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AT M O S P H E R I C  S C I E N C E

European supercell thunderstorms—A prevalent 
current threat and an increasing future hazard
Monika Feldmann1*†, Michael Blanc2†, Killian P. Brennan2, Iris Thurnherr2, Patricio Velasquez2, 
Olivia Martius1, Christoph Schär2

Supercell thunderstorms are the most hazardous thunderstorm category and particularly impactful to society. 
Their monitoring is challenging and often confined to the radar networks of single countries. By exploiting 
kilometer-scale climate simulations, we have derived a previously unknown characterization of supercell occur-
rence in Europe for the current and a warmer climate. The current climate shows several hundred supercells per 
convective season. Occurrence peaks are colocated with complex topography, e.g., the Alps. The absolute fre-
quency maximum lies along the southern Alps and minima over the oceans and flat areas. Comparing a current-
climate simulation with a pseudo–global warming +3°C global warming scenario, the future climate simulation 
shows an average increase of supercell occurrence by 11%. However, there is a spatial dipole of change with strong in-
creases in supercell frequencies in central and eastern Europe and a decrease in frequency over the Iberian Peninsula 
and southwestern France.

INTRODUCTION
Supercell thunderstorms are among the most dangerous weather 
phenomena, responsible for severe wind gusts, large hail, torrential 
rain, and tornadoes (1). Severe convective storms, including super-
cells, have resulted in increasing insurance loss claims in recent 
years and were the costliest natural hazard in 2023 (2,  3). These 
damage trends highlight the relevance of understanding the overall 
occurrence and changing behavior of supercells in a warming cli-
mate (3). While the observational record of supercell phenomena in 
the United States is starting to be sufficiently long to study trends 
(4,  5), supercell monitoring in Europe is fragmented by country 
(6–8), and no long-term homogeneous record exists.

Previous observational work in Europe has focused on single 
countries or relied on using relatively coarse-grained proxy analyses 
(6, 7, 9). Most studies on severe convection in Europe focus on con-
vective hazards, such as hail and lightning, rather than supercell 
thunderstorms explicitly (10–13). Analyses of proxy environments, 
usually consisting of instability and wind shear, often fail to capture 
the effects of complex terrain (14–18) and assume a stationarity of 
the proxy criteria and storm generation efficiency in a changing cli-
mate. Neither of these assumptions has been robustly assessed in a 
climate change context.

Using kilometer-scale simulations has enabled us to adequately 
simulate hourly (as opposed to daily) heavy precipitation events 
(19–23), and recent work suggests that these models successfully 
simulate hail (24), indicating good performance for deep moist con-
vection. These studies also show an increase in heavy hourly and 
subhourly precipitation intensity with climate change, warranting a 
deeper investigation for supercells.

We aim to address the lack of homogeneous, high-quality supercell 
data by using a regional climate model. We use a kilometer-scale, 
11-year, current-climate simulation over the European domain, which 

explicitly resolves supercell thunderstorms (25). The high resolution of 
our simulation allows most terrain effects to be captured, and the ex-
plicit resolution of the storm scale removes the necessity to rely on 
proxies. By tracking resolved supercells, we obtain a homogeneous fre-
quency map of supercell occurrence in Europe. We use the frequency 
assessments of single countries to qualitatively validate the frequency 
map obtained through the model analysis. By perturbing the initial 
and lateral boundary conditions of the simulation to reflect a 3°C global 
warming level (GWL) derived from a general circulation model 
(GCM), an 11-year pseudo–global warming (PGW) simulation is pro-
duced (26, 27), allowing us to analyze spatiotemporal frequency 
changes in supercell occurrence owed to climate change. A similar ap-
proach was pursued in the United States with promising results, albeit 
with coarser spatio-temporal resolution (28). Given the importance of 
the European mountain regions for convection, a higher resolution is 
necessary to resolve important topographical features (29).

