
Nat. Hazards Earth Syst. Sci., 23, 2841–2856, 2023
https://doi.org/10.5194/nhess-23-2841-2023
© Author(s) 2023. This work is distributed under
the Creative Commons Attribution 4.0 License.

A long record of European windstorm losses and its comparison
to standard climate indices
Stephen Cusack
Stormwise Ltd, Luton, LU4 9DU, United Kingdom

Correspondence: Stephen Cusack (stephen.cusack@stormwise.co.uk)

Received: 4 November 2022 – Discussion started: 20 December 2022
Revised: 16 July 2023 – Accepted: 17 July 2023 – Published: 24 August 2023

Abstract. Traditional insurance has both a great exposure to
decadal variations in European storm activity and the ability
to adjust its business strategy over these timescales. Hence,
the recent development of skilful predictions of multiannual
mean European winter climate seems a very welcome addi-
tion to the long list of ways that researchers have improved
management of windstorm risk. Yet companies do not use
these forecasts of mean winter climate to adjust their view of
risk. The main reason is the lack of a long, reliable record of
losses to understand how forecasted time-mean circulation
anomalies relate to the damage from a few, intense storms.
This study fills that gap with a European windstorm loss
record from 1950 to 2022, based on ERA5 peak near-surface
winds per event which were converted to losses using an es-
tablished damage function. The resulting dataset successfully
identifies major storms over the past 70 years and simulates
the multidecadal variations from low values in the 1960s
up to high levels in the 1980s and 1990s then down to the
2010s. However, it underestimated the steepness of the ob-
served loss decline from the stormy end of the 20th century
to the lull over the past 20 years. This was caused by a quite
flat trend in ERA5 extreme winds over the period, in contrast
to the significant decline in observed peak gusts. Imposing
these gust trends on ERA5 peak winds reconciled modelled
losses with industry experience over the past few decades.

Indices of European winter climate used in long-range
forecasting were compared to the new modelled loss
dataset. They had correlations of around 0.4 at interannual
timescales, rising to about 0.7 for decadal and longer vari-
ations. Notably, the climate indices have a similar multi-
decadal trend as ERA5 extreme winds in modern times, in-
cluding a less steep decline than found in observed gusts and
losses. Further investigation of the modern-day divergence

between climate indices and losses may help connect decadal
forecasting to insurance.

1 Introduction

Extreme wind gusts from winter storms cause much damage
to Europe. For example, Barredo (2010) examined Europe-
wide economic losses in the Munich Re NATHAN catastro-
phe database for the period 1970–2008 and, when trended to
2022 using 5 % yr−1 growth (e.g. Klawa and Ulbrich, 2003),
there are four storms with losses exceeding USD 20 billion
(Capella in 1976, 87J in 1987, Daria in 1990, and Lothar
in 1999), and the annual average from the top 25 events is
around USD 7 billion. Such large impacts stimulate research
into Europe’s climate of extreme windstorms.

The property insurance sector covers around one-half of
these losses (e.g. Guha-Sapir et al., 2022) and therefore
has keen interest in this risk. The majority of the market
is classed as traditional insurance, while the more modern
insurance-linked security (ILS) segment provides additional
capacity from outside investors. Traditional insurance man-
ages their exposure according to a view of the windstorm risk
typically over the next 5 or so years, corresponding to their
review cycle of weather perils, whereas ILS is more active at
annual timescales with a significant fraction tradeable much
more frequently.

There is a long history of collaboration between re-
searchers and the insurance sector towards a better under-
standing of this peril. For example, academics eased industry
concerns by placing two violent British storms in a longer-
term context (Christofides et al., 1992), and 3 decades later,
knowledge of past storms continues to grow (e.g. Hawkins et
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al., 2023). Multiple occurrences of damaging storms stressed
the sector in 1990 and 1999 and led to greater insights into
the clustering phenomenon (e.g. Mailier et al., 2006; Karre-
mann et al., 2014; Cusack, 2016; Priestley et al., 2018). More
recently, insurance has been considering how to manage the
risk posed by anthropogenic climate change (e.g. EIOPA,
2021), and studies of mid-latitude windstorm impacts have
proven valuable (e.g. Chang, 2018; Büeler and Pfahl, 2019;
Catto et al., 2019; Harvey et al., 2020). Research has deliv-
ered many actionable insights for insurance.

Over the past decade or so, there has been a growing
awareness of a multidecadal variability in storm activity over
Europe which is both material to risk and slow enough for
insurance companies to adapt to it. The evidence of such be-
haviour is found in a wide variety of studies (e.g. WASA
Group, 1998; Dawson et al., 2004; Brázdil et al., 2004; Cu-
sack, 2013; Stucki et al., 2014; Feser et al., 2015; Dawkins
et al., 2016; Laurila et al., 2021). More specifically to insur-
ance, Cusack (2013) focused on a measure reflecting insured
losses and found the decadal-mean windstorm damage in the
Netherlands contained variations with amplitudes exceeding
a factor of 2. The existence of slow variations in storm activ-
ity, over the past 100 and more years, has been firmly estab-
lished by many studies.

In parallel, there has been much progress in identifying
and understanding drivers of these decadal storm variations,
as recently reviewed by Cassou et al. (2018). Researchers
have found decadal and longer timescale anomalies being
driven by North Atlantic Ocean heat contents (Omrani et al.,
2014; Peings and Magnusdottir, 2014; Hu et al., 2019), Arc-
tic sea ice extent (e.g. Smith et al., 2022) and thickness (e.g.
Lang et al., 2017), or more generally Arctic changes (e.g.
Cohen et al., 2018) and their interaction via ocean heat trans-
port through the Norwegian Sea into the Arctic seas (Zhang,
2015; Årthun et al., 2017). Other parts of the climate system
have also been associated with decadal and longer changes in
mid-latitude storm activity, such as the tropics (Greatbatch
et al., 2012), the stratosphere (Scaife et al., 2005), anthro-
pogenic gases (e.g. Shaw et al., 2016), and major volcanoes
(Swingedouw et al., 2015).

The documented decadal variability and process-based re-
search are now complemented by skilful forecasting of the
dominant mode of winter-mean variability in the North At-
lantic sector, the North Atlantic Oscillation (NAO). Decadal
prediction systems integrate the set of diverse drivers into a
view of the future climate, and skilful North Atlantic decadal
forecasts were first reported in Keenlyside et al. (2008). A
study by Eade et al. (2014) found prediction systems con-
tained more skill than implied by rather low signal-to-noise
ratios and suggested large ensembles of forecasts could re-
alise this potential. Recently, hindcast tests conducted by
Athanasiadis et al. (2020) found correlations up to 0.63
between forecasted and observed decadal NAO anomalies
for a 40-member ensemble, as well as promising signs of
higher correlations from larger ensembles. Indeed, Smith et

al. (2020) found correlations of 0.79 based on an ensemble
with 676 members.

Despite these advances in characterising and understand-
ing decadal climate variability in Europe and the wider North
Atlantic sector, as well as skilful decadal forecasting, there
has been no known application of real-time predictions to
European windstorm insurance. The main reason is the un-
certain relation between predicted indices – essentially large-
scale, winter-mean circulation anomalies – used in forecast-
ing and the windstorm losses of concern to insurance that are
caused by a few intense weather events.

More generally, published research into storminess uses a
much broader array of metrics, in addition to the NAO men-
tioned above. For example, the basic observed quantity may
range from meteorological variables such as wind speeds at
the near-surface (Smits et al., 2005; Chang, 2018) or upper
troposphere (Harvey et al., 2020), vorticity at 850 hPa (De-
roche et al., 2014), and geostrophic winds derived from sur-
face pressure gradients (WASA Group, 1998), or they may be
based on economic losses (Barredo, 2010) or forestry dam-
age (Gregow et al., 2017). Quantities are processed in a va-
riety of ways to produce a measure of windiness. While all
metrics have a reasonable relation to storminess, their pre-
cise relations to losses are unknown. Insurance companies
are cautious about using diagnostics with unknown relation
to loss because they may suffer severe penalties for mispriced
risk.

This barrier between research and applications would be
removed with a long windstorm loss history to assess the
storm metrics. However, publicly available information on
losses is limited. For example, the International Disaster
Database (EM-DAT; Guha-Sapir et al., 2022) contains reli-
able information for some major storms but misses national
losses for many significant events in the past 50 years. PER-
ILS (available from https://www.perils.org/losses, last ac-
cess: 16 October 2022) provides reliable estimates of insured
losses covering the countries contributing the vast majority
of Europe-wide insured losses for significant storms since
2009 and five earlier storms in the previous 10 years. It is
encouraging for the future but too short at present for robust
assessment of storm metrics.

The main aim of this study is to develop a comprehen-
sive windstorm loss history for Europe in the period 1950–
2022 using near-surface winds from reanalyses in combina-
tion with a standard method to convert wind speeds to losses.
Section 2 provides details on the data used in this study, while
Sect. 3 describes how storm losses are computed. Section 4
contains an initial evaluation of its losses with insurance in-
dustry knowledge, together with further development to re-
produce multidecadal trends in observed losses. A compar-
ison of commonly used climate indices to these calibrated
losses is given in Sect. 5, and then the main conclusions are
presented in Sect. 6.
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Figure 1. A map of Europe, with the shaded area showing the 12
countries studied here.

2 Datasets and processing

Windstorm damages are computed over the domain of 12
countries shown in Fig. 1, including those that are key to
European windstorm insurance, such as Germany, France,
United Kingdom, and the Netherlands. Other countries will
experience smaller insured losses due to either their weaker
wind climate, smaller population, or reduced insurance pen-
etration. The industry considers the highlighted region in
Fig. 1 to incur the vast majority of European windstorm in-
sured losses.

