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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 emission regulations. But how will these evolving environmental con-
ditions affect severe convective storms? This study addresses this question by simulating three supercell events in
high resolution using the ICOsahedral Non-hydrostatic (ICON) 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. The effects of aerosols on clouds and precipitation were considered using a
two-moment microphysics scheme in four temperature rise scenarios, providing detailed insights into the under-
lying microphysical mechanisms. The results indicate that higher temperatures generally enhance convection,
resulting in more intense convective cells, increased precipitation amounts, and more extreme rainfall and hail
events. Additionally, warmer conditions increase the likelihood of supercell formation and more intense meso-
cyclones. 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. An important finding is that hailstones grow larger under lower cloud condensation nuclei (CCN)
concentrations, and the area affected by large hail expands by up to 400 %, indicating growing severity and reach
of hail events. In addition, lower CCN concentrations are associated with a reduced cold-to-warm rain formation
ratio and decreased precipitation efficiency. These aerosol-related effects appear largely independent of temper-
ature, showing consistent patterns across all simulated warming scenarios. These findings indicate the intensity
of severe weather events, such as convective storms and 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). For example, from 22 to 24 June
2021, multiple severe hailstorms struck southern Germany,
France, Switzerland, Austria, and the Czech Republic, result-
ing in approximately EUR 4 billion of damage (Kunz et al.,
2022). On 23 June 2021, a supercell formed in southwest-
ern Germany, resulting in hailstones reaching maximum di-

ameters of up to 4 cm and ground hail accumulations reach-
ing depths of 30 cm, accompanied by heavy rainfall, and as-
sociated flooding (Kunz et al., 2022). In Europe, the high-
est hail frequencies occur during summer along the slopes
of high mountain ridges, such as the Alps, Pyrenees, and
the Carpathians, aligning with observed lightning hotspots
(Cui et al., 2025). However, maps of mesocyclonic storm
tracks between April and September 2013 to 2017 show that
there is no particular region prone to supercells in Germany
(Wapler, 2021). In recent years, the frequency of weather-
related hazards has increased, largely attributed to a warm-
ing climate (Hoeppe, 2016; Rädler et al., 2018; Púčik et al.,
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2019; Taszarek et al., 2019; Raupach et al., 2021). In the
period 1950–2021, additive logistic models applied to the
ERA5 reanalysis indicate significant increases of lightning
and hail across most of Europe (Battaglioli et al., 2023). Es-
pecially Germany and the Alps experienced an increase in
the annual occurrence of extreme weather events involving
lightning, hail exceeding 2 cm in diameter, and wind speeds
surpassing 25 ms−1 (Rädler et al., 2018).

Recent modelling studies have explored how convective
storms respond to rising temperatures using the pseudo-
global warming (PGW) approach, which isolates thermody-
namic effects by modifying initial and boundary conditions
in high-resolution simulations. In this framework, large-scale
circulation patterns are preserved, but the temperature pro-
file in the initial and boundary conditions is uniformly in-
creased, and humidity is adjusted according to the Clausius–
Clapeyron relationship under constant relative humidity. This
ensures that only thermodynamic effects are perturbed, while
synoptic-scale dynamics remain unchanged. These studies
confirm that warming can intensify deep convection and hail
production, though the magnitude and spatial characteris-
tics of these changes vary with model configuration and re-
gional context (Feng et al., 2024; Lin et al., 2024; Tahara
et al., 2025). For example, using a PGW-approach with 3 K
warming, Thurnherr et al. (2025) found an increase in sum-
mer hail frequency in northeastern Europe and a decrease
to the southwest for intense and severe hail days, related to
changes in low-tropospheric water vapor content, convective
available potential energy (CAPE) and convective inhibition
(CIN). As a result, considerable uncertainty remains regard-
ing 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 precipitation intensity, increases by approximately
6 %–7 % per degree of warming. However, several obser-
vational and modelling studies report larger increases, a
phenomenon known as super-CC scaling. Such behaviour,
where precipitation intensifies beyond 7 % K−1, has been
documented in convective and orographic rainfall events
(Lenderink and Van Meijgaard, 2008; Haerter and Berg,
2009; Chen et al., 2024). These deviations are thought to re-
sult from a combination of dynamic and microphysical pro-
cesses, 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-scale (synoptic) forcing may also play a role. In some
cases, stronger synoptic lift or enhanced moisture conver-
gence under warming could intensify convection and con-
tribute to super-CC responses (Fowler et al., 2021). However,
the degree to which such effects contribute remains uncer-
tain.

Alongside thermodynamic changes, aerosol concentra-
tions, especially those of cloud condensation nuclei (CCN),

play a crucial role in shaping convective storm behaviour
(Tao et al., 2007; Barthlott et al., 2022b; Thomas et al., 2023).
CCN influence cloud microphysics by affecting droplet for-
mation, growth, and the phase transitions within clouds,
which in turn modulate precipitation efficiency, storm dy-
namics, and hail formation (Fan et al., 2016; Allen et al.,
2020). Due to stricter emission regulations, anthropogenic
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 addi-
tion to anthropogenic sources, natural aerosols, such as dust,
sea salt, volcanic emissions, and biomass burning, also con-
tribute significantly to aerosol variability and may respond
to climate drivers like temperature and wind changes (Chin
et al., 2014; van Oldenborgh et al., 2021; Yli-Juuti et al.,
2021). Moreover, aerosols remain a major source of uncer-
tainty in climate projections, particularly in simulating ex-
treme weather events (Watson-Parris and Smith, 2022) Sev-
eral recent studies have reported that warming alters con-
vective environments, favouring more intense systems while
suppressing weaker ones (Rasmussen et al., 2020; Huang
et al., 2024; Mallinson et al., 2024; Yang et al., 2024). For in-
stance, Mallinson et al. (2024) observed larger hailstones pri-
marily in the cold season, while Trapp et al. (2019) reported
increases throughout the year. Using European climate sim-
ulations with a +3 K PGW-approach, Brennan et al. (2025b)
found that hailstorms are projected to become more severe
and frequent, but hail frequency trends vary across Europe.
Despite growing interest in this area, the future behaviour of
extreme convective storms remains uncertain.