RESULTS
Case-based model validation
The current-day 11-year-long climate simulation run with the re-
gional climate model COSMO at 2.2-km horizontal resolution is 
driven by ERA-5 data (30) at the lateral boundaries. In the domain 
center, this results in relatively weak circulation and thermodynamic 
constraints through boundary forcing, which are similar to a multi-
day forecast rather than a high-resolution reanalysis (27, 31). In 
addition, considering that we are dealing with an 11-year-long con-
tinuous climate run (rather than an initialized case study simula-
tion), we expect considerable predictability limitations driven by the 
chaotic nature of the underlying thunderstorm dynamics. To vali-
date the simulation’s capability to produce supercell thunderstorms, 
we inspect the overall supercell activity on days with known out-
breaks and compare the diurnal and seasonal cycles using the Swiss, 
radar-based supercell climatology (32). The model setup is designed 
to produce a representative climatology but not to reproduce in-
dividual thunderstorms. We therefore show a qualitative valida-
tion rather than a score-based verification. Further validation of 
the spatial distribution of current climatology is discussed in the 
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“Occurrence of supercell thunderstorms in the current climate” sec-
tion. We focus on 1 August 2017 (7) and 28 June 2021 (33), both 
days with prominent, long-track supercells occurring within the 
Swiss radar domain (Fig. 1). The simulated tracks are derived from 
the 5-min precipitation field and classified as supercells based on 
hourly three-dimensional (3D) vorticity and updraft data (see the 
“Supercell tracking” section in Materials and Methods). The ob-
served supercells are tracked in radar reflectivity and classified in 
Doppler velocity every 5 min (see the “Observational reference” sec-
tion in Materials and Methods).

In both cases, the simulation produces supercells, whose loca-
tions and track directions are similar to observed tracks. The differ-
ent frequencies of detected rotation (dark gray dots) stem from the 
differing temporal resolution of rotation data. While the number of 
storms differs between model and observations, the agreement is 
encouraging given the expected limitations in mesoscale predict-
ability. The observations are limited to the Swiss radar network, 
while the simulated tracks extend further into the neighboring 
countries. The model is indeed capable of producing long thunder-
storm tracks with consistent rotation in complex terrain. Given the 
high occurrence of severe convection in the vicinity of substantial 
terrain in Europe (11, 12), this is imperative to obtaining a represen-
tative supercell distribution.

The diurnal and seasonal cycles are depicted as empirical proba-
bility density functions, where the area under the curve integrates to 
1, resulting in density values scaling inversely with the range of the 
x axis. In the model, the diurnal cycle of supercell activity peaks 
2 hours before the observed cycle and has a sharper peak. This is a 
known bias of the COSMO model, also reflected in heavy precipita-
tion (25). The seasonal cycle is reproduced very well, closely match-
ing the radar observations.

Additional cases are included in the “Validation—Additional cas-
es” section in the Supplementary Materials, where we analyze out-
breaks across Europe based on severe storm reports (34) and severe 
weather outlooks (35). These contain both left- and right-moving 
modeled supercells. While some outbreak days are not reflected in the 
model, the majority of investigated outbreaks are successfully repro-
duced. Likewise, a few instances without reported severe convection 
trigger supercells in the model. These differences are likely driven by 
the uncertainties surrounding convective initiation (CI) and supercell 
reporting. Overall, the model produces ~60% fewer supercell tracks in 
Switzerland than are identified in radar data. A reduced sampling is 
expected, as a 2.2-km horizontal resolution will fail to resolve smaller 
and weaker mesocyclones. Likewise, the hourly resolution of the 
model tracking is bound to miss shorter or fluctuating storms. When 
filtering the radar dataset to mesocyclones crossing the full hour (98% 

Fig. 1. Case validation of model with observations showing similar activity of supercells in Alpine regions on the same day. (Top row) 1 August 2017. (Middle row) 
28 June 2021. (Left column) Supercells tracked in current climate simulation. (Right column) Radar-based mesocyclone detection. Precipitation-derived tracks are 
depicted in black dashed lines (5 min), identified rotation in dark gray dots (radar, 5 min; model, hourly), and the 100-km extent of the radar network in black contour. 
(Bottom row) Comparison of diurnal and seasonal cycles in the Alpine region obtained from radar and model data. For case study location, see Fig. 2A, Alps region.
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of tracks) and mesocyclones with at least 5 km in diameter (40% of 
tracks), the number of detected mesocyclones within the radar-
available time period 2016–2021 is virtually identical (model: 208, 
radar: 213). The model hence produces supercellular activity on the 
correct days and in the appropriate region, with a frequency reflecting 
the information scale of model data. We therefore conclude that the 
overall qualitative supercell activity in the model is comparable to 
confirmed cases, although skewed toward larger mesocyclones.

