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Abstract We employed a “storyline” approach to explore possible anthropogenic climate change influences
on the extreme hail event in Switzerland on 28 June 2021. An ensemble of factual WRF simulations with
randomly perturbed initial and boundary conditions was compared to an ensemble of counter‐factual
simulations in which a mean climate change signal was removed from the model conditions. Using data from six
GCMs, this signal was computed using differences between data averaged over current‐day and pre‐industrial
time intervals. Relative to counter‐factual simulations, factual simulations exhibited overall more hail,
particularly for diameters ≥3 cm. This is consistent with increased CAPE but minimal changes in melting depth
over this region in the current day. We quantified the fraction of attributable risk and concluded that the
geographical areas covered by hail of diameters ≥3 and 5 cm appear to have been increased by the
meteorological changes attributable to climate change.

Plain Language Summary We used high‐resolution weather model simulations to investigate the
likelihood that human‐induced climate change contributed to extreme hail event in Switzerland on 28 June
2021. We concluded that the geographical area covered by hail of diameter larger than 3 and 5 cm appears to
have been increased by the meteorological changes attributable to climate change.

1. Introduction
On 28 June 2021, an extreme hail event impacted parts of Europe including Switzerland. As documented by Kopp
et al. (2023), a single‐event record of 20,000 vehicle‐damage insurance claims were reported by La Mobiliére, a
private Swiss insurance company. In the region of Lucerne, Switzerland more than 12,000 buildings were
damaged, further contributing to losses of 400 million Swiss Francs (∼425 million USD in 2021) (Schmid
et al., 2024). Such losses were associated with the largest areas of severe and extreme hail ever to be recorded in
Switzerland since the deployment of the Swiss weather radar network in 2002. Within these areas were reports of
9‐cm hailstones, which have a 70 to 100‐year return period (Kopp et al., 2023).

Given the observed multi‐decadal increase in meteorological conditions favoring severe‐thunderstorms over
Europe (Taszarek et al., 2021) and a projected further increase in these conditions into the future (Raupach
et al., 2021), we are compelled to explore the possibility that ongoing climate change contributed to the anom-
alous and extreme nature of this hail event. The meteorological conditions of particular relevance for hailfall are
convective available potential energy (CAPE), deep layer vertical wind shear, and the height of the melting level
(e.g., see Mallinson et al., 2023). The general expectations are for CAPE to increase, vertical wind shear to
decrease, and melting level to increase in association with climate change (Raupach et al., 2021). The extent to
which these changes might be realized in terms of changes in hailfall—especially of extreme amounts and sizes—
depends in part on convective storm initiation and thereafter on complex microphysical pathways of hail growth.
Assessment of such realization for single events as well as for all events over multi‐decadal periods is achievable
via model simulations, but the spatial scales of hailstorms (∼1 km to ∼10s of kilometers) relative to the effective
spatial resolutions of typical global and even regional climate models (GCMs, RCMs) pose methodological
challenges for the attendant climate‐change attribution investigations (National Academies of Sciences
et al., 2016; Otto, 2023).

As demonstrated by a growing number of studies (e.g., Bercos‐Hickey et al., 2021; Carroll‐Smith et al., 2020;
Lackmann, 2015; Lasher‐Trapp et al., 2023; Mallinson et al., 2023; Martín et al., 2024; Trapp & Hooge-
wind, 2016; Woods et al., 2023), the modeling challenges can be overcome through use of the event‐level pseudo‐
global‐warming (PGW) approach (Kimura & Kitoh, 2007; Sato et al., 2007) on kilometer‐scale model grids. The
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PGW approach usually entails a comparison of simulations of a current‐day weather event with simulations of the
weather event projected into a GCM‐informed future environment. Accordingly, it offers an efficient and flexible
means to investigate, at high resolution and over multiple experiments, the response of a weather event to an
imposed climate change (see Trapp et al., 2021). Because the imposed climate change is the focus of the
experimentation, the PGW methodology also offers a straightforward separation of cause and effect.

