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Abstract. Germany is heading toward a future with warmer temperatures due to climate change and potentially cleaner air

from electrification and stricter emissions. But how will these evolving environmental conditions affect severe convective

storms? This study addresses this question by simulating three supercell events in high resolution using the ICOsahedral

Non-hydrostatic model. The events observed during the Swabian MOSES field campaigns in 2021 and 2023 are analysed

using the pseudo-global warming approach to assess their evolution in a warmer climate. Aerosol effects were incorporated5

across all temperature scenarios using a double-moment microphysics scheme, providing detailed insight into the underlying

microphysical mechanisms. The results show that higher temperatures generally enhance convection, leading to more intense

convective cells, increased precipitation amounts, and more extreme rainfall and hail. Additionally, warmer conditions increase

the likelihood of supercell formation and more intense mesocyclones. An important finding is that hailstones grow larger under

lower CCN concentrations, and the area affected by large hail expands by up to unit[400]%, indicating growing severity and10

reach of hail events. In some cases, precipitation increases exceed 7%K−1, indicating super-Clausius–Clapeyron scaling and

suggesting that additional dynamical and microphysical processes amplify rainfall beyond thermodynamic expectations. In

addition, lower CCN concentrations are associated with a reduced cold-to-warm rain formation ratio and decreased precipi-

tation efficiency. These aerosol-related effects appear largely independent of temperature, showing consistent patterns across

all simulated warming scenarios. These findings indicate the intensity of severe weather events, such as convective storms and15

flash floods, may increase in a future climate.

1 Introduction

Convective storms, particularly supercells, are significant weather phenomena known for their destructive potential. They can

produce severe weather events such as heavy rainfall, strong winds, lightning and large hail (Markowski and Richardson,

2010). During a three-day period around 23 June 2021, multiple severe hailstorms struck southern Germany, France, Switzer-20

land, Austria, and the Czech Republic, culminating in approximately EUR 4 billion of damage (Kunz et al., 2022a). On 23

June 2021, a supercell formed in southwestern Germany, resulting in hailstones reaching maximum diameters of up to 4 cm

and ground hail accumulations reaching depths of 30 cm, accompanied by heavy rainfall, and associated flooding.

In recent years, the frequency of weather-related hazards has increased, largely attributed to a warming climate (Hoeppe, 2016;
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Rädler et al., 2018; Púčik et al., 2019; Taszarek et al., 2019; Raupach et al., 2021). Especially Germany and the Alps experi-25

enced an increase in the annual occurrence of extreme weather events involving lightning, hail exceeding 2 cm in diameter, and

wind speeds surpassing 25ms−1 (Rädler et al., 2018).

Recent modelling studies have explored how convective storms respond to rising temperatures using the pseudo-global warm-

ing (PGW) approach, which isolates thermodynamic effects by modifying initial and boundary conditions in high-resolution

simulations. These studies confirm that warming can intensify deep convection and hail production, though the magnitude and30

spatial characteristics of these changes vary with model configuration and regional context (Feng et al., 2024; Lin et al., 2024;

Tahara et al., 2025). As a result, considerable uncertainty remains regarding how convective hazards such as hailstorms or

supercells will evolve in a future climate.

The Clausius–Clapeyron (CC) relationship provides a thermodynamic estimate that atmospheric moisture, and hence precipi-

tation intensity, increases by approximately 6–7% per degree of warming. However, a number of observational and modelling35

studies report larger increases, a phenomenon known as super-CC scaling. Such behaviour, where precipitation intensifies be-

yond 7%K−1, has been documented in convective and orographic rainfall events (Lenderink and VanMeijgaard, 2008; Haerter

and Berg, 2009; Chen et al., 2024). These deviations are thought to result from a combination of dynamic and microphysical

processes, including convective organisation (Semie and Bony, 2020), stronger updraughts and latent heating (Lenderink et al.,

2017), mesoscale circulations (Fowler et al., 2021), and aerosol–cloud interactions (Martinkova and Kysely, 2020). Large-scale40

(synoptic) forcing may also play a role. In some cases, stronger synoptic lift or enhanced moisture convergence under warming

could intensify convection and contribute to super-CC responses (Fowler et al., 2021). However, the degree to which such

effects contribute remains uncertain.

Alongside thermodynamic changes, aerosol concentrations, especially those of cloud condensation nuclei (CCN), play a cru-

cial role in shaping convective storm behaviour (Tao et al., 2007; Barthlott et al., 2022b; Thomas et al., 2023). CCN influence45

cloud microphysics by affecting droplet formation, growth, and the phase transitions within clouds, which in turn modulate

precipitation efficiency, storm dynamics, and hail formation (Fan et al., 2016). Due to stricter emission regulations, anthro-

pogenic aerosol concentrations are projected to decline in North America and Europe (Smith et al., 2011; Leibensperger et al.,

2012; Genz et al., 2020), while economic growth in regions such as Asia may lead to increased CCN emissions. In addition

to anthropogenic sources, natural aerosols, such as dust, sea salt, volcanic emissions, and biomass burning, also contribute50

significantly to aerosol variability and may respond to climate drivers like temperature and wind changes (Chin et al., 2014;

Van Oldenborgh et al., 2020; Yli-Juuti et al., 2021). Moreover, aerosols remain a major source of uncertainty in climate pro-

jections, particularly in simulating extreme weather events (Watson-Parris and Smith, 2022)

Several recent studies have reported that warming alters convective environments, favouring more intense systems while sup-

pressing weaker ones (Rasmussen et al., 2020; Huang et al., 2024; Mallinson et al., 2024; Yang et al., 2024). For instance,55

Mallinson et al. (2024) observed larger hailstones primarily in the cold season, while Trapp et al. (2019) reported increases

throughout the year. Despite growing interest in this area, the future behaviour of extreme convective storms remains uncertain.