Occurrence of supercell thunderstorms in the 
current climate
We derive the annual average supercell frequency from the tracked 
supercells of the reanalysis-driven (ERA-5) current-climate simula-
tion from 2011 to 2021 (see the “European climate simulations” sec-
tion in Materials and Methods) (30).  Figure  2A introduces the 
model domain and elevation map and the regions used for subse-
quent analyses. We focus on the area within the dashed black box for 
all further analyses.

The supercell frequency map in Fig. 2B uses a five grid point radius 
to grid each storm detection. Frequency clusters occur around major 
terrain features, such as the Pyrenees, Massif Central, Alps, and 
Dinaric Alps, revealing similar spatial patterns to observed hailstorm 
frequency in radar and satellite data and severe storm reports 
(11, 12, 25, 36). The link between supercells and orography is support-
ed by studies showing topography facilitating supercell development 

and intensification by locally increasing low-level shear and moisture 
(18, 37, 38).

On a regional scale, the distribution matches local climatologies. 
For example, in Switzerland, the frequency maxima in the Northern 
and Southern Prealps are successfully simulated (7, 32). Germany’s 
north-to-south frequency gradient is also present (6, 39) as well as the 
elevated convective activity in the Massif Central in France (11, 12) 
and the severe convective hot spot of eastern Spain (40–43). While we 
lack a local observation-based supercell climatology of the peak re-
gion in the Friulian Alps, this area is well-known for being Europe’s 
most active tornado and severe hail storm region (10, 37, 44, 45).

With local observation-based climatologies supporting the de-
rived frequency map, this modeling approach allows us to obtain an 
overall supercell frequency map over Europe.

The seasonal cycle of supercell occurrence shows a meridional 
gradient (Fig. 2C). To smooth small-scale patterns, a 25 grid point 
storm radius is used in Fig. 2C, and areas with small sample sizes of 
<10 supercells during the 11 years are hatched. This reveals a clear 
meridional gradient, with supercells occurring primarily in summer 
over continental Europe and in fall in the Mediterranean. Because of 
a lack of extratropical storm triggers in summer, low-pressure sys-
tems only start reaching the Mediterranean again in fall, contribut-
ing to convective activity (46). A notable exception is Spain, which 
also peaks in mid-summer. Supercells largely track from southwest 
(SW) to northeast (NE) (7,  47); hence, cells developing over the 

Fig. 2. Topography and 11-year supercell thunderstorm climatology from the current-day simulation showing supercell hotspots surrounding mountain ranges. 
(A) Topographic map of the domain showing analyzed domain (black dashed box), analysis regions (white boxes, for abbreviations, see Table 1), and mountain ranges 
(labeled in black). (B) Annual average supercell frequency 2011–2021, within five grid points. (C) Most active month of year, within 25 grid points, stippling covers areas 
with less than 10 supercells within 25 grid points and (D) most active time of day, within 25 grid points, 3-hourly smoothing, and stippling covers areas with less than 
10 supercells within 25 grid points.

D
ow

nloaded from
 https://w

w
w

.science.org on D
ecem

ber 10, 2025



Feldmann et al., Sci. Adv. 11, eadx0513 (2025)     27 August 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

4 of 11

Mediterranean Sea in autumn do not affect the eastern part of the 
Iberian Peninsula.

Peak diurnal occurrence falls into the late afternoon hours with a 
zonal gradient, as shown in Fig. 2D. The peak hour in the day (uni-
versal time coordinated) for supercell activity is derived with a 25 
grid point storm radius and 3-hourly smoothing. Given the longitu-
dinal breadth, this corresponds to different local times throughout 
the domain with later peaks in France and earlier peaks in eastern 
Europe. Only the maritime areas, where activity is generally much 
lower, show peaks in the morning. Combined with peaking late in 
the season, this shows a preferred storm occurrence when the sea 
surface is still warm and the air above is relatively cool, leading to 
greater instability.

