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Abstract
Extreme (greater than 500 mm) amount of rain fell in southeastern France and northern Italy on
2nd and 3rd October 2020 during a ‘Mediterranean episode’ triggered by the powerful extratropical
cyclone Alex. Here we use a dynamical adjustment methodology based on constructed analogues
to assess the contributions of different drivers to the magnitude of this extreme precipitation event.
We first show that the mean effect of the observed atmospheric circulation pattern, an intense
low-pressure system centered over the coasts of Western Europe associated with a cold pool and a
secondary low-pressure system, can explain about 80% of the precipitation event magnitude. By
contrasting the effect of Alex atmospheric circulation with an anomalously warm Mediterranean
sea and eastern Atlantic ocean versus neutral sea surface temperature (SST) conditions, we show
that the influence of September 2020 positive SST anomalies can explain a large fraction of the 20%
residual precipitation over southeastern France and northern Italy. Finally, based on a storyline
approach, we find that the dynamic component, the atmospheric circulation contribution to the
extreme precipitation event, was more extreme than it would have been, had it occurred during the
mid-20th century. The increase in the magnitude of the dynamic component since 1950 follows a
Clausius–Clapeyron scaling, in agreement with previous studies about the intensity changes of
Mediterranean extreme precipitation episodes. (limit= 300 words).

1. Introduction

In early October 2020, the extratropical Storm Alex emerged as a meteorological phenomenon of extreme
magnitude, leaving an indelible mark on southeastern France and northern Italy. This meteorological event,
characterized by its unusual intensity and prolonged duration, unleashed a sequence of heavy precipitation
and flash floods that had far-reaching consequences for the natural environment, infrastructure, and
communities across the Southern Alps. This extreme precipitation event led to unprecedented precipitation
totals in the Roya, Vésubie and Tinée valleys of the Alpes Maritimes district located in southeastern France.
From 6 a.m on 2nd October to 6 a.m on 3rd October, the Lac des Mesches (in the Roya valley) and
Saint-Martin Vésubie rain gauges recorded 663 and 576 mm of precipitation, respectively (Chochon et al
2021). Extreme amounts of precipitation were also recorded in the Italian Piemonte (630 mm at
Sambughetto and 580 mm at Limone Piemonte on 3rd October). This precipitation event is characteristic of
Mediterranean episodes, a class of extreme heavy precipitation events (HPEs) that occur around
Mediterranean coastal regions, in particular in the south of France during the extended fall season typically
from September to December (Nuissier et al 2008, Ducrocq et al 2014). HPEs are typically of short duration
(a few hours up to a couple of days) and their magnitude often exceeds 100 mm within a few hours. These
HPEs are the result of favorable dynamical (fast upper troposphere wind, a warm and moist marine low-level
jet, and mesoscale lifting due to orographic barrier and/or surface wind convergence) and thermodynamic
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(conditionally unstable atmosphere) factors (Dayan et al 2015). Previous studies have found an increasing
trend in Mediterranean HPE intensity and frequency during the last decades (Blanchet et al 2018, Ribes et al
2019).

Based on an analogue-based approach, Ginesta et al (2023) suggested that the characteristics of Alex-like
extratropical storms have also changed since 1950; a warmer climate leads to enhanced persistence of
atmospheric patterns and more energetic storms (stronger turbulent kinetic energy maximum during storm
growth and lower pressures during decay). These storminess changes can favor more extreme precipitation
events associated with Alex-like extratropical storms. One of the other possible factors in the past and future
amplification of Mediterranean HPE intensity is the influence of Mediterranean sea surface temperature
(SST). Early studies based on numerical simulations have shown that mean SSTs in the upstream
neighborhood of the precipitation event control the total amount of rain (Pastor et al 2001, De Zolt et al
2006, Lebeaupin et al 2006). The simple physical argument is that a warm (cold) sea surface moistens and
heats up the marine boundary layer, which then becomes more unstable and can trigger larger (smaller)
amounts of rainfall. However, the story is not so simple because a warm sea surface can also accelerate the
low-level jet and lead to convective systems that are less quasi-stationary, thereby reducing the total amount
of rainfall (Stocchi and Davolio 2016, Meroni et al 2018).

