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Abstract: Winter wheat, the primary grain grown in Switzerland plays a crucial role for domestic food security. It is typi-
cally harvested in July and early August, roughly coinciding with the peak of the hail season. Recent global warming has 
led to earlier harvest dates, thus shortening the time window during which wheat is potentially exposed to hail. At the same 
time, the frequency of hailstorms in Switzerland has increased. In view of these two opposing trends, the question arises 
as to whether the risk of hail damage to wheat has decreased or increased over the past few decades. To address this ques-
tion and evaluate the relative importance of the two trends, we combined wheat phenology simulated with the World Food 
Studies (WOFOST) model with a reconstruction of the seasonal distribution of hail days over the periods 1972–1991 and 
2002–2021. We find that across Switzerland, harvest dates advanced by an average of 13.4 days between 1972–1991 and 
2002–2021, while the mean number of hail days during wheat’s growing season increased from 0.79 to 1.12. Thus, while 
early harvests have potentially reduced hail risk by 13%, the significant 55% increase in hail frequency has offset this 
benefit, resulting in a net 42% increase in hail risk. It is beyond doubt that efforts are needed to enhance the agricultural 
sector’s resilience against increasing hail damage risks. Our findings emphasize the importance of quantitative assessments 
that combine the development of hail scenarios, on the one hand, and crop growth modeling, on the other.
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1	 Introduction

In Switzerland, as in other parts of Europe and the world, 
hail is a major threat to agricultural production (Schiesser 
1990; Kopp et al. 2022; Portmann et al. 2024). The Swiss 
hail season starts in April, peaks in July, and ends in 
September (Nisi et al. 2016; Schroeer et al. 2022), aligning 
with the growing season of most major crops. Winter wheat 
grain setting, formation and ripening occur during June and 
July. Physiological maturity is reached around mid of July, 
while harvest typically takes place at the end of July, begin-
ning of August. Important phenological stages are therefore 
critically exposed to the risk of damage through hail. Winter 
wheat constitutes Switzerland’s main cereal crop, contribut-
ing approximately 50% of national cereal production (Swiss 
Granum 2023).

It is well established that the increase in temperature caused 
by climate change accelerates the phenological cycle of wheat 
and other annual crops (Menzel et al. 2006; Olesen et al. 2012; 
Mo et al. 2016). There is evidence that the anthesis (flower-
ing) and maturity dates of winter wheat have advanced several 
days per decade in different regions of the world (Mo et al. 
2016; Rezaei et al. 2018). This trend is projected to continue 
in the future (Olesen et  al. 2012). This temperature-driven 
phenological advancement can, at least partially, reduce heat 
stress during anthesis (Rogger et al. 2021). It may also help 
wheat avoid periods of water shortage (Le Roux et al. 2024) 
or reduce the risk of pests and pathogens during flowering 
(Sheehan & Bentley 2021) and could also reduce the time 
window in which wheat can be damaged by hail.

The role of climate change on hail occurrence and associ-
ated crop damaging potential is complex as several factors 
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play a key role (Raupach et al. 2021). Thermodynamically, 
large hailstones in individual storms are expected to become 
more frequent under climate change due to stronger updrafts 
and increased moisture availability. High-resolution model 
experiments of individual storms support this expectation 
(e.g. Mallinson et  al. 2024). In addition, recent Europe-
wide convection permitting simulations over a full decade 
show that hail frequencies are expected to decrease over 
Southwestern Europe and increase in Central and Northeast 
Europe, including Switzerland (Thurnherr et  al. 2025). 
Detailed observational records of hailfall in time and space in 
Switzerland have been available only since 2002 (Schroeer 
et  al. 2022) and past hail trends have often been assessed 
based on proxies, i.e. statistical relationships between atmo-
spheric reanalysis or satellite imagery and hail occurrence 
(Punge et  al. 2017; Raupach et  al. 2023; Wilhelm et  al. 
2024). Using such an approach, Wilhelm et al. (2024) found 
a significant positive trend in the number of annual hail days 
in Switzerland, amounting to roughly 3–4 additional days 
per decade from 1959 to 2022. This suggests that the risk 
of hail damages to wheat could have increased in spite of 
earlier harvest dates.