In parallel, the forecasting skill of numerical weather pre-
diction (NWP) models has improved considerably over re-
cent decades, thanks to advances in computational power,
data assimilation, and parametrisation schemes (Magnusson
and Källén, 2013; Bauer et al., 2015; Buizza, 2019). How-
ever, predicting convective precipitation remains a challenge
due to the complexity and non-linearity of the involved pro-
cesses. Storm initiation and evolution are influenced by fac-
tors such as synoptic-scale flow, orography, and land surface
heterogeneity (Kirshbaum et al., 2018). On a microphysi-
cal scale, aerosol–cloud interactions add further uncertainty.
Acting as CCN, aerosols influence droplet size and precip-
itation 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 invigoration the-
ory, which suggests that enhanced freezing of supercooled
droplets in polluted environments increases latent heat re-
lease in the upper parts of clouds, thereby strengthening up-
draughts and storm intensity (Rosenfeld et al., 2008). How-
ever, this theory remains highly debated: while some stud-
ies report stronger storms under polluted conditions, others
find weaker or negligible effects depending on model setup
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and environmental factors (Altaratz et al., 2014; Fan et al.,
2018; Igel and van den Heever, 2021). Moreover, Barthlott
et al. (2022a) found a systematic decrease in precipitation
with increasing aerosol loading for cases with weak synoptic
forcing, but nonsystematic responses for some of the strong
synoptic forcing realisations. Therefore, this study investi-
gates the response of convective storms to global warming
and aerosol effects in Germany. Its uniqueness lies in the
combined consideration of temperature changes and vary-
ing CCN concentrations. This allows for a more comprehen-
sive understanding of how multiple drivers may shape future
storm behaviour. The analysis focuses on convective param-
eters and precipitation characteristics. While particular atten-
tion is given to supercell-relevant metrics such as updraught
helicity, the domain-mean evaluations also include other
forms of convection (e.g., single cells and multicells) that
occurred alongside the supercells in the chosen case stud-
ies. To support this integrated analysis, the study employs
high-resolution, convection-permitting simulations with the
ICOsahedral Non-hydrostatic (ICON) model at a 1 km grid
spacing. This fine resolution is essential for explicitly per-
mitting convection, enabling a more accurate representation
of storm dynamics and temperature-induced effects. Addi-
tionally, the double-moment microphysics scheme of Seifert
and Beheng (2006) is used to simulate aerosol effects on both
liquid and mixed-phase clouds. By considering both temper-
ature and aerosol influences, this approach provides new in-
sights into the microphysical mechanisms shaping storm in-
tensity, precipitation patterns, and supercell development un-
der changing environmental conditions. The study focuses on
real-case simulations of supercell events in Germany, includ-
ing cases from the Swabian MOSES field campaigns con-
ducted in the summers of 2021 and 2023 in southwestern
Germany (Fig. 1). The remainder of this paper is structured
as follows: Sect. 2 describes the model setup, discusses cases
and methodology, Sect. 3 presents the results of the evalu-
ation, and Sect. 4 summarises the key findings and conclu-
sions.

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 em-
ploys an icosahedral-triangular Arakawa C grid. The sim-
ulation 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
with a model top at a height of 22 km. ICON uses the smooth
level vertical (SLEVE) coordinate, allowing a faster transi-
tion to a smoother vertical grid (Schär et al., 2002; Leuen-
berger et al., 2010). Furthermore, the model uses the double-
moment 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 hy-
drometeor types: cloud droplets, raindrops, cloud ice, snow,
graupel, and hail, and parametrises homogeneous and hetero-
geneous nucleation processes, including cloud condensation
nuclei activation. Also, turbulence effects on droplet coales-
cence, raindrop breakup, and size-dependent collision effi-
ciencies are taken into account. Ice nucleating particle (INP)
concentrations were set to summertime conditions for im-
mersion and deposition freezing in Germany (Hande et al.,
2015). A time step of 10 s is used, and the data is written out
every 30 min. In addition, data for tracking convective cells
is written out every 5 min. Further model settings are given
in Table 1.

2.2 Simulations overview

To investigate the impact of aerosols on convective storms
in a warmer climate, each case is simulated for five different
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 tem-
perature scenarios are simulated, including one refer-
ence case. In the remaining four scenarios, the atmo-
spheric temperature is uniformly increased throughout
the entire column by increments of 1T =+1, +2, +3,
+4 K. To maintain consistency with the temperature ad-
justments, the specific humidity is recalculated using
the Clausius-Clapeyron relation under the assumption
of constant relative humidity. Although several studies
report decreasing relative humidity trends over Central
Europe during summer, the PGW framework applied
here assumes constant RH when recomputing specific
humidity. This choice is intentional, as it allows the ther-
modynamic impact of uniform warming to be isolated.
Since the goal of this study is to assess the sensitivity
of convective storms to temperature perturbations and
CCN concentrations, introducing changes in RH would
confound these effects and shift the experiment away
from a controlled thermodynamic perturbation. Addi-
tionally, 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 ini-
tial condition (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 temperature and soil surface
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Figure 1. (a) Orography of Central Europe (m a.m.s.l.) with the black box indicating the simulation domain with a 1 km grid, the blue box
denoting the Germany evaluation domain, and the red box 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).

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 (Raschendorfer, 2001)
Radiation scheme ecRAD (Hogan and Bozzo, 2018), called every 12 min

temperature are adjusted by applying the same temper-
ature increments as imposed on the atmosphere.

2. CCN concentration. The activation of CCN from
aerosol particles is calculated using look-up tables with
pre-calculated activation ratios provided by Segal and
Khain (2006). In that scheme, four different CCN con-
centrations ranging from low to very high concentra-
tions can be chosen (Table 2). The continental CCN
concentration (C3) is chosen as the reference concentra-
tion, as this aerosol assumption represents typical con-
ditions of central Europe (Hande et al., 2016; Costa-
Surós et al., 2020).

In addition, the applied PGW method, which assumes ver-
tically uniform warming while preserving relative humid-
ity, does not capture potential changes in the lapse rate (e.g.
Brogli et al., 2021) or modifications in large-scale weather
systems that may result from a weakened polar jet stream.
Likewise, humidity gradients that could emerge over ex-
tended simulation periods are not represented. Nevertheless,
our findings, generated with an advanced double-moment
microphysics scheme that explicitly resolves hail, offer im-

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

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

portant insights into the influence of aerosols on mixed-phase
clouds under various warming conditions.

2.3 Analysed cases

This study examines three supercell events from the Swabian
MOSES field campaigns conducted in 2021 (Kunz et al.,
2022) and 2023 (Handwerker et al., 2025). The 2021 cam-
paign 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 flood-
ing, and pollutant inputs to water bodies. It focused on cap-
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turing entire events from their onset through development to
their impact. Both campaigns were conducted in southwest-
ern Germany, including the Neckar Valley and Swabian Alb
(Fig. 1). This area was selected because hailstorms most fre-
quently occur south of Stuttgart and over the Swabian Alb
(Kunz and Puskeiler, 2010; Puskeiler et al., 2016). To eval-
uate 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). No systematic com-
parison with observations and no evaluation in this direction
are carried out, as this is not the goal of the present study.
The RADOLAN data are only used to ensure that the simu-
lations reproduce the general precipitation pattern of the se-
lected day. The study is designed as a sensitivity study, focus-
ing on how the model responds to changes in the prescribed
parameters. By analysing these simulations across different
atmospheric conditions, this study captures a diverse range
of convective storm characteristics. Each case represents a
distinct convective scenario, highlighting variations in con-
vective cell behaviour (Fig. 2).