On the other hand, several numerical studies have also shown that the fine-scale structure of
Mediterranean SST patterns can lead to changes in the location of the HPE rain bands while leaving the total
amount of rainfall relatively unchanged (Lebeaupin Brossier et al 2013, Berthou et al 2015). Here, the main
mechanism is that the sub-mesoscale SST horizontal gradients impact the SST-wind relationship through the
spatial structure of the surface wind convergence and the downward momentummixing mechanism, thereby
displacing the oceanic HPE rain bands (Meroni et al 2018).

This paper seeks to comprehensively examine and quantify the main drivers of the extreme HPE that led
to highly destructive flash floods in the Southern Alps during the critical period from 2nd October to 3rd
October, 2020. We use the classical dynamic and thermodynamic framework to disentangle the roles of
different factors contributing to the early October 2020 Mediterranean HPE. Based on the dynamical
adjustment methodology, we first perform a conditional analysis of the extreme precipitation event with
regard to the large-scale atmospheric circulation. We first quantify the contribution of the intense
low-pressure system and associated strong, warm and moist low-level jet to the total amount of precipitation
recorded over a geographical domain that includes the french Alpes Maritimes and the Italian Piemonte (see
figure S1 for the geographical location of these two regions and the domain). We then investigate whether the
warm Mediterranean Sea surface observed in September 2020 has contributed to the inflow of moisture and
therefore to the extreme precipitation amounts. Finally we discuss the potential role and contribution of
anthropogenic climate change to the extreme HPE magnitude.

2. Data andmethods

We first present the reanalysis and observed datasets before giving a brief summary of the dynamical
adjustment methodology.

2.1. Data
We use the ERA5 reanalysis as our main dataset (Hersbach et al 2020, 2023). The atmospheric circulation
variable used as a predictor in dynamical adjustment is the daily sea level pressure and the characterization of
the extreme precipitation event is based on the daily precipitation. When computing spatially-averaged
precipitation amounts, we only consider land precipitation and define land grid points as grid points having
a land fraction greater than 25% (in order to account for coastal grid points). We also make use of ERA5 SSTs
and 2 m air temperature products. We use the full 1940–2023 period for the dynamical adjustment of the
event based on ERA5. Anomalies when shown are estimated relative to the 1991–2020 period. We note that
the evaluation of ERA5 precipitation relative to station data suggests that ERA5 can be used for extratropical
precipitation monitoring (Lavers et al 2022). Regarding extreme events, it is known that ERA5 cannot model
the highest event magnitude (figure 1) but that it is often able to accurately capture the spatial patterns,
intensity distribution and the temporal consistency of extreme precipitation events (Rivoire et al 2021).

We also use the high-resolution observed COmbinaison en vue de la Meilleure Estimation de la
Précipitation HOraiRE (COMEPHORE) dataset, a precipitation blended product produced by Météo France
using all available in situ and radar rainfall records (Champeaux et al 2009, Tabary et al 2012, Caillaud 2019,
Fumière et al 2020). The COMEPHORE product covers the 1997–2022 period at hourly frequency and 1 km
spatial resolution. Note that the COMEPHORE geographic domain is limited to France.

The rainfall analysis focuses on a geographical domain (see the magenta box region in figure S1) that
includes both the Alpes Maritimes, the Italian Piemonte and the northern Italy-Switzerland border. Heavy
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precipitation for the French side occurred mostly on 2nd October while it rained heavily on the Italian and
Swiss side during the whole period (2nd–3rd October). In the following, we define the magnitude of the HPE
by the amount of accumulated 2 d rainfall, spatially averaged over the whole area of the above geographical
domain.

2.2. Dynamical adjustment
Dynamical adjustment aims to identify the causal factors that lead to a given extreme event with an approach
conditional on the observed large-scale atmospheric circulation during the event. Our dynamical adjustment
approach is based on the constructed analogue method (Van den Dool et al 2003) and used to identify the
mean large-scale atmospheric circulation contribution to the extreme precipitation associated with storm
Alex. Heremeanmeans averaging over many different ocean and land surface conditions (see below).

