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Hailstorms producing hail larger than 5 cm cause the most severe damage to
property and infrastructure, often leading to multibillion-dollar losses. Here
we develop a global climatology of these very large hail events from 1950 to
2023 by combining statistical modelling with atmospheric reanalysis and
examine trends in their frequency and related economic impacts. Northern
Argentina emerges as the global hotspot of very large hail events, followed
by Uruguay, Paraguay, southern Brazil, the US Great Plains and South Africa.
Asia—and to alesser extent, Europe and Australia—show substantially lower

frequencies. Europe is seeing the sharpest rise in the frequency of very
large hail events, driven by increasing low-level moisture and atmospheric
instability. By contrast, the Southern Hemisphere—especially South
America—is experiencing notable declines, linked to reduced mid-level
humidity and instability. Hail-related losses have increased in the USA,
Australiaand Europe. In Europe, the rise is mainly due to more frequent very
large hail events, whereas in the USA and Australia, increasing exposure
and vulnerability are the primary drivers. These contrasting regional
trends in hail frequency and related losses underscore the need for tailored
risk management strategies that account for both climatic drivers and
socio-economic vulnerabilities.

Hail is a primary contributor to insurance losses from severe convec-
tive storms (SCSs), with the USA accounting for 50-80% of insured SCS
losses’, resulting in annual damages between US$8 and US$14 billion
(ref.2). These losses are comparable to those caused by landfalling hur-
ricanes’. Single hail events exceeding US$1 billion in economicloss have
beenrecordedinthe USA*, Australia’ and Europe®, with northern Italy
experiencingarecord US$6 billion loss in 2023'. Small hail (<2 cm) can
cause damage to agriculture’, whereas direct damage to infrastructure,
which contributes most to economic losses, increases sharply as hail
becomes larger than 5 cm (ref. 8). Despite the higher socio-economic
impacts of very large hail (VLH; =5 cm), research on global climatolo-
gies has focused on hail of smaller size®'°. These studies were also
constrained by the coarse resolution of satellite and reanalysis data-
sets (ERA-Interim") available at the time. The ERAS reanalysis' offers

higher spatial and temporal resolution, enhancing the representation
of hail-favourable environmental conditions, althoughit does not simu-
late hail explicitly. To overcome this limitation, we apply a statistical
model (additive regressive convective hazard model (AR-CHaMo)"**)
to generate a global climatology of VLH based on atmospheric vari-
ablessuchasinstability, vertical wind shear and cloud base height. This
model has proven effective in reconstructing the spatial distribution
of VLH and the associated trends, even in regions lacking extensive
ground-based observations'. Regional trend analyses have been con-
ducted inthe USA™', Europe™”, Australia'® and China'®. However, not
all of these studies have focused on VLH, and a comprehensive global
analysis of these events remains absent. This work aims to address the
existing knowledge gap by evaluating globally the long-term trends of
VLH and the associated economic losses.
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Fig.1|Mean annual number of VLH events between1950 and 2023. The
seasonal cycles for two 25-year periods (1950-1974 and 1975-1999) and one 24-
year period (2000-2023) are shown for six locations: Dallas, TX, USA; Milan, Italy;

Beijing, China; Mendoza, Argentina; Johannesburg, South Africa; and Brisbane,
Australia. Maritime locations further than 100 km from the coast were excluded
from the analysis. The bottom axes of the insets represent the months of the year.

The global climatology of very large hail

The AR-CHaMo models were applied to the ERAS reanalysis, assigning a
probability of VLH to every grid point (0.25° x 0.25° spatial resolution)
for each 3-h period of the past 74 years, from 1950 to 2023. In total,
more than 80 billion atmospheric profiles were used to construct the
global climatology of VLH (Fig. 1).

Theglobal maximumin VLH frequency is found innorthern Argen-
tina, where the mean annual number of VLH events is around 0.50, the
equivalent of a VLH event every 2 years per grid box. The modelled
spatial distribution aligns with previous studies*’, which report the
highest frequency in the northern lee of the Argentina Andes. Here,
VLH frequency peaks from November to February, although it has
decreased in recent decades, particularly in December and January.
Other areas of high VLH frequency include the tri-border region of
Uruguay, Paraguay and Brazil. A smaller but non-zero VLH frequency
extends also into the Central Andes region of Bolivia and southern
Peru. Across South America, the necessary ingredients for hailstorms
frequently overlap. The Andes foothills provide a focus for lift”, while
the South American low-level jet advects warm and moist air fromthe
Amazon. This, combined with high deep vertical wind shear, provides
anideal environment for hailstorms®.