2.3.1 Case 1: 23 June 2021

On 23 June 2021, a weakening trough stretched from south-
ern 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 CAPE in the middle layer over southwest
Germany to around 950 J kg−1 by midday. Moderately strong
winds from a south-westerly direction prevailed in the mid-
dle troposphere over Germany. At the surface, a large area of
high pressure extended over the North Atlantic, across west-
ern Europe, and to northern Germany. A stationary front, a
remnant of a multi-core area of low pressure from the pre-
vious days, which was now connected to a surface low over
Finland, lay over southern Germany and persisted in the fol-
lowing days (Barthlott et al., 2024). The deep layer shear
(DLS) reached 18 m s−1 on average in the MOSES domain,
indicating suitable conditions for supercell formation.

2.3.2 Case 2: 28 June 2021

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 tropo-
sphere over Central Europe. Averaged over the Germany
evaluation domain, DLS reached values of 20 m s−1 which
also reflects the potential of supercell formation. Intense hail-
storms also occurred over Switzerland on that day: Kopp

et al. (2023) provide a synoptic discussion, hail-storm tracks,
and radar data, also for southwestern Germany, whereas
Brennan et al. (2025a) present a comprehensive model-based
case study to unravel the complex processes involved in
the genesis, intensification, and dissipation of this impactful
weather event.

2.3.3 Case 3: 22 June 2023

On 22 June 2023, the synoptic setup featured a prominent
trough over the North Atlantic and France and a ridge over
southeastern 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 gra-
dient led to strong southwesterly flow across Central Europe,
advecting warm and moist air and supporting large-scale as-
cent that contributed to the initiation of convection. As on the
other days, suitable conditions for supercell formation were
simulated here with DLS values of 19 m s−1 in the MOSES
domain.

2.4 Evaluation techniques

The following analyses apply different techniques to quantify
key aspects of convective storms, including cold pool dynam-
ics, hailstone size distributions, and the occurrence and evo-
lution of convective cells. It is important to emphasise that,
although the selected case days were chosen because they
featured supercell events, the diagnostics are not limited to
supercells. Many of the evaluations, such as domain-mean
precipitation, cold pools, or convective cell number or life-
time, inherently capture the behaviour of all convective cells
within the model domain. This means that the results reflect
the combined response of single cells, multicells, and super-
cells that coexist during the simulations. The methods out-
lined in the following subsections, therefore, provide insight
into the overall convective response, while still allowing for
the interpretation of processes particularly relevant to super-
cells.

2.4.1 Cold pools

Cold pools offer additional insight into convective intensity.
They consist of volumes of negatively buoyant air that origi-
nate from evaporative cooling in precipitating downdraughts
(Hirt et al., 2020). They are characterised by negative tem-
perature 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) (2)

where θ is the potential temperature, rv is the water vapour
mixing ratio, and rw, ri, rr, rs, rg, and rh are the mixing ra-
tios of cloud water, cloud ice, rain, snow, graupel, and hail,
respectively. The local perturbation of density potential tem-
perature θ ′ρ,0 is calculated relative to a spatiotemporal mov-
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Figure 2. (a, c, e) Global Forecast System (GFS) analysis at 12:00 UTC showing 500 hPa geopotential height (gpdm; shading), sea-level
pressure (hPa, red contours), and 500 hPa wind barbs for case 1 (23 June 2021), case 2 (28 June 2021), and case 3 (22 June 2023). (b, d, f)
Accumulated precipitation over 24 h across the entire Germany domain from the reference simulation using continental CCN concentrations
(mm). The black box indicates the MOSES domain as in Fig. 1.

ing average θ̄m
ρ , using a horizontal window of 166 grid points

(≈ 166 km) and a temporal window of 8 h as in Hirt et al.
(2020). They also conducted sensitivity analyses with differ-
ent spatial filtering scales and with/without temporal filter-
ing, which did not show a strong influence on the qualitative
behaviour of the results. For that reason, the same values are
used in our study. This combination of spatial and temporal
filtering enables the identification of large cold pools while

background θρ gradients at the coast are still sufficiently re-
solved to detect cold pools there (Hirt et al., 2020). To iso-
late cold pool structures, the domain-mean perturbation is
subtracted: θ ′ρ = θ

′

ρ,0− θ̄
′

ρ,0. Cold pools are identified by ap-
plying thresholds: only perturbations below−2 K, associated
with precipitation rates exceeding 10 mm h−1, and with hori-
zontal extents greater than 6 km are considered. The remain-
ing cold pool perturbations are used to compute a density
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distribution function for each temperature and CCN concen-
tration scenario.

2.4.2 Hail sizes

To evaluate hailstone sizes in the model, hailstone size distri-
butions are calculated using a generalised Gamma distribu-
tion:

f (x)= Axνexp(−λxµ), (3)

whereby ν represents the shape parameter, µ the dispersion
parameter and x is the particle mass. A and λ are calcu-
lated from the predicted mass and number densities. Differ-
ent combinations of ν and µ with values between 0 and 1
lead to different distributions. If µ= 1, the function reduces
to a classical 0-distribution, for ν = µ= 1 the result is the
Weibull distribution, and for ν = µ= 0 an exponential dis-
tribution is calculated (Seifert and Beheng, 2006). For this
evaluation, ν = 1 and µ= 1

3 are used, which are the param-
eters for hail in this model. This function is rewritten as a
function of diameter D, using x = π

6 ρD
3 which is true for

spherical particles (Khain et al., 2015):

f (D)=N ′0D
ν′exp(−λ′Dµ

′

), (4)

withN ′0 = 3N0(π6 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. This formulation is used to derive hail-
stone size distributions for the subsequent analysis.