2.1 Loss data

Observed winter storm losses are developed from a published
loss in a given year and then indexed to the common year of
2022 to remove the effects of societal changes on loss es-
timates. All loss data in this study are indexed from 1999
onwards; therefore trends from that year to 2022 need to be
defined. Klawa and Ulbrich (2003) chose a 5 % yr−1 trend
for the period 1970–1999, a value that was positioned be-
tween inflation rates for buildings in Germany and sharper
increases of 7 % yr−1 through the 1990s reported by Mu-
nich Re (2002). Trends in the 21st century are expected to be
lower for two main reasons: (i) inflation was generally higher
in the 1970s through to the early 1990s than from 2000 to
2022, and (ii) Munich Re trends include growth in exposure
from increased uptake of insurance and re-unification of Ger-
many, both of which do not contribute to growth over the past
2 decades.

An appropriate trend for the 21st century is developed
by decomposing total losses into trends in frequency and
severity of claims. Both general measures of inflation
and slightly more relevant construction cost indices sug-
gest increases in claim severity of 2 % yr−1 to 3 % yr−1

from 2000 to 2022. The growth in claim frequency is
expected to be more muted than in the 20th century

due to slower population growth and near-saturation of
windstorm insurance uptake in these markets. Instead,
the growth in number of claims in the 21st century is
more driven by the growth in the number of properties.
Data on the total number of dwellings in Germany (from
https://www.destatis.de/EN/Themes/Society-Environment/
Housing/_node.html, last access: 15 April 2023) and the UK
(e.g. https://www.gov.uk/government/statistical-data-sets/
live-tables-on-dwelling-stock-including-vacants, last ac-
cess: 15 April 2023) indicate 0.5 % yr−1 to 1 % yr−1 growth
over the past 20 or more years. In this study, the claims
frequency and severity components are combined into a
uniform trend of 3.5 % yr−1 from 1999 to 2022.

For comparison, the work by Pielke and Landsea (1998)
considered three factors, namely inflation, population, and
wealth. The combination of the three factors produces a
quantity akin to the nominal gross domestic product (GDP),
and the explicit partitioning in Pielke and Landsea (1998)
served to distinguish their analysis from previous published
work which largely relied on inflation alone. An analysis
of GDP figures from the OECD (available from https://
data.oecd.org/gdp/gross-domestic-product-gdp.htm, last ac-
cess: 14 April 2023) for the three biggest countries (France,
Germany, UK) reveals a range of 4.1 % yr−1 to 4.3 % yr−1

growth in GDP over the period 2000 to 2022. However, the
GDP includes a measure of growth in wealth and posses-
sions (a.k.a. real GDP per capita) which is of little rele-
vance to most windstorm claims mainly consisting of tile
damage. Data from Eurostat (https://ec.europa.eu/eurostat/
databrowser/view/sdg_08_10/default/table?lang=en, last ac-
cess: 14 April 2023) indicate the real GDP per capita has
been growing at an average rate of just under 1 % yr−1 in the
21st century; hence the lower growth rate of 3.5 % yr−1 used
in this study is more consistent with the factors driving trends
in windstorm damages. Other types of catastrophes causing
more severe damage to properties, such as flood or tropical
cyclones, would be more appropriately trended using nomi-
nal GDP.

The set of reported losses can be split into two groups:
more modern storms in 2009–2022 taken from PER-
ILS (available from https://www.perils.org/losses) and older
storms which have been intensively studied due to their se-
vere impacts. Losses for both groups are based on market sur-
veys following the event, and due to strict financial standards,
these reported losses are likely to be thoroughly reviewed in-
ternally and accurate. However, the trending of the losses to
a common year is a significant source of uncertainty, more so
for older storms. For example, the true average 21st century
trend in total losses could be as low as 2.5 % or as high as
4.5 % yr−1 based on claims frequency and severity data dis-
cussed above, and there is additional uncertainty since most
damage concerns roof tile replacement and much narrower
than broader inflation or construction cost measures. These
considerations suggest the potential bias in indexed losses
is reasonably approximated as growing by 1 % yr−1. There-
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fore, more modern PERILS loss estimates could be biased
by around 10 %, while damage estimates of older storms are
expected to be more uncertain.

Table 1 summarises the loss data used to evaluate the
new dataset. PERILS losses represent the same domain high-
lighted in Fig. 1 and include those events causing more than
EUR 200 million insured loss. The same loss threshold of
EUR 200 million will be applied to events in the new dataset
for the loss validation performed in Sect. 4. All other sources
of loss estimates may potentially include losses outside of
the 12 countries, though such an additional contribution is
expected to be minor and within uncertainty, especially for
older storms. Multiple sources are available from Swiss Re
over the years, and the earliest values are chosen so as to
minimise the use of their trending based on the United States
consumer price index (Swiss Re Sigma, 2002).

2.2 Wind data

The windstorm losses from 1950 to 2022 are based on in-
stantaneous (12 min time step) winds at 10 m above short
grass, available from ERA5 (Bell et al., 2021) at hourly fre-
quency. Peak gusts are more commonly associated with dam-
age (e.g. Prahl et al., 2015); however, it was found that storms
based on ERA5 peak gusts (ECMWF, 2016) validated poorly.
For example, footprints based on ERA5 peak gusts indicate
storm Kyrill produced the biggest loss in the past 70 years
and 72 % higher than those of Daria (1990), while storm 87J
(1987) was ranked a lowly 42 and resulted in just 12 % of
Kyrill’s loss. In sharp contrast, observed losses (Table 1) in-
dicate storm 87J and Capella had greater losses than Kyrill,
and breakdowns by event for the 1990 and 1999 seasons from
both Munich Re and Swiss Re indicate Daria and Lothar
losses are higher again. As a result of intensive research into
these extreme storms, there is a high level of confidence that
the true storm loss relativities are very different from those
based on ERA5 gusts. Losses based on ERA5 near-surface
winds will be shown later to be more consistent with experi-
ence than those based on ERA5 gusts.

Observations in the Integrated Surface Database (ISD;
Smith et al., 2011) from the National Oceanic and Atmo-
spheric Administration (NOAA) National Centre for Envi-
ronmental Information (NCEI) are also analysed. The ISD
is a global collection of surface-based observations built
from many national sources, with its specific purpose to ho-
mogenise the mixture of data formats used worldwide and
thereby ease access for researchers. It contains observations
at hourly to 6-hourly frequency from over 20 000 weather
stations which have been active for some time within the
period from 1900 to the present day. The ISD offers addi-
tional products in line with their aim to make global surface
weather observations more accessible. The Global Summary
of the Day (GSOD) is a more concise version of the ISD
with fewer variables at daily resolution, and the daily maxi-

mum values of peak gusts in this dataset are used later in this
study.

2.3 Climate index data

The three most commonly used indices of mean circulation
anomalies over Europe, and often linked to regional stormi-
ness, are the NAO, Scandinavian Pattern (SCA), and the Arc-
tic Oscillation (AO). NAO data (Hurrell et al., 2003) are pro-
vided by NCAR (available at https://climatedataguide.ucar.
edu/climate-data/, last access: 14 October 2022) and both
the principal component (NAO-PC) and station-based (NAO-
stn; Lisbon and Iceland) versions are assessed. Monthly
mean pressures at sea level have been extracted from ERA5
archives to define the two other indices. The SCA values
(Barnston and Livezey, 1987) are computed as the difference
between a southern (35 to 50◦ N, 10 to 30◦ E) and northern
box (60 to 75◦ N, 10 to 30◦ E), while AO values are computed
as the average value over the North Pole (north of 60◦ N) of
mean sea level pressure from ERA5.

2.4 Data processing

All monthly data are processed into storm seasons by aver-
aging monthly values from October to March, except for the
storm index which includes those few extreme events occur-
ring in April.

The main focus of this study is those variations at decadal
and longer timescales which can be assimilated into the
ca. 5-year pricing review cycle of most insurance businesses.
These variations are examined using low-pass-filtered ver-
sions of annual time series, produced by applying a fourth-
order Butterworth filter with a 10-year cutoff frequency.

Some of the later analysis converts time series to standard-
ised anomalies (mean of zero, standard deviation of 1) using
their sample statistics to enable comparison of quantities with
different units, such as storm losses and climate indices.

3 Defining storm event losses

The maximum values of ERA5 near-surface winds were
computed at daily resolution for every grid cell in the do-
main, and a proxy for damage (D) for the entire domain was
defined for every day from 1950 to 2022 as follows:

D =

N∑
i=1

[
max

(
vi,d

vi,98
− 1,0

)]3

, (1)

where there are N grid cells in the domain, vi,d is the daily
maximum wind, and vi,98 is the climatological 98th per-
centile of wind. This daily damage quantity is based on the
loss proxy discussed below.

The next step is to form storm events as a series of up to 3 d
centred on the days with peak values of D and then compute
the event-maximum wind (vi,s) over the days of the storm for
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Table 1. Historical loss data used for validation.

Storms Loss estimate in billions of Euros Final estimate in billions of Euros
and source and range

2009–2022 PERILS reported, +3.5 % yr−1 to 2022 PERILS (±10 %)

Kyrill 2007 6.12 (PERILS)
6.95 (Swiss Re Sigma, 2008)

6.5 (±15 %)

Dec 1999 22.2 (PERILS)
23.5 (Munich Re, 2002)
22.7 (Swiss Re, 2002)
22.2 (RMSa)

22 (±20 %)

Jan–Mar 1990 35.3 (Munich Re, 2002)
27.3 (Roberts et al., 2014; extracted from Swiss Re)
34.7 (RMS, 2007b)

30 (±20 %)

87J 9.0 (Munich Re, 2002)
8.25 (Swiss Re, 2002)
9.6 (RMS, 2007)

9 (±20 %)

Capella 9.0 (Munich Re, 2002) 9 (±30 %)

a https://www.rms.com/blog/2019/12/18/twenty-years-after-storms-anatol-lothar-and-martin-memories-from-the-end-of-the-millennium
(last access: 14 April 2023). b RMS estimate of storm Daria inflated to total 1990 loss using its fractional contribution to the total from
Munich Re (2002).

each grid cell. The outcome is a matrix of peak wind speeds
stored for each grid cell, and every storm.