Here, we address this hypothesis in quantitative terms. 
We evaluate changes in wheat phenology and hail occurrence 
since 1972 and examine their implications for the risk of hail 
damages to wheat in Switzerland. We employ a crop growth 
model to simulate winter wheat harvest dates over the past 
50 years at 1 × 1 km spatial resolution. The modeled harvest 
dates are then combined with a radar-based climatology of 
crop-damaging hail for 2002–2021 (Schroeer et  al. 2022; 
Portmann et al. 2024) and a recent multi-year reconstruction 
of hail events in Switzerland by Wilhelm et al. (2024). This 
allows us to balance the risk reduction due to earlier harvest 
dates on the one hand, and the increased risk caused by more 
frequent hail events over the last 50 years on the other.

The remainder of this article is structured as follows. 
First, the phenological data and modeling approach as 
well as the hail data and risk quantification are introduced 
(Section 2). In Section 3.1, the results of the model calibra-
tion and validation are presented followed by a discussion 
of the modeled spatio-temporal characteristics of harvest 
dates in Section 3.2. Then, changes in hail risk for winter 
wheat in Switzerland since 1972 are presented, including the 
separate contributions of earlier harvests and increasing hail 

Fig. 1.  Geographical map of the study region showing wheat field density (grey shading), sites of wheat field trials to calibrate the 
phenological model (red diamonds), locations of historical harvest observations (black crosses), and radar locations (brown circles). 
The inset at the top right shows the region for which Wilhelm et al. (2024) reconstructed historical hail days.
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frequency in Section 3.3. This is followed by a discussion 
(Section 4) and conclusions (Section 5).

2	 Material and methods

2.1	 Wheat cultivation areas
To outline wheat production areas (Fig. 1) we used a gridded 
dataset at 1 × 1 km spatial resolution assembled by Portmann 
et al. (2024). The data contain the total number of fields and 
the total acreage of the four field crops wheat, barley, maize, 
and rapeseed and are valid for the year 2021. We assumed 
that the total acreage of the four crops is a good approxima-
tion of the wheat acreage, since wheat is the most important 
crop in Switzerland. We further assumed that the spatial dis-
tribution of the wheat cultivated area remained unchanged 
during the last decades. This assumption is questionable, but 
the lack of detailed spatial data extending back to the early 
1970s precluded a more detailed reconstruction of the tem-
poral evolution of the wheat cultivation area.

2.2	 Phenological data
Data on wheat heading and harvest dates for the calibration 
of the phenological model were obtained from the records 
of the preliminary field trials of the Swiss federal agricul-
tural research institute Agroscope/DSP breeding program and 
the official variety testing trials carried out across the Swiss 
Plateau (Fig. 1). These data were previously used by Rogger 
et al. (2021) in a study investigating the implications of cli-
mate change for heat stress in wheat. As our goal was not to 
precisely calibrate the phenological model for different variet-
ies but rather to obtain a representative phenology, for the pres-
ent analysis we considered only the wheat variety Arina. This 
variety was introduced in the early 1980s and has been culti-
vated ever since, reaching a share of the wheat cropping area 
of approximately 70% in the late 1980s and 1990s (Fossati & 
Brabant 2003). Phenological data for this variety were avail-
able for 14 locations and 19 years (2000–2018) (Fig. 1). The 
data were geocoded as day-of-year (DOY) at postcode level, 
as the exact location of the test sites was not disclosed.

Completely independent phenological data for model 
verification were extracted from the database of the 
Swiss Federal Office of Meteorology and Climatology 
(MeteoSwiss). The data originate from a network established 
by MeteoSwiss in the 1950s to monitor plant phenology in 
both wild plants and crops. However, phenological observa-
tions on crops were discontinued in 1996 (Defila et al. 2016). 
Data collected for our work contain harvest dates from 74 
locations (Fig.  1) covering the period between 1972 and 
1995, with time records spanning between 1 and 24 years, 
depending on location.