We have used this methodology to investigate how current‐day events involving tornadoes (Carroll‐Smith
et al., 2020; Trapp & Hoogewind, 2016; Woods et al., 2023), hail (Mallinson et al., 2023), and derechos (Lasher‐
Trapp et al., 2023) might be realized in a future climate. Herein we adapt the PGW methodology as a “storyline”
approach for single‐event attribution and investigate how the 28 June 2021 Swiss hail event might be realized in a
past, pre‐industrial climate. A comparison between an ensemble of such counter‐factual simulations with an
ensemble of factual simulations allows for a quantification of the fraction of attributable risk due to climate
change, using relevant framing.

2. Materials and Methods
We followed the basic procedure used in our past studies, beginning with a numerical simulation of the 28 June
2021 event under its current‐era, 4D state. This reference simulation (REF)—which provides the basis for the
factual simulations—was performed using the Weather Research and Forecasting model (WRF) version 4.5.2
(Skamarock et al., 2021), configured with NSSLmicrophysics (Mansell et al., 2010), theMYJ planetary boundary
layer scheme (Janjić, 1994), the RRTM short‐ and long‐wave radiative transfer schemes (Iacono et al., 2008), the
Noah land surface model (Tewari et al., 2004), 50 vertical levels, and 1‐km horizontal grid lengths, which are
sufficient to resolve the salient processes of the convective storms on 28 June 2021. The computational domain
extended from approximately 1.5°E to 11.5°E longitude, and 43°N to 48.5°N latitude, thus enclosing Switzerland
and much of the Swiss Alps. ERA5 reanalysis data (Hans Hersbach et al., 2020) provided the initial and boundary
conditions (ic/bc).

Counterfactual simulations were then conducted by rerunning the reference simulation with a removal of a mean,
anthropogenic climate change signal since 1850 (hereinafter ACC) from the ERA5 ic/bc. As denoted by Δ, this
signal for some variable α was estimated using CMIP6 (Eyring et al., 2016) GCM data as:

Δα = αpre− industrial − αhistorical (1)

where α represents monthly mean 3D temperature (T ), specific humidity (q), zonal and meridional components of
wind (u, v), 2D pressure, or skin temperature. The overbars in Equation 1 indicate 10‐year or 30‐year averages
from historical and piControl experiments in CMIP6 (Eyring et al., 2016). The specific historical periods are
either 2005–2014 or 1985–2014; the specific pre‐industrial periods are either the final 10 or 30 years in the GCM
simulations integrated over multiple centuries to reach a stable, quasi‐equilibrium state under 1850 conditions
(see Eyring et al., 2016). The implications of, and justifications for different averaging periods are discussed by
Trapp et al. (2021). For our study, the monthly means are specifically for the month of June, that is, the month of
the hailstorm event. Once determined via Equation 1, the Δ for each variable was vertically and horizontally
interpolated to the ERA5 grid, and then added to the corresponding ERA5 variable (e.g., see Equation 1 in Trapp
et al., 2021); the interpolation procedure was inspired in part by Brogli et al. (2023). Given the short (30‐hr)
integration lengths of the simulations, we did not explicitly modify the greenhouse gas concentrations in theWRF
model. We also did not modify soil moisture and soil temperature beyond their current state, owing to the lack of
sensitivity of severe convective storms to imposed soil Δʹ s shown by Trapp & Hoogewind (2016).