Topography plays an important role in the frequency distribu-
tion of supercell thunderstorms in Europe. A variety of mechanisms 
affect the prestorm environment and CI processes, contributing to 
high supercell frequencies (48). First, orographic flow modulation, 
affecting the local shear profile through flow channeling and direc-
tional forcing of surface flow, is one factor (16, 18, 38, 49). This lo-
cally increases the magnitude of bulk shear and imposes directional 
shear. Especially inflow channeling increases storm relative helicity 
through increased inflow speed, which aligns with horizontal vor-
ticity (18). Second, instability can be locally increased due to mois-
ture advection, accumulation, and land moisture availability, where 
topography prevents moisture from being dispersed (18, 49, 50). In 
valleys, local moisture sources, such as lakes, provide a continuous 
moisture supply that is locally contained by the topography. Inflow 
channeling, particularly over the lake, increases the amount of 
moisture effectively retained by the storm, increasing instability in 
the inflow area (18). Third, topography also plays an important role 
in the development of elevated mixed layers: dry, stable layers in the 
lower atmosphere that delay CI and allow greater instability to build 
(51, 52). This effect is more important at larger spatial scales in Europe, 
mostly analyzed with the “Spanish plume,” where topography on the 
Iberian Peninsula is related to elevated mixed layers in France and 
the United Kingdom (51). Last, topography also plays an important 
role in lee-cyclogenesis, downstream of the mountain ranges (53, 54), 
which contributes to convection, favoring environments and upscale 

growth toward mesoscale convective systems, as Rasmussen and 
Houze (53) show for Argentina.

The first two effects act more locally, on the meso-γ scale, where-
as the last two have a spatially larger influence, on the meso-β to 
meso-α scale. While the frequency map of supercell thunderstorms 
in Europe shows elevated occurrence of supercells near topography, 
we further discuss the implications of modified environmental pa-
rameters in the “Changes in convective environments” section.

Occurrence of supercell thunderstorms at +3°C GWL
The future climate simulation is driven by the climate change Δ of a 
GCM at a GWL of +3°C compared to the preindustrial period using 
the PGW methodology (see the “European climate simulations” 
section in Materials and Methods), providing the data for a super-
cell frequency map for a future climate scenario in Fig. 3.

Figure 3A shows the difference in annual track number between 
the future and current climate simulations, with Fig. 3B showing 
the future climate supercell frequency map. Because of the small 
number of tracks per grid point, significance testing is performed in 
regional aggregations (as defined in  Fig.  2A) with a Wilcoxon 
signed-rank test at P ≤ 0.05 level. Significant increases are marked in 
solid lines and red shading, decreases in dashed lines and blue shad-
ing, and nonsignificant changes with dotted lines and gray shading 
(see inset in  Fig.  3A). The overall track number increases signifi-
cantly by 11%, and the activity shifts toward the northeast. The pre-
vious overall hot spot of the Alpine region emerges as an even 
stronger maximum than before, with the largest absolute increase in 
track number (≥1 year−1). The peak supercell frequency now ex-
ceeds four supercells within five grid points per year in the Austrian 
Alps. Pronounced increases also occur over southern Germany, 
eastern Europe, and northeastern Europe. In contrast, over the 
Iberian Peninsula and southern France, supercell frequency de-
creases. Table 1 shows the annual number of supercell tracks initiat-
ing in each region and the fraction of right-moving storms in the 
current and future climate simulation, as well as the relative change. 
A Wilcoxon signed-rank test is used to establish statistically signifi-
cant changes at the P ≤ 0.05 level. The largest relative change occurs in 
the Baltic, with a 110% increase from the current climate. Significant 

Fig. 3. Supercell tracks in future climate simulation showing an overall increase in occurrence frequency and a shift toward northeastern Europe and higher 
altitudes. (A) Annual average difference in supercell track frequency [future – present]; inset shows regionally aggregated significant changes in track number. Red, sig-
nificant positive; blue, significant negative; gray, no significant change. (B) Annual average supercell track frequency at +3°C, within five grid points.
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increases occur over eastern Europe, central Europe, and both Alpine 
areas, while the Iberian Peninsula experiences a significant decrease. 
The overall number of supercells increases by 11%. Right-moving 
storms prevail in all regions, making up ≥80% of all storms. Chang-
es in future are small and largely statistically not significant(≤6%) 
but overall show a tendency for a slightly decreasing fraction of 
right movers.