2.3	 Modeling wheat phenology
To simulate the development of winter wheat, we opted for 
the WOrld FOod STudies (WOFOST) model. In WOFOST, 

the developmental rate of wheat is modeled as a crop- and 
cultivar specific function of ambient temperature, modified 
by a factor that depends on length of day, which is relevant 
for crops characterized by photosensitive developmental 
stages, such as wheat (Wit et al. 2019). The model tracks the 
phenological evolution using a dimensionless state variable 
DVS (development stage) which, for annual crops, takes a 
value of 0 at seedling emergence, a value of 1 at flowering 
and a value of 2 at maturity (Ceglar et al. 2019). We assumed 
harvest to occur at maturity, although it is important to note 
that in practice these two events do not necessarily match, 
especially when unfavorable weather prompt farmers to 
anticipate or delay the harvest.

Following Graf (2024), we calibrated WOFOST’s phe-
nology by optimizing the effective temperature sum needed 
to reach the heading stage (Tsum1) and the effective temper-
ature sum needed to reach physiological maturity (Tsum2). 
All other model parameters were extracted from the Python 
Crop Simulation Environment (PCSE) database specifying 
the “Winter_Wheat_105” parameter set as target. We first 
calibrated Tsum1 within a parameter interval of 700 °C to 
900 °C by minimizing the root-mean square error (RMSE) 
between modeled and observed heading dates. Next, we 
calibrated Tsum2 within a parameter interval of 950 °C to 
1050 °C, choosing the optimal value Tsum1 from the first 
calibration step to initialize the temperature accumulation 
between heading and maturity. Both calibration steps were 
implemented using the Powell bound-constrained optimizer 
from “scipy.optimize.minimize” in Python 3.10.

After calibration, we ran WOFOST on all 1 × 1 km grid 
cells assigned to wheat cropping as described in Section 2.1 
(n = 12717). The simulations spanned 50 consecutive grow-
ing seasons from 1972 to 2021. The same sowing date 
(October  15) was prescribed in all years. This choice is 
based on Graf (2024), who demonstrated that, owing to the 
effects of vernalization, spring and summer phenology are 
unaffected (≤ 1 day) by moderate shifts in sowing date. If 
maturity was not reached after 330 days, the simulation was 
stopped and the harvest date set to a missing value.

Daily data of the minimum (Tmind) and maximum (Tmaxd) 
temperature at 1 × 1 km spatial resolution required as input 
to WOFOST were extracted from the spatial climate analy-
ses obtained from MeteoSwiss. The latter were developed 
by statistical interpolation of weather station measurements, 
taking into account topographic effects (Frei 2014).

2.4	 Hail occurrence
We derived a daily climatology of crop-damaging hail days 
for 2002–2021, following the approach of Portmann et  al. 
(2024). This method is based on the operational C-band 
radar data from MeteoSwiss’s five operational radar stations 
(Fig. 1) and uses the Maximum Expected Severe Hail Size 
(MESHS) as a proxy for hail occurrence (Witt et al. 1998). 
Following the recommendation in Portmann et  al. (2024), 
we adopted a MESHS threshold of 34 mm to identify crop-
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damaging hail situations. The threshold of 34 mm minimizes 
the frequency bias (i.e., the over-  or underprediction of 
damages), which is particularly relevant for climatological 
analyses as performed here. Further, we reduced the spatial 
resolution from 1 × 1 km to 8 × 8 km to increase the robust-
ness of our estimates (Fig. 2a) and applied a 61-day running 
filter to smooth the resulting climatology at each grid point 
(Fig. 2b). According to Portmann et al. (2024), coarsening 
the spatial resolution of MESHS to 8 km yields better skill in 
modeling the occurrence of hail damage compared to 1 km 
mainly because uncertainties in the radar data, e.g., due to 
horizontal hail drift are better accounted for.