Twelve sets of Δʹ s were computed with these two different averaging periods and data from six different CMIP6
GCMs, namely, BCC‐ESM1, CanESM5, CNRM‐ESM2, MIROC6, MPI‐ESM1, and MRI‐ESM2. These GCMs
were chosen because of their availability of all required atmospheric variables for both experiments. An additional
six sets of Δ’s were computed using historical (1850–1859) rather than piControl experiment data for the
αpre− industrial term in Equation 1 for each of the six GCMs. This allowed for the possibility of a different perspective
of “pre‐industrial” conditions; the resultant Δ fields are, however, geospatially and quantitatively similar to those
using piControl experiment data.
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Thus, our counter‐factual ensemble has a total of 18 members. For reference, the ensemble‐averaged Δu10m
∼ ± 0.5 m s− 1, ΔT2m ∼ − 1°C, Δq850 hPa ∼ − 0.5° g kg− 1, and Δu500 hPa ∼ − 0.5 m s− 1 (Figure S1 in Supporting
Information S1). The hypothesis based on ΔT2m, Δq850 hPa, and their associations with CAPE (e.g., see
Trapp, 2013), is that storms in the counter‐factual environments will be weaker and therefore produce less sig-
nificant hail than in the REF simulation.

Guided by these ensemble‐averaged Δ's as well as by measurement uncertainty (e.g., Lin & Hubbard, 2004), we
developed an 18‐member ensemble of factual simulations by adding three different sets of random perturbations
of ±0.5 or ±1 to, separately, T2m (°C), u10m (m s− 1), and q138 (g kg− 1) in the ERA5 ic/bc, where q138 indicates
specific humidity at the lowest hybrid sigma level of ERA5. The hypothesis is that the randomly perturbed
environments in the factual simulations will still possess the salient forcing of the REF simulation and therefore
result in comparably significant hail as in the REF simulation.

3. Results
In Figure 1, a comparison between the hailfall in the REF simulation to the observed hailfall is made over a
geographical area centered about Zurich, thus encompassing the area of highest economic impact and associated
reported and radar‐estimated hail (see Kopp et al., 2023); all analyses described henceforth apply to this
geographical domain. Here, the local peak of theWRFmodel diagnosticHAIL_MAXK1 over the 36‐hr integration
is used to represent the simulated hail swath;HAIL_MAXK1 provides model‐diagnosed hail diameter at the lowest
model level, that is, near the ground. Of note in Figure 1 is the correspondence between the area of model‐
diagnosed hail ≥3 cm diameter (equivalent to “severe” hail in the United States) and the high density of
crowd‐sourced hail reports. More broadly, the total number of grid point occurrences (4570) of the radar‐
estimated probability of hail (POH) ≥ 90% is within 10% of the total simulated hail swath occurrences (5010)
of hail ≥1‐cm. This quantification is graphically illustrated in Figure 1 by the enclosure of the simulated hail
swath within the contour of POH >90%. These favorable comparisons of hailfall between the observations and the

Figure 1. WRF‐simulated maximum hail size over the entire model integration in a Zurich‐centered subdomain for the
reference simulation (color fill; cm), ≥90% probability of hail as determined from radar data collected by the Swiss radar
network (green contour), and crowd‐sourced hail reports of any size (dots; see Kopp et al., 2023). Gold star indicates the
location of Zurich. White contour emphasizes simulated hail 3‐cm or greater.
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simulation provide confidence in the representativeness of the actual hail event by the REF simulation, and thus in
the subsequent analyses.

In addition to exhibiting high agreement with the REF simulation hail swath, the swaths from the individual
factual simulations are geographically consistent across the ensemble (Figure 2a; see also Figure S2a in Sup-
porting Information S1). This suggests that the meteorological forcing of this event is sufficiently strong such that
when randomly perturbed, it still leads to hail‐generating convective storms over roughly the same track and area
(see also Figure S3a in Supporting Information S1). When the forcing is more uniformly modified, as in the
counter‐factual simulations by removal of the ACC signal, hail‐generating convective storms are also supported
within the geographical domain (Figures 2b and S3b in Supporting Information S1). However, the counter‐factual
hail swaths (Figures 2b; see also Figure S2b in Supporting Information S1) exhibit much more variability in area

Figure 2. Contours of WRF‐simulated, near‐ground 3‐cm hail swaths for the (a) factual ensemble members and (b) counter‐
factual ensemble members. The bold black contours represent the 3‐cm hail swath for the reference simulation (REF). The
swaths encompass all hail sizes over the entire model integration (see Figure 1).
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and location relative to those of the factual simulations (Figure 2a), indicating that the climate change signal is
beyond random noise in the meteorological fields.