In parallel, the forecasting skill of numerical weather prediction (NWP) models has improved considerably over recent decades,

thanks to advances in computational power, data assimilation, and parametrisation schemes (Magnusson and Källén, 2013;
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Bauer et al., 2015; Buizza, 2019). However, predicting convective precipitation remains a challenge due to the complexity60

and non-linearity of the involved processes. Storm initiation and evolution are influenced by factors such as synoptic-scale

flow, orography, and land surface heterogeneity (Kirshbaum et al., 2018). On a microphysical scale, aerosol–cloud interactions

add further uncertainty. Acting as CCN, aerosols influence droplet size and precipitation processes. High CCN concentrations

typically result in more numerous, smaller droplets, delaying precipitation onset but potentially intensifying storms through

latent heat release at higher altitudes (Seifert et al., 2012). This process is described by the cold-phase convection invigoration65

theory, which suggests that enhanced freezing of supercooled droplets in polluted environments increases latent heat release

in the upper parts of clouds, thereby strengthening updraughts and storm intensity (Rosenfeld et al., 2008). However, previous

studies could not confirm this theory using the ICON model (Barthlott et al., 2022a).

Therefore, this study investigates the response of convective storms to global warming and aerosol effects in Germany. Its

uniqueness lies in the combined consideration of temperature changes and varying CCN concentrations. This allows for a70

more comprehensive understanding of how multiple drivers may shape future storm behaviour. The analysis focuses on con-

vective parameters and precipitation characteristics, with particular attention to hail formation and supercell intensities.

To support this integrated analysis, the study employs high-resolution, convection-resolving simulations with the ICOsahedral

Non-hydrostatic (ICON) model at a 1 km grid spacing. This fine resolution is essential for explicitly resolving convection,

enabling a more accurate representation of storm dynamics and temperature-induced effects. Additionally, the double-moment75

(2MOM) microphysics scheme of Seifert and Beheng (2006) is used to simulate aerosol effects on both liquid and mixed-phase

clouds. By considering both temperature and aerosol influences, this approach provides new insights into the microphysical

mechanisms shaping storm intensity, precipitation patterns, and supercell development under changing environmental condi-

tions. The study focuses on real-case simulations of supercell events in Germany, including cases from the Swabian MOSES

field campaigns conducted in the summers of 2021 and 2023 in southwestern Germany (Fig. 1).80

The remainder of this paper is structured as follows: Section 2 describes the model setup, discusses cases and methodology,

Section 3 presents the results of the evaluation, and Section 4 summarises the key findings and conclusions.

2 Method

2.1 Model description

All simulations in this study are conducted using version 2.6.6 of the ICON model (Zängl et al., 2015), which employs a85

triangular grid structure. The simulation domain covers Germany and parts of neighbouring countries (Fig. 1), with a horizontal

grid spacing of 1 km. The vertical coordinates contain 100 terrain-following levels. ICON uses the smooth level vertical

(SLEVE) coordinate, allowing a faster transition to a smoother vertical grid (Leuenberger et al., 2010). Furthermore, the model

uses the 2MOM microphysics scheme of Seifert and Beheng (2006) to simulate aerosol effects on liquid and mixed-phase

clouds. The scheme predicts the mass and number densities of six hydrometeor types: cloud droplets, raindrops, cloud ice,90

snow, graupel, and hail and parametrises homogeneous and heterogeneous nucleation processes, including cloud condensation
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Figure 1. (a) Orography of Central Europe with the black box indicating the simulation domain with a 1 km grid, the blue box denoting the

Germany domain. The red box marks the Swabian MOSES field campaign domain. (b) Orography of the MOSES area, showing a zoomed-in

view of the region marked by the red box in (a). Vill.S. denotes the city of Villingen-Schwenningen, the main measurement site.

Table 1. Model configuration of the ICON simulations.

Model aspect Setting

Initial and boundary data 7 km ICON-EU analyses, 3 h update

Heterogeneous ice nucleation Based on typical mineral dust concentrations (Hande et al., 2015)

Homogeneous ice nucleation Following Kärcher and Lohmann (2002) and Kärcher et al. (2006)

CCN activation Calculated using pre-calculated activation ratios provided by Segal and Khain

(2006)

Deep & shallow convection Resolved

Land-surface model Multi-layer land-surface scheme TERRA (Heise et al., 2006)

Turbulence parametrisation 1D based on the prognostic equation for the turbulent kinetic energy (Raschen-

dorfer, 2001)

Radiation scheme ecRAD (Hogan and Bozzo, 2018), called every 12min

nuclei activation. Also, turbulence effects on droplet coalescence, raindrop breakup, and size-dependent collision efficiencies

are taken into account. Further model settings are given in Table 1.
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Label Concentration CCN Regime

C1 100 cm−3 Maritime

C2 250 cm−3 Intermediate

C3 1700 cm−3 Continental

C4 3200 cm−3 Continental Polluted

Table 2. Classification of cloud condensation nuclei (CCN) concentrations and their corresponding labels (Segal and Khain, 2006).

2.2 Simulations overview

To investigate the impact of aerosols on convective storms in a warmer climate, each case is simulated for five different95

temperatures, with four CCN concentrations applied to each scenario.

1. Temperature

This study investigates the response of convective storms to a warming climate using a PGW approach (Brogli et al.,

2023). For each day, five temperature scenarios are simulated, including one reference case. In the remaining four scenar-

ios, the atmospheric temperature is uniformly increased throughout the entire column by increments of∆T=+1, +2, +3,100

+4K. To maintain consistency with the temperature adjustments, the specific humidity is recalculated using the Clausius-

Clapeyron relation under the assumption of constant relative humidity. Additionally, to ensure physical consistency, the

pressure at each model level is adjusted by numerically integrating the hydrostatic balance equation:

dp(z)

dz
=−g · p(z)

R ·T (z) (1)

from the surface to the top of the atmosphere, using the reference simulation’s surface pressure as the initial condition105

(Schär et al., 1996; Kröner et al., 2017). Hereby, g represents the gravitational acceleration, p(z) the pressure at height

z, R the specific gas constant for dry air, and T (z) the temperature profile as a function of height. Furthermore, soil tem-

perature, soil surface temperature, and surface temperature are adjusted accordingly to match the imposed temperature

increments.