We use sea level pressure as our large-scale atmospheric circulation variable. We use the domain
35◦–70◦ N, 25◦ W–30◦ E for the sea level pressure patterns. First, we reconstruct the sea level pressure spatial
pattern for a given extreme precipitation day using an optimal linear combination of daily sea level pressure
patterns (equations (1) and (2)). The number of patterns is typically on the order of a few hundreds
depending on the size of the geographical domain (here we use 300 patterns). The patterns are randomly
selected from a pre-defined library of sea level pressure patterns. The library contains all daily sea level
pressure patterns in a time window (here±15 days centered on the extreme precipitation day) from all ERA5
years (1940–2023 but excluding the year of the event, here 2020). This means that the library contains 83
(number of ERA5 years minus one) x31 (number of days in the time window)= 2573 daily sea level pressure
patterns.

One can then write:

Xhpe ≈ Xca = Xiβ (1)

where Xhpe is a column vector representing the sea level pressure on the day of the extreme event, Xi is a
matrix of column vectors comprising the 300 selected sea level pressure patterns, Xca is a constructed sea level
pressure analogue of Xhpe based on an optimal linear combination of the Xi, and β is a column vector of the
fitted regression coefficients that are the linear proportions of the contributions of each column of Xi to the
constructed analogue Xca. The dimensions of Xhpe and Xca arem × 1 , wherem is the number of grid points
contained in the sea level pressure pattern. The dimensions of Xi arem × 300 and that of β are 300 × 1. The
β coefficients can be estimated by using the Moore–Penrose pseudoinverse of Xi:

β =
[(
XT
i Xi

)−1
XT
i

]
Xhpe. (2)

In practice, we estimate the β coefficients based on a singular value decomposition of the Xi. The β
coefficients are then applied to the 300 daily precipitation patterns Yi corresponding to the 300 daily sea level
pressure patterns Xi to derive a first estimate of the large-scale circulation-related component of precipitation
Yrec. These steps (random selection of sea level pressure patterns, optimal reconstruction of the constructed
analog and application of the β coefficients to the precipitation patterns) are then repeated many times (here
we use 200 iterations) in order to sample many different land and ocean states that might otherwise influence
the estimate of the precipitation dynamically induced component. Finally, for each extreme precipitation
day, the 200 reconstructed precipitation spatial maps are averaged together (equation (3)), providing the
‘mean estimate’ Ydyn of the precipitation dynamically induced component (the precipitation dynamic
component thereafter):

Ydyn =
1

200

200∑
j=1

Y j
rec. (3)

The precipitation dynamical component Ydyn can then be subtracted from the raw precipitation Yhpeto
get a residual component Yres. This residual includes the potential effect of land and ocean surface anomalies
(such as soil moisture or SST anomalies) on the magnitude of the precipitation event, in addition to the
potential contribution of small-scale atmospheric circulation systems such as mesoscale convective systems
and the possible precipitation response to anthropogenic forcing.

In practice, we estimate Ydyn and a 95% confidence interval based on bootstrapping. Bootstrapping
makes no apriori assumption about the distribution of the Yrec samples and is adapted to small sample size
datasets. We randomly draw (with replacement) 200 Yrecsamples a 1000 times to produce a distribution of
bootstrapped samples that can then be used to derive a bootstrapped mean and a 95% confidence interval
given by the bootstrapped low (2.5%) and high (97.5%) percentile values. Furthermore, the distribution of
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bootstrapped samples can be used to derive similar statistical properties for Yres (simply because
Yres = Yhpe −Ydyn)or any scalar values involving an area-averaged of the dynamic or residual component. We
refer to Terray (2021, 2023) for an additional description of the method and its application to extreme event
attribution.

3. Results

Figure 1 shows how the extreme HPE unfolded during the 2nd–3rd October period in the ERA5 reanalysis.
On 2nd October early morning, the Alex low-pressure center is initially located north of Britany. It then
moves slowly southward to reach the Atlantic coast before moving inland eastward during the early morning
of 3rd October.