Since spatially explicit information on hail was not avail-
able for the years before 2002, we inferred a climatology 
of crop-damaging hail days for 1972–1991 by multiplying 
the radar based climatology for 2002–2021 with a constant 
conversion factor to account for the increase in hail days 
over the last decades. We determined the latter based on 
the statistical reconstruction of hail days for Switzerland by 
Wilhelm et al. (2024), which covers the period 1959–2022. 
This dataset contains a daily time series of hail occurrence 
valid for whole Northern Switzerland. To compute the con-
version factor, we first evaluated the mean seasonal distri-
bution of hail days for each of the two periods in question 
(1972–1991 and 2002–2021), smoothed the resulting curves 
with a 61-day running filter, integrated over time to derive the 
cumulative numbers of hail days, and computed daily ratios 
of the cumulative hail days (1972–1991 against 2002–2021). 

The procedure is illustrated in Fig. 3. As seen in this figure, 
for DOY  >  120, the daily ratios do not vary significantly, 
allowing us to adopt an average conversion factor of 0.62 
(DOY 120 to 274).

2.5	 Assessing hail risk
To assess hail risk (d), we used the total number of crop-
damaging hail days from the start of the hail season (April 1) 
to the modeled harvest date. We evaluated this measure at 
each grid-point by integrating the corresponding smoothed 
seasonal distribution of hail probabilities. We first calcu-
lated the total change in risk, ∆dtot, as the difference between 
total number of hail days during the growing-season of the 
years 2002–2021 and total growing-season hail days of the 
years 1972–1991, and then partitioned this total risk change 
into a contribution from the change in harvest date, ∆dhvst, 
and a contribution associated with increasing probability of 
hail, ∆dhail. As illustrated in the schematic representation in 
Fig. 4, the total risk during the first period (1972–1991) is 
given by:

dpast = d∗ + Δdhvst	 (2.1)

(the sum of the grey and blue areas in the first panel of 
this figure) whereas the total risk during the second period 
(2002–2021) is given by:

dpres = d∗ + Δdhail	 (2.2)

Fig. 2.  (a) Annual number of crop-damaging hail days at 8 km averaged over the period 2002–2021, (b) raw (grey) and the smoothed 
climatology using a 61-day running average (black) of the daily probability of hail at the grid point marked with a black cross in 
panel (a), and (c) cumulative number of hail days at that grid point.
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Fig. 3.  (a) Annual average number of hail days (light colors) and a 61-day running average (dark colors) North of the Alps for the 
past period 1972–1991 (blue) and the present period 2002–2021 (red). (b) The same as (a) but cumulative number of hail days. 
(c) Cumulative number of hail days for 1972–1991 divided by cumulative hail days 2002–2021 (conversion factor) derived from 
unsmoothed annual averages (grey) and 61-day running average (black).
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Fig. 4.  Schematic depiction of the quantification of risk in this study showing (a) daily probabilities of hail and (b) cumulative number 
of hail days at a grid point for the present (red) and the past (blue) periods. Risk is quantified as the time integral over the daily prob-
abilities, i.e., the cumulative number of hail days until the harvest date and can be expressed as sum of the labeled areas in panel (a), 
see text for details.
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(the sum of the grey and red areas). In these two equations, the 
grey area d∗ represents the integral of the past (1972–1991) 
hail days up to the current (i.e., 2002–2021) harvest date. 
Hence, the change in risk between past (1972–1991) and 
present (2002–2021) is given by:

Δdtot = dpres – dpast = Δdhail – Δdhvst	 (2.3)

which is what we intended to show. Eventually, all involved 
terms can be computed directly from the cumulative hail 
days at each grid point (Fig. 2c), as illustrated in Fig. 4b.