In the USA, the Great Plains exhibit a high VLH frequency with a
maximum located between Kansas, Nebraska and Colorado, aligning
with radar-based climatologies®?*. The overlap of moisture from the
Gulf of Mexico®, elevated mixed layers generated over the high terrain
of the southwest? and cyclonic activity in spring and early summer?”
provide acombination of highinstability and wind shear, which makes
theregiona hail hotspot. A pronounced east-west gradient is observed
across northern Texas, where VLH frequency peaks between March

andJune. The VLH seasonal cyclein Dallas corresponds with the dates
of major hail events: 5 April 2003%, 24 May 2011* and 11 June 2023". In
Canada, the frequency is lower, with the most affected areas being
southern Saskatchewan and Alberta, in line with previous studies®.

South Africais another VLH hotspot, withafrequency exceeding
0.30 events per year inthe northeast and along the Eastern Cape, where
the Agulhas current provides moisture and the eastern Escarpment
Mountains afocus forlift*°. InJohannesburg, over the last two decades,
the peak month of occurrence has shifted from November to October.
VLHisalso presentin equatorial Africa, the western Sahel and northern
Africa; however, alack of ground-based reports and uncertainties in
the accuracy of satellite-based estimates® complicate comparisons
with observations in these regions.

VLHisless frequentin Europe, with the occurrence maximizedin
thelee of mountainranges. High VLH frequency is found across north-
eastern Spain, southwestern France and northern Italy, which stands
out as the European hotspot, in agreement with previous studies".
The seasonal cycle in Milan peaks in summer, although there is a ten-
dency towards an earlier onset of VLH occurrence in spring. Other
local maxima are observed in Switzerland, southern Germany and
southeastern Austria, with VLH occurrence extending into southeast
Europe. Further east, VLH frequency peaks locally in Turkey, Iran and
the Arabian Peninsula, similar toref. 9.

Asia experiences the lowest VLH activity, with northern Pakistan
and Bangladesh having the highest frequency at around 0.12 events
per year. VLH also peaks locally in northeastern China during spring
and summer, whereas lower but non-zero VLH frequency is found over
the Tibetan Plateau and southern China, consistent withground-based
report climatologies®.

Nature Geoscience


http://www.nature.com/naturegeoscience

Article https://doi.org/10.1038/s41561-025-01868-0

Dallas, TX, USA Milan, Italy Beijing, China
_ . __ __ __ _
T T
1950 1962 1974 1986 1998 2010 2022 1950 1962 1974 1986 1998 2010 2022 1950 1962 1974 1986 1998 2010 2022
180° X 120° W 60° W 0° 4 60°E 120°E
120 80°N = %g@y : | e - s : 80° N
© ST . : 0030 =
g > S : S . :
pag g Q
=)
% 80 Q} x =
=~ 0]
Q 60°N by PTG : T p X s 5 7 60°N 2
S e R SN o R A RBSB % : S 0015 =
o) 40 % ; : X < A >
- =)
=)
2 40°N 40°N c
e =8
£ 2
S 0 0 3
= 20°N 20°N o
2 <
2 S
s -40 0° 0° ]
3 H
= - -0.015 =
2 20°S | ?| 20°s .
c -80 =
8 [
e [0)
[0} o
a 40°S 40°S 2
. -0.030 @
-120
180° — 120°W 60° W o \ 60°E 120°E \
Mendoza, Argentina Johannesburg, South Africa Brisbane, Australia

T T T T T T T T T T T T T T T
1950 1962 1974 1986 1998 2010 2022 1950 1962 1974 1986 1998 2010 2022 1950 1962 1974 1986 1998 2010 2022

Fig.2|Mean trend in annual number of VLH events per decade between 1950 and 2023. The trends significant at a 95% level are hatched. Hail stripes (similar to ref.
14) displaying the yearly percentage departure from the long-term average are plotted for the same locations as in Fig. 1.