2. CCN concentration110

The CCN concentrations used in the simulations are listed in Table 2. C3 is chosen as the reference concentration, as

it closely represents present-day CCN levels observed over Germany (Hande et al., 2015). The activation of CCN from

aerosol particles is calculated using look-up tables with pre-calculated activation ratios provided by Segal and Khain

(2006).
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2.3 Analysed cases115

This study examines three supercell events from the Swabian MOSES field campaigns conducted in 2021 (Kunz et al., 2022b)

and 2023 (Handwerker et al., 2024, submitted). The 2021 campaign aimed to investigate convective storms associated with

heavy rain and hail and large-scale heatwaves associated with droughts, while in 2023, the emphasis was on convective storms

associated with heavy rain and hail, localised flooding and pollutant inputs to water bodies. It focused on capturing entire

events from their onset through development to their impact. Both campaigns were conducted in southwestern Germany,120

including the Neckar Valley and Swabian Alb (Fig. 1). This area was selected because hailstorms most frequently occur south

of Stuttgart and over the Swabian Alb (Kunz and Puskeiler, 2010; Puskeiler et al., 2016). To evaluate the accuracy of the ICON

model simulations, results are compared to radar-derived precipitation data from the RADOLAN (Radar Online Adjustment)

algorithm provided by the German Weather Service (DWD).

By analysing these simulations across different atmospheric conditions, this study captures a diverse range of convective storm125

characteristics. Each case represents a distinct convective scenario, highlighting variations in convective cell behaviour (Fig. 2).

2.3.1 Case 1: 23 June 2021

On 23 June 2021, a weakening trough stretched from southern Scandinavia to southern Spain (Fig. 2a). During the day, a

shortwave trough moved along its eastern side and reached Germany in the early afternoon. Deep convection occurred with an

increase in convective available potential energy (CAPE) in the middle layer over southwest Germany to around 950 J kg−1 by130

midday. Moderately strong winds from a south-westerly direction prevailed in the middle troposphere over Germany. At the

surface, a large area of high pressure extended over the North Atlantic, across western Europe, and to northern Germany. A

stationary front, a remnant of a multi-core area of low pressure from the previous days, which was now connected to a surface

low over Finland, lay over southern Germany and persisted in the following days (Barthlott et al., 2024).

2.3.2 Case 2: 28 June 2021135

On 28 June 2021, a trough was located over the west coast of France and covered the area from Great Britain to Spain (Fig. 2c).

Over Germany, a slightly strengthening ridge was present, while a short-wave trough passed over southwest Germany in the

afternoon. As a result, Germany was affected by moderately strong winds coming from the southwest. A high-pressure field

formed over the Atlantic, and pressure values around 580 hPa were reached in the middle troposphere over Central Europe.

2.3.3 Case 3: 22 June 2023140

On 22 June 2023, the synoptic setup featured a prominent trough over the North Atlantic and France and a ridge over south-

eastern Europe (Fig. 2e). This pattern was associated with a low-pressure system to the northwest and a high-pressure system

to the southeast. The resulting pressure gradient led to strong southwesterly flow across Central Europe, advecting warm and

moist air and supporting large-scale ascent that contributed to the initiation of convection.

6

https://doi.org/10.5194/egusphere-2025-3069
Preprint. Discussion started: 10 July 2025
c© Author(s) 2025. CC BY 4.0 License.



Figure 2. (a, c, e) Global Forecast System (GFS) analysis at 12:00UTC showing 500 hPa geopotential height (gpdm; shading), sea-level

pressure (hPa, red contours), and 500 hPa wind barbs. The colorbar indicates pressure in hPa. (b, d, f) Accumulated precipitation over 24

hours across the entire Germany (DE) domain from the reference simulation using continental CCN concentrations (mm). The black box

indicates the MOSES domain as in Fig. 1.

3 Results145

This chapter presents the results of ICON simulations evaluating the sensitivity of convective storms to atmospheric warming

and changes in CCN concentration. The analysis focuses on both thermodynamic and microphysical aspects of storm behaviour.

Chapter 3.1 examines the intensity of convective cells, focusing on CAPE, CIN, and updraught helicity as indicators of supercell

intensity. It also analyses how changes in temperature and CCN concentrations affect up- and downdraught velocities and cold

pool intensities, providing insight into the resulting storm dynamics. Chapter 3.1 investigates precipitation responses, including150
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changes in total and extreme rainfall and hail, deviations from Clausius–Clapeyron scaling, and the evolution of hailstone size

distributions under future climate conditions. Chapter 3.3 analyses the frequency and lifetime of convective cells using object-

based tracking methods. Finally, Chapter 3.4 explores aerosol–cloud interactions, detailing how CCN concentrations influence

hydrometeor content, microphysical process rates, the cold-to-warm rain formation ratio, and precipitation efficiency.

3.1 Intensity of convective cells155

In all three cases, CAPE and convective inhibition (CIN) exhibit an increasing trend with rising temperatures (not shown). The

rate of increase is relatively uniform across the different simulated temperatures, indicating that the sensitivity of CAPE and

CIN to temperature is largely independent of the magnitude of warming, particularly during the time of day when convection

is most active. However, the absolute increase in CAPE varies between approximately 80-150 J kg−1 across the cases, CIN

exhibits only a modest enhancement, typically on the order of a few J kg−1. Similar findings have been reported in previous160

studies (Rasmussen et al., 2020; Huang et al., 2024; Mallinson et al., 2024; Yang et al., 2024), which also observed increased

CAPE and CIN in PGW experiments. These results suggest a more favourable environment for stronger convective systems

due to enhanced CAPE while simultaneously creating less favourable conditions for weaker trigger mechanisms due to the rise

in CIN.