The grid cell peak storm winds were converted to domain-
wide event losses using the model from Klawa and Ul-
brich (2003):

Ls = c

N∑
i=1

Pi

[
max

(
vi,s

vi,98
− 1,0

)]3

, (2)

where Ls is the loss for storm s, Pi is the population count
for the ith cell, and c is a constant of proportionality intended
to re-scale values to represent losses. The population data are
from Gridded Population of the World, version 4, at 2.5 min
of arc resolution (CIESIN, 2018). The constant of propor-
tionality c in this model is used to scale values to losses,
and in this study it was defined to reproduce a EUR 30 bil-
lion aggregate wind loss in the 1989/90 season from Table 1.
Finally, event losses in the October to April period were
summed together to form total damage per windstorm sea-
son.

The above equation defines losses to vary with the cube of
the wind excess above the local 98th percentile and popula-
tion density. Klawa and Ulbrich (2003) discussed the basis of
this formulation, together with a validation based on 20 years
of industry-wide insured losses in Germany and other se-
lected events. Another feature of this loss equation, of more
relevance later, is the assumption that the size of loss for a
given wind speed is independent of time. Whether this as-
sumption holds over the 1950 to 2022 period is unclear and
discussed in greater depth in the next section.

4 A European windstorm loss history

4.1 Initial evaluation of historical losses

Figure 2 shows losses per windstorm season from 1950/51 to
2021/22 using the ERA5 winds. At a high level, the model
compares well to observed losses for key storms: the historic
years of 1990 and 1999 are prominent, as are other large-loss
years containing landmark storms (most notably the Lower
Saxony storm in November 1972, Capella in January 1976
and the stormy period in the early 1980s following the El
Chichón eruption, and Kyrill in January 2007).

More detailed loss validation was performed by compar-
ing with PERILS insured losses in Fig. 3. The new dataset
of losses exceeds those of PERILS in all but 1 year, and the
probability of 13 or more years being higher out of 14 years,
when both are drawn from the same parent distribution, is
0.00092 from the binomial distribution. There is a corre-
sponding high bias of 107 % over the 14-year period, and
their means are significantly different at the 5 % level. The
evidence that modelled losses exceed observed in 2009–2022
is compelling. On the other hand, the modelled losses for
older storms do not have such a high bias versus observed
values: both the EUR 30 billion for 1990 and a little over
EUR 20 billion for 1999 are consistent with those observed
(the former by design), while modelled losses for Capella in
1976 and 87J in 1987 are more than 20 % lower than the ob-
served values in Table 1.

Additional evidence on this contrast between older and
newer storms can be gained from Fig. A2 of Barredo (2010).
While Barredo’s (2010) absolute values are not suitable be-
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Figure 2. Bar plot of Europe-wide annual windstorm losses from 1950/51 to 2021/22.

Figure 3. A bar plot of Europe-wide windstorm losses for the past 14 seasons from PERILS and the new dataset.

cause they concern economic rather than insured losses, they
can inform on the relativity between storms and suggest
losses in 1976 were double those in 2007, and losses in 1987
exceeded those in 2007. The values in Fig. 2 place 2006/07
losses around 30 % above those two seasons earlier and are
not consistent with values in Barredo (2010) or those in Ta-
ble 1.

The evidence clearly indicates modelled losses based on
ERA5 winds tend to be low for earlier landmark storms and
then evolve into more than double those observed in the most
recent period. The growing positive bias in modelled losses
in recent times is substantial and is investigated further in the
next subsection.

4.2 Multidecadal trends in losses

The mismatched values of the loss decline from the 1980s
and 1990s to the 2010s could be caused by one or more con-
tributions from three different drivers: (i) the observed losses
used in validation contain too great a decline from the last
2 decades of the 20th century to the 2010s; (ii) the relation

between hazard and loss is non-stationary, whereas the mod-
elling presumes it is homogeneous; or (iii) ERA5 winds are
not representing the true trend in the hazard quantity causing
windstorm damage. These three possibilities are now inves-
tigated.

There is high confidence in the observed data which define
the declining trend in losses, and as a result the first poten-
tial driver above is considered to contribute little to different
trends in observed and modelled results. Both older and mod-
ern observed losses are based on surveys of companies incur-
ring losses, and both regulatory controls and intense scrutiny
of the older, extreme events ensure the industry has accu-
rate information on reported losses. It is also considered un-
likely that an overestimation of the trending of older costs
to the present day is responsible. For example, the reported
losses in 1990 from Munich Re (2002) would need to trend
by 1 % yr−1 to produce a relativity to the 2021/22 losses sim-
ilar to the modelled value (a factor of 3). Such low indexation
does not fit with observed data: for instance, the factor of 1.8
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to 2 in the decade of the 1990s found by Munich Re (2002)
suggests a 1 % yr−1 trend is not credible.

The second potential driver would be wholly responsible
if the hazard produced twice as much loss in the 1970 to
1990 period than if the same hazard occurred in the present
day. Possible causes of such a non-stationarity include
changes in building practices which alter the vulnerability of
roofs to damage from winds or a social change in claiming
practice (such as the insured’s disposition towards making
a claim) or repair methods (e.g. modified safety regulations
governing roof repair). Such non-meteorological drivers of
severe weather loss trends have been detected in the United
States (e.g. RMS, at https://www.rms.com/blog/2018/08/03/
us-severe-convective-storm-claims-going-through-the-roof,
last access: 14 October 2022), though they act to boost rather
than reduce modern-day losses, hence the opposite direction
from what is required to explain the deficit in the modelled
loss trend. Irrespective, there is no empirical evidence of this
type of loss inhomogeneity for European windstorms. On the
contrary, there is indirect evidence of a stationary relation
from hazard to loss from catastrophe modelling vendors. For
example, the RMS estimates of storm losses in Table 1 are
based upon reported hazards, which are input into damage
functions calibrated to losses chiefly from modern times,
and this produces total losses which fit with other empirical
estimates (see Table 1). Therefore, the existing evidence
suggests this driver contributes little to the tendency for the
modelled dataset to have a different loss trend from those
observed.

The above considerations led to a deeper study of the
third potential driver: whether ERA5 winds could contribute
to an underestimated decline in losses. There are two dif-
ferent types of evidence suggesting winds from reanalyses
may provide imperfect long-term trends. First, it is well es-
tablished how reanalyses may contain non-meteorological
trends due to changing observation systems, depending on
meteorological variable, time period, and region being stud-
ied (e.g. Bengtsson et al., 2004; Thorne and Vose, 2010).
Second, storm damage is most closely associated with gusts
rather than winds, and there is potential for these two quanti-
ties to have different trends, since gusts depend on additional
small-scale processes which are less well resolved by mean
winds representing longer timescales. Given these uncertain-
ties in reanalyses and time-mean winds, multidecadal trends
in ERA5 winds have been compared to those from observed
gusts.

Figure 4a shows the trend in ISD gusts from 1980 to 2022
for those 221 stations with at least 38 years of non-missing
gust data in this time period. Annual averages of the top five
gusts per year were computed and then re-scaled with the
station’s long-term mean value of this quantity so that the re-
sulting fitted linear trends at each station can be expressed
in units of percentage change per year. The method was re-
peated for ERA5 reanalysis winds at the same locations as

the surface weather stations, and their trends are shown in
Fig. 4b.

In general, the plots show a magnitude of downward trend
in observed extreme gusts which is not replicated in ERA5
reanalysis winds. For example, observed gusts have a more
negative trend than ERA5 winds at 180 of the 221 stations
(Fig. 4c), and such a preponderance of more negative gust
trends has a vanishingly small chance of being produced by
random sampling error. The UK data are now selected to
study this issue in more detail because of the good station
density (51 in total) and relatively consistent signal in Fig. 4c.

Using the same method as before, each station record was
processed to obtain the annual average of the top five val-
ues of wind or gust and then re-scaled with its time series
average. Finally, the annual means are averaged over all UK
stations to produce the plotted values in Fig. 5a from ISD and
ERA5 datasets. On the face of it, all three time series appear
quite similar, though closer inspection reveals how ISD gusts
tend to be above the other two in the first half of the record
and then mostly below them in the second half. Figure 5b
shows this behaviour more clearly: the ratio of ISD gusts to
ERA5 winds (solid black line) has a downward trend indi-
cating the relativity of ISD gusts to ERA5 winds has been
declining over the past 4 decades. In contrast, extreme gusts
from ERA5 have a similar trend to their winds over this pe-
riod.

Observed trends in measured gusts are not without uncer-
tainty too due to evolving sensors and logging systems, as
well as changes in location and surrounding land-use (e.g.
Minola et al., 2016). It is feasible that the large spatial scale
of the signals in Fig. 4c are explained by a systematic change
across many stations. Indeed, the history of UK gust observ-
ing systems in Sloan and Clark (2012) does indicate a na-
tionwide change in cup anemometers from 1997 onwards.
However, side-by-side testing by Sloan and Clark (2012) in-
dicate the newer UK wind sensors measure about 5 % higher
2 min wind speeds. Safaei Pirooz and Flay (2018) performed
a comparison of similar anemometers and found measured
gusts increased by a slightly higher amount of 7 % to 13 %.
In addition, an inspection of Fig. 4a reveals an area of declin-
ing gust trends in northwest Europe which is more consis-
tent with a change in the storm track rather than weather sta-
tion changes across quite independent national meteorolog-
ical services of UK, Ireland, Benelux, and northern France.
These considerations point to the declining gust trends found
across the UK to be meteorological in nature.