InAustralia, VLHis most frequentin the east,asshownbyref.33.A  average. This aligns with the record losses reported across Texas in
second maximumis present in the southwest interior, similartoref.13, theyear2023".

though reports in this area are rare owing to low population density, Innorthern Argentina, VLH frequency has decreased the most. The

and the limited radar coverage prevents the direct verification of decreaseissteadyinMendoza, where every year since 2006, except for

these findings. 2015and 2016, has experienced below-average VLH frequency (mean
of -29.8%). This decrease is supported by areductionin hail reports®®.

The global climate trends of very large hail Localized positive trends are found in Bolivia and Peru.

Trends in VLH frequency (1950-2023) are not globally homogeneous South Africa has the second-largest VLH decrease, especially

butexhibitastrongzonal dependence: positive and significanttrends  in the northeast, where the decadal trend reaches —0.02 events per
are almost exclusively present in the Northern Hemisphere, whereas  decade. This trend is also supported by a general reduction in severe
negative trends are limited to the Southern Hemisphere (Fig. 2). thunderstorm environments®. Negative trends are observed locally

Europeis the only continent to exhibit awidespread and statisti-  in Equatorial Africa, although they remain unverified owing to alack
cally significant increase in VLH frequency, extending into northern  of direct observations. By contrast, northern Africa shows a positive
Africaand the Middle East. These findings align with pan-European®?**  VLH frequency trend comparable in magnitude to that of mainland
and regional analyses from single countries (for example, Switzer-  Europe, as noted by ref. 13.
land®). Northern Italy shows the largest global increase in VLH fre- InAsia, VLH frequency trends are generally small or non-existent.
quency (up to +0.03 events per decade). In Milan, VLH frequency However, positive and significant trends are present across Pakistan,
has consistently exceeded the 1950-2023 average over the last two  the Tibetan Plateau and northeastern China. In Beijing, above-average
decades, with 2021-2023 marking the most active years. This period  VLH activity occurred in the 1980s, followed by a decreasing trend in
corresponds with arecord number of hail reportsinItaly, includinga hail days from 1980 to 2005". Negative and significant trends in the
19-cm hailstone inJuly 2023, region are limited to the eastern coast of India.

North Americadisplays positive VLH trends, particularly in south- In Australia, the trends are largely negative in the continental
ern Canada, where southern Alberta has the largest increase (+0.01  areas of the north with low VLH frequency (Fig. 1), whereas coastal
events per decade). Anincrease of similar magnitudeisalsoseeninthe regions show nosignificant trend. In Brisbane, astrong year-to-year
mountainous regions of Mexico. The trends are mostly notsignificant  variability is present, and trends are not significant, as also shown
inthe USA except for very localized increasesinthe Great Plains. Com- by ref. 13.
pared with previous work focusing on hail-prone environments®, the Inconclusion, itisimportant to note that trendsin VLH frequency
increaseismorelocalized, althoughatendency for verylarge hailstones  aresensitive tothe period considered. Trends between1979 and 2023
tobecome more frequent has beenshowninrecent studies'®. InDallas,  exhibitstronger negative valuesin the Southern Hemisphere, regional
VLH frequency has increased by 43.4% since the 1950s, and 2023 was  differencesinthe USA and abroadly similar patternacross Europe when
the most active year, with a +105% departure from the 1950-2023 compared with the1950-2023 period (Supplementary Fig.1).
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Fig. 3| Grid-based Spearman rank-order correlation (r) between yearly VLH frequency and 2-m temperature yearly mean for the period 1950-2023. The areas
witha correlation significant at a 95% level (P value <0.05) are hatched. To display only VLH-prone regions, values over areas with alow mean annual VLH frequency

(<0.09 events per year) are not shown.

Hail trends attribution and relationship with
global warming

The relationship between temperature change and VLH trends is not
uniform globally (Fig. 3).

Europeisthe only region where anincrease in2-m temperature sig-
nificantly correlates with higher VLH frequency, especially insouthern
Europe (r=0.7), the Mediterranean, Turkey and the Middle East. This
positive correlationreflects anincrease ininstability and thunderstorm
intensity**.Inthe USA, the correlation is weaker and spatially hetero-
geneous, with positive valuesin the east and negative ones in the west,
where drying in the mid-levels reduces storm potential®**.

