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Abstract. Supercell thunderstorms are among the most hazardous and damaging weather phenomena in Europe. However, little

information is available on the relationship between supercell morphology and environmental conditions in Europe. We dissect

supercell morphology, the changes in environmental conditions, and the subsequent changes in associated hazardous weather

using numerical simulations of the current and a warmer (+3°C) climate at 2 km grid resolution. Comparing right- (RM) and

left-moving (LM) storms, we find that RMs have a more coherent storm structure and larger high-intensity areas, and their5

motion deviates stronger from the mean flow compared to LMs. LMs occur in a narrower range of environmental conditions,

namely in hotter and less stable environments compared to RMs. Overall, in the warmer climate the pre-storm environment

becomes less stable, and deep-layer shear increases. Accordingly, hazards associated with supercells such as lightning, wind

gusts, intense precipitation, and hail size all increase. RMs and LMs reach similar hazard intensities, while RMs tend to have

larger high-hazard areas than LMs. The relative increase in hazard severity in the warmer climate is more pronounced for10

LMs, particularly for hail area and lightning intensity. A regional decomposition across Europe indicates LMs tend to occur in

warmer, more unstable conditions than RMs, and that these regional differences are generally greater than the differences in

storm environments between LMs and RMs.

1 Introduction

Supercell thunderstorms are characterized by a persistent, rotating updraft and are widely recognized as the most hazardous15

convective storm type (Markowski and Richardson, 2010). They frequently produce large hail, torrential rainfall, intense light-

ning, tornadoes, and non-tornadic wind gusts (Markowski and Richardson, 2010). Right-moving (RM) supercells, which de-

viate to the right of the 0-6 km mean wind vector and rotate cyclonically in the Northern Hemisphere, are more frequent and

generally associated with a higher hazard intensity and likelihood compared to their left-moving (LM) counterparts that deviate

to the left of the mean wind vector and rotate anticyclonically (Homeyer et al., 2025; Bunkers et al., 2024, 2000; Davies-Jones,20

1986). Due to the higher occurrence rate, most supercell research focuses on RMs (Zeeb et al., under review; Van Den Broeke
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et al., under review) and has led to little quanti�cation and analysis of LMs in research that addresses future climate conditions

(e.g., Feldmann et al., 2025a; Zeeb et al., 2024; Ashley et al., 2023). Most research on LMs focuses on case studies (Edwards

and Thompson, 2024; Edwards and Hodanish, 2006; Edwards et al., 2004; Grasso, 2000; Brown and Meitín, 1994), while more

recent studies focus more on fundamental characteristics and climatologies (Zeeb et al., under review; Van Den Broeke et al.,25

under review; Homeyer et al., accepted; Bunkers et al., 2024; Tonn et al., 2023) Though less frequent, LMs still represent an

important fraction of the storm population and can be proli�c hail producers (Homeyer et al., 2025; Tonn et al., 2023; Edwards

and Hodanish, 2006; Houze et al., 1993). Considering that LMs have different life-cycles and often require a different environ-

mental parameter space than RMs (Zeeb et al., under review; Homeyer et al., 2025; Grasso, 2000; Brown and Meitín, 1994),

their response to a warming climate may also differ. Indeed, how both storm types respond to climate change is still subject to30

large uncertainties.

European research often focuses on severe convection in general rather than on supercells speci�cally. Previous studies on

how severe convection changes with climate change faced several challenges. Reporting databases often suffer from sampling

biases (Pîrloag�a et al., 2021; Barras et al., 2019). Most radar networks undergo signi�cant quality changes (Germann et al.,

2022; Saltikoff et al., 2019), and their observational periods are typically too short for robust trend analyses (Wilhelm et al.,35

2024; Taszarek et al., 2021; Nisi et al., 2018). Proxy-based analyses in reanalysis or coarse-resolution climate models implicitly

assume that the spatio-temporal distribution of storm environments re�ects that of actual convection (Battaglioli et al., 2023),

and they cannot capture structural changes in the storms themselves. Environmental analyses indicate that overall instability

is expected to increase over large parts of Europe, while trends for deep-layer shear are more heterogeneous (Taszarek et al.,