Changes in convective environments
Figure 4 provides information on the changing convective environ-
ments between the two climate scenarios. Significance is tested per 
grid point on monthly aggregated values with a Wilcoxon-signed 
rank test at P ≤ 0.05 and a false discovery rate correction (55, 56). We 
investigate the frequency of convective available potential energy 
(CAPE) >100 J kg−1, indicating the presence of instability. In the pres-
ent climate, CAPE exhibits a meridional gradient, with greater values 
in southern regions and also over the sea (Fig. 4A), where moisture is 
readily available. It corresponds to the overall pattern of convective 
activity. The change in CAPE frequency is largely insignificant over 
land, with only the Alpine area and northeastern Europe experiencing 
significant increases, while the Iberian Peninsula and southeastern 
Europe experience significant decreases, matching the areas where 
supercell frequency decreases (Fig. 4C). The highest values of CAPE 
are found along mountain ranges, e.g., the southern fringes of the 
Alps, the Dinaric Alps, and the Pyrenees (Fig. 4D). At 3°C warming, 
averages are increasing significantly across wide areas of continen-
tal Europe, especially in Switzerland, Austria, and Germany, and in 
eastern Europe. No significant increases are found over the Iberian 
Peninsula (Fig. 4F). We next inspect convective inhibition (CIN), 
while CAPE exceeds >100 J kg−1. In the present climate, CIN follows 
the meridional gradient of CAPE, with greater values surrounding 
the Mediterranean (Fig. 4G). On the one hand, this dampens CI, as 
more energy is required to overcome the inhibition. On the other 
hand, greater CIN will allow CAPE to reach greater values before CI 
sets in. CIN is smaller over mountain ranges, facilitating CI. In the 
mountains, orographic processes (such as orographic lifting) also sup-
port CI. In the +3°C climate, CIN increases the most over the Iberian 
Peninsula, France, and Italy, matching the change in supercell activity 

(Fig. 4I). Since supercell thunderstorms require deep wind shear, we 
also inspect the average 925- to 500-hPa bulk shear, when CAPE > 
100 J kg−1. Shear is masked where the 925-hPa level is under the 
surface. In the present climate, the highest shear values are located 
off the Iberian coast, neighboring its mountain ranges, and to the 
south of the Massif Central and the Alps (Fig. 4J). Orographic flow is 
known to enhance wind shear through channeling effects and prescrib-
ing the flow direction, enhancing directional shear (14, 16, 18, 38). In 
a warmer climate, shear increases significantly over most of the land 
area (Fig. 4L).

These environmental parameters support the change in supercell 
frequency. Over the Iberian Peninsula, where supercell frequency de-
creases significantly, CAPE is less frequently present, and when it is, it 
shows no significant change in magnitude. CIN, however, increases 
significantly, further contributing to decreasing frequency. The Iberian 
Peninsula is subject to strong surface warming, while specific humidity 
shows very little change and relative humidity strongly decreases (57). 
This contributes to decreasing instability and increasing inhibition. In 
central Europe, where the largest absolute increase takes place, the fre-
quency of CAPE is increasing in the Alps, and the magnitude of CAPE 
is increasing over a larger area. CIN increases only moderately. With 
increasing temperatures, the slope of the moist adiabat increases, 
enabling CAPE to reach higher values, even if relative humidity is 
stable (58). In central Europe, 2-m specific humidity increases, so 
that 2-m relative humidity only slightly decreases, leading to greater 
instability (57). The Baltic area, with the largest relative increase in 
supercells, has an increase in CAPE frequency and magnitude and 
no significant change in CIN. It also has increases in near-surface 
specific and relative humidity while still experiencing significant 
warming (57).

The changes in environmental parameters highlight a less con-
vectively favorable environment over the Iberian Peninsula and more 
favorable environments in central and northeastern Europe. This 
agrees with expected changes in moist adiabatic lapse rates and in-
stability, which show increased subsidence and pronounced drying 
in the Mediterranean that result in increasing stability, while insta-
bility increases in central and eastern Europe, owed to a higher mois-
ture availability in higher temperatures (59, 60).