Heavy precipitation is initially located in the southern United Kingdom and across France from the
southwest up to the northern boundary. With a southerly to southwesterly flow at all levels, heavy rain began
to fall along the French eastern Mediterranean coast on October 2nd around 06:00 UTC, before settling
inland for 9 up to 12 h. During this phase, the strong east-west pressure gradient and the north–south
orientation of the Alpes Maritimes and Italian valleys favored the advection of warm and moist low-level jet
and extreme precipitation, further enhanced by orographic lifting. The combination of high intensity and
unusual duration made the total amount of precipitation truly exceptional for the area (Chochon et al 2021,
Kreitz 2021). At the end of the period (the first 6 h of 3rd October), the atmospheric flow turned eastward
leading to a shift and increase of intense convection towards Italy. This effect is enhanced by the formation of
a secondary low-pressure center over the Piemonte region that leads to the persistence of intense
precipitation across the northern Italian Alps during the whole 3rd October day.

Figure 1(k) also shows that the high-resolution observed precipitation amount in France reaches its
maximum at 12:00 UTC on 2nd October with values up to 86 mm per hour in the Alpes Maritimes valleys.
As expected, low resolution ERA5 values are much lower and the peak of precipitation rate in ERA5 occurs in
2nd October late afternoon. As the COMEPHORE dataset does not include the Piemonte region and only
covers the 1997–2022 period, we prefer using ERA5 as our main dataset for this study.

In the following, we only use ERA5 precipitation data and focus on the HPE magnitude as previously
defined. We acknowledge that, given the ERA5 spatial resolution (∼30 km), we are not resolving small scale
features that are important to fully represent the distribution and local features of extreme precipitation in
this complex mountainous region.

3.1. Atmospheric circulation contribution to the extreme precipitation event
We now assess the contribution of Alex low-pressure synoptic pattern to the magnitude of the extreme HPE.
We focus our analysis on the broad region that includes both southeastern France and the Italian Piemonte
(magenta box in figure 2). We perform dynamical adjustment of the 2 day period (2nd–3rd October) based
on ERA5 sea level pressure and precipitation daily data from the 84 yr period (1940–2023).

Figure 2 shows that the daily sea level pressure is accurately reconstructed by the dynamical adjustment
based on constructed analogues. The dynamic component explains a large fraction of the total amount of
precipitation for the 2 days and the whole period (figures 2(b), (e) and (h)). The dynamic component
contribution explains 81± 4% (95% confidence interval) of the HPE magnitude (75% and 92% for 2nd and
3rd October, respectively). Consequently, the residual component has a much stronger magnitude for 2nd
October than 3rd October , suggesting that an additional factor had a much larger contribution during the
HPE initial phase than the final one, in particular in the Southern French Alps. On 2nd October the amount
of precipitation and both dynamic and residual component contributions are large over both the Alpes
Maritimes and the Piemonte regions. In contrast, the intense precipitation shifts eastward and is mainly
observed the Piemonte and the northern and eastern Italian and Swiss Alps on 3rd October. The dynamic
component also represents a large fraction of the HPE magnitude over northwestern Spain and the Pyrénées.

3.2. WarmMediterranean Sea contribution to the extreme precipitation event
September 2020 was characterized by positive SST anomalies over a large fraction of the Western
Mediterranean Sea (figure 3). We investigate whether these positive SST anomalies have contributed to the
extreme magnitude of the event based on two additional dynamical adjustments.

The dynamical adjustment algorithm is exactly the same as the one we have used in section 3.1, with the
only difference being the construction of the daily sea level pressure pattern library in the two additional
dynamical adjustments.
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Figure 1. ERA5 hourly sea level pressure (contours; hPa) and 3-hourly cumulative precipitation (color shading; mm): (a)–(f) 2nd
October at 6:00, 9:00, 12:00, 15:00, 18:00 and 21:00. (g)–(i) 3rd October at 0:00, 3:00 and 6:00. The time indicated in the upper
right corner gives the day and the middle hour of the 3-hourly period. Sea level pressure contour interval is 3 hPa. (j)–(m) ERA5
hourly 10 m winds (arrows; m·s−1) and COMEPHORE 3-hourly cumulative precipitation (color shading; mm) on 2nd October
at 6:00, 12:00, 18:00 and 3rd October at 0:00 zoomed in the red box region shown in (a). The reference wind vector in (m) has a
magnitude of 5 m·s−1. Note the different color scales in (a)–(i) and (j)–(m).