2021). The emergence of kilometer-scale climate simulations allows studying explicitly resolved supercells in present and fu-40

ture climate simulations (Feldmann et al., 2025a; Kahraman et al., 2025; Ashley et al., 2023), as the kilometer-scale resolution

approaches storm-resolving properties (Prein et al., 2025, 2021; Schär et al., 2020; Weisman et al., 1997). Although these sim-

ulations remain limited to single realizations so far, they overcome many limitations of proxy studies and allow direct analyses

of storm structure, environments, and hazards. These single realizations lend to pseudo-global-warming (PGW) experiments,

where observed boundary conditions are perturbed by a climate change� , allowing for a high-resolution climate change ex-45

periment (Hall et al., 2024; Brogli et al., 2023; Sato et al., 2007; Schär et al., 1996). The PGW approach has been popular

in convective case studies (e.g., Trapp et al., 2025, 2021) but has also found application in multi-year climate simulations

(Thurnherr et al., 2025; Heim et al., 2023).

The preceding work of Feldmann et al. (2025a) uses two 11-year convection-permitting climate simulations over Europe:

one representing the current climate and one using a PGW approach corresponding to a +3 °C global warming level (GWL)50

relative to preindustrial levels (Cui et al., 2025; Thurnherr et al., 2025). Feldmann et al. (2025a) showed an overall increase in

supercell frequency by 11% over Europe, with regional trends ranging from -28% to +116%, and frequency hotspots hugging

the �anks of mountain ranges. Regional trends are tied to climatological moisture shifts, with frequency decreases being tied

to an increasingly dry climate. Environmental analyses show an increase in both the frequency and magnitude of unstable

conditions in the areas with the greatest positive trend, in agreement with Taszarek et al. (2021). The region with the largest55

decrease also shows decreases in unstable days and less potent convective conditions. Deep-layer shear during unstable condi-
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tions increases signi�cantly over the majority of Europe, supporting the overall increase in supercell severity (Feldmann et al.,

2025a).

Here, we use the same climate dataset for storm-centered analyses of storm morphology, surface hazards and pre-storm envi-

ronments, over the whole European domain and in climatologically distinct sub-regions. Right- and left-moving supercells are60

tracked separately, allowing us to address the following research questions:

1. How do the frequency, structure, pre-storm environments, and hazards associated with RM and LM supercells differ in

the present climate?

2. How do the environment and hazard characteristics change in a +3 °C warming scenario?

3. How do regional climate regimes affect this?65

By explicitly analyzing RMs and LMs separately, this study reveals new insights into the fundamental characteristics of these

two supercell types, as well as their future changes.

2 Materials and Methods

2.1 Data

We use km-scale climate model data from the COSMO-6 regional climate model, which was run at a 2.2 km resolution70

over continental Europe (for model domain, see Fig. A1). In the current climate (CC) simulation (2011–2021), the boundary

conditions are provided by ERA5 (Hersbach et al., 2020). The future climate (FC) simulation follows a PGW approach, using

a GWL of +3°C (Brogli et al., 2023). A model member representative of convective summer precipitation of the MPI-HRES-

ENS was chosen to compute the +3°C climate change� (Thurnherr et al., 2025). This climate change� is added to the ERA5

boundary conditions, mimicking the same 11-year period and its variability in a warmed climate. Further details on the climate75

simulations and their veri�cation are described in Cui et al. (2025), Thurnherr et al. (2025) and Feldmann et al. (2025a).

To identify supercells trajectories, supercell tracks from Feldmann et al. (2025a) are used. To identify supercells, �rst all

thunderstorms are tracked based on 5-minute precipitation data (Brennan et al., 2024). Along these tracks, the hourly 3-D

pressure-level wind �eld is used to apply vertical vorticity and updraft velocity thresholds in the mid-troposphere, identifying

the mesocyclone (for full documentation, see Feldmann et al., 2025a). The tracking differentiates cyclonic and anticyclonic80

updraft vorticity signatures, separating RM from LM supercells.