In conclusion, the evidence suggests modelled losses are
too high in modern times because ERA5 winds do not cap-
ture the magnitude of declining extreme gusts from the late
20th century to the present day. The next section describes
a correction to ERA5 winds to include this trend, towards
forming a new modelled loss dataset.
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Figure 4. The linear trend (in % per year) from 1973 to 2022 for (a) ISD gusts, (b) ERA5 winds, and (c) their difference.

Figure 5. (a) UK average time series for ISD gusts and ERA5 winds and gusts, re-scaled by their climate means, and (b) time series of the
difference between each of the gust datasets and ERA5 winds.

4.3 The final set of historical losses

The trends in observed gusts were imposed on the ERA5
event-maximum winds to produce the final loss record. The
first step was defining the trend to imprint onto reanalysis
winds. This trend is defined uniquely at each ERA5 grid cell
to capture the spatial variations in Fig. 4c, such as smaller-
sized trends in central versus northern France. If TG,S is the
trend in observed gusts (from ISD) from 1980 to 2022 at
station S in units of percentage per year, and TW,S is sim-

ilar for ERA5 winds; then the difference TD,S is given by
(TG,S−TW,S). These quantities were calculated at all 221 sta-
tions and then spatially interpolated to form TD,i , the deficit
in the ERA5 wind trend at every grid cell i of the domain,
using exponential weights, as follows:

TD,i =

∑
STD,S · exp

(
−

dS,i

A

)
∑

Sexp
(
−

dS,i

A

) , (3)
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Figure 6. Map of station values of the difference in trend (% per
year) between ISD gusts to ERA5 winds, over the period 1980–
2022, spatially interpolated to the full domain.

where dS,i is the distance from station S to grid cell i in kilo-
metres, and A is a radius of influence and set to 75 km to
produce reasonably smooth variations across the domain.

Figure 6 shows a map of the annual difference in trend
between observed station gusts and ERA5 winds using the
above equation. Negative values are dominant in a swathe
from about 48 to 60◦ N, where much wind damage occurs
due in large part to higher exposure density. The most nega-
tive values are in Ireland and the UK, with quite neutral val-
ues in the northernmost and southernmost parts of the do-
main off the main Atlantic storm track.

A scaling factor Fi,y is then defined for each grid cell i and
year y from 1980 to 2022, as follows:

Fi,y = 1.0− TD,i (y− 1980) . (4)

By design, scaling factors are smaller in later years, if ob-
served gusts decline more strongly than ERA5 winds in the
area.

There is little information to define scaling factors prior
to 1980. The difference between ISD gusts and ERA5 were
extended back to 1973 with a reduced set of stations, and it
was found that the 1970s had similar or slightly lower scal-
ing factors compared to the early 1980s. There are almost no
ISD gust data before 1973, and the absence of information
suggests a long-term average scaling factor is appropriate.
Following these considerations, the values in 1950 to 1970
were defined to equal the long-term average scaling factor in
1980–2022, and then the years 1971 to 1979 were based on a
linear interpolation in time between values in 1970 and 1980.
Finally, the scaling factors defined for each year from 1950
to 2022, for each grid cell i, are applied to the appropriate
event-maximum winds from ERA5.

Figure 7 shows the annual losses of this new dataset
(blue bars) alongside the original data plotted in Fig. 2 (red
bars). Both versions are scaled such that 1990 losses equal

EUR 30 billion, and the new gust-corrected version has no-
tably smaller values in the 21st century. This is because the
trend in observed gusts compared to ERA5 winds over the
past few decades is generally quite negative (Fig. 6c); hence
domain-wide losses will be lower in the new dataset.

The modified losses lead to improvements with respect to
observed losses in Table 1. Both seasons 1975/76 (includ-
ing Capella) and 1987/88 (including 87J) now exceed the
2006/07 winter losses mainly caused by Kyrill. Inspection at
the storm level reveals modelled losses of EUR 8 billion for
Capella and EUR 6.5 billion for Kyrill, comparing well to
observed values. While the modelled 87J loss is EUR 5.2 bil-
lion is higher than the original value, it remains significantly
below the best estimate in Table 1. The 87J storm contained
many small-scale processes such as deep convection and a
sting jet which boosted its peak gusts (Browning, 2004) but
may not be captured by the reanalysis winds, and further, the
incurred losses were boosted by the unusually severe ampli-
fication of repair costs due to demand surge (RMS, 2007)
which the loss equation does not model. Overall, the relativ-
ity of these older storms to Kyrill is much better in the new
dataset, though 87J has room for further improvement.

Modelled losses for extreme events in the 20th century
contain a second feature of note. The losses in 1999 are lower
than the best estimate of EUR 22 billion insured loss, and ob-
served costs seem well defined considering the small spread
in losses from different sources in Table 1. Further inspec-
tion revealed the ERA5 wind footprint for Lothar failed to
capture a secondary feature which developed to the south of
its main wind swathe and caused severe damage in northern
Switzerland, while the modelled Anatol loss is less than half
of the value based upon PERILS, and its footprint swathe
also seems less extensive (not shown). Fixing these features
would raise modelled losses significantly, i.e. much closer
to the best estimate. The mere strips of wind missing from
these footprints highlight the difficulty of producing accurate
national losses for extreme storms.

The separate validation using PERILS losses in the 21st
century indicates the revised loss dataset is a major improve-
ment. Figure 8 is a copy of Fig. 3 with the new, gust-corrected
annual losses plotted as blue bars. The large positive bias of
107 % found in the original dataset becomes a 3 % deficit in
the gust-corrected version. While the smallness of the bias
in the new dataset is fortuitous, it was reasonable to expect a
large step in the right direction from the correction.

4.4 Discussion

There is relatively high confidence that observed windstorm
losses are significantly lower this century and that declines
in observed gusts bolster this view, since gusts are the haz-
ard quantity more closely associated with windstorm dam-
age. This leads to the question of why ERA5 winds do
not carry this longer-term trend. Two different possibilities
for imperfect long-term trends in ERA5 winds were men-
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Figure 7. Time series of Europe-wide annual windstorm losses, both original (black bars, from Fig. 2) and corrected versions.

Figure 8. A bar plot of Europe-wide windstorm losses for the past 14 seasons from PERILS and both initial and corrected modelled loss
records.

tioned earlier. First, non-stationary observing systems can
drive non-meteorological trends in reanalyses (e.g. Bengts-
son et al., 2004; Thorne and Vose, 2010; Wohland et al.,
2019), and while Europe has had a dense observation cover-
age for decades, the occurrence of event peak winds is often
focused on small spatial scales around fronts, and it is plausi-
ble that their representation in reanalyses has sharpened over
recent decades. Future study of the intensity of fronts in Eu-
ropean storms, preferably using observations and the lessons
in Thomas and Schultz (2019), would address this issue. A
second possible cause is that the trends in gusts have quite
distinct changes not present in longer time-mean winds (and
the gust modelling in ERA5 does not capture either). This too
is plausible, since the shorter timescales of gusts are associ-
ated with processes at smaller spatial scales; hence different
trends are feasible. Mechanisms that bring upper-level winds
to the surface, such as convection (vertical and slantwise) and

enhanced downward mixing near the cold front, are found to
be important drivers of some of the strongest gusts in extreme
storms (e.g. Browning, 2004; Fink et al., 2009). More gener-
ally, the low-level stability influences the vertical extent of
mixing by small-scale mechanisms and hence the gustiness
of storms. Hewson and Neu (2015) gave a very interesting
example of this effect. They found that the destruction caused
by storm Daria, the most damaging wind event in the UK for
many decades, was enhanced by the weak afternoon sun in
January in England and Wales: it was sufficient to reduce
low-level stability which enhanced the downward mixing of
momentum which in turn intensified near-surface gusts, and
a little boost to strong winds can create a lot more damage.
More generally, an examination of trends in low-level stabil-
ity, specifically at those times when lower-troposphere winds
are near peak per location, may possibly provide insights into
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the multidecadal reduction in storm gustiness found in the
ISD observations.

A limitation of the loss dataset is also worth highlight-
ing. The wind scaling factors in the bias-corrected dataset
for 1950–1979 are based on assumptions which will need to
be considered when interpreting the loss record in the ear-
lier period. Research towards a better understanding of what
has influenced the relativity of extreme ISD gusts to ERA5
winds over the past few decades may provide better guidance
on their relativity in earlier times.

The biggest annual loss occurred in 1989/90 and was
caused by the combination of a cluster of severe storms hit-
ting dense exposure. The extent to which 1989/90 makes that
late 20th-century period appear stormy, versus the alterna-
tive – that a stormy period made 1989/90 more likely – is
unclear. The new storm dataset can inform this debate. The
effects of variable exposure density on annual losses are sim-
ply removed from the Klawa and Ulbrich (2003) loss equa-
tion by deleting the population term (Pi) to leave what is
commonly referred to as a storm severity index (SSI). Fig-
ure 9 shows the time series of standardised losses and SSI,
together with their low-pass-filtered versions. The Pearson
correlation of annual values of SSI and loss is 0.901, and this
rises to 0.948 for the low-pass-filtered versions, suggesting
exposure variations play a much smaller relative role than
the hazard towards temporal variations in loss. Moreover, the
SSI time series show higher storminess levels throughout the
1980s and 1990s, with 11 years above the long-term average
versus 3 in the past 20 years. The hypothesis that the mean
SSI value from 2002/03 to 2021/22 is the same as the mean
from 1980/81 to 1999/00 is rejected at the 5 % level, with
a p value of 0.004. A similar test on losses also rejects the
hypothesis at the 5 % significance level, with a p value of
0.019. The new storm dataset suggests the last 2 decades of
the 20th century were stormier as a whole, which raised the
probability of the occurrence of extreme annual losses such
as the 1989/90 season.