As quantified using summed areas of near‐ground hail for specific diameters, we find that, relative to the REF
simulation, the factual simulations exhibit a tendency for the generation of slightly larger areas of small hail,
comparable areas of 2–3 cm hail, and smaller areas of the largest hail (Figure 3a). In fact, such reduced amounts of
hail ≥5 cm and the complete lack of 6‐cm hail in the factual simulations suggest that especially favorable
conditions were required to yield these largest hail sizes in the REF simulation. Thus, our primary reference for

Figure 3. Histogram of cumulative area (km2) for the factual (left column) and counter‐factual (right column) simulations of:
(a, b) hourlyWRF‐simulated maximum hail size (cm) near the ground, (c, d) hourlyWRF‐simulated maximum hail size (cm)
aloft, and (e, f) hourly WRF‐simulated maximum updraft speed (m s− 1) in the vertical column. Colors indicate individual
simulations, with the bold line representing the reference simulation (REF). Low‐end thresholds were applied to each set of
analyses.
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comparison hereinafter will be areas of hail ≥3 cm (although later we will also consider hail ≥5 cm). We find that
the counter‐factual simulations exhibit a tendency for the generation of smaller areas of hail at all sizes relative to
the REF simulation, but especially for diameters ≥3 cm (Figure 3b), and with larger differences than evident
within the factual ensemble (Figure 3a). Using the Mann‐Whitney‐U test, the differences in such areas of hail ≥3‐
cm between the factual and counter‐factual simulations are statistically significant (p‐value ∼ 10− 6). The gen-
eration of less large hail in the counter‐factual simulations is consistent with the hypothesis stated in Section 2 and
thus with theoretical arguments regarding hail growth (Raupach et al., 2021). The generation of less small hail in
the counter‐factual environments is unexpected considering that the absence of ACC would be assumed to result
in a relatively lower melting level height and thus less melting of small hail. However, the domain‐averaged
height of the environmental zero‐degree wet bulb temperature (WBZ), which is considered to be the actual
height below which hail would begin to melt, is only slightly lower in the counter‐factual simulations (ensemble
mean of 3,485 m) than in the factual simulations (ensemble mean of 3,577 m) (Figure S4 in Supporting Infor-
mation S1), with a statistically significant difference (p‐value ∼ 10− 4). These small differences in WBZ between
the factual and counter‐factual simulations are consistent with the minor difference in the melting of small hail in
the two ensembles.

One possible explanation is that all sizes of hailstones are reduced in the counter‐factual environments simply
because those storms were generally not as favorable for producing hail of any sizes, irrespective of melting that
may occur. An evaluation of hail generation aloft via theWRFmodel diagnosticHAIL_MAX2D helps address this
possible explanation (Figures 3c and 3d). As revealed by the local peaks of this diagnosed maximum hail diameter
within each grid column over the 36‐hr integration, the amount (area) of hail of any size in the counter‐factual
simulations is generally less, and often far less, than in the REF and factual simulations, especially for sizes
≥3 cm (Figures 3c and 3d). Indeed, as with hail near the ground, the differences in areas of ≥3‐cm hail aloft
between the factual and counter‐factual simulations are statistically significant (p‐value ∼ 10− 6). A plausible
explanation is that the area of intense updraft cores (i.e., grid points over the 36‐hr integration where updraft
speeds exceed 25 m s− 1, as diagnosed using the WRF model diagnotic W_UP_MAX) potentially contributing to
the hail generation are also fewer in the counter‐factual simulations at statistically significant levels (p‐value ∼
10− 6) (Figures 3e and 3f).