Table 1 provides an overview of analyzed variables. Precipitation variables are stored at a 5-min resolution, whereas all other

variables are stored hourly. 3D data is available on 8 pressure levels. A limited set of convective parameters was computed

online from 60 model levels.
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Table 1.Variable de�nitions

Variable Symbol Units

925 hPa - 500 hPa deep layer shear DLS m s� 1

Geopotential height z dam

Hailsize HS mm

Horizontal velocity u, v m s� 1

Level of free convection LFC hPa

Lifting condensation level LCL hPa

Lightning potential index LPI J kg� 1

Mean sea level pressure MSLP hPa

most unstable convective available potential energyMUCAPE J kg� 1

most unstable convective inhibition MUCIN J kg� 1

Precipitation rate PR mm h� 1

Relative humidity RH %

Speci�c humidity Q g kg� 1

Temperature T K

Vertical velocity w m s� 1

Vorticity � s� 1

10m wind gust v10m m s� 1

p
MUCAPE � DLS wmax -shear m2 s� 2

2.2 Methods85

We use the cookie-cutter method introduced in Brennan et al. (2025). In this method, 3-dimensional environmental �elds are

extracted from the model data within a 60 km radius around each identi�ed supercell at hourly intervals. Each extracted disk

is rotated so that the hourly smoothed propagation direction of the storm is due right (0°). The environmental data is extracted

at the time of the storm, to re�ect in-storm conditions, as well as 1 and 2 hours prior, to re�ect pre-storm conditions. For each

variable, we compute composites across all supercells or subsets of supercells for the current and future climate simulations90

separately. Composite vertical pro�les of the pre-storm environment are obtained from the extracted disks, with a �ltering of

active convection via a precipitation �lter of 5 mm h� 1 with a 5-gridpoint circular buffer. Aggregated analyses are performed

within the whole 60 km radius, while spatial �gures showing the storm structure are zoomed in to a 20 km radius. All statistical

tests are performed with a two-sided Mann-Whitney-U test (p>0.05, McKnight and Najab, 2010), a non-parametric, unpaired

test. Spatial analyses are additionally processed with a false-discovery-rate (FDR) correction (Ventura et al., 2004; Benjamini95

and Hochberg, 1995).

Analyses of storm motion make use of the Bunkers storm motion estimate (Bunkers et al., 2000) for RMs (eq. 1) and LMs (eq.

2):
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V RM = V mean + C RM
k̂ � S
kSk

(1)

V LM = V mean � CLM
k̂ � S
kSk

; (2)100

whereV mean= 1
� p

R500 hP a
925 hP a V (p)dp, S = V 500 hPa� V 925 hPa, k̂ = (0 ; 0; 1), andS? = k̂ � S

kSk , here adapted to pressure-level

model data. Originally bothCRM andCLM were estimated at 7.5 m s� 1 (Bunkers et al., 2000), while Bunkers et al. (2024)

suggests an updatedCLM of 5 m s� 1. In contrast, Tonn et al. (2023) suggests a combined C in Europe for both RM and LM of

4 m s� 1, smaller than any C tuned for the United States.

3 Results105

The tracking identi�es� 8200 right-moving hourly supercell detections and� 1200 left-moving ones in the current climate

simulations. While observational studies do suggest a majority of RM storms (75%, Tonn et al., 2023), we consider the modeled

fraction of 87% to likely be an overestimation of the true RM fraction, because of the shorter lifetime of LMs, which are hence

more likely to be missed by the hourly detection interval (Zeeb et al., under review; Wade and Parker, 2021; Sherburn et al.,

2016; Sherburn and Parker, 2014). In the warmer climate, RMs increase by 8% to� 8900 detections and LMs by 21% to� 1500110

detections, resulting in a slight increase in the LM fraction from 13% to 14%1.

3.1 Supercell structure

Figure 1 compares the storm structure of right- and left-moving supercells based on composites of precipitation, vertical

velocity, and vorticity. Overall, the composites show strongly smoothed storm structures, owed to the averaging across many

cases. RM storms exhibit the familiar right-leaning curvature of the 15 mm h� 1 precipitation contour, with the mesocyclone115

located at the inner corner of this curve (center of the 20 km radius). LM storms show a weaker and less elongated leftward

curvature of the precipitation �eld. To identify the updraft, we show the 90th percentile of 500 hPa vertical wind and 500

hPa vertical vorticity (10th percentile of vertical vorticity for the LMs, due to the opposite sign of the vorticity). Midlevel

updraft and vorticity extrema are both in the center of the composite. The updraft and vorticity signatures are of similar size

and intensity in both storm types. The downdraft features are depicted by extracting the 10th percentile of the 700 hPa vertical120

wind and 500 hPa vertical vorticity (90th for the LMs). Similar to the updraft, the downdraft intensity and area are comparable

in the RM and the LM. Precipitation largely falls in the respective downdraft regions. The vorticity in the downdraft area is

more pronounced on the LMs than the RMs. Despite the less pronounced shape in the mean precipitation contour, LMs still

show a clearly identi�ed updraft area in the center of the composite, and a downdraft area at the right-hand storm �ank, that