Since the cases involve supercell events, an additional parameter is used to quantify the intensity of such storms. Supercells165

are characterised by a rotating updraught known as a mesocyclone, which plays a crucial role in their organisation, longevity,

and severe weather potential (Markowski and Richardson, 2010). A widely used parameter for identifying such rotating up-

draughts is the updraught helicity (UH), which quantifies the strength of vertically integrated rotation within a storm. UH can

be calculated by integrating the product of the vertical velocity w and the vorticity ζ:

UH=


w · ζ dz (2)170

In this study, the product is integrated from 2100m to 5000m AGL, focusing on storm rotation in the lower to middle tropo-

sphere (Kain et al., 2008). UH provides a useful way to detect and quantify rotating convective storms, as higher values indicate

stronger updraught rotation. By plotting UH, the presence and intensity of mesocyclones can be visualised (Weisman and Ro-

tunno, 2000; Thompson et al., 2007). To identify potential supercell regions, a threshold of 75m2 s−2 is applied, following the

methodology of Ashley et al. (2023).175

To analyse helicity changes across different temperature simulations, the average helicity values exceeding 75m2 s−2 are cal-

culated, along with the number of grid cells meeting this threshold (Fig. 3). The analysis focuses on time frames associated

with potential supercell development and the strongest convective activity: between 12:00 and 20:00UTC for cases 1 and 2 and

between 10:00 and 20:00UTC for case 3. Across all three cases and CCN concentrations, higher temperatures lead to an in-

crease in both the mean helicity values and the number of grid cells exceeding 75m2 s−2. These findings indicate that a warmer180

future may be associated with an increased likelihood of supercell formation, greater supercell intensity, or a combination of

both. However, it is also found that mean helicity values plateau and, in some instances, decrease for the highest simulated

temperatures.

8

https://doi.org/10.5194/egusphere-2025-3069
Preprint. Discussion started: 10 July 2025
c© Author(s) 2025. CC BY 4.0 License.



Figure 3.Mean helicity over the whole Germany domain of values larger than 75 m2 s−2 on (a) 23 June 2021 from 12:00 to 20:00UTC, (b)

28 June 2021 from 12:00 to 20:00UTC, and on (c) 22 June 2023 from 10:00 to 20:00UTC. Number of grid points with helicity values larger

than 75 m2 s−2 (d) 23 June 2021 from 12:00 to 20:00UTC, (e) 28 June 2021 from 12:00 to 20:00UTC, and on (f) 22 June 2023 from 10:00

to 20:00UTC.

Figure 4. The change in the daily mean updraught and downdraught velocity for different atmospheric temperatures and a continental CCN

concentration (C3), shown for the MOSES domain (28 June 2021). The domain is defined in Fig. 1.

While CCN concentrations do not show a uniform impact on helicity values across all simulations, distinct variations are ob-

served in some cases between different CCN scenarios. In contrast, temperature shows a consistent and stronger influence,185

with helicity values increasing systematically under warmer conditions. Overall, the impact of temperature on helicity is more

pronounced than that of CCN concentration.
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The influence of atmospheric warming on convective cell dynamics is illustrated in Fig. 4 for the 28 June 2021 case. As tem-190

peratures rise, both updraught and downdraught velocities intensify in the upper troposphere, indicating enhanced convective

activity under warmer conditions. Updraughts in the range of 0–40m s−1 increase by approximately 50–100%, while the most

intense updraughts show increases exceeding 300% in the +4K simulation. A similar pattern is observed for downdraughts:

lower intensities increase by 50–100%, with the strongest downdraughts (10–20m s−1) increasing by more than 300% under

the same warming scenario. This general intensification of vertical motion in the upper troposphere is consistently observed195

across all three analysed cases. However, it is primarily the moderate up- and downdraughts that show this robust increase in

all cases, while the most extreme velocities exhibit more case-to-case variability.

In contrast, changes in CCN concentration influence the frequency and distribution of vertical velocities. For higher CCN

concentrations, the occurrence of strong updraughts (20–30m s−1) in the upper troposphere decreases (not shown). While

downdraught intensity also weakens in the upper troposphere, a slight increase is observed in the middle to upper troposphere.200

Near the surface, downdraught strength again diminishes. This vertical structure could be linked to enhanced precipitation

loading aloft in a low CCN environment, which contributes to stronger downdraughts at mid-levels but less pronounced im-

pacts near the surface. To further investigate this behaviour, cold pools are analysed.

Cold pools offer additional insight into convective intensity. They consist of volumes of negatively buoyant air that originate

from evaporative cooling in precipitating downdraughts (Hirt et al., 2020). They are characterised by negative temperature205

anomalies, which can be derived using the density potential temperature defined by Hirt et al. (2020) as:

θρ = θ(1+ 0.608rv − rw − ri − rr − rs − rg − rh) (3)

where θ is the potential temperature, rv is the water vapour mixing ratio, and rw, ri, rr, rs, rg , and rg are the mixing ratios

of cloud water, cloud ice, rain, snow, graupel, and hail, respectively. The local perturbation of density potential temperature

θ′ρ,0 is calculated relative to a spatiotemporal moving average θ̄mρ , using a horizontal window of 166 grid points and a temporal210

window of 8 hours. To isolate cold pool structures, the domain-mean perturbation is subtracted: θ′ρ = θ′ρ,0−θ̄′ρ,0. Cold pools are

identified by applying thresholds: only perturbations below –2K, associated with precipitation rates exceeding 10mmhr−1,

and with horizontal extents greater than 6 km are considered. The remaining cold pool perturbations are used to compute a

density distribution function for each temperature and CCN concentration scenario.

Varying CCN concentrations have a systematic influence, as illustrated in Fig. 5. The highest CCN case (C4) exhibits a pro-215

nounced peak around –5K with a narrow distribution and a short tail, indicating frequent but moderate cold pool anomalies.

As CCN concentrations decrease, the distributions broaden and develop longer tails, indicating greater variability and a higher

occurrence of stronger cold anomalies. This enhanced cold pool intensity at lower CCN concentrations is also reflected in the

downdraughts: increased downdraught strength is observed in the lower troposphere under low CCN conditions (not shown).

This behaviour is consistent with the known mechanism in which enhanced subcloud evaporative cooling leads to stronger220

cold pool formation and, consequently, more intense downdraughts. The increased evaporation under low CCN conditions is

further promoted by the formation of larger raindrops, which evaporate more efficiently as they fall through the subcloud layer,

enhancing cooling.
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Figure 5. Density distributions of cold pool temperature anomalies for different CCN concentrations, calculated between 06:00UTC and

24:00UTC within the MOSES domain on 28 June 2021. The domain is defined in Fig. 1.