Table 1. Regional supercell changes showing significant changes in supercell frequency and their uncertainty. Regional annual supercell initiation 
frequency (f, year−1), standard deviation (SD, year−1), percentage of right-movers (% RM,%), and their bootstrapped mean relative change and 95% confidence 
interval (CI,%). Significant changes are marked in bold and with an asterisk (*).

Region Current Future Relative change [%]

﻿ f SD % RM f SD % RM Δ f [95% CI] Δ% RM [95% CI]

 British Isles (BI) 4.5 4.3 86 5.5 1.9 82 32 [−25,130] 28 [−4, 88]

Eastern Europe (EE) 87 28.2 90 135 41.6 89 * 56 [42, 72] [−3, 1]

 France (FR) 46 15.9 85 39 17.7 86 −15 [−30, 2] 1 [−5, 6]

Iberian Peninsula (IP) 115 23.1 81 84 24.4 80 * −27 [−36, −28] [−6, 4]

 Mediterranean (MD) 167 33.4 91 192 52.2 89 15 [2, 28] * −3 [−5, −1]

Central Europe (CE) 61 31 91 81 30.1 89 * 36 [16, 61] −4 [−9, 1]

 Baltic (BA) 10 6.1 98 21 8.3 92 * 116 [68, 187] * −6 [−10, −3]

Northern Alps (NAL) 38 26.2 89 57 27.4 87 * 52 [20, 90] −3 [−7, 0]

 Southern Alps (SAL) 61 25.6 91 82 22.2 90 * 36 [21, 52] −3 [−7, 1]

Entire domain 714 115 88 794 123 87 * 11 [6, 16] −1 [−2, 0]
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Intensity changes
Figure 5 depicts supercell properties over the entire tracks for the 
whole domain in the current and future climate as empirical 
probability density functions. Each probability density function is 
normalized such that the total area equals 1, which means the den-
sity values scale inversely with the width of the x-axis range.

The overall track length and duration remain largely stable, indi-
cating that the shifts in storm frequency are driven mostly by an 

increased number of storms, rather than longer tracks. Storm area, 
which is determined by the precipitation field, and peak precipita-
tion rate increase in future, consistent with literature indicating an 
increase in subdaily, convective precipitation extremes in Europe 
(23, 57), and supercell precipitation changes in the United States 
(61). The maximum hail size also increases (57). Peak wind gusts 
show only marginal increases (62). Peak updraft speeds and maximum 
vorticity also remain stable. While the overall supercell frequency 

Fig. 4. Changes in convective environments align with changes in supercell frequency and intensity. Atmospheric environment in current (A, D, G, and J) and future 
climate (B, E, H, and K), and their difference (C, F, I, and L). Shown for the frequency of CAPE > 100 J kg−1 (% of hours, first row), mean CAPE > 100 J kg−1 (second row), 
mean CIN at CAPE > 100 J kg−1 (third row), and mean bulk shear at CAPE > 100 J kg−1 (last row). Significant changes are marked with dots.
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Fig. 5. Empirical probability density functions (integral of curve is always 1) of supercell track properties in both climate scenarios indicating an increase in 
precipitation-related intensity properties. The median is depicted with a solid line, the quartiles with dashed lines. Properties: (A) track length, (B) track duration, 
(C) average storm area, (D) peak precipitation rate, (E) maximum hail size, (F), maximum wind gust, (G) maximum updraft, and (H) maximum vorticity. Significant changes 
are marked with an asterisk (*).
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increases and shifts toward the NE of Europe, most storm properties 
remain stable or increase in intensity. The intensity increase inde-
pendent of regional frequency shift is also found for hailstorms in 
the same simulation setup (63). The most notable changes are an 
increase in precipitation (rain and hail) characteristics, which are 
significant under a Mann-Whitney-U test at the P ≤ 0.05 level.

DISCUSSION
Severe convection in the European context
Given the sparsity of explicit pan-European supercell climatologies 
(as opposed to proxy analyses or hazard-oriented studies), we dis-
cuss the identified spatial distribution and trends. We discuss both 
past identified trends and modeled future trends, being aware that 
past trends do not automatically infer an identical future trend.