5 Comparison of large-scale climate indices to
European wind losses

The strength of connection between commonly used indices
of winter-mean climate anomalies and losses is analysed in
this section, with more focus on the decadal scales that fit
with the response times of the bulk of the insurance industry,
though correlations at interannual timescales are presented
too. All time series are normalised using their respective
means and standard deviations for comparison purposes, as
outlined in Sect. 2.

The NAO, Scandinavian Pattern (SCA), and the Arctic Os-
cillation (AO) are modes of interannual variability in circula-
tion that are often regarded as proxies for European stormi-
ness, and Fig. 10 shows their low-frequency variations along-
side losses over the past 7 decades. The first finding from

this comparison is how NAO values based on station data are
a considerably poorer match to losses than the other three,
explaining only 15 % of the variance of loss at these long
timescales. The main cause of this lower skill is its high-
est values occurring in the 2010s when losses were below
average. NAO values based on fixed spatial points provide
less benefit for management of windstorm risk. The second
main finding is that the other three indices provide reason-
ably good guidance of decadal variations in losses over the
whole 70 years. There is a caveat though: the three climate
indices perform relatively poorly in recent times, with the
2010s containing the second highest decadal values in con-
trast to low losses. This is a concern, since the most recent
period is most relevant for pricing of near-term risk and is in-
vestigated further after presenting more results from the anal-
ysis.

Figure 11 provides more quantitative details on Pearson
correlation values between each of the four indices and losses
at both interannual and decadal timescales. The correlations
are computed both over the full time period and a short-
ened version up to 2009/10 to isolate the contribution from
the recent period. Correlations are around 0.4 at interannual
timescales, suggesting that even a perfect forecast of seasonal
mean surface pressure anomalies is of limited benefit to pric-
ing windstorm risk. At decadal scales, correlations rise up to
0.7, and if it is presumed that the NAO metric in Athanasiadis
et al. (2020) behaves like NAO-PC and asymptotes towards
0.7, then current systems may explain around 25 % of the
variance in decadal losses.

Returning to the concern about the recent period, it is no-
table how decadal correlations of climate indices with loss
fall from about 0.85 to 0.7 when the most recent 12 seasons
are included. The hypothesis that this divergence could oc-
cur randomly by sampling error was tested by calculating
mean values over 2010/11 to 2021/22 for all five time series
in Fig. 10, and it revealed the values for all four climate in-
dices were significantly different from losses at the 5 % level
(p values around 0.02, except NAO-stn at 0.005). This re-
sult suggests users ought not to equate decadal variations in
meteorological indices with loss anomalies in recent times.
However, this evidence is merely statistical in nature and falls
far short of conclusive proof that the relationship between
winter-mean winds and extreme gusts is different between
the late 20th and early 21st centuries. Further research into
the processes causing time-mean winds and extreme gusts
would help us understand whether their relationship is non-
stationary and is suggested as being high priority to shore up
confidence in modern-day forecasts.

It is not novel to find climate indices do not explain all Eu-
ropean storm variations. For example, Woollings et al. (2015)
resolved climate variations into two timescales using a 30-
year cutoff, and their Fig. 3 shows the NAO is linked to very
different changes in the North Atlantic jet between the two
frequency ranges. Variations in NAO at annual-to-decadal
scales were linked to latitudinal changes in the jet which are
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Figure 9. Time series of losses (black) and SSI, in normalised values, both for annual values (bars) and low-pass-filtered versions with
10-year cutoff frequency.

Figure 10. Low-pass-filtered time series of European wind losses and standard climate indices. The Pearson correlations between the climate
indices and the loss dataset are shown in parentheses in the legend.

expected to have less impact on losses, consistent with the
quite low correlations in Fig. 11. However, similar NAO vari-
ations were associated with a strengthening and extension of
the jet into Europe at longer timescales, which would be ex-
pected to have a significant impact on losses. Clearly, varia-
tions in long-term mean surface pressure patterns are not tied
tightly to the occurrence of extreme event losses.

Finally, it is interesting to note how modelled losses based
on uncorrected ERA5 winds have a close connection to ob-
served climate indices in the most recent period. It suggests
ERA5 extreme winds are reflecting winter-mean circulation
anomalies, whereas losses have separated from time-mean
winds. However, the puzzle remains as to why observed gusts
and damages have a different long-term trend from time-
mean winds.

6 Conclusions

ERA5 near-surface peak winds provide a solid foundation
to build a long time series of European windstorm in-
sured losses, correctly identifying those years with landmark
storms and simulating the well-known multidecadal pattern
of lower values in the 1960s that rise steeply to a peak in
the 1980s and 1990s and then decline into the 21st century.
However, the recent downward trend in losses from the 1990s
to the 2010s was less steep than observed. Various potential
causes were considered, including the accuracy of observed
losses and ERA5 winds and a non-stationary relationship be-
tween wind and damage. It was found that ERA5 winds sim-
ply contained a different long-term trend from damage. Fur-
ther, the ERA5 winds did not match gust trends in ISD obser-
vations, and the latter were considered reliable because they
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Figure 11. Correlations between each of four climate indices and losses for annual and low-pass-filtered time series, calculated for two
different time periods: the entire study period and a shortened version excluding the final 12 seasons (i.e. 1950/51 to 2009/10).

consisted of a large-scale signal measured by many coastal
and inland stations. Given the close relation between dam-
ages and peak gusts, a revised loss dataset was built with
observed gust trends imposed on ERA5 winds, and its de-
cline from the 1990s to 2010s was much more consistent
with observed losses. Further, it improved the estimates of
event losses for some of the most severe historic storms.

The skill of ERA5 winds as the basis for storm losses is
most notable given the high sensitivity of damage amounts
to wind speeds. Nevertheless, its limitations should be con-
sidered too. Besides the long-term trend feature mentioned
above, the footprints did not capture the extent of damage in
a few key storms, such as Lothar, 87J, and Anatol, and this in-
dicates the new dataset is likely to have larger relative errors
in national-scale compared to domain-wide losses. Further
research could improve aspects of the final dataset. First, the
long-term trend correction to ERA5 winds had no informa-
tion pre-1973. A greater understanding of the mechanisms
causing the mismatch between observed gusts and ERA5
winds may help infer pre-1973 trends. Second, local storm
wind details could be boosted by combining observed gust
information with ERA5 winds to produce better modelled
national losses. The quality of the resulting dataset would be
non-homogeneous, in the sense of greater accuracy in the pe-
riod of better gust data from the 1970s onwards. Extra care
would be needed to avoid confounding climate variability
with non-meteorological trends.

The new loss dataset was used to assess some indices
commonly used to summarise Europe-wide winter climate
anomalies. At interannual timescales, correlations are around
0.4 and point to a modest association between climate in-
dices and losses. At longer timescales, the indices generally
have correlations around 0.7 because they capture the ob-
served multidecadal variations of storm loss from 1950 to the
early 2000s. However, all of them diverge from loss experi-
ence over the past 15 years. In a context of relatively small

observational errors, there is high confidence that climate in-
dex values in the 2010s approached those last seen 30 years
ago yet with a similar level of certainty that storm damages
were far below those in the 1980s and 1990s. Such a decou-
pling was noted in previous research on the inability of the
NAO to distinguish between very different changes in storm
tracks over Europe. This is a key issue for insurance because
it implies the reported correlations based on the whole time
series are not appropriate for the present day. The available
evidence suggests lower than average losses are occurring,
and, being driven by declining wind hazard (gusts), stan-
dard climate indices do not reflect this reality. Intriguingly,
ERA5 extreme winds have a similar flattish trend to observed
time-mean winds represented by climate indices. The non-
stationary relations to the climate indices are restricted to ob-
served extreme gusts and damages. Further investigation of
the weak link between anomalies in storm damages and cli-
mate indices over the past 15 years may help connect decadal
climate research to windstorm insurance.

Data availability. ERA5 (Bell et al., 2021) reanalysis data
are publicly available via the Copernicus Climate Change
Service (https://doi.org/10.24381/cds.adbb2d47, Hers-
bach et al., 2023). The population dataset is available at
https://doi.org/10.7927/H4JW8BX5 (CIESIN, 2018). The Inte-
grated Surface Dataset is available in Smith et al. (2011).

Competing interests. The author has declared that there are no
competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

https://doi.org/10.5194/nhess-23-2841-2023 Nat. Hazards Earth Syst. Sci., 23, 2841–2856, 2023

https://doi.org/10.24381/cds.adbb2d47
https://doi.org/10.7927/H4JW8BX5


2854 S. Cusack: A long record of European windstorm losses

Acknowledgements. The author is very grateful to two anonymous
reviewers and Matthias Klawa for their advice and suggestions
which considerably improved the original manuscript, as well as
the handling editor Ricardo Trigo for his valuable guidance. The
author appreciated the many discussions of storm winds and losses
with ex-colleagues at Moody’s RMS and continues to benefit from
debates with new colleagues in the insurance industry.

Review statement. This paper was edited by Ricardo Trigo and re-
viewed by two anonymous referees.