3.2 Precipitation

To evaluate changes in precipitation, the behaviour of rain and hail is analysed separately for all days (Fig. 6). First, the total225

amount of rain and hail is examined. Rain exhibits an increasing trend across all days, with increases ranging from approxi-

mately 15% to 70% in the +4K simulation. Hail also increases with rising temperatures, exhibiting a greater relative change

compared to rain. On 23 June 2021 and 28 June 2021, hail increases by around 30%. However, on 22 June 2023, hail increases

by nearly 200%, suggesting that synoptic-scale forcing likely played a role. Synoptic-scale environments significantly influ-

ence the response of hailstorms to climate warming, with frontal systems exhibiting a more substantial increase in large hail230

occurrences compared to other synoptic setups (Fan et al., 2022)

To assess changes in extreme precipitation events, the 95th percentile of rain and hail amounts is analysed. For rain, the 95th

percentile consistently increases with temperature, indicating that even heavier rainfall events will occur, heightening the risk

of flash floods. On 28 June 2021 and 22 June 2023, extreme rainfall amounts increase by approximately 50% in a +4K warm-

ing scenario. A similar trend is observed for hail, with a substantial increase in the 95th percentile. On 22 June 2023, extreme235

hail amounts rise by over 200%, indicating a strongly increased potential for severe hailstorms and elevated damage risks in a

warmer climate.

Next, the number of grid cells experiencing extreme rainfall and hailfall (95th percentile) is evaluated. Again, a notable in-

crease is observed. On 22 June 2023, a +4K temperature increase results in a 400% expansion of the area impacted by large

hail amounts. This corresponds to an increase from 369 km2 to 3,995 km2, representing a dramatic growth from an area com-240
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Figure 6. Percentage change of the amount of (a) rain and (d) hail, the change in the 95th percentile of (b) rain and (e) hail, and the change in

the area affected by (c) rain > 45 mm and (f) hail > 10 mm (the 95th percentile) for changing atmospheric temperatures on all three simulated

days (different line colours) for a continental CCN concentration (C3) and in the MOSES domain. The domain is defined in Fig. 1.

parable to the size of Munich to one comparable to the island of Mallorca. Even the smallest increase, observed on 23 June

2021, amounts to 100%, representing a doubling of the impacted region.

The effects of CCN concentrations on precipitation will be discussed later in Chapter 3.4.

3.2.1 Hail sizes

Since hail appears to undergo the most significant changes, and because damage assessments are primarily based on hailstone245

sizes (Kim et al., 2023; Schmid et al., 2024), the influences of higher temperatures and changes in CCN concentrations on

hailstone sizes are investigated. The hailstone size distributions are calculated using a generalised Gamma distribution:

f(x) = Axνexp(−λxµ), (4)

whereby ν represents the shape parameter, µ the dispersion parameter and x is the particle mass. A and λ are calculated from

the predicted mass and number densities. Different combinations of ν and µ with values between 0 and 1 lead to different250

distributions. If µ= 1, the function reduces to a classical Γ-distribution, for ν = µ= 1 the result is the Weibull distribution and

for ν = µ= 0 an exponential distribution is calculated (Seifert and Beheng, 2006). For this evaluation, ν = 1 and µ= 1
3 are

used, which are the parameters for hail in this model. This function is rewritten as a function of diameter D, using x= π
6 ρD

3
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which is true for spherical particles (Khain et al., 2015):

f(D) =N ′
0D

ν′
exp(−λ′Dµ′

), (5)255

with N ′
0 = 3N0(

π
6 ρ)

ν+1, ν′ = 3ν +2, λ′ = λ(π6 ρ)
µ, and µ′ = 3µ. N0 represents the intercept parameter and ρ the bulk hy-

drometeor density.

The resulting mean hail size distributions on the surface for 23 June 2021 are presented in Fig. 7. To assess how hail sizes

respond to changes in temperature and CCN concentration, the maxima of the distributions are analysed as indicators of the

dominant hailstone size (Fig. 8). The results reveal a systematic increase in hailstone size with increasing temperatures across260

all CCN concentrations. This occurs despite an elevation of the freezing level by approximately 200m per degree Celsius,

which would typically enhance hail melting and reduce final hail size. Furthermore, lower CCN concentrations are also as-

sociated with larger hail sizes. Temperature and CCN concentration exert similarly strong influences on hail size. Given that

both future warming and decreasing CCN concentrations are expected, these factors are likely to contribute to the formation of

larger hailstones under future atmospheric conditions.265

To evaluate the impact of temperature and CCN concentration on the largest hail sizes, the hail size distribution is extended

beyond the model’s initial output up to the point where the distribution curve returns to a relative frequency of 0.0025. In the

model, the particle mass x is constrained by a maximum value xmax, which limits the simulated hail size distribution (Fig. 7)

and excludes larger hailstones. However, when comparing the extended size distribution curve for larger x with the curve of

the model’s output, both follow the same trend, indicating that the distribution can be reliably extended to account for larger270

hailstones. Therefore, the hail sizes corresponding to a distribution value of 0.0025 are determined from the extended hail

size distribution curve and analysed using the same approach as for the dominant hailstone sizes. The results reveal an almost

identical pattern for the changes in dominant and maximum hailstone sizes (not shown), confirming that not only do medium-

sized hailstones grow larger in a warmer climate, but the large hailstones also experience significant growth. These findings

are particularly concerning given the high damage potential associated with large hailstones.275

3.2.2 Clausius-Clapeyron scaling

To explain the observed increase in precipitation, Clausius–Clapeyron (CC) scaling provides an essential theoretical frame-

work. Although uncertainties persist, it is widely accepted that rising temperatures intensify heavy precipitation events by

increasing the atmosphere’s water vapour-holding capacity (Hardwick Jones et al., 2010). According to the CC relationship,

water vapour content, and consequently precipitation, increases by approximately 6–7%K−1 (Risser and Wehner, 2017). This280

study investigates to what extent precipitation changes in convective storm events follow the expected CC scaling, and whether

deviations from this rate, known as super-CC responses, can be identified under warming conditions.