1Discrepancies with the changes shown in Feldmann et al. (2025a) are owed to computing the RM/LM fraction and their changes based on complete tracks,

in comparison to all hourly detections, as done here. Changes in track duration and rotation persistence throughout the track cause these differences.
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Figure 1. Structure of LMs (left half) and RMs (right half) in the current climate. The 20-km radii show grid-point wise percentile values

across all LM or RM cases and across all time steps. For the updraft metrics (top row) we show the 90th percentile at the 500 hPa level, for

the downdraft metrics (bottom row) we show the 10th percentile at the 700 hPa level. Composite mean geopotential height at 500 hPa (dam)

and mean precipitation rate (15 mm h� 1) are shown in black contours.

Figure 2. Same as Fig. 1 for the future climate.
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mirror the structure of the RMs and rival them in terms of intensity (e.g., Davies-Jones, 2015).125

To investigate the synoptic meteorological situation, we look at the composite of geopotential height at 500 hPa two hours

before storm-encounter, to ensure unperturbed conditions—one hour prior and hour zero were tested and showed considerable

in�uence of the presence of the storm. Both storm types deviate to the right and left of the isohypses, respectively, consistent

with their deviant motion. The isohypses also indicate a low-pressure area lying to the left-hand side of storm motion and

higher pressure being on the right-hand side. The gradient of geopotential height is greater in the RMs, while also being at a130

lower geopotential height. Severe convection in Europe typically occurs at the leading edge of an approaching trough and in

southwesterly �ow (Feldmann et al., 2025b; Wapler and James, 2014), consistent with the pattern of geopotential height. The

greater height and weaker gradient for LMs indicate that they may be preferentially located closer to the downstream ridge.

This behavior will be discussed further in Section 3.2.

Figure 2 shows the same composites of storm structure and synoptic environment for the future climate. The hallmark135

features remain the same, with left- and right-leaning storm contours, and deviant motion to the left and right of the geopotential

height contours. The most noticeable changes are an increase in storm precipitation area for both LMs and RMs, as well as a

distinct increase of the 500 hPa geopotential height by� 3 dam. Both up- and downdraft areas appear slightly broader in LMs

and RMs, though reach similar peak values in the composite.

3.2 Supercell environments140

Prior research suggests the biggest differences between RM and LM supercell environments in their respective pre-storm

hodographs (e.g., Bunkers, 2002; Bunkers et al., 2000; Houze et al., 1993). The environmental conditions are extracted 1h

pre-storm encounter (see Fig. 3), which yielded the most representative (i.e., least convectively contaminated and highest

convective potential) results. The hodographs are rotated so that storm motion is aligned among all of them, yielding storm-

direction-relative (SR) uSR - and vSR -components of the pro�le, uSR being along the propagation direction and vSR perpen-145

dicular to it, i.e. modeled storm motion lies on the vSR =0 line.

The hodographs of RMs in the current climate (Fig. 3a) exhibit a slight clockwise curvature with altitude, while overall being

largely straight, with storm motion lying to the right of the hodograph. Shear is largely concentrated at the 850-700 hPa level,

whereas the near-surface change in wind speed is very gradual. The LMs' hodograph has a lower degree of counterclockwise

curvature with slight veering in the low-levels and virtually identical deep-layer shear (e.g., Zeeb et al., under review; Bunkers150

et al., 2024; Tonn et al., 2023; Bunkers, 2002; Bunkers et al., 2000). Both mean hodographs are mostly straight and do not

contain substantial directional shear (Fig. 3). At a 3°C warming level (Fig. 3b), both hodographs lengthen and the 925-500 hPa

shear increases by 1-2 m s� 1.