References

Årthun, M., Eldevik, T., Viste, E., Drange, H., Furevik, T., John-
son, H. L., and Keenlyside, N. S.: Skillful prediction of north-
ern climate provided by the ocean, Nat. Commun., 8, 15875,
https://doi.org/10.1038/ncomms15875, 2017.

Athanasiadis, P. J., Yeager, S., Kwon, Y.-O., Bellucci, A., Smith,
D. W., and Tibaldi, S.: Decadal predictability of North At-
lantic blocking and the NAO, npj Clim. Atmos. Sci., 3, 20,
https://doi.org/10.1038/s41612-020-0120-6, 2020.

Barnston, A. G. and Livezey, R. E.: Classifica-
tion, seasonality and persistence of low-frequency
atmospheric circulation patterns, Mon. Weather
Rev., 115, 1083–1126, https://doi.org/10.1175/1520-
0493(1987)115<1083:CSAPOL>2.0.CO;2, 1987.

Barredo, J. I.: No upward trend in normalised windstorm losses in
Europe: 1970–2008, Nat. Hazards Earth Syst. Sci., 10, 97–104,
https://doi.org/10.5194/nhess-10-97-2010, 2010.

Bell, B., Hersbach, H., Simmons, A., Berrisford, P., Dahlgren, P.,
Horányi, A., Muñoz-Sabater, J., Nicolas, J., Radu, R., Schepers,
D., Soci, C., Villaume, S., Bidlot, J. R., Haimberger, L., Woollen,
J., Buontempo, C., and Thépaut, J. N.: The ERA5 global reanaly-
sis: Preliminary extension to 1950, Q. J. Roy. Meteor. Soc., 147,
4186–4227, https://doi.org/10.1002/qj.4174, 2021.

Bengtsson, L., M., Hagemann, S., and Hodges, K. I.: Can climate
trends be calculated from reanalysis data?, J. Geophys. Res., 109,
D11111, https://doi.org/10.1029/2004JD004536, 2004.

Brázdil, R., Dobrovolny, P., Stekl, J., Kotyza, O., Valasek, H., and
Jaroslav, J.: History of weather and climate in the Czech lands
VI: Strong winds, Masaryk University, Brno, Czech Republic,
378 pp., ISBN 80-210-3547-1, 2004.

Browning, K. A.: The sting at the end of the tail: Damaging winds
associated with extratropical cyclones, Q. J. Roy. Meteor. Soc.,
130, 375–399, https://doi.org/10.1256/qj.02.143, 2004.

Büeler, D. and Pfahl, S.: Potential vorticity diagnostics to quantify
effects of latent heating in extratropical cyclones. Part II: appli-
cation to idealized climate change simulations, J. Atmos. Sci.,
76, 1885–1902, https://doi.org/10.1175/JAS-D-18-0342.1, 2019.

Cassou, C., Kushnir, Y., Hawkins, E., Pirani, A., Kucharski, F.,
Kang, I.-S., and Caltabiano, N.: Decadal climate variability and
predictability: Challenges and opportunities, B. Am. Meteorol.
Soc., 99, 479–490, https://doi.org/10.1175/BAMS-D-16-0286.1,
2018.

Catto, J. L., Ackerley, D., Booth, J. F., Champion, A. J., Colle, B. A.,
Pfahl, S., Pinto, J. G., Quinting, J. F., and Seiler, C.: The future

of midlatitude cyclones, Curr. Clim. Change Rep., 5, 407–420,
https://doi.org/10.1007/s40641-019-00149-4, 2019.

Center for International Earth Science Information Network
(CIESIN) Columbia University: Gridded Population of the
World, Version 4.11 (GPWv4): Population Count, Revision 11,
Palisades, NY: NASA Socioeconomic Data and Applications
Center (SEDAC) [data set], https://doi.org/10.7927/H4JW8BX5,
2018.

Chang, E. K.-M.: CMIP5 projected change in Northern Hemisphere
winter cyclones with associated extreme winds, J. Climate, 31,
6527–6542, https://doi.org/10.1175/JCLI-D-17-0899.1, 2018.

Christofides, S., Barlow, C., Michaelides, N., and Miran-
this, C.: Storm Rating in the Nineties, General Insur-
ance Convention, Bournemouth, https://www.actuaries.org.uk/
system/files/documents/pdf/storm-rating-nineties.pdf (last ac-
cess: 25 September 2021), 1992.

Cohen, J., Zhang, X., Francis, J., Jung, T., Kwok, R., Overland, J.,
Tayler, P. C., Lee, S., Laliberte, F., Feldstein, S., Maslowski, W.,
Henderson, G., Stroeve, J., Coumou, D., Handorf, D., Semm-
ler, T., Ballinger, T., Hell, M., Kretschmer, M., Vavrus, S.,
Wang, M., Wang, S., Wu, Y., Vihma, T., Bhatt, U., Ionita, M.,
Linderholm, H., Rigor, I., Routson, C., Singh, D., Wendisch,
M., Smith, D., Screen, J., Yoon, J., Peings, Y., Chen, H., and
Blackport, R.: Arctic change and possible influence on mid-
latitude climate and weather, US CLIVAR Report 2018-1, 41 pp.,
https://doi.org/10.5065/D6TH8KGW, 2018.

Cusack, S.: A 101-year record of windstorms in the Netherlands,
Climatic Change, 116, 693–704, https://doi.org/10.1007/s10584-
012-0527-0, 2013.

Cusack, S.: The observed clustering of damaging extratropical cy-
clones in Europe, Nat. Hazards Earth Syst. Sci., 16, 901–913,
https://doi.org/10.5194/nhess-16-901-2016, 2016.

Dawkins, L. C., Stephenson, D. B., Lockwood, J. F., and
Maisey, P. E.: The 21st century decline in damaging Euro-
pean windstorms, Nat. Hazards Earth Syst. Sci., 16, 1999–2007,
https://doi.org/10.5194/nhess-16-1999-2016, 2016.

Dawson, S., Smith, D. E., Jordan, J., and Dawson, A. G.:
Late Holocene coastal sand movements in the Outer
Hebrides, N.W. Scotland, Mar. Geol., 210, 281–306,
https://doi.org/10.1016/j.margeo.2004.05.013, 2004.

Deroche, M.-S., Choux, M., Codron, F., and Yiou, P.: Three vari-
ables are better than one: detection of european winter wind-
storms causing important damages, Nat. Hazards Earth Syst.
Sci., 14, 981–993, https://doi.org/10.5194/nhess-14-981-2014,
2014.

Eade, R., Smith, D., Scaife, A., Wallace, E., Dunstone,
N., Hermanson, L., and Robinson, N.: Do seasonal-to-
decadal climate predictions under-estimate the predictability
of the real world?, Geophys. Res. Lett., 41, 5620–5628,
https://doi.org/10.1002/2014GL061146, 2014.

ECMWF: IFS Documentation CY41R2 – Part IV: Phys-
ical Processes, https://www.ecmwf.int/en/elibrary/
79697-ifs-documentation-cy41r2-part-iv-physical-processes
(last access: 2 June 2022), 2016.

European Insurance and Occupational Pensions Au-
thority (EIOPA): Opinion on the supervision
of the use of climate change risk scenarios in
ORSA, https://www.eiopa.europa.eu/publications/

Nat. Hazards Earth Syst. Sci., 23, 2841–2856, 2023 https://doi.org/10.5194/nhess-23-2841-2023

https://doi.org/10.1038/ncomms15875
https://doi.org/10.1038/s41612-020-0120-6
https://doi.org/10.1175/1520-0493(1987)115<1083:CSAPOL>2.0.CO;2
https://doi.org/10.1175/1520-0493(1987)115<1083:CSAPOL>2.0.CO;2
https://doi.org/10.5194/nhess-10-97-2010
https://doi.org/10.1002/qj.4174
https://doi.org/10.1029/2004JD004536
https://doi.org/10.1256/qj.02.143
https://doi.org/10.1175/JAS-D-18-0342.1
https://doi.org/10.1175/BAMS-D-16-0286.1
https://doi.org/10.1007/s40641-019-00149-4
https://doi.org/10.7927/H4JW8BX5
https://doi.org/10.1175/JCLI-D-17-0899.1
https://www.actuaries.org.uk/system/files/documents/pdf/storm-rating-nineties.pdf
https://www.actuaries.org.uk/system/files/documents/pdf/storm-rating-nineties.pdf
https://doi.org/10.5065/D6TH8KGW
https://doi.org/10.1007/s10584-012-0527-0
https://doi.org/10.1007/s10584-012-0527-0
https://doi.org/10.5194/nhess-16-901-2016
https://doi.org/10.5194/nhess-16-1999-2016
https://doi.org/10.1016/j.margeo.2004.05.013
https://doi.org/10.5194/nhess-14-981-2014
https://doi.org/10.1002/2014GL061146
https://www.ecmwf.int/en/elibrary/79697-ifs-documentation-cy41r2-part-iv-physical-processes
https://www.ecmwf.int/en/elibrary/79697-ifs-documentation-cy41r2-part-iv-physical-processes
https://www.eiopa.europa.eu/publications/opinion-supervision-use-climate-change-risk-scenarios-orsa_en


S. Cusack: A long record of European windstorm losses 2855

opinion-supervision-use-climate-change-risk-scenarios-orsa_
en (last access: 15 October 2022), 2021.

Feser, F., Barcikowska, M., Krueger, O., Schenk, F., Weisse, R.,
and Xia, L.: Storminess over the North Atlantic and northwest-
ern Europe – a review, Q. J. Roy. Meteor. Soc., 141, 350–382,
https://doi.org/10.1002/qj.2364, 2015.