In our simulations, water vapour content is adjusted according to CC scaling, ensuring an initial increase close to the predicted

7%K−1 (not shown). However, accumulated precipitation does not consistently follow this trend, as shown in Fig. 9. In par-

ticular, Case 1 and Case 3 exhibit significantly greater increases in precipitation, far exceeding 7%K−1. On 22 June 2023,285

precipitation increases by more than 17%K−1, while on 23 June 2021, an increase of over 9%K−1 was observed. These
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Figure 7. Mean hailstone size distribution in the MOSES domain for all simulation temperatures using the continental CCN concentration

(C3) on 23 June 2021. The domain is defined in Fig. 1. Line colours indicate the different temperature scenarios.

Figure 8. Dominant hailstone sizes for different temperature regimes and CCN concentrations on (a) 23 June 2021, (b) 28 June 2021, and

(c) 22 June 2023.

extreme increases persist even when only looking at rainfall and not total precipitation, suggesting the presence of super-CC

scaling effects. In contrast, on 28 June 2021, precipitation follows the expected CC scaling, increasing by 6.5%K−1. One

possible explanation for the strong deviation on 22 June 2023 is the presence of a pronounced synoptic front. In line with

previous findings, such as those by Fowler et al. (2021), stronger synoptic-scale ascent and enhanced moisture convergence290

under warmer conditions may amplify convection and contribute to super-CC responses.
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Figure 9. Percentage increase in total daily precipitation over the Germany domain and corresponding best-fit lines, compared to the expected

Clausius–Clapeyron scaling of 7%K−1. Solid lines represent the percentage increase in precipitation over the entire day, while the dashed

lines in matching colours show the respective best-fit trends. The domain is defined in Fig. 1.

This indicates that while CC scaling explains parts of the observed precipitation increase, additional dynamical and micro-

physical processes must be considered to account for the deviations beyond the thermodynamic expectation for Cases 1 and

3. Further investigation is required to identify the mechanisms driving these super-CC precipitation trends. The role of such

processes is elaborated in the following sections.295

It should be noted that the short predictability timescale of convective processes, particularly during initiation, can lead to

non-linear responses. This inherent sensitivity may contribute to some of the amplified or variable trends observed in the

simulations.

3.3 Convective Cell Frequency and Lifespan

To further analyse the occurrence of convective cells, version 1.5.3 of the Python package Tobac (Tracking and Object-Based300

Analysis of Clouds) (Heikenfeld et al., 2019; Sokolowsky et al., 2023) is used. Tobac is a software to identify, track, and

analyse clouds and other meteorological phenomena such as updraughts, precipitation, and radiation. The tool uses algorithms

to identify features and link them into consistent trajectories.

In this study, updraughts of cells at high temporal resolution (5min) between 06:00UTC and 24:00UTC are tracked. For the

updraught tracking, first, the data of the maximum updraught between 3 and 8 km height and the total condensate mixing ratio,305

which means the total amount of liquid and frozen water per mass of dry air, is calculated. Afterwards, several thresholds (3, 5,
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Figure 10. Number of tracks detected by the Tobac tool on (a) 23 June 2021, (b) 28 June 2021, and (c) 22 June 2023, and mean lifetimes of

convective cells for all temperature regimes and CCN concentrations on (d) 23 June 2021, (e) 28 June 2021, and (f) 22 June 2023. All values

are calculated between 06:00UTC and 24:00UTC. The MOSES domain was used for 23 and 28 June 2021, while the Germany domain was

used for 22 June 2023. Line colours indicate the different CCN concentrations. The domain is defined in Fig. 1.

10m s−1) are used to track updraughts to better resolve overlapping cells. In addition, only updraughts with a minimum area of

10 grid cells are used as features, and a maximum distance of 25 grid cells is selected when linking features. As a segmentation

threshold, a value of 0.5−3 kg kg−1 is chosen as the condensate mixing ratio to identify the cloud volumes corresponding to

the individual identified updraughts (Heikenfeld et al., 2019). To track only longer-lived cells, only tracks with a minimum310

lifetime of 30min are used for the evaluation.

The simulated cells are further analysed by investigating how their number and lifetime are affected by temperature changes

in the atmosphere (Fig. 10). All days show an increase in the number of convective cells and a decrease in their lifetime in

simulations with higher temperatures. After investigating precipitation rates, an explanation for the shorter lifetimes of convec-

tive cells is found. Precipitation is found to start simultaneously across all investigated temperatures, with higher temperatures315

leading to greater peak intensities, followed by an earlier decline. This behaviour can be explained by the fact that higher tem-

peratures enhance convective intensity, leading to a faster depletion of the available CAPE, even when overall CAPE is higher.

This interpretation is supported by the observed increase in up- and downdraught velocities (Fig. 4), ultimately resulting in

shorter cell lifetimes.

3.4 Aerosol-cloud interactions (ACI)320

To gain an overview of how precipitation is affected by CCN concentration, changes in surface precipitation and total column-

integrated parameters such as cloud water, rain, ice, snow, graupel, and hail are analysed (Fig. 11). Additionally, process rates

16

https://doi.org/10.5194/egusphere-2025-3069
Preprint. Discussion started: 10 July 2025
c© Author(s) 2025. CC BY 4.0 License.



Figure 11. Percentage deviations of spatiotemporal averages of process rates such as autoconversion (AC), accretion (ACC), evaporation

(EVAP), rain freezing (RF), melting (MELT), total riming (RIM), deposition (DEP) (left column) and of total column integrated cloud water

(tqc), rain (tqr), ice (tqi), snow (tqs), graupel (tqg) and hail (tqh) amounts (right column) from the respective reference run with continental

CCN concentration (C3).
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of microphysical mechanisms are examined to explain the changes that have been observed. This analysis focuses on the

results from the reference temperature simulations, as all temperature variations exhibited similar behaviour and, therefore, do

not require a separate discussion. Following this analysis, the effects of temperature and CCN concentration on cold and warm325

rain formation processes, as well as on precipitation efficiency, are discussed.

3.4.1 Microphysical processes

Generally, a higher CCN concentration results in suppressed precipitation formation due to the more numerous but smaller

cloud droplets, making the collision and coalescence process less efficient (Fan et al., 2017). Despite this initial suppression,

the cold-phase convective invigoration theory suggests that delayed precipitation at high CCN levels can ultimately lead to330

more intense convection and stronger rainfall, along with the formation of more cold-phase hydrometeors (Rosenfeld et al.,

2008). In contrast, lower CCN concentrations typically lead to fewer but larger cloud droplets, facilitating more efficient pre-

cipitation processes (Yau and Rogers, 1996).