Analyses of the environmental conditions at 1400 UTC, which corresponds to the time just prior to the initiation
of deep convection in the model simulations, provides further insight. First, consistent with our hypothesis and
with the simulated maximum updraft speeds (Figures 3e and 3f), the domain‐averaged most‐unstable (MU)
CAPE is higher across the factual simulations (ensemble mean and standard deviation of 2164 J kg− 1 and
17 J kg− 1 respectively) than across the counterfactual simulations (ensemble mean and standard deviation of
1955 J kg− 1 and 173 J kg− 1 respectively) (Figure S5 in Supporting Information S1). The relatively high standard
deviation in the counter‐factual ensemble is noteworthy and reflected in the high variability of updraft speed area
as well as areas of hail aloft and near the ground in these simulations. The difference in CAPE between the factual
and counter‐factual simulations is statistically significant (p‐value ∼ 10− 6), although values in both sets of
simulations would be viewed as supportive of hail‐generating convective storms (Barras et al., 2021). Likewise,
the environmental vertical wind shear over the 0–6 km layer (S06; see Trapp, 2013) would also be viewed as
supportive of hail in both sets of simulations, with domain‐averaged values of 22.3 m s− 1 and 23.0 m s− 1 (and
standard deviations of 0.25 m s− 1 and 2.15 m s− 1), respectively (Figure S6 in Supporting Information S1), for the
factual and counter‐factual ensembles. The slightly lower S06 in the factual environments is consistent with
theoretical arguments (e.g., Trapp et al., 2007) and climate model analyses (e.g., Diffenbaugh et al., 2013),
although the difference in domain‐averaged S06 between the factual and counter‐factual ensembles is not sta-
tistically significant (p‐value= 0.07). Summarizing, the factual and counter‐factual environments alike supported
the generation of hail in simulations of the 28 June 2021 event over Switzerland, but consistent with theory, the
area of severe hailfall was more extensive in the factual simulations, or in other words, those without removal
of ACC.

We can now quantify these differences between the factual and counter‐factual simulations in storyline terms.
Here we use the fraction of attributable risk (FAR) (Allen, 2003),

FAR =
p1 − p0

p1
(2)
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where p1 and p0 are, respectively, the factual and counter‐factual probabilities of a specific occurrence across the
relevant ensembles. There are countless ways of framing these probabilities; we used the cumulative areas of
near‐ground hail ≥3 cm (A3cm) and ≥5 cm (A5cm) (e.g., Figures 3a and 3b). For reference, the diameter threshold
of 3 cm is sufficient to cause small dents in the soft metal of vehicles (Hohl et al., 2002); the diameter threshold of
5 cm (equivalent to “significantly severe” hail in the United States) can damage the windows of vehicles and
destroy roof tiles (e.g., see Schmid et al., 2024). Therefore, these thresholds and associated areal metrics are
relevant to the record number of vehicle‐ and building‐damage insurance claims with this event.

We specifically used A3cm,REF (=1356 km2), and A5cm,REF (=110 km2), which are the areas in the REF simulation,
to determine p1 and p0. However, because A3cm < A3cm,REF and A5cm < A5cm,REF for all simulations in the
respective factual and counter factual ensemble (Figures 3a and 3b), we introduced a proportionality factor ε and
then evaluated the counterfactual and factual probabilities as Pr{A3cm ≥ ε A3cm,REF} and Pr{A5cm ≥ ε A5cm,REF}

for a range of proportionality factors, ε = 0.1,…0.9. Thus, the attribution is framed in terms of proportions of
hail areas relative to the REF simulation.

As indicated in Figure 4, FAR has a peak value of 0.9 when the area of 3‐cm hail is 949 km2 (Figure 4a) and has a
peak value of 0.8 when the area of 5‐cm hail is 33 km2 (Figure 4b). Following Hannart et al. (2016), we interpret
these results to mean that given a large‐scale meteorological environment like that on 28 June 2021 in
Switzerland, there is a 90% probability that 3‐cm hail over an area of at least 949 km2 can be attributed to ACC,
and an 80% probability that 5‐cm hail over an area of at least 33 km2 can be attributed to ACC. We can addi-
tionally interpret the smaller values of FAR in Figure 4 to mean that the probability is much lower that only small
areas of these two hail categories can be attributed to ACC.