Fink, A. H., Brücher, T., Ermert, V., Krüger, A., and Pinto, J. G.:
The European storm Kyrill in January 2007: synoptic evolution,
meteorological impacts and some considerations with respect
to climate change, Nat. Hazards Earth Syst. Sci., 9, 405–423,
https://doi.org/10.5194/nhess-9-405-2009, 2009.

Greatbatch, R. J., Gollan, G., Jung, T., and Kunz, T.: Factors influ-
encing Northern Hemisphere winter mean atmospheric circula-
tion anomalies during the period 1960/61 to 2001/02, Q. J. Roy.
Meteor. Soc., 138, 1970–1982, https://doi.org/10.1002/qj.1947,
2012.

Gregow, H., Laaksonen, A., and Alper, M. E.: Increasing large
scale windstorm damage in Western, Central and North-
ern European forests, 1951–2010, Sci. Rep.-UK, 7, 46397,
https://doi.org/10.1038/srep46397, 2017.

Guha-Sapir, D., Below, R., and Hoyois, P.: EM-DAT: The
CRED/OFDA International Disaster Database, https://www.
emdat.be/ (last access: 15 January 2022), Université Catholique
de Louvain, Brussels, Belgium, 2022.

Harvey, B. J., Cook, P., Shaffrey, L. C., and Schiemann, R.:
The response of the northern hemisphere storm tracks and jet
streams to climate change in the CMIP3, CMIP5, and CMIP6
climate models, J. Geophys. Res.-Atmos., 125, e2020JD032701,
https://doi.org/10.1029/2020JD032701, 2020.

Hawkins, E., Brohan, P., Burgess, S. N., Burt, S., Compo, G. P.,
Gray, S. L., Haigh, I. D., Hersbach, H., Kuijjer, K., Martínez-
Alvarado, O., McColl, C., Schurer, A. P., Slivinski, L., and
Williams, J.: Rescuing historical weather observations im-
proves quantification of severe windstorm risks, Nat. Hazards
Earth Syst. Sci., 23, 1465–1482, https://doi.org/10.5194/nhess-
23-1465-2023, 2023.

Hersbach, H., Bell, B., Berrisford, P., Biavati, G., Horányi, A.,
Muñoz Sabater, J., Nicolas, J., Peubey, C., Radu, R., Rozum,
I., Schepers, D., Simmons, A., Soci, C., Dee, D., and Thépaut,
J.-N.: ERA5 hourly data on single levels from 1940 to present,
Copernicus Climate Change Service (C3S) Climate Data Store
(CDS) [data set], https://doi.org/10.24381/cds.adbb2d47, 2023.

Hewson, T. D. and Neu, U.: Cyclones, windstorms
and the IMILAST project, Tellus A, 67, 27128,
https://doi.org/10.3402/tellusa.v67.27128, 2015.

Hu, D., Guan, Z., Guo, Y., Lu, C., and Jin, D.: Dynamical connec-
tion between the stratospheric Arctic vortex and sea surface tem-
peratures in the North Atlantic, Clim. Dynam., 53, 6979–6993,
https://doi.org/10.1007/s00382-019-04971-2, 2019.

Hurrell, J. W., Kushnir, Y., Ottersen, G., and Visbeck, M.: An
Overview of the North Atlantic Oscillation. In: The North
Atlantic Oscillation: climatic significance and environmen-
tal impact, edited by: Hurrell, J. W., Kushnir, Y., Ottersen,
G. and Visbeck, M., Geophysical Monograph Series, 134,
AGU (American Geophysical Union), Washington, DC, 1–35,
https://doi.org/10.1029/134GM01, 2003.

Karremann, M. K., Pinto, J. G., von Bomhard, P. J., and
Klawa, M.: On the clustering of winter storm loss events

over Germany, Nat. Hazards Earth Syst. Sci., 14, 2041–2052,
https://doi.org/10.5194/nhess-14-2041-2014, 2014.

Keenlyside, N. S., Latif, M., Jungclaus, J., Kornblueh, L.,
and Roeckner, E.: Advancing decadal-scale climate pre-
diction in the North Atlantic sector, Nature, 453, 84–88,
https://doi.org/10.1038/nature06921, 2008.

Klawa, M. and Ulbrich, U.: A model for the estimation
of storm losses and the identification of severe winter
storms in Germany. Nat. Hazard Earth Sys., 3:725-732,
https://doi.org/10.5194/nhess-3-725-2003, 2003.

Lang, A., Yang, S., and Kaas, E.: Sea ice thickness and re-
cent Arctic warming, Geophys. Res. Lett., 44, 409–418,
https://doi.org/10.1002/2016GL071274, 2017.

Laurila, T. K., Sinclair, V. A., and Gregow, H.: Climatology, vari-
ability, and trends in near-surface wind speeds over the North At-
lantic and Europe during 1979–2018 based on ERA5, Int. J. Cli-
matol., 41, 2253–2278, https://doi.org/10.1002/joc.6957, 2021.

Mailier, P. J., Stephenson, D. B., Ferro, C. A. T., and Hodges, K. I.:
Serial clustering of extratropical cyclones, Mon. Weather Rev.,
134, 2224–2240, https://doi.org/10.1175/MWR3160.1, 2006.

Minola, L., Azorin-Molina, C., and Chen, D.: Homogeniza-
tion and assessment of observed near-surface wind speed
trends across Sweden, 1956–2013, J. Climate, 29, 7397–7415,
https://doi.org/10.1175/JCLI-D-15-0636.1, 2016.

Munich Re: GeoRisks Research Department, Winter Storms
in Europe (II) Analysis of 1999 losses and loss potentials,
https://www.planat.ch/fileadmin/PLANAT/planat_pdf/alle_
2012/2001-2005/Munich_Re_Group_2002_-_Winter_storms_
in_Europe_II.pdf (last access: 14 April 2023), 2002.

Omrani, N. E., Keenlyside, N. S., Bader, J., and Manzini,
E.: Stratosphere key for wintertime atmospheric response to
warm Atlantic decadal conditions, Clim. Dynam., 42, 649–663,
https://doi.org/10.1007/s00382-013-1860-3, 2014.

Peings Y. and Magnusdottir, G.: Forcing of the wintertime
atmospheric circulation by the multidecadal fluctuations of
the North Atlantic Ocean, Environ. Res. Lett., 9, 034018,
https://doi.org/10.1088/1748-9326/9/3/034018, 2014.

Pielke Jr., R. A. and Landsea, C. W.: Normalized hurri-
cane damages in the United States: 1925–95, Weather
Forecast., 13, 621–631, https://doi.org/10.1175/1520-
0434(1998)013<0621:NHDITU>2.0.CO;2, 1998.

Prahl, B. F., Rybski, D., Burghoff, O., and Kropp, J. P.: Comparison
of storm damage functions and their performance, Nat. Hazards
Earth Syst. Sci., 15, 769–788, https://doi.org/10.5194/nhess-15-
769-2015, 2015.

Priestley, M. D. K., Dacre, H. F., Shaffrey, L. C., Hodges, K.
I., and Pinto, J. G.: The role of serial European windstorm
clustering for extreme seasonal losses as determined from
multi-centennial simulations of high-resolution global climate
model data, Nat. Hazards Earth Syst. Sci., 18, 2991–3006,
https://doi.org/10.5194/nhess-18-2991-2018, 2018.

RMS: The Great Storm of 1987: 20 Year Retrospec-
tive, Risk Management Solutions Inc. Special Re-
port, https://web.archive.org/web/20091122171910/https:
//www.rms.com/Publications/Great_Storm_of_1987.pdf (last
access: 14 April 2023), 2007.

Roberts, J. F., Champion, A. J., Dawkins, L. C., Hodges, K. I., Shaf-
frey, L. C., Stephenson, D. B., Stringer, M. A., Thornton, H. E.,
and Youngman, B. D.: The XWS open access catalogue of ex-

https://doi.org/10.5194/nhess-23-2841-2023 Nat. Hazards Earth Syst. Sci., 23, 2841–2856, 2023

https://www.eiopa.europa.eu/publications/opinion-supervision-use-climate-change-risk-scenarios-orsa_en
https://www.eiopa.europa.eu/publications/opinion-supervision-use-climate-change-risk-scenarios-orsa_en
https://doi.org/10.1002/qj.2364
https://doi.org/10.5194/nhess-9-405-2009
https://doi.org/10.1002/qj.1947
https://doi.org/10.1038/srep46397
https://www.emdat.be/
https://www.emdat.be/
https://doi.org/10.1029/2020JD032701
https://doi.org/10.5194/nhess-23-1465-2023
https://doi.org/10.5194/nhess-23-1465-2023
https://doi.org/10.24381/cds.adbb2d47
https://doi.org/10.3402/tellusa.v67.27128
https://doi.org/10.1007/s00382-019-04971-2
https://doi.org/10.1029/134GM01
https://doi.org/10.5194/nhess-14-2041-2014
https://doi.org/10.1038/nature06921
https://doi.org/10.5194/nhess-3-725-2003
https://doi.org/10.1002/2016GL071274
https://doi.org/10.1002/joc.6957
https://doi.org/10.1175/MWR3160.1
https://doi.org/10.1175/JCLI-D-15-0636.1
https://www.planat.ch/fileadmin/PLANAT/planat_pdf/alle_2012/2001-2005/Munich_Re_Group_2002_-_Winter_storms_in_Europe_II.pdf
https://www.planat.ch/fileadmin/PLANAT/planat_pdf/alle_2012/2001-2005/Munich_Re_Group_2002_-_Winter_storms_in_Europe_II.pdf
https://www.planat.ch/fileadmin/PLANAT/planat_pdf/alle_2012/2001-2005/Munich_Re_Group_2002_-_Winter_storms_in_Europe_II.pdf
https://doi.org/10.1007/s00382-013-1860-3
https://doi.org/10.1088/1748-9326/9/3/034018
https://doi.org/10.1175/1520-0434(1998)013<0621:NHDITU>2.0.CO;2
https://doi.org/10.1175/1520-0434(1998)013<0621:NHDITU>2.0.CO;2
https://doi.org/10.5194/nhess-15-769-2015
https://doi.org/10.5194/nhess-15-769-2015
https://doi.org/10.5194/nhess-18-2991-2018
https://web.archive.org/web/20091122171910/https://www.rms.com/Publications/Great_Storm_of_1987.pdf
https://web.archive.org/web/20091122171910/https://www.rms.com/Publications/Great_Storm_of_1987.pdf


2856 S. Cusack: A long record of European windstorm losses

treme European windstorms from 1979 to 2012, Nat. Hazards
Earth Syst. Sci., 14, 2487–2501, https://doi.org/10.5194/nhess-
14-2487-2014, 2014.