In the first one, the goal is to determine the contribution of the Alex low-pressure synoptic pattern to the
magnitude of the extreme HPE when the Mediterranean Sea is warm. In other words, we want to condition
the dynamical adjustment on the presence of positive Mediterranean SST anomalies. To do so, we first define
a broad SST region (blue box region in figures S1 and 3) which includes most of the Western Mediterranean
positive SST anomalies in September 2020 (figure 3(a)). We then derive standardized monthly SST indices
(for both September and October, with standard deviation σSep and σOct) representing area-averaged SST
over the 1940–2023 period. We then first select October and September months that are characterized by
positive Mediterranean SST anomalies (SST index> 1.5, 1.5 being the value of the index for September
2020). The large-scale features of the warmMediterranean Sea surface composite map are very similar to that
of the September 2020 SST anomalies (figures 3(a) and (b)). Both maps show a V-shape pattern going from
the southern tip of Sardinia to northern Corsica. Furthermore, both maps show positive SST anomalies
along the coasts of Western Europe, from Spain up to northern Germany. This suggests that the occurrence
of western Mediterranean positive SST anomalies in early autumn is often associated with a large-scale
atmospheric pattern leading to warm sea surface conditions in the Eastern Atlantic. Finally, all daily sea level
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Figure 2. ERA5 daily precipitation (color shading; mm) and daily mean sea level pressure (contours; hPa): (a) 2nd October total
precipitation and sea level pressure (b) precipitation dynamic component and reconstructed sea level pressure (c) Precipitation
residual component; (d)–(f) same as (a)–(c) for 3rd October; (g)–(i) same as (a)–(c) for the 2nd–3rd October period. Sea level
pressure contour interval is 2 hPa. Stippling indicates grid points for which the residual component values are not significantly
different from 0 at the 5% level. Note that negative values can be found in the residual in case the dynamic component displays
values greater than the observed ones. The magenta box in all panels shows the region used to estimate the HPE magnitude based
on the area-averaged precipitation during the 2 d event.

Figure 3. ERA5 sea surface temperature monthly mean anomaly (color shading; ◦C): (a) September 2020; (b) monthly mean
warm SST composite with all September and October months having a standardized SST index—ISST—greater than 1.5 (the SST
index is the mean SST averaged over a western Mediterranean region (blue box in (a)–(c)); (c) the same as (b) but for the neutral
SST composite (with |ISST|< 0.1). Note that September and October ISST values are standardized separately.
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Figure 4. ERA5 total precipitation (color shading; mm) during the 2nd–3rd October period: (a) precipitation residual component
(same as figure 2(i) but zoomed in); (b) difference between the precipitation dynamic components coming from the two
additional dynamical adjustments (see section 3.2). In (a), stippling indicates grid points where residual component values are
not statically different from 0 at the 5% level. In (b), we derive a 95% confidence interval of the difference between the two
dynamic components based on bootstrapping. Stippling indicates grid points where the difference between the two dynamic
components is not statistically different from 0 at the 5% level. The magenta box shows the region used to estimate the HPE
magnitude based on the area-averaged precipitation during the 2 d event.

pressure patterns from the selected September and October months are included in the library that is used to
perform the first additional dynamical adjustment.

In the second one, we want to condition the dynamical adjustment on the presence of neutral
Mediterranean SST conditions. In this case, the library is defined by including all daily sea level pressure
patterns from September and October months characterized by neutral Mediterranean SST conditions
(defined by the absolute value of the SST index< 0.1, figure 3(c)). The resulting library is then used to
perform the second additional dynamical adjustment.

Taking the difference between the two dynamic components coming from the two additional dynamical
adjustments gives an estimate of a warm sea surface contribution to the precipitation residual (resulting from
the initial dynamical adjustment based on all September and October days of the 1940–2023 period) and
therefore, to the extreme event magnitude.

Figure 4 shows that the presence of warm Mediterranean and eastern Atlantic sea surface leads to
enhanced precipitation over the French Alpes Maritimes and Italian Piemonte. The additional precipitation
is located along a southwest-northeast track that strongly overlaps with regions with large values of the
residual component. To quantify the contribution of positive SST anomalies to the magnitude of residual
component (figure 4(a)), we only use grid points having positive values in the residual (meaning that the
dynamical component alone cannot fully explain the total precipitation amount for these locations). The
whole region-averaged warm sea surface contribution to the residual component magnitude is 62%
[49%–75%] (95% confidence interval).