Modeled storm motion was extracted from the 5-min precipitation tracks and smoothed with a moving-average 5-timestep win-

dow. We compare modeled storm motion (vSR = 0 m s� 1) to the estimated Bunkers storm motion (Bunkers et al., 2024, 2000,155

see equations 1 and 2) using both the CRM;LM = 7.5 m s� 1 and CLM = 5 m s� 1 constant. While the obtained velocity is

comparable, albeit slightly smaller than the modeled storms, the estimated deviation from the mean �ow is considerably larger

than in the modeled storms. By re�tting C to scale estimated storm motion onto the vSR = 0 m s� 1 line, our simulations suggest
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Figure 3. Composite storm-direction-relative (SR) hodographs in the current (colored) and future (grayed out) climates. In the hodographs,

observed storm motion is indicated with a colored triangle, Bunkers motion with an x (current recommendation c = 7.5 m s� 1 for RM and 5

m s� 1 for LM) or a + (old recommendation c = 7.5 m s� 1 for LM)

an RM offset of CRM = 5 m s� 1 and an LM offset of CLM = 1 m s� 1. In combination, these are closer to C = 4 m s� 1 as

estimated by Tonn et al. (2023).160

In addition to the composite hodographs, we investigate the mean propagation direction and speed in Fig. 4. In line with

previous studies showing that severe convection in Europe happens overwhelmingly during SW �ow (Feldmann et al., 2021;

Mohr et al., 2020; Wapler and James, 2014), supercells track largely towards the NE (see Fig. 4a). There is a distinct separation

of the mean track direction of right- and left-movers by 12°, with the mean track of RMs lying to the right of the LMs, as

expected. The relatively small angle difference between the storm types suggests that they form in different systematic relative165

locations within the parent synoptic systems, where the hodograph shape and orientation, and subsequent mean wind vector

are different. Both storm populations track 3° more northwards in the future climate (Fig. 4a). From Fig. 4b we further see that

propagation speed is comparable between RMs and LMs, with an average of approximately 15 m s� 1. In line with the increase

in deep-layer shear and the lengthening of the hodograph, the propagation speed increases by� 1.5 m s� 1 at the 3°C GWL.
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Figure 4. Density distributions of propagation a) direction and b) speed, solid lines indicate current climate (CC) and dashed lines future

climate (FC), blue corresponds to LM and red to RM. In panel b), the interquartile range is indicated in dotted lines, the median with a solid

line, CC is depicted on the left-hand side, and FC on the right-hand side.

We investigate the thermodynamic environment both in a composite skew-T log-p diagram (see Fig. 5) and by comparing the170

distribution of composite environmental parameters (see Fig. 6) throughout the extracted 60 km radius. The skew-T diagram

(Fig. 5) shows statistically signi�cant differences between RM and LM in the current climate. LMs occur in signi�cantly

warmer conditions, with higher lifting condensation levels (LCL) and higher CAPE and CIN values than RMs. Low-level

speci�c humidity is also slightly higher for LMs, but relative humidity is lower due to the large temperature difference of almost

3°C. This poses the question, why LMs occur in such thermodynamically different conditions. Comparing the distribution of175

CAPE, CIN, deep-layer shear, and low-level atmospheric conditions for RM and LM (Fig. 6), we see that LM-supporting

conditions have lower variability than those of RMs, with a narrower interquartile range. Given that LMs occur more rarely, it

appears that LMs require a more speci�c range of environmental conditions (Fig. 6). In the seasonal and diurnal cycle, LMs

occur more frequently during the convective peak season, and less frequently in the shoulder seasons, showing a sharper peak

in the distribution, with shorter tails (see Fig. 7a). During the convective peak season, instability and temperature are generally180

greater than in the less favorable shoulder seasons and nighttime hours. Additionally, LMs occur in signi�cantly higher mean

surface pressure situations than RMs (see Fig. 6h), and their surroundings show smaller surface pressure gradients (not shown).

This indicates that, from a synoptic perspective, they occur closer to the center of the ridge, further supporting the hypothesis

from Section 3.1. Overall, severe convection in Europe predominantly occurs between an upstream trough and a downstream

ridge (Feldmann et al., 2025b). In this transition area, warm air advection may occur in the warm sector ahead of the cold185

front. Warm air advection induces a vertical clockwise turning of the geostrophic �ow, due to thermal wind balance. Closer to
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Figure 5. Composite skew-T log P diagrams of LMs (blue lines) and RMs (red lines) in the current (CC) and future (FC) climates. Temper-

ature pro�le in dotted line, moisture pro�le in dashed line, parcel pro�le in solid line.
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Figure 6. Density distributions of 1h pre-storm environment, interquartile range is indicated in dotted lines, the median with a solid line.