3	 Results

3.1	 WOFOST calibration and validation
The calibration of the phenology module in WOFOST with 
data from field trials gave values of 832 °C for Tsum1 and 
973 °C for Tsum2. Calibration results showed a coefficient 
of determination (R2) of 0.59, a bias (BIAS) of 0.5 days 
and root-mean square error (RMSE) of 5.4 days (Fig.  5a). 
Corresponding statistics obtained during model valida-
tion on the 1972–1995 data set from MeteoSwiss were of 
R2 = 0.57, BIAS = −2.7 days and RMSE = 9.0 days, respec-
tively (Fig. 5b). Factors that could explain the lower overall 
performance during validation are in particular the lack of 
information concerning varietal choices and other manage-

ment decisions as well as lack of information concerning data 
collection protocols and data quality control during the ear-
lier collection phase of these verification data. Furthermore, 
validation results showed considerable variation across sites: 
locations in Western Switzerland are mostly characterized by 
a good model performance (R2 0.7, RMSE 5 days), while sites 
in Central and Eastern Switzerland showed less satisfactory 
model performance (R2 < 0.4, RMSE > 5 days) (not shown). 
Again, this could be due to diverging varietal choices and 
management practices in different regions.

3.2	 Temporal evolution of wheat harvest
Averaged across all grid cells, there was a clear shift to earlier 
harvests over the past 50 years (Fig. 6), with harvest occur-
ring 13.4 days earlier in 2002–2021 than in 1972–1991. In 
addition to the trend, Fig.  6 suggests that there were sub-
stantial geographical variations in harvest dates (variability 
range in grey in this figure), amounting to a time-averaged 
(1972–2001) spatial standard deviation of 7.6 days.

Next, consideration is given to the geographical patterns 
of harvest dates as well as their long-term shifts (Fig.  7). 
Focusing on the past period (Fig. 7a), regions with earlier and 
regions with later harvest dates can be identified. As discussed 
in Graf (2024) in relation to wheat heading dates, these spa-
tial patterns mainly emerge as a result of topography: Earlier 
harvest dates are found in warmer regions at lower elevations, 
and later harvest dates in colder regions at higher elevations. 

Fig. 5.  Simulated vs. observed wheat harvest dates for (a) model calibration with data from field trials and (b) model validation with 
MeteoSwiss phenological observations.
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Similar patterns appear also in the spatial distribution of har-
vest dates for the more recent time window (Fig. 7b).

Focusing on the change in harvest dates between the two 
periods (Fig. 7c), we find distinct spatial patterns in the over-
all advancement in relation to heading dates. Graf (2024) 
pointed out that the trend is a function of elevation, because in 
colder regions at higher elevations the warming that occurred 
since the early 1970s was stronger than in warmer regions at 
lower elevations, resulting in a stronger advancement in har-
vest dates at higher locations. Accordingly, the advancement 
varied from 4–6 days over the main central Plateau to more 
than 20 days in the hill zone of the Pre-Alpes. These results 
emphasize the importance of accounting for the spatial varia-
tion of harvest dates in assessing hail risk.

3.3	 Hail risk
Combining modeled harvest dates with the climatological 
hail frequencies (Section 2.4) as outlined in Section 2.5 yields 
geographical distributions of past (1972–1991) and present 
(2002–2021) hail risk, dpast and dpres, respectively, as pre-
sented in Fig. 8. Both maps indicate large hail risk along the 
Pre-Alps and in the Jura mountains, with values of around 
1.5–2.0 hail days during 1972–1991, and 2–2.5 hail days dur-
ing 2002–2021. These regions are characterized by a com-
bination of late harvest dates due to colder temperatures at 
higher elevations and frequent hail occurrence. High values 
of hail risk are also found in Southern Switzerland (Ticino, 
1–2.5 hail days during 2002–2021), a climatically mild region 

characterized by early harvest dates but high frequency of 
hail occurrence. In the belt extending from Lake Geneva to 
Northeastern Switzerland, low annual hail frequencies are 
combined with comparatively early harvests, resulting in low 
hail risk (< 1 hail days during 2002–2021). Hail risk is partic-
ularly low in the inner alpine valleys (Valais and the Grisons), 
mainly as a result of rare hail occurrence.

