water transport, both conditions rendering this region prone to extreme precipitation events characterized by strong
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Sea 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 lanc
10protection under ongoing climate change.

most at the geographical center of the Mediterranean Sea. Calabria's unique geography, with steep orography and surroundin
seas, creates conditions highly favorable to extreme precipitation. Interactions between intense air-sea exchanges and coast
topography amplify local instabilities. As climate change advances, this area faces frequent and severe extreme precipitatior
events, making it a challenging and signi cant testbed in the Mediterranean Basin (Mastrantonas et af 2823 parisen

permitting scale (2 km) using the WRF (Weather Research and Forecasting, Skamarock et al. 2021) model with boundary
conditions provided by ERA5 reanalysis for two nested domains. Successively, while preserving the other boundary condi-
tions, 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 reasonabl
representative of the projections for the end of this century according to selected Shared Socioeconomic Pathways (SSPs) sce
narios. The overall analysis, which speci cally focused on the impact on land areas, provided a comprehensive insight into the
evolution of heavy precipitation intensity and frequency in the northern coastal Mediterranean and its correlation to sea surface

warming.
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Figure 1. a) Overview of the Calabria Region with the administrative borders (bold black lines) and the locatiori-8éthistoricat1 50

are calculated across section A-A (Fig. 10); b) Topographic map of the Central Mediterranean area showing the two outermost (D01) and
innermost (D02) WRF domains.

2 Data and Methods

15080 kn? that lies between 3B4° and 4009°N and 1537° and 17 13°E. The profound in uence of the surrounding sea
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on atmospheric conditions, combined with the complex local orography, makes the Calabrian climate highly heterogeneous,
with sharp transitions from humid to dry areas (Mendicino and Versace, 2007; Senatore et al., 2020a). The peculiar physical
characteristics 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 (lonian) 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 oods 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).

o 0km)-of-thered

example, during the 2019 fall season, 20 precipitation events were recorded in southern Italy, among which two extreme events
(from 11" to 13" of November, Marsico and Rotundo 2019, and frorff 28 25" of November, Fusto et al. 2019) produced
very intense precipitations (more than 200 mm of accumulated precipitation in some locations) and powerful wind speeds

of this seasorandtherelativeproximity in time, which allowedfor aconsiderabl@umberof measuringtationsavailablefrom

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 network 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 re
sonable range of variations in the atmospheric model's boundary conditions. As observed ddtagémemtion ECMWF
reanalysis, i.e., the monthly SST ERA5 reanalysis from 1980 to 2023, combining global model data with observations sam-

175 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 2.2).

Regarding SST projections, we utilized the internationally coordinated Coupled Model Intercomparison Project Phase 6

180 (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
CO, 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 emissions
185 and CQ that roughly triple from current levels by 2075.

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

2.2 Trend-analysis
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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 Fisica de Cantabria (IFCA)

ID Complete Name Institution Model Variant Reference
0.1 ERAS5 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 rlilp1fl CSIRO-ARCCSS ACCESS-CM2 rlilplfl Dix et al. (2023)
2 ACCESS-ESM1-5_CSIRO_rlilp1fl CSIRO ACCESS-ESM1-5  rlilpilfl Ziehn et al. (2023)
3 AWI-CM-1-1-MR_AWI_rlilp1fl AWI AWI-CM-1-1-MR  rlilplfl Semmler et al. (2023)
4 BCC-CSM2-MR_BCC_rlilp1fl BCC BCC-CSM2-MR rlilpifl Xin et al. (2023)
5 CAMS-CSM1-0_CAMS_r2ilpifl CAMS CAMS-CSM1-0 r2ilpifl Rong (2023)
6 CESM2-WACCM_NCAR_rlilpifl NCAR CESM2-WACCM  rlilpifl Danabasoglu (2023)
7 CMCC-CM2-SR5_CMCC_rlilpifl CMCC CMCC-CM2-SR5  rlilplfl Lovato and Peano (2023)
8 CNRM-CM6-1-HR_CNRM-CERFACS_rlilp1f2 CNRM-CERFACS CNRM-CM6-1-HR  rlilplf2 Voldoire (2023a)
9 CNRM-CM6-1_CNRM-CERFACS_rlilplf2 CNRM-CERFACS CNRM-CM6-1 rlilplf2 \oldoire (2023b)
10 CNRM-ESM2-1_CNRM-CERFACS_rlilp1f2 CNRM-CERFACS CNRM-ESM2-1 rlilplf2 Seferian (2023)
11 CanESM5_CCCma_rlilp1fl CCCma CanESM5 rlilplfl Swart et al. (2023)
12 EC-Earth3_EC-Earth-Consortium_rlilp1fl EC-Earth-Consortium EC-Earth3 rlilplfl (EC-Earth)
13 FGOALS-g3_CAS_rlilpifi CAS FGOALS-g3 rlilplfl Li (2023)
14 GFDL-ESM4_NOAA-GFDL_rli1pifl NOAA-GFDL GFDL-ESM4 rlilpifl Krasting et al. (2023)
15 IITM-ESM_CCCR-IITM_rlilp1fl CCCR-IITM IITM-ESM rlilplfl Panickal et al. (2023)
16 INM-CM5-0_INM_r1ilplfl INM INM-CM5-0 rlilplfl Volodin et al. (2023)
17 IPSL-CM6A-LR_IPSL_rlilplfl IPSL IPSL-CM6A-LR rlilpifl Boucher et al. (2023)
18 MPI-ESM1-2-HR_MPI-M_rlilplfl MPI-M MPI-ESM1-2-HR  rlilplfl  Jungclaus et al. (2023)
19 MPI-ESM1-2-LR_MPI-M_r1ilplfl MPI-M MPI-ESM1-2-LR  rlilplfl Wieners et al. (2023)
20 NorESM2-LM_NCC_rlilplfl NCC NorESM2-LM rlilpifl Seland et al. (2023)
21 NorESM2-MM_NCC_rlilplfl NCC NorESM2-MM rlilplfl Bentsen et al. (2023)
22 UKESM1-0-LL_MOHC_rli1p1f2 MOHC UKESM1-0-LL rlilplf2 Tang et al. (2023)