The current climate (CC) is depicted on the left-hand side of each plot, the future climate (FC) on the right-hand side. Signi�cant differences

between the LMs are indicated with a blue asterisk, between the RMs with a red asterisk, between the current climate with a black asterisk

on the left, and between the future climate with a black asterisk on the right.

Figure 7. Empirical PDF of seasonal and diurnal cycle, as well as longitudinal distribution of LMs (blue) and RMs (red) in the current (solid

lines, left) and future climate (dashed lines, right). Signi�cant differences between LMs and RMs are marked with an asterisk, the median is

depicted with a solid line and the interquartile range dotted.

the center of the ridge, wind speeds are lower and hence warm air advection is smaller, hence producing less synoptic forcing

towards a clockwise turning hodograph, which favors RMs (Houze et al., 1993; Peyraud, 2013; Davies-Jones, 1984, 2002).
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In a 3°C warmer atmosphere, the thermodynamic pro�les for both RMs and LMs show an increase in temperature and spe-

ci�c humidity (see Figs 5 and 6). Focusing on the vertical pro�les of the RMs, separate factors contributing to both increases190

can be identi�ed. With a surface temperature increase and a low-level speci�c moisture increase, the LCL remains approxi-

mately stable (see Table 2). Due to the steeper moist adiabatic lapse rate at warmer temperatures, the level of free convection

(LFC) increases slightly. The environmental lapse rate is stabilizing slightly; however, the steeper moist adiabat over the full

vertical range from the surface to the LFC for CIN and from the LFC to the level of neutral buoyancy (LNB) for CAPE

compensates this and increases the area of the integral. While relevant environmental intensity metrics increase for both right-195

and left-movers (Fig. 6), the increase tends to be even greater for LMs, with larger changes in CAPE, surface temperature,

and speci�c humidity. Overall, the composite thermodynamic pro�les show typical features of severe convective environments

in Europe, with a moist boundary layer and increasingly dry mid-levels, consistent with the possible presence of an elevated

mixed layer (Schultz et al., 2025).

Table 2.Thermodynamic mean state and mean climate change� from pressure levels

CAPE CIN LFC LCL Q925 RH925 T925

[J kg� 1 ] [J kg� 1 ] [hPa] [hPa] [g kg� 1 ] [%] [°C]

LM - CC 982 -71 721 833 12.0 67 22.7

RM - CC 842 -42 744 855 11.8 73 20.6

LM � FC-CC +117 -7 -4 +2 +1.4 +1 +1.9

RM � FC-CC +95 -6 -9 -2 +1.4 +1 +1.8

3.3 Supercell hazards200

Overall, RMs exhibit higher average intensities of 5-min precipitation rate, and extend over larger areas for all hazards, consis-

tent with their larger size compared to LMs (see Fig. 9 and 8). Speci�cally, the greater relative humidity in RMs is consistent

with the higher intensity and area of precipitation (see Fig. 9b,g and Fig. 6f,g). As for hail size, LMs produce similarly sized

hail as RMs, but over a smaller area (Fig. 9c,h). Notably, they lack the lower end of the maximum hail size distribution, with

smaller sizes being less common (Fig. 9c, LM distribution narrower at smallest sizes). Given the higher temperature, this is205

consistent with the melting of hail (Gensini et al., 2024; Raupach et al., 2021; Dessens et al., 2015).

At the 3°C GWL, all hazard intensities increase signi�cantly for both RMs and LMs, apart from LM wind gust intensity (Fig.

9, a-d). The hazard intensi�cation contrasts with stable maximum updraft speeds in both RM and LM (see Fig. 9e), however,

updraft area increases signi�cantly (Fig. 9j). Larger updrafts are more resistant to midlevel entrainment and additionally, the

mid-levels are signi�cantly moister in future (Fig. 6h). The hazard intensity changes are larger for LMs, especially at the higher210

percentiles (not shown). Hence, despite LMs being a smaller subset of all supercell thunderstorms, their hazards are increasing

more than those of the total storm population. Hazard areas also increase consistently for both storm populations, apart from

the surface gust area of LMs, which has no signi�cant difference. Given the overall smaller size of LMs, the absolute change
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