We first reflect on literature describing severe convection in the 
current climate over Europe. Overall, we find good agreement for the 
spatial pattern (9, 11, 36) and seasonal (64–66) and diurnal (6, 7, 65) 
cycles in the current climate scenario. Locally, differences can be 
found, such as the missing local hot spot in the Eastern Carpathian 
mountains (8), which may be due to unresolved local phenomena or 
observational artifacts.

The identification of a majority of right movers over vast areas of 
Europe is supported by a storm motion–based supercell classifica-
tion in Germany, showing an observed right-mover majority (75%) 
(39). Kahraman et al. (65) identified a strong hailstorm hot spot in 
the fall in Greece based on hail proxies in kilometer-scale modeling. 
While the SE Mediterranean does experience increased supercell 
activity in the fall, there is no comparable hot spot. Europe-wide 
severe storm studies (9, 12, 25, 64) generally agree with the more 
moderate activity in fall.

We next move to studies considering convective trends in Europe. 
The distribution shift of supercells toward the northeast in a warmer 
climate is in agreement with shifts in hail occurrence and extreme 
precipitation in the same simulation (23, 57). Studies focusing on 
reconstructed trends by using observations to constrain a proxy 
show good agreement on the increase in activity in the past, particu-
larly along the Alps (66–68). Studies investigating simulated future 
trends in extreme summer precipitation also show similar patterns 
in the Alpine area (19, 21, 23). Some future climate model, proxy-
based studies disagree with the projected decrease in SW Europe 
(69, 70); however, the proxies neither target supercells explicitly nor 
can they account for resolved storms. Rädler et al. (70) show agree-
ment for shifts in lightning occurrence, but hailstorm proxies in-
crease over the Iberian Peninsula. While Púčik et al. (69) do not find 
a decrease over southwestern Europe, they show no significant 
trends in this region. From an instability perspective, in future cli-
mate simulations, moist adiabatic lapse rates are expected to become 
less stable in northeastern Europe (59, 60). This is consistent with 
the shift in supercell activity, CAPE frequency, and CAPE values. 
Overall, the literature provides good agreement for the tendency of 
supercells to occur more frequently in central and eastern Europe, 
less frequently in southwestern Europe, and increase strongly over 
the Alps.

Separated from frequency shifts, intensity in terms of rain rate, 
rain area, hail size, and wind gusts is significantly increasing (see 
fig. S1). This is in agreement with analyses of future climate studies 
of lightning and hailstorms in Europe, which find a general increase 
in hailstorm intensity independent of regional frequency changes, 

as the fraction of severe convective storms among all convective 
storms increases (63, 70). Thermodynamic considerations on wind 
gusts also suggest an increasing intensity, confirmed by regional 
modeling experiments (62).

Table S3 provides an overview of the literature discussed here. We 
show here a pan-European supercell frequency map for the current 
climate and for a +3°C GWL. Now, supercells occur predominantly 
surrounding complex terrain, with the European hot spot lying in the 
Southern Alps. Prominent secondary areas lie around the Pyrenees 
and Spanish coast, over the Massif Central, along the Dinaric Alps, 
and over Southern Germany, which is in good agreement with cur-
rent literature. Supercells occur predominantly in the afternoon, and 
activity peaks in summer, with the Mediterranean having a delayed 
peak in fall. In the future climate, the supercell frequency increases 
most over the Alpine hot spot, and the overall activity shifts toward 
the Northeast, with frequencies decreasing over France and Spain. Su-
percell properties see the biggest shift in storm area, precipitation in-
tensity, and hail size, which significantly increase.

With >700 supercells per season in the current climate, they oc-
cur regularly throughout the continent but constitute an exceptional 
convective event in each location, ranging from <1 to >4 supercells 
per season. The significant 11% increase in overall supercell occur-
rence, and the increased intensity of precipitation hazards, stresses 
the importance of including supercell thunderstorms in weather 
risk assessments.

MATERIALS AND METHODS
European climate simulations
The simulations (25) are conducted with the COSMO graphics pro-
cessing unit (GPU)-accelerated climate model (71–73). The horizon-
tal grid spacing is ~2.2 km with a rotated latitude-longitude grid. This 
grid spacing is at the lower end of adequate resolution for supercell 
thunderstorms (29); however, all early idealized simulations of su-
percells also used a similar resolution (74, 75). It also exceeds the 
4-km grid spacing of similar work applied to the United States (28). 
The latter studies established the basic dynamical properties of su-
percell thunderstorms. In the vertical, there are 60 terrain-following, 
hybrid model levels; however, the output is stored on eight pressure 
levels. Both the hail growth model HAILCAST (76) and the lightning 
potential index (77, 78) are implemented (24).