205 2.2 WRF downscaling and validation

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 N{9:85
3:59 28:59 E, thus producing 187x205 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, 200x200 grid points). Both domains were extended on 44 vertical

210 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 D02

domains, respectively. The physical scheme con guration (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 con guration has been operational for weather
forecasting as an online service managed by the University of Calabria since 2020 (https://cesmma.unical.it/cwfv2/).

The initial and boundary conditions were provided by ERA5 using the pressure levels mode; speci cally, the following
215 levels were used: 1000, 950, 900, 850, 800, 700, 600, 500, 400, 300, 200, 150, 100, and 50 hPa. The update frequency of th
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Table 2. WRF physical schemes adopted.

Component Scheme References
Microphysics New Thompson Thompson et al. (2008)
PBL MYJ Janijt (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 DO1) Tiedtke (1989)
SST sst_skin Zeng and Beljaars (2005)

boundary conditions was set to three hours. The simulations started of tfi&S&ptember 2019 and went on until tiédf
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 modi ed
(increased or decreased) in both domains, D01 and D02, based on evidence from historical observations (lower SST values
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 3.1. Furthermore, regarding warm SST
perturbations, we ensured that the addition of a relevant quantity of energy to the modelled system did not signi cantly alter the
larger-scale dynamics, patterns, and feedback. Therefore, we created another set of simulations in which we applied spectra
nudging to the outer domain (D0O1) on the geopotential (ERA5 source) at heights above 500 m, as done in Meredith et al.
(2015).New-The resultsof theseadditionalexperiments, shown in the Supplementary (Fig. S1), ensured consistency of the

large-scale structures withspeeto-ERAS and con rmed 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 (CSl), also referred to as the Threat Score (TS) (Wilks, 2006). The FSS (Eg. 1) ranges from 0
(mismatch) to 1 (perfect match) and highlights how the spatial pattern forecasted could match with respect to the observed one.
Assuming a square-shaped neighborhood of length (size) n,\AS&ven by:

P
1 N 2
LN PP
Fss,=1 i = PP (1)

P N P N
Nk PR P8

In the above equation, N is the number of windows in the domain, anar@ R, 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 identi ed
according to the procedure described in the next section 2.3 and usinghee@tentile on the cumulative precipitation
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.
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The CSI (Eq. 2) quanti es 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):

hits
CSi= hits + misses + false alarms (2)

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.

2.3 Space and time events identi cation 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.
Each event was objectively recognized by using a xed 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 fror
the others. The analysis was based on the reference simulation rather than on actual observations, as the simulation prove
highly reliable in terms of event timing and facilitated subsequent comparisons with the SST sensitivity experiments.

The precipitation patterns for the current SST and modi ed SST scenarios were also evaluated. In particular, since we were
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 exceedét gbec8btile. Speci cally, the
barycenters were calculated by considering all grid points in which the accumulated precipitation during the event was greater
than the 9% percentile, according to the equations reported below:

P o
_ =1 Prec(ipj) i

= g 2 ()
N Prec(i))
P Prec(i;j) j
y= B @)
=1 Prec(])

In the above equations, i and j indicate the indices of each of the N pixels exceedingthee@&entile threshold, while
Prec(i;]) 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.,
2008) for each of the 20 events, considering the entire inner domain and the SSTO scenario as a reference. The SAL methoc
comprises three components: the Structure component assesses whether the spatial patterns in the considered eld align wit
the reference ones, focusing on the shape of the precipitation areas, speci cally whether they are too smooth (negative values

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

10



265 under-estimation (negative values). Location evaluates the distance by which the precipitation elds are displaced, focusing on

the centers of mass.