In all three simulated cases, total precipitation decreases for higher CCN concentrations. Rain does not exhibit a clear trend,

graupel increases, and hail shows a significant decrease of more than 200% under higher CCN conditions (Fig. 11a-d). Higher335

CCN concentrations are expected to increase the number of cloud droplets while reducing their size, which may not always

lead to a higher total cloud water mass. However, enhanced droplet nucleation can still result in increased column-integrated

cloud water due to suppressed precipitation processes, a pattern that is observed across all three cases (Fig. 11f). Additionally, a

decrease in the autoconversion and accretion processes is observed (Fig. 11e, g), both contributing to rain formation, explaining

the decrease in rain within the atmosphere. At the same time, evaporation is enhanced for low CCN concentrations (Fig. 11i),340

which could explain why the increase in column-integrated rain for low CCN concentrations does not result in an increase in

surface rain on all three days. Moreover, total column-integrated ice and snow (Fig. 11j, l) increases under polluted conditions,

aligning with the cold-phase convection invigoration theory. This theory suggests that delayed precipitation formation allows

cloud water to ascend to higher altitudes, transitioning into ice and other frozen hydrometeors. However, the cold-phase con-

vection theory also predicts enhanced convection, which is not supported by the observed updraught intensities (not shown).345

Instead, a reversed trend emerges, with stronger up-and-downdraughts occurring at lower CCN concentrations.

These findings call into question the applicability of the cold-phase convective invigoration hypothesis in this context. While

the theory proposes that increased aerosol concentrations enhance storm intensity through latent heat release during freezing,

its overall validity remains uncertain. Numerous studies report contradictory results depending on cloud type, environmental

conditions, and the choice of microphysical schemes (van den Heever et al., 2011; Altaratz et al., 2014; Fan et al., 2017).350

Recent theoretical work even suggests that aerosol-induced updraught enhancements may be significantly weaker or even neg-

ative than previously assumed (Altaratz et al., 2014; Igel and van den Heever, 2021). Rain freezing, deposition, and riming are

all processes contributing to graupel and hail formation (Fig. 11k, q, o). The only hail production component that decreases

significantly with higher CCN concentrations, mirroring the trend in surface hail content, is total riming, which exhibits an

average change between 20 and 40%. However, riming is the most significant contributor to hail and graupel formation, with355

a magnitude approximately four times greater than rain freezing and deposition. Consequently, rain freezing and deposition
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Figure 12. Vertical profiles of hail content for different CCN concentrations (23 June 2021).

have a negligible impact on hail formation. Interestingly, while column-integrated graupel content decreases in a high CCN

environment within the column (Fig. 11n), hail content increases (Fig. 11p), which is the opposite of what occurs at the surface.

Typically, a decrease in the total column would not be expected to correspond with an increase at the surface. To understand

this behaviour, it is essential to consider the differences in hailstone sizes at varying CCN concentrations. This study previously360

found that hailstones grow larger in low CCN environments. Due to their lower surface-to-mass ratio, larger hailstones undergo

less melting compared to smaller ones. This effect is evident in the vertical profile of atmospheric hail content (Fig. 12), which

shows that in high CCN environments, where hailstones are smaller, increased melting occurs. Conversely, in low CCN envi-

ronments, where hailstones are larger, melting is significantly reduced. As a result, larger hailstones are more likely to reach

the surface under low CCN conditions.365

Simultaneously, more graupel transforms into hail, while the remaining graupel melts before reaching the surface, leading to

a decrease in surface graupel content under lower CCN conditions. This mechanism could also explain the overall relatively

constant melting rates. However, since the output of the model does not differentiate between the melting rates of graupel and

hail, direct verification of this hypothesis remains challenging.

3.4.2 Cold and warm rain370

Rain can form through warm and cold processes. Given that the simulations are done for various temperatures and CCN

concentrations, it is anticipated that the ratio between cold and warm rain formation will differ. This ratio is determined by

dividing the contributions of processes that generate cold and warm rain, respectively, as follows:

cold rain
warm rain

=
DEP+RIM
AC+ACC

(6)
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Figure 13. Cold-to-warm rain ratio (DEP+RIM)/(AC+ACC) for different CCN concentrations and temperatures on (a) 23 June 2021, (b) 28

June 2021, and (c) 22 June 2023.

DEP represents deposition, RIM denotes riming, and AC and ACC are autoconversion and accretion (Barthlott et al., 2022a).375

Figure 13 presents the results for each simulation day, showing variations in temperature and CCN concentrations. Across

all days, higher CCN concentrations are associated with an increased cold-to-warm rain formation ratio, indicating a stronger

contribution of cold rain processes. In contrast, higher temperatures lead to a reduction in this ratio. Note that the vertical axis

for 22 June 2023 differs from the others, possibly due to the presence of strong synoptic forcing on that day.

Figure 14 displays the ratio of cold-to-warm rain formation processes, as a function of precipitation rate for the 23 June 2021380

case. The ratio increases systematically with CCN concentration, from approximately 1.9 for C1 to over 4.1 for C4. This

represents more than a twofold increase in the relative contribution of cold rain processes when moving from the lowest to the

highest CCN scenario. This trend highlights the strong sensitivity of rain formation mechanisms to CCN concentrations: higher

CCN concentrations suppress warm rain formation through delayed autoconversion and enhanced cloud droplet competition,

thereby shifting precipitation generation toward cold processes such as deposition and riming. Importantly, the ratio remains385

remarkably stable across a broad range of precipitation rates above 0.2mm per 30min. This stability above a threshold suggests

a robust shift in microphysical regimes primarily driven by CCN concentration, consistent with findings from Barthlott and

Hoose (2018).