2.4.3 Tracking of convective cells

The occurrence of convective cells is analysed using ver-
sion 1.5.3 of the Python package Tobac (Tracking and
Object-Based Analysis of Clouds (Heikenfeld et al., 2019;
Sokolowsky et al., 2024). Tobac is a software to identify,
track, and analyse clouds and other meteorological phenom-
ena such as updraughts, precipitation, and radiation. The tool
uses algorithms to identify features and link them into con-
sistent trajectories. Tobac links features between consecutive
time steps using a nearest-neighbour and overlap-based ap-
proach. When a feature splits into multiple successors, the
trajectory continues along the largest successor while the oth-
ers are recorded as new tracks. In the case of mergers, the
trajectory of the largest predecessor is continued, and the ad-
ditional features are terminated. In this study, the number of
convective cells refers to the number of unique tracks initi-
ated during the simulation period. In this study, updraughts of
cells at high temporal resolution (5 min) between 06:00 and
24:00 UTC 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, which means the total
amount of liquid and frozen water per mass of dry air, is cal-
culated. Afterwards, several thresholds (3, 5, 10 m 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 segmen-
tation threshold, a value of 0.5−3 kg kg−1 is chosen as the
condensate mixing ratio to identify the cloud volumes cor-
responding to the individual identified updraughts (Heiken-
feld et al., 2019). To track only longer-lived cells, only tracks
with a minimum lifetime of 30 min are used for the evalua-
tion. The tracking approach, therefore, captures all convec-
tive cells within the domain, not only supercells.

3 Results

This section presents the results of ICON simulations eval-
uating 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. Section 3.1 examines the intensity of
convective cells, focusing on CAPE, CIN, and updraught he-
licity as indicators of supercell intensity. It also analyses how
changes in temperature and CCN concentrations affect up-
and downdraught velocities and cold pool intensities, pro-
viding insight into the resulting storm dynamics. Section 3.2
investigates precipitation responses, including changes in to-
tal and extreme rainfall and hail, deviations from Clausius–
Clapeyron scaling, and the evolution of hailstone size dis-
tributions under future climate conditions. Section 3.3 anal-
yses the frequency and lifetime of convective cells using
object-based tracking methods. Finally, Sect. 3.4 explores
aerosol–cloud interactions, detailing how CCN concentra-
tions influence hydrometeor content, microphysical process
rates, the cold-to-warm rain formation ratio, and precipita-
tion efficiency.

3.1 Intensity of convective cells

In all three cases, CAPE and CIN exhibit an increasing trend
with rising temperatures. The maximum values of CAPE and
the minimum values of CIN, taken from the mean daily time
series, are summarised in Table 3. The rate of increase is rel-
atively uniform across the different simulated temperatures,
indicating that the sensitivity of CAPE and CIN to temper-
ature 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 among
cases between 65–85 J kg−1 on case 1, 108–146 J kg−1 on
case 2, and 97–137 J kg−1 on case 3. CIN exhibits only a
modest enhancement, typically on the order of a few Jkg−1.
While maintaining the relative humidity, the dew point in-
creases less than the temperature, leading to a higher lift-
ing condensation level and a higher level of free convection.
The increase in CAPE can be explained by the steeper moist
adiabats for increased temperatures with higher equilibrium
levels. Similar findings have been reported in previous stud-
ies (Rasmussen et al., 2020; Huang et al., 2024; Mallinson
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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 convective systems if the
triggering is sufficiently strong to overcome CIN and 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. Supercells are characterised by a rotating up-
draught known as a mesocyclone, which plays a crucial role
in their organisation, longevity, and severe weather potential
(Markowski and Richardson, 2010). A widely used parame-
ter for identifying such rotating updraughts is the updraught
helicity (UH), which quantifies the strength of vertically in-
tegrated rotation within a storm. UH can be calculated by
integrating the product of the vertical velocity w and the vor-
ticity ζ :

UH=
∫
w · ζ dz (5)

In this study, the product is integrated from 2100 to
5000 m a.g.l., focusing on storm rotation in the lower to mid-
dle troposphere (Kain et al., 2008). UH provides a useful way
to detect and quantify rotating convective storms, as higher
values indicate stronger updraught rotation. By mapping UH,
the presence and intensity of mesocyclones can be visualised
(Weisman and Rotunno, 2000; Thompson et al., 2007). To
identify potential supercell regions, a threshold of 75 m2 s−2

is applied, as in Ashley et al. (2023). Although the threshold
in Ashley et al. (2023) was established on 4 km resolution
data, the same value is used here despite the higher resolu-
tion of 1 km, since the focus is not on the exact threshold
itself but on the relative changes. Consistently, an additional
analysis of the 99.95th percentile, similar to the approach of
Wang et al. (2022), yielded values close to 75 m2 s−2, sup-
porting the choice of this threshold. Supercell dynamics are
also strongly controlled by vertical wind shear. In the PGW
framework applied here, the wind profiles are not system-
atically modified, so shear conditions remain close to those
of the reference synoptic environments. Thus, the changes in
helicity discussed below primarily reflect thermodynamic in-
fluences, while potential shear-related modifications are not
represented.

Helicity changes across the different temperature simula-
tions are assessed by computing the mean values above this
threshold and the number of grid cells that exceed it (Fig. 3).
The analysis focuses on time frames associated with potential
supercell development and the strongest convective activity:
between 12:00 and 20:00 UTC for cases 1 and 2 and between
10:00 and 20:00 UTC for case 3. Across all three cases and
CCN concentrations, higher temperatures lead to an increase
in both the mean helicity values and the number of grid cells
exceeding 75 m2 s−2. These findings indicate that a warmer
future may be associated with an increased likelihood of su-
percell formation, greater supercell intensity, or a combina-
tion of both. However, it is also found that mean helicity val-

ues plateau and, in some instances, decrease for the highest
simulated temperatures.

While CCN concentrations do not show a uniform impact
on helicity values across all simulations, distinct variations
are observed in some cases between different CCN scenar-
ios. In contrast, temperature shows a consistent and stronger
influence, with helicity values increasing systematically un-
der warmer conditions. Overall, the impact of temperature on
helicity is more pronounced than that of CCN concentration.