Safaei Pirooz, A. A. and Flay, R. G. J.: Response characteristics of
anemometers used in New Zealand, in: The 19th Australasian
Wind Engineering Society Workshop, 4–6 April, Torquay,
Victoria, https://www.awes.org/archives/workshop-proceedings/
awes-19/ (last access: 15 April 2023), 2018.

Scaife, A. A., Knight, J. R., Vallis, G. K., and Folland, C.
K.: A stratospheric influence on the winter NAO and North
Atlantic surface climate, Geophys. Res. Lett., 32, L18715,
https://doi.org/10.1029/2005GL023226, 2005.

Shaw, T. A., Baldwin, M., Barnes, E. A., Caballero, R., Garfinkel,
C. I., Hwang, Y.-T., Li, C., O’Gorman, P. A., Rivière, G., Simp-
son, I. R., and Voigt, A.: Storm track processes and the op-
posing influences of climate change, Nat. Geosci., 9, 656–664,
https://doi.org/10.1038/ngeo2783, 2016.

Sloan, C. and Clark, M.: A comparison of three Met Of-
fice wind observing systems, Atmos. Sci. Lett., 13, 283–288,
https://doi.org/10.1002/asl.396, 2012.

Smith, A., Lott, N., and Vose, R.: The integrated surface database:
Recent developments and partnerships, B. Am. Meteorol. Soc.,
92, 704–708, https://doi.org/10.1175/2011BAMS3015.1, 2011.

Smith, D. M., Scaife, A. A., Eade, R., Athanasiadis, P., Bellucci, A.,
Bethke, I., Bilbao, R., Borchert, L. F., Caron, L.-P., Counillon, F.,
Danabasoglu, G., Delworth, T., Doblas-Reyes, F. J., Dunstone,
N. J., Estella-Perez, V., Flavoni, S., Hermanson, L., Keenly-
side, N., Kharin, V., Kimoto, M., Merryfield, W. J., Mignot,
J., Mochizuki, T., Modali, K., Monerie, P.-A., Müller, W. A.,
Nicolí, D., Ortega, P., Pankatz, K., Pohlmann, H., Robson, J.,
Ruggieri, P., Sospedra-Alfonso, R., Swingedouw, D., Wang, Y.,
Wild, S., Yeager, S., Yang, X., and Zhang, L.: North Atlantic cli-
mate far more predictable than models imply, Nature, 583, 796–
800, https://doi.org/10.1038/s41586-020-2525-0, 2020.

Smith, D. M., Eade, R., Andrews, M. B., Ayres, H., Clark, A.,
Chripko, S., Deser, C., Dunstone, N. J., García-Serrano, J.,
Gastineau, G., Graff, L. S., Hardiman, S. C., He, B., Hermanson,
L., Jung, T., Knight, J., Levine, X., Magnusdottir, G., Manzini,
E., Matei, D., Mori, M., Msadek, R., Ortega, P., Peings, Y.,
Scaife, A. A., Screen, J. A., Seabrook, M., Semmler, T., Sig-
mond, M., Streffing, J., Sun, L., and Walsh, A.: Robust but weak
winter atmospheric circulation response to future Arctic sea ice
loss, Nat. Commun., 13, 727, https://doi.org/10.1038/s41467-
022-28283-y, 2022.

Smits, A., Klein Tank, A. M. G., and Können, G. P.: Trends in
Storminess over the Netherlands, 1962–2002, Int. J. Climatol.,
25, 1331–1344, https://doi.org/10.1002/joc.1195, 2005.

Stucki, P., Brönnimann, S., Martius, O., Welker, C., Imhof,
M., von Wattenwyl, N., and Philipp, N.: A catalog of high-
impact windstorms in Switzerland since 1859, Nat. Hazards
Earth Syst. Sci., 14, 2867–2882, https://doi.org/10.5194/nhess-
14-2867-2014, 2014.

Swingedouw, D., Ortega, P., Mignot, J., Guilyardi, E., Masson-
Delmotte, V., Butler, P. G., Khodri, M., and Séférian, R.:
Bidecadal North Atlantic ocean circulation variability con-
trolled by timing of volcanic eruptions, Nat. Commun., 6, 6545,
https://doi.org/10.1038/ncomms7545, 2015.

Swiss Re Sigma: No 1/2002: Natural catastrophes and man-
made disasters in 2001: man-made losses take on a new di-
mension, Tech. Rep., Swiss Reinsurance Company, https://
www.eird.org/esp/cdcapra/pdf/eng/doc14399/doc14399.pdf (last
access: 5 April 2023), 2002.

Swiss Re Sigma: No 1/2008: Natural catastrophes and man-made
disasters in 2007: high losses in Europe. Tech. rep., Swiss Rein-
surance Company, https://www.swissre.com/institute/research/
sigma-research/sigma-2008-01.html (last access: 5 April 2023),
2008.

Thomas, C. M. and Schultz, D.M.: Global climatologies of fronts,
airmass boundaries, and airstream boundaries: Why the defi-
nition of “front” matters, Mon. Weather. Rev., 147, 691–717,
https://doi.org/10.1175/MWR-D-18-0289.1, 2019.

Thorne, P. W. and Vose, R. S.: Reanalyses suitable for character-
izing long-term trends, B. Am. Meteorol. Soc., 91, 353–361,
https://doi.org/10.1175/2009BAMS2858.1, 2010.

WASA Group: Changing waves and storms in
the northeast Atlantic?, B. Am. Meteorol.
Soc., 79, 741–760, https://doi.org/10.1175/1520-
0477(1998)079<0741:CWASIT>2.0.CO;2, 1998.

Wohland, J., Omrani, N., Witthaut, D., and Keenlyside, N.
S.: Inconsistent wind speed trends in current twentieth cen-
tury reanalyses, J. Geophys. Res.-Atmos., 124, 1931–1940,
https://doi.org/10.1029/2018jd030083, 2019.

Woollings, T., Franzke, C., Hodson, D., Dong, B., Barnes, E.,
Raible, C. C., and Pinto, J.: Contrasting interannual and
multidecadal NAO variability, Clim. Dynam., 45, 539–556,
https://doi.org/10.1007/s00382-014-2237-y, 2015.

Zhang, R.: Mechanisms for low-frequency variability of summer
Arctic sea ice extent, P. Natl. Acad. Sci. USA, 112, 4570–4575,
https://doi.org/10.1073/pnas.1422296112, 2015.

Nat. Hazards Earth Syst. Sci., 23, 2841–2856, 2023 https://doi.org/10.5194/nhess-23-2841-2023

https://doi.org/10.5194/nhess-14-2487-2014
https://doi.org/10.5194/nhess-14-2487-2014
https://www.awes.org/archives/workshop-proceedings/awes-19/
https://www.awes.org/archives/workshop-proceedings/awes-19/
https://doi.org/10.1029/2005GL023226
https://doi.org/10.1038/ngeo2783
https://doi.org/10.1002/asl.396
https://doi.org/10.1175/2011BAMS3015.1
https://doi.org/10.1038/s41586-020-2525-0
https://doi.org/10.1038/s41467-022-28283-y
https://doi.org/10.1038/s41467-022-28283-y
https://doi.org/10.1002/joc.1195
https://doi.org/10.5194/nhess-14-2867-2014
https://doi.org/10.5194/nhess-14-2867-2014
https://doi.org/10.1038/ncomms7545
https://www.eird.org/esp/cdcapra/pdf/eng/doc14399/doc14399.pdf
https://www.eird.org/esp/cdcapra/pdf/eng/doc14399/doc14399.pdf
https://www.swissre.com/institute/research/sigma-research/sigma-2008-01.html
https://www.swissre.com/institute/research/sigma-research/sigma-2008-01.html
https://doi.org/10.1175/MWR-D-18-0289.1
https://doi.org/10.1175/2009BAMS2858.1
https://doi.org/10.1175/1520-0477(1998)079<0741:CWASIT>2.0.CO;2
https://doi.org/10.1175/1520-0477(1998)079<0741:CWASIT>2.0.CO;2
https://doi.org/10.1029/2018jd030083
https://doi.org/10.1007/s00382-014-2237-y
https://doi.org/10.1073/pnas.1422296112

	Abstract
	Introduction
	Datasets and processing
	Loss data
	Wind data
	Climate index data
	Data processing

	Defining storm event losses
	A European windstorm loss history
	Initial evaluation of historical losses
	Multidecadal trends in losses
	The final set of historical losses
	Discussion

	Comparison of large-scale climate indices to European wind losses
	Conclusions
	Data availability
	Competing interests
	Disclaimer
	Acknowledgements
	Review statement
	References