3 Results
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3.1 Observed and projected SST warming

Figure 2 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 approximately
1.3 °C emerges when examining the average values of the rst and last ve 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
with the reference period (1985-2014) for both SSP scenarios (Fig. 3). At the annual scale, the projected temperature increas
for the SSP3-7.0 scenario is, on average, 1.7 0.4 °C (with the term after the symbol " "
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

being the standard deviation) and

projected by the CMIP5 models, e.g. Sannino et al. 2022). The differences detected at the annual scale are nearly identical tc
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 particul&t,gbar8le in the period 2070-2098 is

3equal 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,
the average SST recorded was approximately 1.4 °C above the average SST of the rst ve 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 elds 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 elds allows for reproducing the warmest projected conditions for both the SSP3-7.0 and the

13
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SSP5-8.5 scenarios in the farthest future period, 2070-2098 (Fig. 3). Hereafter, the simulation considering the actual SST
conditions will be referred to as SSTO, the past scenario with uniformly reduced SST values as SST-1, and the future scenario
with uniformly increased SST values as SST+3.

Figure 2. 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 highlighttemd®0" percentiles, respectively. The area on
which the values are calculated is the DO1 domain, shown in Fig. 1.

3.2 High-resolution atmospheric simulations

The time sequence of the 20 events identi ed and labeled during the analyzed season is depicted in Fig. 4, in which the average
daily precipitation values obtained for the Calabria region by spatial interpolation of the 150 available gauges are shown.
Model validation using SSTO 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. 5 compares the veri cation indices FSS and
CSl achieved for SSTO, SST-1, and SST+3 scenarios, as well as the ERA5 reanalysis. Speci cally, Fig. 5a 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 window 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 notincrease as much as SST-1 with increasing window size. Still, the SST+3 simulation remains

better than the reanalysis. Considering the CSI index (Fig. 5b), all models perform relatively well for smaller precipitation
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Figure 3. 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 shad
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 DO1 domain, shown in Fig. 1.

thresholds. In contrast, as the threshold increases, the simulation with SSTO performs the best. It can also be seen that ERA
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 in uence precipitation patterns. Considering the whole innermost domain at convection-
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) thar
the actual conditions (SSTO0), as shown in Table Al in the Appendix and in Fig. 6a, which sets out the percentage of difference
in precipitation between simulations using modi ed boundary conditions and the SSTO boundary condition compared to the
accumulated precipitation simulated with SSTO. This outcome indicates that higher precipitation occurs when a greater amount
of water vapor is available in the atmosphere, due to a larger contribution of evaporation from a warmer sea. Speci cally, the
precipitation amounts (spatial average) collected for all events with different SSTs are quite well linearly correlated so that
itisPsst1 =0:92 Pssto 1:4 (r=0:99) and P sst+3 =1:14 Pgsto +6:4 (r =0:95), with P sstx [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 Al and Fig. 6b), the
linear correlations betweensBro and Rist1 and Rsst+3 still hold, being Rst1 =0:94 Pssto 1:1 (r=0:99) and
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Figure 4. 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 SST

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

Psst+3 =0:88 Pssto +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 (highar sfor P

in this case) suggest. Opposite trends arise considering SST-1 and SST+3. In the case of low SSTO precipitation values (i.e.
light events), colder SST conditions lead to markedly reduced rainfall (approximately from -25% to -50%). In comparison,
warmer SST conditions produce the opposite effect, with increases up to +75% and even more. However, when accumulatec
precipitation values with SSTO 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%,
4aomile 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 the
higher SST values, is linked to the changes in the spatial pattern of the precipitation elds in the domain and, in particular,
to the eastward shift of the rainfall peaks. Figure 7 depicts with circles the locations of the barycenters of the precipitation
patterns calculated as described in section 2.3. Id-tg€igure, the circles related to the same event but with different SST
boundary conditions are connected by blue (SST-1 to SSTO barycenters) and red (SSTO to SST+3 barycenters) lines, and th
small arrows indicate the predominant wind directions at 850 hPa during the events. For each triplet, the size of the red circle,
representing the average precipitation of the pixels exceeding thp@sentile for that event, is always bigger than the sizes
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Figure 5. Box and whisker plots of the Fractional Skill Score (a) and the Critical Success Index (b) obtained by considering all the identi ed
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- gure indicates the size of the moving average windows, as speci ed in Eq. 1. Conversely, in the CSI sub-
gure, the label indicates the precipitation threshold (mm). In the boxplots, the bottom and up whiskers indic&tarided3" percentiles,

respectively; the box limits theand the &' quartiles, respectively, and the small line in the box is the median. The squares represent the

average values.

Figure 6. 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 SSTO boundary
conditions. The shaded areas represent tHeg@Bcentile con dence level performed for the 2nd-order polynomial tting (represented with

the lines) over the two different scenarios.

of the blue (SST-1) and grey (SSTO) circles. Indeed, such as for average precipitation, also rainfall peaks (Table Al) are linearly
correlated (Rst1 =0:88 Pssto 1:6withr=0:98 and P sst+3 =1:13 Pssto +28:6 with r = 0:92, respectively).
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