InSouth America, abimodal pattern appears along the lee of the
Andes, with positive correlations (r= 0.7) in Peru and Boliviabut nega-
tive ones in Argentina. Similar patterns occur in southern and central
Brazil; however, correlations remain small (-0.3 < r < +0.3), suggesting
thatother factors might better explain VLH frequency trends. In Africa,
correlations are generally small and nonsignificant, exceptin the Sahel
region, where r=-0.5. This area coincides with a marked decrease in
convective precipitation®. Correlations vary by region but remain small
inAustralia, ranging from-0.3inland to +0.3 on the coast. The correla-
tion mirrors low-level moisture patternsinthe east, withinland drying
andincreasing coastal moisture (Supplementary Figs. 2and 3), which
corresponds toincreasing instability' and storm potential. In conclu-
sion, the decrease in VLH frequency observed across most hail-prone
regions of the Southern Hemisphere (Fig.2) seemsto be attributable to
acombination of adecreasein low-level moisture, instability in the cold
partofthe stormand locally wind shear (Supplementary Figs.2and 3).

Although temperature as a stand-alone parameter does not
represent an ingredient for storm or hail formation, changes in its
values can correlate with changes in storm ingredients, influencing
VLH frequency.

Northern Italy and northwestern Argentina: quantitative trend
attribution

Observing that upward 2-m temperature trends coincide with both
increasingand decreasing trendsin VLH frequency prompts us toinves-
tigate the drivers of these changes. We focus on two regions with the
most pronounced and opposite trends, northernltaly and northwestern
Argentina, and analyse the contributions of the various predictor param-
etersof the VLHmodel (Supplementary Table1) tothe trends depictedin
Fig.2. A detailed breakdown of parameter contributions for both northern
Italy and northwestern Argentinais provided in Supplementary Table 2.

Innorthernltaly, the sum of all predictors’ contributionsis +72.8%.
Although thunderstorms have become slightly less frequent (-6.3%),
their severity has substantially increased. More specifically, the prob-
ability thatastormwill be capable of producing VLH has risen by 79.1%.
This increase is mainly due to the rising atmospheric instability in
the cold part of the storm (Supplementary Fig. 3), which results from
enhanced latent heat release and higher water vapour content. This
aligns with previous findings"*, suggesting that increased instability
leads to stronger storms in the mid-latitudes.

Innorthwestern Argentina, the sumof all predictors’ contributions
is —24.5%. Thunderstorms have both become less frequent (-15.9%) and
less prone to producing VLH (-8.6%). The reduction in thunderstorm
likelihood is consistent with patterns of increasing drought* and is
primarily attributed to declining low and mid-level moisture and insta-
bility (Supplementary Figs. 2 and 3).

Trendsininsured losses across Europe, the USA
and Australia

Understanding therelationship between changesin VLH frequency and
hail losses is crucial, given the significant economic impacts of hail®.
We analysed trends in hail loss events (Methods) in regions with high
insurance penetration: Germany, Austria, Benelux countries (Europe),
the eastern two thirds of the USA and populated coastal regions of
Australia (Supplementary Fig.4). To compare long-term trends in hail
loss events with VLH frequencies, we aggregated VLH probabilities over
the selected domains from 1993 to 2023 (Fig. 4).

Over the past 30 years, hail loss events have increased in Europe
(Germany, Austria, Benelux), the USA and Australia, driven by acombi-
nation of social, economic and environmental factors*’. The modelled
VLH frequency generally reproduces yearly variations in annual loss
events well, especially in Europe between 1998 and 2007. The correla-
tionbetweenthe trendsin VLH frequency and those in hail loss events
suggests that increasing VLH occurrence strongly contributes to the
rise in hail loss events in Europe. Several differences exist in the two
time series for the most recent years, meaning that trends in a longer
time series may diverge. By contrast, the USA and Australia display
different patterns. While VLH frequency increased only slightly inthe
USA and decreased in Australia, hail loss events continued to rise in
bothregions. This discrepancy suggests that socio-economic factors,
such as changes in exposure and vulnerability, are more important
drivers of the increase in hail loss events than meteorological factors.
These findings are consistent with previous research on tornadoesin
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Fig. 4 | Comparison between changes in VLH frequency and hail loss events.