The influence of atmospheric warming on convective cell
dynamics is illustrated by frequency differences of verti-
cal winds as a function of height and magnitude in Fig. 4
for case 2. As temperatures rise, both updraught and down-
draught velocities intensify in the upper troposphere, indi-
cating enhanced convective activity under warmer condi-
tions. Updraughts in the range of 0–40 m s−1 increase by ap-
proximately 50 %–100 %, while the most intense updraughts
show increases exceeding 300 % in the +4 K simulation.
A similar pattern is observed for downdraughts: lower in-
tensities increase by 50 %–100 %, with the strongest down-
draughts (10–20 m s−1) increasing by more than 300 % un-
der the same warming scenario. This general intensification
of vertical motion in the upper troposphere is consistently
observed across all three analysed cases. However, it is pri-
marily the moderate up- and downdraughts that show this ro-
bust 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
(20–30 m s−1) in the upper troposphere decreases (Fig. 5).
While downdraught intensity also weakens in the upper tro-
posphere, a slight increase is observed in the middle to
upper troposphere. Near the surface, downdraught strength
again diminishes. This vertical structure could be linked
to enhanced precipitation loading aloft in a low CCN en-
vironment, which contributes to stronger downdraughts at
mid-levels but less pronounced impacts near the surface.
To further investigate the impact of CCN concentration on
convective dynamics, cold pools are analysed as an addi-
tional measure of storm intensity. Cold pools, which form
through evaporative cooling in precipitating downdraughts,
influence storm organisation and surface outflows. The meth-
ods used to identify and quantify cold pools in this study
are described in Sect. 2.4.1. Figure 6 illustrates how vary-
ing CCN concentrations affect the strength and distribution
of cold pool anomalies. The highest CCN case (C4) exhibits
a pronounced peak around −5 K with a narrow distribution
and a short tail, indicating frequent but moderate cold pool
anomalies. As CCN concentrations decrease, the distribu-
tions broaden and develop longer tails, indicating greater
variability and a higher occurrence of stronger cold anoma-
lies. This enhanced cold pool intensity at lower CCN con-
centrations is also reflected in the downdraughts: increased
downdraught strength is observed in the lower troposphere
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Table 3. Maximum values of the time series of domain-mean CAPE and minimum values of CIN, shown for all three case studies and all
temperature simulations.

Temperatures
CAPE CIN

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

Reference 272 408 861 3.9 18.5 43.9
1T =+1 K 347 516 984 4.5 20.0 44.3
1T =+2 K 412 646 1121 5.9 22.0 46.7
1T =+3 K 497 776 1258 7.5 25.0 46.8
1T =+4 K 574 922 1355 9.7 27.6 47.9

Figure 3. Mean helicity over the whole Germany domain of values larger than 75 m2 s−2 for (a) case 1 from 12:00 to 20:00 UTC, (b) case 2
from 12:00 to 20:00 UTC, and for (c) case 3 from 10:00 to 20:00 UTC. Number of grid points with helicity values larger than 75 m2 s−2 (d)
case 1 from 12:00 to 20:00 UTC, (e) case 2 from 12:00 to 20:00 UTC, and for (f) case 3 from 10:00 to 20:00 UTC.

under low CCN conditions (not shown). This behaviour is
consistent with the known mechanism in which enhanced
subcloud evaporative cooling leads to stronger cold pool for-
mation and, consequently, more intense downdraughts. The
increased evaporation under low CCN conditions is further
promoted by the formation of larger raindrops, which evapo-
rate more efficiently as they fall through the subcloud layer,
enhancing cooling.

3.2 Precipitation

To evaluate changes in precipitation, the behaviour of rain
and hail is analysed separately for all days (Fig. 7). First, the
total amount of rain and hail is examined. Rain exhibits an
increasing trend across all days, with increases ranging from
approximately 15 % to 70 % in the +4 K simulation. Hail
also increases with rising temperatures, exhibiting a greater
relative change compared to rain. In cases 1 and 2, hail in-
creases by around 30 %. However, in case 3, hail increases by
nearly 200 %, suggesting that synoptic-scale forcing likely
played a role. Synoptic-scale environments significantly in-

fluence the response of hailstorms to climate warming, with
frontal systems exhibiting a more substantial increase in
large hail occurrences compared to other synoptic setups
(Fan et al., 2022). In the present experiments, the imposed
warming does not modify the large-scale dynamics, so the
prevailing synoptic situation of each analysed day remains
unchanged. In a warmer climate, however, storm tracks and
jet streams are projected to shift poleward, and changes in cy-
clone and frontal characteristics are expected (Harvey et al.,
2020; Priestley and Catto, 2022). Such changes would alter
the frequency and structure of synoptic environments con-
ducive to severe convection and hail, further underlining the
importance of the background synoptic forcing for interpret-
ing the results of this sensitivity study. To assess changes in
extreme precipitation events, the 95th percentile of rain and
hail amounts is analysed. For rain, the 95th percentile consis-
tently increases with temperature, indicating that even heav-
ier rainfall events will occur, heightening the risk of flash
floods. In cases 2 and 3, extreme rainfall amounts increase by
approximately 50 % in a +4 K warming scenario. A similar
trend is observed for hail, with a substantial increase in the
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Figure 4. Frequency difference of vertical velocity as a function of height and wind magnitude for different warming scenarios with respect
to the reference temperature evaluated over the MOSES domain and the full 24 h simulation period. All panels represent continental CCN
concentrations (C3).

Figure 5. Frequency difference of vertical velocity as a function of height and wind magnitude for different CCN concentrations with respect
to the reference CCN concentrations (C3) evaluated over the MOSES domain and the full 24 h simulation period. All panels represent the
reference temperature without global warming.

Figure 6. Density distributions of cold pool temperature anoma-
lies for different CCN concentrations, calculated between 06:00 and
24:00 UTC within the MOSES domain for case 2. The domain is
defined in Fig. 1.

95th percentile. In case 3, extreme 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
increase is observed. In case 3, a +4 K temperature increase
results in a 400 % expansion of the area impacted by large
hail amounts. This corresponds to an increase from 369 to

3995 km2, representing a dramatic growth from an area com-
parable to the size of Munich to one comparable to the island
of Mallorca. Even the smallest increase, observed in case 1,
amounts to 100 %, representing a doubling of the impacted
region. The effects of CCN concentrations on precipitation
will be discussed later in Sect. 3.4.

3.2.1 Hail sizes

Because hail damage assessments are primarily based on
hailstone sizes (Kim et al., 2023; Schmid et al., 2024), this
section focuses on how hailstone sizes respond to variations
in temperature and CCN concentration. The resulting mean
hail size distributions at the surface for case 1 are presented in
Fig. 8a. To assess how hail sizes respond to changes in tem-
perature and CCN concentration, the maxima of the distri-
butions are analysed as indicators of the dominant hailstone
size (Fig. 8b–d). The results reveal a systematic increase in
hailstone size with increasing temperatures across all CCN
concentrations. Furthermore, lower CCN concentrations are
also associated with larger hail sizes. In addition, the simulta-
neous rise of the freezing level promotes melting of smaller
hailstones, while the larger hailstones produced in stronger
updraughts are much less affected due to their smaller sur-
face area relative to their volume. As a result, the surface
hail size distribution shifts toward fewer small hailstones but
a greater occurrence of large ones, consistent with findings
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Figure 7. Percentage change of the daily amount (24 h accumulated) 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 daily totals of (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 for Cases 1 and 2 and the Germany domain for case 3. The domains are defined in Fig. 1.

in the current literature (Raupach et al., 2021). Overall, vari-
ations in CCN concentration appear to affect hail size to a
magnitude similar to that of temperature changes. Given that
both future warming and decreasing CCN concentrations are
expected, these factors are likely to contribute to the forma-
tion of larger hailstones under future atmospheric conditions.
Because domain averages of the dominant hailstone sizes
are computed from individual size distributions at each grid
point, the mean values in Fig. 8b–d are comparatively small
and always below 1 cm in diameter. It should be pointed out
that larger dominant values up to the maximum extent of the
hail size distribution do occur when their spatial distribution
in the respective evaluation area is analysed (not shown).