One may ask what is the relative role of Mediterranean versus Atlantic SSTs regarding the contribution of
a warm sea surface to the precipitation dynamic component over the French Alpes Maritimes and Italian
Piemonte. Dynamical adjustment by itself cannot separate the relative contributions of the two SST regions.
In Bador et al (2025) and based on a trio of simulations with the kilometer-scale CNRM-AROME regional
model (Caillaud et al 2021), it is shown that the additional precipitation increase due to positive SST
anomalies is mainly due to the Mediterranean SSTs (their figures 9, 12 and 13). The CNRM-AROME
simulations also show that eastern Atlantic positive SST anomalies lead to a greater spatial extent and a
deepening (∼2 hPa) of the Alex low pressure system but do not seem to significantly influence
Mediterranean precipitation during the HPE (Bador et al 2025).

3.3. Extreme event magnitude and Clausius–Clapeyron scaling
Previous studies have shown that observed HPE intensity has increased in Mediterranean Southern France
over the 1961–2015 period. The best-estimate of annual maximum precipitation change was found to be
+22% (with a 90% confidence interval of+7% to+39%) which is roughly twice the Clausius–Clapeyron
rate given the observed annual mean warming over that period (Ribes et al 2019). Note that the uncertainty
range is quite large as the observed change is consistent with 1–3 times the Clausius–Clapeyron scaling. Here
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Figure 5.Difference in 2nd–3rd October precipitation dynamic component (color shading; mm) based on ERA5 sea level pressure
daily analogues between 1980–2019 and 1940–1979. Grey squares indicates grid points where the total ERA5 precipitation during
the HPE is less than: (a) 40 mm (b) 80 mm. The dashed magenta box shows the region used to estimate the magnitude increase of
the HPE dynamic component. The red and cyan contours delimitate the Alpes Maritimes and Piemonte regions, respectively.

we use a storyline approach and ask the following what-if question: what would be the change in the
magnitude of the HPE dynamic component if the HPE had occurred in a period with a much weaker
anthropogenic forcing? To answer this question, we first divide the 1940–2019 period in four 20 year
sub-periods: 1940–1959, 1960–1979, 1980–1999, and 2000–2019.

We then perform 4 additional dynamical adjustments to the 2020 HPE. Again, the only difference
between these 4 additional adjustments and the first one is the definition of the sea level pressure pattern
library. For each of the 4 periods, the library includes all daily sea level pressure patterns from the September
and October months of the given period.

We end up with 4 different estimates of the dynamic component (figure S2). The spatial patterns of the 4
dynamic components are very similar. However, the magnitude of the HPE dynamic component significantly
increases after 1980 over a broad southeastern France and Piemonte region.

We now assess the magnitude change over the 1940–2019 period by comparing the dynamic component
between the first (1940–1979) and last (1980–2019) 40 yr periods. Based on resampling with replacement, we
first generate a 1000 estimates of the average of the 1940–1959 and 1960–1979 dynamic components. We
then use the mean of the 1000 bootstrapped estimates as our best-estimate of the 1940–1979 dynamic
component. The same approach is used for the 1980–2019 dynamic component based on the appropriate
20 yr dynamic components. As we are interested in the scaling of extreme precipitation values with
temperature, we first select the area where the ERA5 total precipitation (cumulated over the 2 d) is greater
than a given fixed threshold. We then apply the resulting spatial mask to the 1980–2019 and 1940–1979 HPE
dynamic components and estimate their magnitude for each 40 yr period (by area averaging non-missing
precipitation values within the magenta box in figure 5). Figure 5 shows the difference between the two
dynamic components with a spatial mask given by the 40 and 80 mm precipitation thresholds (these two
values straddle the 60 mm classical fixed threshold often used to characterize extreme precipitation events in
the Mediterranean region, see Jansa et al 2014).