a-c, The time series of the standardized mean annual sum of VLH probabilities
(blue line) and hail loss events (green line) for the eastern two thirds of the USA
(a), Germany (DE), Austria (AT) and the Benelux (NL, BE, LX) countries (Europe)
(b) and coastal Australia (c). Hail loss events are defined as the entries recorded

f
2007 2009 2011 2013 2015 2017 2019 2021 2023

in Munich RE’s NatCatSERVICE Database, for which the primary cause of loss
isdue to hail. The linear trends are shown as dashed lines. The dotted green

line in the USA and Australia graphs corresponds to zero hail loss events. This
figure was created by co-author A.R., who was granted permission to publish by
Munich RE.

the USA****. In conclusion, itisimportant to note that across sparsely
populated regions, such as Australia, losses only occur where the expo-
sureis concentrated. For thisreason, the comparison betweentrendsin
VLH frequency and those in hail loss events may differ from Fig. 4 when
single metropolitanregions are considered (Supplementary Fig. 5).

Global implications of very large hail trends
We reconstructed the global occurrence of VLH over a period of
74 years (1950-2023) using an additive logistic regression model
(AR-CHaMo) trained with lightning observations, hail reports and
atmospheric predictors from the ERAS reanalysis across Europe, the
USA and Australia. VLH is most frequent across northern Argentina
and the border regions of Uruguay, Paraguay and Brazil. High VLH
frequency is also modelled in the US Great Plains and parts of South
Africa. While VLH s less frequentin other regions (Europe, Africa, Oce-
ania and Asia), the reconstruction aligns with regional climatologies
in both the simulated spatial distribution and the seasonal patterns.
In addition, the recent extreme hail activity in the USA and Europe is
well represented by the model, with2023 standing out as the year with
the highest VLH frequency.

Although no universally valid relationship between VLH trends
and global warming has been identified, several significant regional

correlations exist. InEurope, VLH frequency hasincreased the most, cor-
relating with rising temperatures. Trends are especially pronouncedin
northernltaly, driven by anincrease in low-level moisture and instability
inthe cold part of storms. Other regions with positive significant trends
include the Middle East, southern Canada, parts of Mexico and localized
areasinthe USA. Increasing temperatures do not always correlate with
anincreasein VLH frequency: in the western USA and continental Aus-
tralia, drying has reduced the storm potential. Negative trends in VLH
frequency are observed mainly in the Southern Hemisphere, with the
strongest declinesinSouth Africaand northern Argentina, where they
are primarily driven by adecrease in mid-level humidity and instability.

Finally, we examined the relationship between changesin VLH fre-
quency and those in hail loss events. Hail loss events have increased in
partsof Europe, the USA and Australia. In Europe, rising VLH occurrence
contributesto theincreasein hail losses, along with growing exposure
and vulnerability. In the USA and Australia, changes in meteorologi-
cal conditions do not correlate with the increase in hail loss events;
instead, exposure and vulnerability drive the increase. To confirm
this hypothesis, future studies should dive deeper into the topic of
loss normalization or investigate trends in exposure and vulnerability.

Several limitations must be considered when interpreting these
results. The VLH model, trained on three mid-latitude regions, was
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applied globally; therefore, results should be interpreted with caution
in areas where regional climatologies do not enable verification or
known biases in ERAS are present (for example, the tropics®). Future
research should incorporate newly available databases from regions
such as South America, Canada and China to better capture hail envi-
ronments on a global scale. Another area of future research concerns
the use of reanalysis data at a higher resolution to explicitly simulate
storm development, which was not possible in ERAS.

Despite the limitations, this study provides acomprehensive analy-
sis of the climatological occurrence of VLH, the associated long-term
trends in the context of a warming climate and the relationship with
losses ona global scale.