To evaluate the impact of temperature and CCN concen-
tration 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. 8a) and excludes hailstones larger than
2.3 cm. However, when comparing the extended size distri-
bution curve for larger x with the model’s output, both fol-
low the same trend, indicating that the distribution can be
reliably extended to account for larger 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 hail-
stones grow larger in a warmer climate, but the large hail-
stones also experience strong growth. These findings are par-
ticularly concerning given the high damage potential associ-
ated with large hailstones.

3.2.2 Clausius-Clapeyron scaling

To explain the observed increase in precipitation, Clausius–
Clapeyron (CC) scaling provides an essential theoretical
framework. Although uncertainties persist, it is widely ac-
cepted 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 precipi-
tation, increases by approximately 6 % K−1–7 % K−1 (Risser
and Wehner, 2017). This 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 warm-
ing 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, accu-
mulated precipitation does not consistently follow this trend,
as shown in Fig. 9. In particular, case 1 and case 3 exhibit
distinctly greater increases in precipitation, far exceeding
7 % K−1. For case 3, precipitation increases by more than
17 % K−1, while for case 1, an increase of over 9 % K−1 is
simulated. These extreme increases persist even when only
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Figure 8. (a) Mean hailstone size distribution for all simulation temperatures using the continental CCN concentration (C3) for case 1. (b,
c, d) Dominant hailstone sizes for different temperature regimes and CCN concentrations for (b) case 1, (c) case 2, and (d) case 3. For cases
1 and 2, the MOSES domain was analysed and for case 3, the Germany domain. The domains are defined in Fig. 1.

looking at rainfall and not total precipitation, suggesting the
presence of super-CC scaling effects. In contrast, in case 2,
precipitation follows the expected CC scaling, increasing by
6.5 % K−1. One possible explanation for the strong devia-
tion in case 3 is the presence of moderate to strong large-
scale synoptic ascent supporting convection initiation (see
Fig. 2e). In line with previous findings, such as those by
Fowler et al. (2021), stronger synoptic-scale ascent and en-
hanced moisture convergence under warmer conditions may
amplify convection and contribute to super-CC responses.
This indicates that while CC scaling explains part of the ob-
served precipitation increase, additional dynamical and mi-
crophysical processes must also contribute to the deviations
beyond the thermodynamic expectation for cases 1 and 3, ne-
cessitating further investigation to identify the mechanisms
driving these super-CC precipitation trends. The non-linear
character of microphysical processes and the chaotic nature
of atmospheric convection, in which small differences in en-
vironmental conditions can lead to large impacts on sim-
ulated storms, are likely key factors behind the super-CC
scaling. Convection triggering is also highly dependent on
environmental conditions; small differences in temperature
or humidity can determine whether or not deep convection
is initiated at a given time and location. For example, dif-

ferent CCN concentrations can determine whether or not a
supercell is successfully simulated (Barthlott et al., 2024).
The strong invigoration of convection with temperature has
been discussed to amplify the scaling rate with tempera-
ture or shifts from low-intensity stratiform rainfall to higher-
intensity convective rainfall (Da Silva and Haerter, 2025).
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 con-
tribute to some of the amplified or variable trends observed
in the simulations.

Although all PGW approaches maintain relative humid-
ity at model initialisation and specific humidity increases ac-
cording to the CC relationship (e.g. Kröner et al., 2017), re-
gional climate simulations of Feldmann et al. (2025) have
also shown a decrease in frequency of supercell thunder-
storms over the Iberian Peninsula and southwestern France
which are subject to strong surface warming and relative hu-
midity decreases in the course of the simulations. Such long-
term effects cannot be included in our study because our in-
terest is in a detailed process understanding of aerosol–cloud
interactions with high-resolution simulations of individual
cases with a sophisticated microphysics scheme and explicit
hail particle class.
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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 rep-
resent 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.

3.3 Convective Cell Frequency and Lifespan

To further analyse the occurrence of convective cells, the To-
bac tracking tool was used as described in Sect. 2.4.3 to as-
sess how their number and lifetime are affected by tempera-
ture changes in the atmosphere (Fig. 10). For brevity, maps
of cell tracks from the numerical sensitivity experiments are
omitted, and the analysis focuses instead on the average num-
ber of cells and their lifetimes. All days show an increase in
the mean number of convective cells and a decrease in their
mean lifetime in simulations with higher temperatures. The
increase in the number of cells is quite substantial and ranges
between +37 % and +63 % for a +4 K warming scenario,
whereas the mean lifetimes are reduced by 5–20 min only.
These averages were computed using all detected convective
cells, not only supercells. After investigating precipitation
rates, an explanation for the shorter lifetimes of convective
cells is found. Precipitation is found to start simultaneously
across all investigated temperatures, with higher tempera-
tures leading to greater peak intensities, followed by an ear-
lier decline. This behaviour can be explained by the fact that
higher temperatures enhance convective intensity, leading to
a faster depletion of the available CAPE, even when overall
CAPE is higher. This interpretation is supported by the ob-
served increase in up- and downdraught velocities (Fig. 4),
ultimately resulting in shorter cell lifetimes.