Normalizing the HPE magnitude difference by the magnitude of the 1940–1979 dynamic component, we
can derive the fractional increase in the magnitude of the HPE dynamic component. We find that the
magnitude of the HPE dynamic component has seen a∼11% increase going from the 1940–1979 period to
the 1980–2019 period. Changes in magnitude are 10.7 [8.6–12.8], 11.3 [9.4–13.5], 11.1 [9.1–13.2], 11.2
[9.4–13.3] % for the 40, 60, 80, 100 mm thresholds, respectively (the change is given by the mean of 1000
bootstraped estimates based on sampling with replacement and the numbers in brackets are the 2.5 and
97.5% percentiles of the bootstraped estimates). The HPE magnitude increase and its confidence interval
show little sensitivity to the precipitation threshold. In the following, we simply use the average of the
magnitude increase of the 4 precipitation thresholds (11.1%) as a mean estimate of the magnitude increase
and a conservative confidence interval given by the minimum and maximum values ([8.6–13.5]) from the 4
confidence intervals.

We then derive the HPE dynamic component scaling with temperature by combining the change of the
HPE magnitude with the observed Autumn (September–October) regional temperature change over the
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Figure 6. Autumn (SO) daily precipitation extremes (99th percentile, in mm) versus daily averaged temperature (in ◦C) at all
selected land grid points of the HPE region. The thick black line shows the average over all grid points and the grey shading shows
the spatial variability around the mean given by± one standard deviation across all grid points. The red dashed line indicates the
Clausius–Clapeyron slope using the August–Roche–Magnus approximation for saturated vapor pressure at 15 ◦C. The blue
dashed line gives the temperature during the HPE (averaged over the 2nd–3rd October period and spatially averaged over the area
with HPE total precipitation greater than 40 mm, meaning over all non-missing grid points in figure 5(a)). A log-scale is used for
the Y-axis.

1940–2023 period. We estimate a regional warming of+1.4 K based on the application of a low-frequency
Loess filter with a smoother length of 45 years (figure S3). Based on a magnitude change of 11.1 [8.6–13.5]
%, this leads to an HPE scaling of∼+7.9 [6.1–9.6]% ◦C−1 to be compared with the theoretical
Clausius–Clapeyron scaling of+6.5% ◦C−1 (at a temperature of 15 ◦C). The dynamical adjustment results
then suggest that the change in the magnitude of the HPE dynamic component is consistent with the
Clausius–Clapeyron rate and close to the lower bound but still within the scaling range from Ribes et al
(2019).

The HPE dynamic component scaling with temperature is also consistent with the observed
Clausius–Clapeyron scaling (Drobinski et al 2018). Following Drobinski et al (2018), all (within the
1940–2023 period) Autumn (September–October) daily precipitation–temperature pairs from a given
gridpoint within our region of interest (the magenta box in figure 5) are placed in temperature bins
according to increasing temperature, with an equal number of daily samples in each bin (200 samples) and
therefore different temperature ranges for each bin. The mean temperature of the days in each bin is used as
the representative temperature for that bin. Within each bin, precipitation intensities are ranked to
determine the 99th percentile, taken as representative of extreme precipitation. For a given grid point, we end
up with 25 (the number of bins) pairs of temperature-extreme precipitation that shows the scaling of
extreme precipitation magnitude with increasing temperature. We then perform the same analysis for all grid
points within our region of interest. Figure 6 shows that the observed extreme precipitation scaling exhibits
the classical hook shape (Drobinski et al 2016). We note that the observed scaling is close to the
Clausius–Clapeyron scaling for temperatures below∼13 ◦C and exhibits sub-Clausius–Clapeyron scaling
above it (due to the use of 2 m air temperature for a proxy of the temperature at condensation level, see
Drobinski et al 2016 for details). The temperature during the HPE event (∼10 ◦C) is below the 13 ◦C
threshold and in the temperature range where the extreme precipitation-temperature relationship follows
the Clausius–Clapeyron scaling. We conclude that the HPE dynamic component scaling is also consistent
with the observed scaling curve and exhibits near-Clausius–Clapeyron scaling.

9
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4. Summary and discussion

Based on the ERA5 reanalysis and making use of a dynamical adjustment approach based on constructed
analogues, we have provided insight into the main factors that have contributed to the extreme magnitude of
the Mediterranean high precipitation event that occurred during the storm Alex in early October 2020 over
southeastern France and northern Italy. Our results show that the main factor (about 80%) of the total
magnitude of the extreme event is the large-scale atmospheric circulation pattern over the Mediterranean
region associated with an intense, warm and moist south to southwesterly flow near the surface and in the
lower troposphere.