4. Conclusions and Discussion
A storyline approach using high‐resolution model simulations suggests that the impact of the historic 28 June
2021 hailstorm in Switzerland was exacerbated due to anthropogenic climate change over the past 150 years.
Specifically, the geographical area covered by hail of diameters exceeding 3 and 5 cm appears to have been
increased by the meteorological changes attributable to anthropogenic climate change. In a highly populated city
like Zurich, Switzerland and its immediate surroundings, such expanded coverage of severe hail can have
disastrous consequences.

This conclusion is consistent with arguments based on the physical processes governing the intensity of hail‐
generating convective storms. Specifically, the CAPE prior to storm formation, and the updraft speeds within
the subsequent storms, were significantly lower in the simulations without ACC. Analysis of the in‐cloud hail size
distribution showed that the changes in CAPE and updraft speeds were more relevant than the minor decrease in
melting level height. The conclusion is also consistent with the recent results of Martín et al. (2024), who applied a
similar methodology to investigate how an extreme hail event in Spain might have been realized in a pre‐industrial
climate.

Figure 4. Fraction of attributable risk (FAR) as a function of the cumulative area of (a) 3‐cm hail and (b) 5‐cm hail.
Probability p1 is zero, and thus FAR is undefined, for the points not shown.
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We acknowledge that this modeling methodology, which is an adaptation of PGW, has limitations. In particular, it
is a function of how the climate change signal is calculated and then removed from the meteorological forcing of
the event. We chose herein to calculate this signal using differences between monthly means averaged over (near)
current‐day and pre‐industrial time slices; this difference was meant to represent the average climate change
effectively over the past 150 years. One could conceive of countless other ways to approach the calculation,
including through the use of different time‐averaging lengths, and/or over different time slices, and/or with
constraints on days included in the time slice so that only tail conditions are represented. One could have also used
additional GCMs and/or different ensemble members of the GCM experiments. Finally, different methodological
approaches in obtaining and imposing the signal (e.g., Leach et al., 2024) could have been followed, if relevant to
the scale of this event. Our sense based on the trajectory of our experimentation as well as on physical arguments
stated in Section 2 is that the use of different climate change signals would change the details of the results but not
the overall conclusion.

Despite these and the additional limitation of the computational expense of high‐resolution regional model
simulations, we advocate for this methodology because it offers a straightforward separation of cause and effect,
which includes consideration of the underlying physical processes. We note here that for the 28 June 2021
hailstorm, the processes involving environmental buoyancy appeared to be of primary importance, but the PGW‐
based methodology should prove useful when other processes are dominant, including those related to convection
initiation (CIN and triggering) and environmental vertical wind shear. Nevertheless, machine learning–based
approaches (Trok et al., 2024) may also be an additional option for future studies. The availability of these
collective tools indicates that rapid attribution studies of other extreme thunderstorm events of particular interest
now seem feasible.

Data Availability Statement
The ERA5 reanalysis data used in this study are available at Hersbach et al. (2023). The GCMdata sets used in this
study are available through the Earth System Grid Federation (e.g., https://esgf‐node.llnl.gov/projects/cmip6/),
using these search criteria: Models: BCC‐ESM1, CanESM5, CNRM‐ESM2, MIROC6, MPI‐ESM1, and MRI‐
ESM2; Experiments: historical and piControl; Ensemble: r1i1p1; Realm: atmos; and Time Frequency: monthly.
The WRF model is available at https://www2.mmm.ucar.edu/wrf/users/, WRF namelists used to generate all
simulations can be obtained at https://github.com/rjtrapp/attribution, and ic/bc files for all WRF simulation are
found at Trapp (2025).
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