Visual comparison of the two maps in Fig.  8 suggests 
an increase in the number of hail days by about 0.5. A more 
detailed analysis of the change in hail risk and its causes 
is presented in Fig.  9. The total change in hail risk, ∆dtot 
(Fig.  9a), shows distinct geographical patterns with the 
largest changes in regions characterized by high hail risk. 
Note that this is an immediate result of estimating past 
hail frequencies with a spatially constant conversion fac-
tor (Section 2.4), which evidently produces large changes at 
locations with high hail frequencies. The risk reduction due 
to earlier harvests, ∆dhvst (Fig. 9b), also tends to be high in 
magnitude where hail frequencies are high (Pre-Alps, Jura, 
and Ticino). This matches the expectation from the defini-
tion of ∆dhvst as shown in Fig. 4. Overall, however, the total 
signal, ∆dtot, reflects the change in hail frequency, ∆dhail, 
with ∆dhvst only acting to slightly dampen the spatial struc-
ture imposed by ∆dhail (Fig. 9c). On average, hail risk has 
increased from 0.79 days during 1972–1991 to 1.12 days 
during 2002–2021. Increasing hail frequencies have added 
0.43 days to hail risk, while earlier harvests have decreased 
it by 0.1 days over the same period.

Fig. 6.  Mean (black line) and standard deviation (gray shading) of modeled harvest dates considering all grid points for the period 
1972–2021. Red horizontal lines indicate the average harvest date for the past (1972–1991) and the present (2002–2021) reference 
periods used in this study.

300        Raphael Portmann et al.



Fig. 7.  Maps of the mean harvest dates for a) the past (1972–1991) and b) the present (2002–2021) period as well as c) the change 
between the two periods.
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To better understand these latter results, in Fig. 10, we 
plot ∆dhail, ∆dhvst and ∆dtot as a function of both harvest 
date as well as hail risk. In this figure, isolines were added 
to the scatterplots using the same color scheme to aid inter-
pretation. The isolines were obtained by running a simpli-
fied model, in which the seasonal distribution of hail days in 
Fig. 3 was approximated with a bell-shaped function (loca-
tion parameter = 185, scale parameter = 37.5 days) and the 
shift in harvest date was modelled as a linear function of 
the harvest date (intercept = 22, slope = −0.17) based on a 
regression of the WOFOST output. In these plots, the distri-
bution of points across the quadrant spanned by the x- and 
y-axes suggests a positive relationship between annual num-
ber of hail days and harvest date. This is because regions at 
higher elevations with later harvests (i.e., Pre-Alps, Jura) are 
also hail hotspots, while warmer, lower-lying regions with 
earlier harvests (Swiss Plateau, region around Lake Geneva) 
tend to be less hail-prone. A notable exception is the Ticino 
south of the Alps with high hail frequencies but early harvest 
dates, represented by the dots in the top left of the diagrams. 
Contrasting the points and isolines with respect to the colors 
indicates that the simiplified model captures the basic behav-
iour of ∆dhail, ∆dhvst and ∆dtot as a function of the harvest 
date and the number of hail days.

As seen in Fig. 10a, the increase in hail risk caused by 
the increase in hail frequency is larger for later harvest dates 
(longer growing season). The reduction in risk associated 
with the advancement of the harvest date (∆dhvst, Fig. 10b) 
is larger for higher hail frequencies (given the same shift in 
harvest date, the blue area in Fig. 4a is larger the higher the 
overall probability of hail). For a given (annual) hail fre-

quency ∆dhvst is shaped by two aspects (cf. the blue area in 
Fig. 4a): First, the shift in harvest date ∆t is larger at sites with 
later harvests, contributing to an increase in ∆dhvst. Second 
and more important, ∆dhvst is larger the closer the harvest 
date is to the peak of the hail season. Hence, ∆dhvst peaks for 
harvest dates around DOY 200. Finally, as the total change 
in risk, ∆dtot = ∆dhail − ∆dhvst, is dominated by ∆dhail, the 
general trend observed in Fig. 10c for ∆dtot is similar, though 
slightly more pronounced, than the general trend observed 
in Fig.  10a for ∆dhail. For late harvest dates and high hail 
frequencies (top right of the diagram) the total change in risk 
depends roughly equally on both variables. For early harvest 
dates and high frequencies (top left), dependence on harvest 
date is larger than dependence on hail frequency. Finally, for 
low hail frequencies (bottom part) dependence on harvest 
date is very small.