The modeling setup establishes a current and future climate sce-
nario. For the current climate, 11 years of ERA-5 reanalysis data 
(2011–2021) (30) are used to enforce lateral and initial boundary con-
ditions at a 3-hourly time step in a 12-km intermediate resolution do-
main with 3-hourly boundary updating, which drives a 2.2-km 
high-resolution domain with 1-hourly updating (25). The resulting, 
highly resolved output, provides data with a similar variability and oc-
currence of extreme events, as observed in this period (27). Precipita-
tion, hail, and lightning data are stored at a 5-min time step, while the 
other surface and 3D variables are stored at an hourly interval. The 
future climate scenario uses the PGW approach (79, 80), where a 
climate-change signal Δ is added to the boundary conditions of the 
reanalysis (57). We here use the PGW version introduced by Brogli 
et al. (26), which accounts for a mean annual cycle of thermodynamic, 
circulation, and sea surface temperature (SST) changes. To obtain the 
Δ, the Coupled Model Intercomparison Project Phase 6 (CMIP6) 
simulation of the GCM MPI-ESM1–2-HR (81, 82) is used, select-
ing an ensemble member, particularly representative for summer 
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precipitation (57). The MPI-ESM1–2-HR is also one of the few mod-
els with the required spatio-temporal resolution in the output to ob-
tain sufficiently dense data. It has also been shown to perform well for 
convective parameters in other regions (83). The Δ is computed using 
two 30-year time windows of the GCM simulation, one representing 
current conditions and the other representing future conditions at the 
time of the +3°C GWL. This forces a future climate simulation with a 
similar synoptic-scale event variability as the present, but in warmer 
climate conditions. In a recent investigation of the suitability of PGW 
(84), a detailed intercomparison between conventional and PGW 
downscaling was conducted, finding unexpectedly good performance 
of the PGW method for precipitation extremes, such as convective 
storms. The limitations of the setup used here and additional details 
on the PGW method are further discussed in (57), and more details 
on the current climate simulation are provided in (25).

Supercell tracking
To track supercell thunderstorms in a simulation with hourly pressure-
level data, we have developed a classification method. First, convective 
cells are tracked using the 5-min precipitation field in a cell tracking 
algorithm [thresholds adapted from hailstorms to all thunderstorms 
from (7, 85)]. A tracked cell has a minimum rain rate of 5.5 mm 
hour−1, its peak must exceed 13.7 mm hour−1, its area ≥ 10 grid points 
(~50 km2), and its lifetime ≥ 30 min. To further classify the cells as 
supercells, the updraft and vertical vorticity are analyzed hourly at the 
700-, 600-, 500-, and 400-hPa levels. A rotating updraft is defined by a 
minimum area of three grid points having w ≥ 5 m s−1 and ζ ≥ 5 × 
10−3 s−1. This criterion must be fulfilled in at least two adjoining pres-
sure levels. To allow for vertically tilting storms, each identified area is 
enlarged by a one grid point radius. Last, these identified areas must 
overlap with a tracked cell. To allow for sparsely precipitating updrafts, 
which may be displaced from the main precipitating area, rain cells are 
dilated with a one grid point radius. More details on the tracking 
methodology can be found in the “Supercell tracking” section in the 
Supplementary Materials.

Observational reference
To tune and validate the supercell tracking in the model data (see the 
“Case-based model validation” secition in Results), a 6-year supercell 
dataset from the Swiss radar domain is used (32). Radar-based me-
socyclone tracking uses radar reflectivity to track thunderstorms and 
subsequently identifies vertically continuous rotation in the Doppler 
velocity field (7). Given the different nature of radar-based mesocy-
clone detection and supercell tracking in model data in a dynami-
cally downscaled simulation, this serves as a qualitative comparison 
for days with supercellular activity in the Alpine region.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S7
Tables S1 to S3
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