3.4.3 Precipitation efciency

Another parameter important for precipitation formation is the precipitation efficiency, which is defined as the ratio of the390

precipitation P and the generation term G, including all processes that generate condensates in the atmosphere (Baur et al.,

2022):

PE =
P

G
(7)

The generation processes considered in this analysis include the microphysical processes of deposition, riming, autoconversion,

and accretion. Fig. 15 shows the calculated precipitation efficiency (PE) on 23 June 2021 and the sensitivity to varying CCN395

concentrations, reflecting the relationship between condensate production and the amount of precipitation reaching the surface.
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Figure 14. Cold-to-warm rain ratios (DEP+RIM)/(AC+ACC) plotted for each half an hour for different CCN concentrations (23 June 2021):

C1 (blue cross), C2 (orange circle), C3 (green triangle), C4 (red hexagon). Dashed lines in the corresponding colour represent the mean taken

for all data points having precipitation rates larger than 0.2mm / 30min. The legend shows the mean cold-to-warm rain ratios of each CCN

concentration shown by the dashed lines.

An increase in PE is observed with higher CCN concentrations, indicating that a larger fraction of the formed hydrometeors

reaches the surface. The generation term G (not shown) was also analysed separately and shows a decreasing trend with

increasing CCN concentrations. Since total precipitation P depends on both PE and G, the net effect varies: if the increase in

PE outweighs the decrease in G, precipitation increases and vice versa. In most simulations, precipitation decreases with higher400

CCN levels (not shown), except for Case 3, where precipitation remains nearly constant at +2K and even increases at +3K.

Overall, the changes in precipitation remain relatively modest, typically within 10%.

4 Summary and Conclusions

This study investigated how convective storms in Central Europe, especially supercells, would evolve under future climate con-

ditions and environments with different aerosol loads. To explore these influences, this study conducted convection-resolving405

real-case simulations of supercell events previously observed during the Swabian MOSES field campaigns of 2021 and 2023.

These events were simulated across five temperature scenarios, including a reference simulation, +1,+2,+3, and +4K and four

different CCN concentrations to observe storm behaviour under varied environmental conditions. The different CCN concen-

trations included values typically observed in Germany, providing a reliable reference point for comparison (Hande et al.,

2015). The temperature perturbations were applied using the PGW approach, which isolates thermodynamic climate signals410
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Figure 15. Precipitation efficiency of all four CCN concentrations for all simulation temperatures on 23 June 2021.

by consistently modifying initial and boundary conditions. This methodology enables a controlled investigation of the sensi-

tivity of convective storm characteristics, such as storm intensity, duration, and convective precipitation, to future warming. By

employing high-resolution, convection-resolving simulations on a 1 km grid, this research enables a detailed examination of

convective processes, a depth of analysis that cannot be found in similar studies. This high-resolution model enables a compre-

hensive understanding of the dynamics of supercells and storm intensities in response to changing environmental conditions.415

The results demonstrate that higher temperatures generally increase convective parameters such as CAPE and CIN, leading

to more intense convection and a greater number of convective cells overall. This, in turn, accelerates the depletion of CAPE.

The shorter lifetimes of convective cells in warmer environments further illustrate this effect. Other papers as Huang et al.

(2024); Mallinson et al. (2024); Yang et al. (2024), also observed an increase in CAPE and CIN, suggesting a more favourable

environment for stronger convective systems and less favourable ones for weaker systems.420

Another important finding was the correlation of larger mean helicity values with increased atmospheric temperatures. Helicity

values serve as indicators for updraught rotation and, therefore, supercells. Therefore, the simulations demonstrated that in a

warmer environment, the likelihood of supercell development is increased, which leads either to more supercell formation,

more intense supercells, or a combination of both. Furthermore, updraught intensity is increased in warmer environments,

which supports the hypothesis of stronger convective cells.425

The study also identified significant changes in precipitation amounts and the spatial distribution of rainfall in response to

varying temperatures. As temperatures increased, total precipitation amounts generally rose, with both rain and hail exhibiting

greater amounts. The analysis of the 95th percentile and the area that is affected by the 95th percentile both indicated a rise,
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which heightens the risk of flash floods. Additionally, for two of the three simulated cases, a super-CC scaling rate was ob-

served, which means that the increase in precipitation can only be explained by additional factors beyond the increase in water430

vapour in the air column. Further analysis of hail characteristics indicates that higher temperatures and lower CCN concen-

trations, both anticipated in a future climate, lead to an increase in hailstone size, particularly for mean and large hailstones

during convective events. This trend is especially concerning given the significant damage potential of larger hailstones.

The analysis of how ACI is influenced by varying CCN concentrations revealed several notable effects. Importantly, the in-

fluence of CCN on microphysical processes remains consistent across all temperature regimes. In high CCN environments,435

the processes of autoconversion and accretion, which are critical for warm rain formation, decrease, explaining the observed

decrease in surface rainfall. The previously discussed decrease in hail was then explained by a reduced riming process, which

is the dominant mechanism for hail formation. A closer examination of hail dynamics showed that there is more hail within the

atmospheric column in environments with higher CCN concentrations. However, the amount of hail decreases at the surface

compared to simulations with lower CCN concentrations. This counterintuitive result was explained by the smaller size of440

hailstones formed in high CCN conditions, which increases melting rates compared to the larger hailstones produced in low

CCN environments.

These differences in formation processes result in an increased cold-to-warm rain formation ratio in environments with higher

CCN concentrations and a decreased ratio in higher temperatures. Moreover, precipitation efficiency was considerably in-

creased in environments with high CCN concentrations. As a result, while fewer hydrometeors were produced in high CCN445

concentration settings, a larger fraction of them reached the Earth’s surface.

These findings indicate that convective storms, especially supercell events, will likely intensify, resulting in increased rainfall

and larger hailstones. This intensification raises the risk of flash floods and poses a greater threat to property, agriculture, and

infrastructure due to the heightened potential for severe weather impacts.

While this study provides valuable insights into the response of supercell storms to warming and aerosol changes, it is based450

on a limited set of three case studies. Additionally, the simulations assume constant relative humidity and apply only homo-

geneous warming, without considering vertical variations in temperature that would affect atmospheric stability. Large-scale

dynamical changes are also not included. Despite these constraints, the results reveal clear and consistent trends, highlighting

the robustness of the findings.

Code availability. This study is based on the ICON model version 2.6.6. The ICON model is available to the community under a permissive455
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