4	 Discussion

In this study, we examined the implications of the changes in 
wheat phenology and hail frequency over the past 50 years in 
Switzerland for the risk of hail damage to wheat, addressing 
in particular the question of whether shorter growing seasons 
associated with positive temperature trends may have contrib-
uted to reducing the hail risk of winter wheat. We found that 
despite the strong advancement of the harvest dates by about 
2 weeks on average between 1972–1991 and 2002–2021, for 
a large fraction of the wheat cultivation area the accompany-
ing reduction in hail risk was not enough to compensate for 
the increased risk due to more frequent hail occurrence over 

Fig. 8.  Hail risk quantified as the mean number of crop-damaging hail days from the beginning of the hail season to harvest (d) for 
a) the past (1972–1991) and b) the present (2001–2021) period.
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Fig. 9.  Total change in hail risk from past to present (∆dtot), the 
reduction due to earlier harvests (−∆dhvst), and the increase due 
to more frequent hail occurrence (∆dhail).

the same time period (roughly + 50%). We are not aware of 
any other study investigating the interplay between shifts in 
crop phenology and changes in climatic threats with respect 
to hail. Nonetheless, we note that earlier studies focusing 
on heat stress or water deficit also indicated that risk reduc-
tion induced by earlier harvests tends to be outweighed by 
increased frequencies of these hazards under climate change 
(e.g., Rogger et al. 2021; Le Roux et al. 2024). 

Our findings are based on radar-derived hail frequen-
cies, along with modeled harvest dates. Both, hail frequency 
estimates and simulated harvest dates are subject to uncer-
tainties and assumptions, which are discussed in the fol-
lowing. First, the MESHS hail detection algorithm suffers 
from a large number of false alarms (e.g., Nisi et al. 2016; 
Schmid et  al. 2024). We partly addressed this problem by 
aggregating the original signal to a coarser spatial resolution 
(decreasing it from 1 to 8 km) and by employing a MESHS 
detection threshold that yields a frequency bias of around 
one (Portmann et al. 2024). In this way, we were able to cor-
rect false alarms, at least on average. A similar approach was 
used by Warren et al. (2020).

Another important limitation of our study was the recon-
struction of a hail climatology for the earlier period (1972–1991) 
by multiplying present hail frequencies (2002–2021) with a 
spatially constant conversion factor. This automatically gener-
ates large changes in hail frequencies in regions with frequent 
hail occurrence, which may not accurately reflect historical 
trends. Again, we can only stress the fact that the approach was 
dictated by the limited amount of historical data.

The conversion factor used to map the present spatial dis-
tribution of hail days into a past distribution of hail days was 
derived from the results of Wilhelm et al. (2024). Although 
these authors considered a slightly different hail detection 
algorithm (Probability Of Hail, POH) rather than MESHS in 
their analysis, we assumed that average changes in POH and 
MESHS frequencies are comparable. Our justification for 
this choice is that both radar products are derived from the 
radar signal in a similar way, i.e., by considering the differ-
ence between the height of melting level and the height a of a 
specified reflectivity level (Waldvogel et al. 1979). Although 
the details of the derivations are different, we expect that the 
conversion factor would not have differed substantially if the 
time series presented by Wilhelm et al. (2024) had instead 
been recalibrated using MESHS. Eventually, both radar 
algorithms capture severe hail days.