Additional applications of the dynamical adjustment approach based on selected days corresponding to
either an anomalously warm or near-normal Mediterranean Sea surface, suggest that the residual
contribution to the extreme event magnitude can be explained to a large extent (two-thirds) by anomalously
warm sea surface conditions in the Western Mediterranean. This is qualitatively consistent with results from
Meredith et al (2015) who show that a warm Black Sea surface was an important driver of the 2012 Krymsk
extreme precipitation event. We hypothesize that the much larger impact of SSTs in the Krymsk case (see
their figures 3 and 4(a)) comes from the mostly convective nature of the precipitation event while in the Alex
case, we have shown that the dominant driver is the large-scale atmospheric circulation.

Finally, we use a storyline approach to ask what would have been the extreme event magnitude, had it
occurred in the middle of the 20th century. Based on different dynamical adjustment runs for four
consecutive 20 yr periods, we estimate that the magnitude of the dynamic component of the extreme
precipitation event has increased at a rate of+7.9 [6.1–9.6]% ◦C−1, which is consistent with the
Clausius–Clapeyron scaling. This result is consistent with previous studies focusing on the Mediterranean
region (Ribes et al 2019) and with the observed regional and seasonal scaling as defined in Drobinski et al
(2016).

Interestingly, our results suggest a much larger contribution from the large-scale atmospheric circulation
than the one depicted in Ginesta et al (2023) (their figures 7(a)–(d)). This is mainly due to methodological
differences. Ginesta et al (2023) use the standard analogue method where they consider a class (they use the
best 30 analogues) of daily atmospheric circulation patterns that are close (in term of Euclidean distance or
other distance metrics) to the atmospheric circulation during the extreme precipitation event. Their estimate
of the large-scale atmospheric contribution to any variable of interest (here the precipitation) is then simply
the average of the 30 daily maps corresponding to the best-analogue dates. Given the sample size of the ERA5
dataset, even the best analogues are not necessarily very good analogues, meaning that they can display
substantial differences in terms of regional circulation features and associated precipitation. These two facts
(averaging over the 30 best-analogues and the quality of the analogues) explain the difference with our
results in the magnitude of the large-scale atmospheric circulation contribution to the extreme precipitation
event. In summary, the main difference between the two approaches is the fact that dynamical adjustment
reconstructs almost perfectly the atmospheric circulation during the event while the standard analogue
approach considers an average of the closest circulation analogues to the event atmospheric circulation
pattern. Finally, and despite the different approaches and definitions of factual (recent) and counterfactual
(early) periods, there is a qualitative agreement about the pattern (and to a lesser extent magnitude) of
precipitation increase due to the large-scale atmospheric circulation between the two periods (compare
figure 5 with their figure 7(d)).

The methodological framework proposed in this study provides a purely data-driven (based on
observations and/or reanalyzes only) general template for improving attribution to physical causes and
interpretation of observed precipitation extremes in Europe and elsewhere. Application to other seasons,
regions, time periods, and parameters will be pursued in future work.

Data availability statement

The ERA5 data that support the findings of this study are openly available at the following URL: https://cds.
climate.copernicus.eu/datasets/reanalysis-era5-single-levels?tab=overview and the doi to cite is: Hersbach H,
Bell B, Berrisford P, Biavati G, Horányi A, Muñoz Sabater J, Nicolas J, Peubey C, Radu R, Rozum I, Schepers
D, Simmons A, Soci C, Dee D, Thépaut J-N (2023): ERA5 hourly data on single levels from 1940 to present.
Copernicus Climate Change Service (C3S) Climate Data Store (CDS), DOI: https://doi.org/10.24381/cds.
adbb2d47.

The COMEPHORE data are openly available here: https://radarsmf.aeris-data.fr/ and the doi to cite is:
Caillaud Cécile (2019) METEO-FRANCE, RADAR COMEPHORE Hourly Precipitation Amount
Composite. [dataset]. Aeris. https://doi.org/10.25326/360.
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The dynamical adjusment code is available here: https://doi.org/10.5281/zenodo.5584777. All figures were
made with the NCAR Command Language (NCL) version 6.6.2 (http://dx.doi.org/10.5065/D6WD3XH5).
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