3.4 Aerosol-cloud interactions (ACI)

To gain an overview of how precipitation is affected by
CCN concentration, changes in surface precipitation and to-
tal column-integrated parameters such as cloud water, rain,

ice, snow, graupel, and hail are analysed (Fig. 11). Addition-
ally, process rates of microphysical mechanisms are exam-
ined to explain the changes that have been observed. This
analysis focuses on the results from the reference tempera-
ture simulations, as all temperature variations exhibited simi-
lar behaviour and, therefore, do not require a separate discus-
sion. Following this analysis, the effects of temperature and
CCN concentration on cold and warm rain formation pro-
cesses, 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 suppres-
sion, the cold-phase convective invigoration theory suggests
that delayed precipitation at high CCN levels can ultimately
lead to more intense convection and stronger rainfall, along
with the formation of more cold-phase hydrometeors (Rosen-
feld et al., 2008). In contrast, lower CCN concentrations typi-
cally lead to fewer but larger cloud droplets, facilitating more
efficient precipitation 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 large decrease of
more than 200 % under higher CCN conditions (Fig. 11a–
d). Higher 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. How-
ever, enhanced droplet nucleation can still result in increased
column-integrated cloud water due to suppressed precipita-
tion 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 contribut-
ing to rain formation, explaining the decrease in rain within
the atmosphere. At the same time, evaporation is enhanced
for low CCN concentrations (Fig. 11i), 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, align-
ing 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
convection theory also predicts enhanced convection, which
is not supported by the observed updraught intensities (not
shown). Instead, a reversed trend emerges, with stronger up-
and-downdraughts occurring at lower CCN concentrations.
These findings raise questions about the applicability of the
cold-phase convective invigoration hypothesis in this con-
text. While the theory proposes that increased aerosol con-
centrations enhance storm intensity through latent heat re-
lease during freezing, its overall validity remains uncertain.
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Figure 10. Number of tracks detected by the Tobac tool for (a) case 1, (b) case 2, and (c) case 3, and mean lifetimes of convective cells
for all temperature regimes and CCN concentrations for (d) case 1, (e) case 2, and (f) case 3. All values are calculated between 06:00 and
24:00 UTC. The MOSES domain was used for cases 1 and 2, while the Germany domain was used for case 3. Line colours indicate the
different CCN concentrations. The domains are defined in Fig. 1.

Numerous studies report contradictory results depending on
cloud type, environmental conditions, and the choice of mi-
crophysical schemes (van den Heever et al., 2011; Altaratz
et al., 2014; Fan et al., 2017). Recent theoretical work even
suggests that aerosol-induced updraught enhancements may
be much weaker or even negative 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 strongly decreases
with higher CCN concentrations, mirroring the trend in sur-
face hail content, is total riming, which exhibits an average
change between 20 % and 40 %. However, riming is the most
important contributor to hail and graupel formation, with a
magnitude approximately four times greater than rain freez-
ing and deposition. Consequently, rain freezing and depo-
sition have a negligible impact on hail formation. Interest-
ingly, 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 col-
umn 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 previously found that hailstones
grow larger in low CCN environments. Conversely, in low
CCN environments, where hailstones are larger, melting is
expected to be less efficient due to their lower surface-to-
mass ratio. This interpretation is consistent with the verti-
cal profiles of hail content (Fig. 12), which suggest reduced
melting in low CCN cases (the lowest maximum around 4 km
agl of all different CCN concentrations, but the largest val-

ues at the ground). It should be noted that the model output
provides combined melting rates of hail and graupel, so hail-
only melting cannot be quantified separately. Nevertheless,
the earlier analysis of hail size distributions at the surface
(Fig. 8) clearly shows that larger hailstones reach the ground
under low CCN concentrations, and the reduced efficiency of
melting provides a plausible mechanism for this behaviour.
A comparable mechanism operates in warmer environments:
stronger updraughts favour the growth of larger hailstones,
which are less sensitive to melting due to their lower surface-
to-mass ratio, while smaller stones are more prone to melting
during descent. This dual effect explains why both warming
and CCN reductions contribute to a coherent shift in the hail
size distribution towards larger hailstones at the surface. Si-
multaneously, 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 (Fig. 11m). 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 Rain formation processes and precipitation
efficiency

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:
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Figure 11. Percentage deviations of spatiotemporal averages of
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 C3 with
continental CCN assumption. All points refer to the reference tem-
perature scenario without increments. The Germany domain was
used, which is defined in Fig. 1.

cold rain
warm rain

=
DEP+RIM
AC+ACC

(6)

DEP represents deposition, RIM denotes riming, and AC
and ACC are autoconversion and accretion (Barthlott et al.,
2022a). Figure 13 presents the results for each simulation
day, showing variations in temperature and CCN concentra-
tions. Across all days, higher CCN concentrations are as-
sociated with an increased cold-to-warm rain formation ra-

Figure 12. Vertical profiles of spatio-temporal averages of hail con-
tent in the MOSES domain for different CCN concentrations on 23
June 2021 (case 1). The domain is defined in Fig. 1.

tio, indicating a stronger contribution of cold rain processes.
From a physical perspective, high concentrations of aerosols
slow down the onset of warm rain by inhibiting autoconver-
sion and lowering the effectiveness of collision–coalescence.
Consequently, a larger amount of cloud water can ascend into
the mixed-phase region, where it contributes to cold-rain for-
mation. Consequently, a shift to the cold pathway exists. In
the scenarios with higher temperatures, the cold-to-warm ra-
tio is systematically reduced across all CCN regimes. The
higher the temperature increment, the lower the resulting
cold-to-warm ratio. As expected with higher freezing levels
in warmer environments, the vertical range for the warm-
phase pathway increases, whereas the one for the cold-rain
pathway decreases. As a result, the percentage increase with
larger aerosol loads is smaller for higher temperatures.

Figure 14a displays the ratio of cold-to-warm rain forma-
tion processes, as a function of precipitation rate for case 1.
The ratio increases systematically with CCN concentration,
from approximately 1.9 for C1 to over 4.1 for C4. This rep-
resents more than a twofold increase in the relative contri-
bution of cold rain processes when moving from the lowest
to the highest CCN scenario. This trend underscores the pro-
nounced 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 gen-
eration toward cold processes, such as deposition and rim-
ing. Importantly, the ratio remains remarkably stable across
a broad range of precipitation rates above 0.2 mm per 30 min.
This stability suggests a shift in microphysical regimes pri-
marily driven by CCN concentration, consistent with find-
ings from Barthlott and Hoose (2018).

Another important parameter for precipitation formation is
precipitation efficiency (PE). Total surface precipitation (P )
is determined by both the generation of hydrometeors (G)
and the fraction of this condensate that ultimately reaches
the ground, described as PE. PE is defined as the ratio of

https://doi.org/10.5194/acp-25-18527-2025 Atmos. Chem. Phys., 25, 18527–18548, 2025



18542 L. Lucas et al.: Aerosol effects on convective storms in a warmer climate

Figure 13. Cold-to-warm rain ratio (DEP+RIM/(AC+ACC) for different CCN concentrations and temperatures for (a) case 1, (b) case 2,
and (c) case 3. For cases 1 and 2, the MOSES domain was analysed for case 3, the Germany domain. The domains are defined in Fig. 1.