Online content

Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competing interests; and statements of data and code availability
areavailable at https://doi.org/10.1038/s41561-025-01868-0.
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Methods

AR-CHaMo models

AR-CHaMo""is alogistic regression model that yields the probability
of VLHas afunction of environmental predictors from the atmospheric
reanalysis (listed in Supplementary Table 1) that were calculated using
the ThundeR rawinsonde package*®. AR-CHaMo calculates this prob-
ability by combining thelikelihood of athunderstorm (Pygpmine) and the
conditional probability of VLH given a thunderstorm (Py,y ightning)- Pightning
was trained simultaneously using lightning observations (over five
million) from the Arrival Time Difference Network*” across Europe
(34.5°-63.5°N, 9.0° W-46.0°E), the National Lightning Detection Data
(NLDN*) from the USA (29.0°-41.5° N, 109.0°-79.0° W) and the Global
Positionand Tracking Systems (GPATS*) from Australia (10.5°-40.0°S,
119.0°-153.5°E). Py yiighening Was trained simultaneously using hail reports
(over4,500) fromthe European Severe Weather Database (45.0°-54.0°N,
5.0°-22.0°E), the Storm Prediction Centre Storm Archive (30.5°-41.5°N,
105.0°-82.0° W) and the Australian Bureau of Meteorology (22.5°-37.5°
S, 149.5°-153.5° E). Pjighming Was improved by using a grid-based ratio
between lightning observations from the Earth Networks Global Light-
ning Detection Network®® and modelled lightning occurrence, improv-
ing the lightning distribution, especially across (sub)tropical regions
where AR-CHaMo was not trained. The mean annual expected number
of VLH events was calculated as the sum of all 3-h probabilities in a
year multiplied by three. To do so, we assumed 3-h probabilities to be
independent of each other, although this may not strictly be the case.

Insurance loss data

Thedataon hail losses were obtained from the NatCatSERVICE database
of Munich RE*2, Within the database, each loss entry includesits type,
location, date, loss and description. Using the description, we filtered
only for events where theloss was at least partly caused by hail, ensuring
that events caused exclusively by other convective hazards were not
taken into consideration. Single events often covered multiple days,
meaning that those entriesincluded multiple SCS events. In these cases,
the loss location coordinates indicate the loss centre. To account for
inflation, urban growth and regional wealth differences, the estimated
overalllosses were normalized to the 2019 levels of destructible wealth.
For 2020 to 2023, we used the inflation-adjusted values of the losses.
Normalization was done by considering the Gross Domestic Product
discretized onal® x 1° grid.

Theaccuracy of the loss estimates depends onthe insurance pen-
etrationinagiven country for aspecifichazard*. In Europe, we selected
Germany, the Benelux countries and Austria. Australia was also consid-
ered, given the fact that hail causes substantial losses’, similar to the
USA”. For the USA, we applied a threshold of US$1 billion to capture
the mostimpactful events and to limit the chances that ‘minor’ events
were missed in the early times*~.

Data availability

ERAShourly dataonssingle levels can be obtained from the Copernicus
Climate Data Store at https://cds.climate.copernicus.eu/datasets/
reanalysis-era5-single-levels?tab=overview. Convective parameters
from ERAS5 dataare calculated using the open-source ThundeR package
thatis publicly available at http://www.rawinsonde.com/thunder_app/.
US hail reports are available from the Storm Prediction Centre Storm
Archive (https://www.spc.noaa.gov/exper/archive/events/), Austral-
ian hail reports are available from the Bureau of Meteorology (http://
www.bom.gov.au/australia/stormarchive/) and European ones can be
obtained from the European Severe Weather Database (https://eswd.
eu/). ENGLN global lightning observations are publicly available at
http://thunderhours.earthnetworks.com, whereas regional ones were
obtained for this study and are property of the Met Office (ATDnet),
Vaisala (NLDN) and the Bureau of Meteorology (GPATS). The NatCat-
SERVICE dataset is property of Munich RE and was made available
exclusively for this study. However, all data necessary to reproduce all

figures and findings—including but not limited to the global climatolo-
gies and trends—are available via Zenodo at https://doi.org/10.5281/
zenodo.17064885 (ref. 51). Source data are provided with this paper.

Code availability

All figures were generated with the open-source software Python. The
codes are available as a Jupyter Notebook alongside the data to repro-
ducethefigures viaZenodo at https://doi.org/10.5281/zenod0.17064885
(ref.51).
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