Turning to the modelling of harvest dates, a key limi-
tation of our study is that only one wheat variety (Arina) 
was considered, while in practice cultivated wheat varieties 
have varied over time, with a tendency to favor early matu-
rity varieties in recent years (Rezaei et al. 2018). Hence, it is 
possible that trends in harvest dates estimated in the present 
analysis are not fully representative of the actual trends in 
harvest dates that occurred in the recent past across the Swiss 
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Fig. 10.  Scatter plots showing total annual number of hail days as a function of present day wheat harvest dates (tpres with dots coloured 
by (a) ∆dhail (b) ∆dhvst, and (c) ∆dtot = ∆dhail − ∆dhvst. The lines show the theoretical behaviour expected when the daily probability of hail 
is approximated with a Gaussian normal distribution and the change in harvest dates as a linear function of present day harvest dates.
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territory. Further uncertainties concerning wheat phenology 
stem from the choice of running WOFOST with constant 
sowing date and standard values of the parameters control-
ling vernalization (i.e., exposure to cold temperatures pro-
viding the requirements for regrowth in spring). In reality, 
the latter also depend on wheat variety (Ceglar et al. 2019) 
and clearly further work is necessary to shed light on the 
impact of these approximations for the assessment of chang-
ing hail risk for wheat cultivation in Switzerland.

5	 Conclusions

In Switzerland, advancement of wheat harvest dates observed 
during the past 50 years has reduced hail risk by 13% via a 
shortening of the time period during which wheat is exposed 
to hail. However, this was not sufficient to compensate for 
the concurrent 55% increase in hail frequency. Although we 
considered only one wheat variety (Arina) representing, at 
the time of writing, a small fraction of cultivated wheat vari-
eties (less than 1.5% of sold seeds), we expect that the out-
comes of our analysis are of general validity. Arina has been 
the main cultivar for at least two decades (see Section 2.2) 
and the heading date of current cultivars is on average only 
about 1.5 to 2 days earlier than Arina.

Because earlier harvest dates imply reduced exposure to 
hail, the introduction of early maturity wheat varieties that 
can be harvested earlier in the hail season could help par-
tially prevent the risk of hail damage in wheat. A prelimi-
nary assessment of the potential benefits of early maturity 
varieties could be carried out with the help of the diagrams 
presented in Fig. 10. Our findings indicate that aiming for 
earlier harvests could be particularly interesting in regions 
where harvests occur during the peak of the hail season and 
where hail frequencies are high. In Switzerland this is the 
case in warmer regions at lower elevations, notably in Ticino.

To conclude, we provide a methodological framework 
to quantify hail risk on the background of climate-induced 
changes in cropping season duration. The approach can in 
principle be applied to other regions, crops, and meteoro-
logical hazards. Moving forward, we plan to extend the 
present analysis to integrate a novel set of highly resolved 
climate change simulations that should provide an improved 
representation of hail occurrence under global warming. We 
expect such assessments to be crucial to inform adaptation 
efforts in crop production and the insurance sector.

Data and code availability: Modeled harvest dates and code to 
analyze the data and produce the figures are available upon request 
from Raphael Portmann raphael.portmann@alumni.ethz.ch. The 
code to model harvest dates can be found on Zenodo (https://
doi.org/10.5281/zenodo.17162414. We used PCSE Version  5.5 
which is available under European Union Public Licence (https://
pcse.readthedocs.io/en/stable/. Gridded daily temperature data as 

well as historical wheat harvest dates (name: ‘wheat–grain harvest’) 
to verify modeled harvest dates are available from the data portal 
of MeteoSwiss (https://www.meteoschweiz.admin.ch/service-und-
publikationen/service/open-data.html). The daily MESHS data will 
be made available during 2026 on the same data portal. For access 
to the reconstructed hail time series in Switzerland please contact 
Lena Wilhelm (lena.wilhelm@unibe.ch). Wheat exposure layers 
are available from the Data API of the open-source risk modeling 
platform CLIMADA (name: ‘crops CH wheat 1km’) or Zenodo 
(https://doi.org/10.5281/zenodo.11064756).
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