Figure 14. (a) Cold-to-warm rain ratios (DEP+RIM)/(AC+ACC) plotted for each half an hour for different CCN concentrations (case 1):
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 0.2 mm 30 min−1. The legend includes the mean cold-to-warm rain ratios of each
CCN concentration shown by the dashed lines. (b) Precipitation efficiency of all four CCN concentrations for all simulation temperatures for
case 1. The MOSES domain was used, which is defined in Fig. 1.

precipitation to the generation term,

PE=
P

G
(7)

where G includes all processes that generate condensates in
the atmosphere, namely deposition, riming, autoconversion,
and accretion (Baur et al., 2022). Analysing PE provides ad-
ditional diagnostic insight into how efficiently clouds con-
vert condensate into surface precipitation. In particular, PE
highlights the role of microphysical processes such as evap-
oration and melting, which cannot be inferred directly from
P or G alone. Figure 14b shows the calculated PE for case
1 and the sensitivity to varying CCN concentrations, reflect-
ing the relationship between condensate production and the
amount of precipitation reaching the surface. 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 anal-
ysed separately and shows a decreasing trend with increas-
ing 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

higher CCN levels (not shown), except for case 3, where pre-
cipitation remains nearly constant at+2 K and even increases
at +3 K. Overall, the changes in precipitation remain rela-
tively modest, typically within 10 %.

4 Summary and Conclusions

This study investigated how convective storms in Germany,
especially supercells, would evolve under future climate con-
ditions and environments with different aerosol loads. To
explore these influences, this study conducted convection-
permitting real-case simulations of supercell events previ-
ously 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 +4 K, and four different CCN concentrations
ranging from low to very high CCN concentrations to ob-
serve storm behaviour under varied environmental condi-
tions. The temperature perturbations were applied using the
PGW approach, which isolates thermodynamic climate sig-
nals by consistently modifying initial and boundary condi-
tions. This methodology enables a controlled investigation
of the sensitivity of convective storm characteristics, such
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as storm intensity, duration, and convective precipitation, to
future warming. By employing high-resolution, convection-
permitting 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 comprehensive understanding of
the dynamics of supercells and storm intensities in response
to changing environmental conditions. The results demon-
strate that higher temperatures generally increase convective
parameters such as CAPE and CIN, leading to more intense
convection and a greater number of convective cells over-
all. This, in turn, accelerates the depletion of CAPE. The
shorter lifetimes of convective cells in warmer environments
further illustrate this effect. Other papers, such as Huang
et al. (2024); Mallinson et al. (2024); Yang et al. (2024), also
observed an increase in CAPE and CIN. This combination
implies that stronger triggering mechanisms are required to
initiate convection, which in turn would favour the develop-
ment of fewer but more intense convective systems. Another
important finding was the correlation of larger mean helic-
ity values with increased atmospheric temperatures. Helicity
values serve as indicators for updraught rotation and, there-
fore, supercells. Therefore, the simulations demonstrated that
in a warmer environment, the likelihood of supercell de-
velopment is increased, which leads either to more super-
cell formation, more intense supercells, or a combination of
both. The increased likelihood of supercells found by our
single case studies agrees well with recent climate simula-
tions of Feldmann et al. (2025). By comparing a current-
climate simulation with a pseudo–global warming scenario
(+3 K), they found that the future climate simulation shows
an average increase of supercell occurrence by 11 %. Further-
more, updraught intensity is increased in warmer environ-
ments, which supports the hypothesis of stronger convective
cells. The study also identified large changes in precipitation
amounts and the spatial distribution of rainfall in response to
varying temperatures. As temperatures increased, total pre-
cipitation amounts generally rose, with both rain and hail ex-
hibiting greater amounts. The analysis of the 95th percentile
and the area that is affected by the 95th percentile both in-
dicated a rise, which heightens the risk of flash floods. Ad-
ditionally, for two of the three simulated cases, a super-CC
scaling rate was observed, which means that the increase in
precipitation can only be explained by additional factors be-
yond the increase in water vapour in the air column. Further
analysis of hail characteristics indicates that higher temper-
atures and lower CCN concentrations, both anticipated in a
future climate, lead to an increase in hailstone size, particu-
larly for mean and large hailstones during convective events.
This trend is especially concerning given the high damage
potential of larger hailstones. The results further indicate that
warmer environments foster stronger updraughts, which sup-
port the growth of larger hailstones. These larger stones are
less affected by melting due to their lower surface-to-mass
ratio, while smaller ones are more efficiently lost during de-

scent. This dual process is consistent with previous findings
(Raupach et al., 2021) and explains the coherent shift in hail
size distributions toward fewer small and more large hail-
stones under climate change. The analysis of how varying
CCN concentrations influence ACI revealed several notable
effects. Importantly, the influence of CCN on microphysical
processes remains consistent across all temperature regimes.
In high CCN environments, the processes of autoconversion
and accretion, which are critical for warm rain formation, de-
crease, explaining the observed decrease in surface rainfall.
The previously discussed decrease in hail was then attributed
to a reduced riming process, which is the primary 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 simu-
lations with lower CCN concentrations. This counterintuitive
result was explained by the smaller size of hailstones formed
in high CCN conditions, which increases melting rates com-
pared to the larger hailstones produced in low CCN envi-
ronments. The differences in formation processes result in
an increased cold-to-warm rain formation ratio in environ-
ments with higher CCN concentrations and a decreased ra-
tio in higher temperatures. Moreover, precipitation efficiency
was considerably increased in environments with high CCN
concentrations. As a result, while fewer hydrometeors were
produced in high CCN concentration settings, a larger frac-
tion of them reached the Earth’s surface.

Due to the small number of case studies analysed here, no
general conclusions can be drawn. Furthermore, our PGW
approach, with uniform vertical warming and maintained
relative humidity, does not account for possible lapse rate
changes (e.g. Brogli et al., 2021), shifts in weather patterns
at the synoptic level, or humidity gradients that may de-
velop over longer simulation periods. However, our results,
obtained using a sophisticated double-moment microphysics
scheme that includes explicit hail, provide valuable insights
into the effects of aerosols on mixed-phase clouds in var-
ious warming scenarios. The findings suggest that convec-
tive storms, particularly supercells, are likely to intensify, re-
sulting in heavier precipitation and larger hailstones. The in-
creasing intensity of precipitation hazards raises the risk of
flash floods and poses a greater threat to property, agricul-
ture, and infrastructure.

Code availability. This study is based on the ICON model
version 2.6.6. The ICON model is available to the commu-
nity under a permissive open source licence (BSD-3C) at
https://doi.org/10.35089/wdcc/iconrelease2025.04 (ICON partner-
ship (MPI-M, DWD, DKRZ, KIT, C2SM), 2025).
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