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Abstract.

Extratropical windstorms pose a major hazard in Northern Europe, with damage primarily arising from the combined effects

of high sustained near-surface winds and extreme gusts. While future changes in mid-latitude storms are expected under

climate warming, the implications for wind-related impacts remain uncertain. In this study, we investigate the response of

thermodynamic warming to an intense historical storm using Storm Anatol, which severely affected Denmark on 3 December5

1999, as a representative case.

The storm is simulated using the convection-permitting numerical weather prediction model HARMONIE-AROME within

a pseudo-global warming framework. Uniform temperature perturbations are applied throughout the atmosphere, sea surface,

and skin layers, while specific humidity is adjusted to maintain relative humidity. Changes in wind speed, gusts, and the spatial

and temporal extent of damaging wind conditions are analysed across a range of warming scenarios. To quantify integrated10

wind exposure, we employ a new cumulative metric applicable to both wind speed and gust diagnostics, referred to as the

Cumulative Wind Exposure Index.

The simulations show a systematic intensification of near-surface wind and gust speeds with increasing temperature, accompanied

by an expansion in the spatial footprint and duration of extreme wind conditions. The cumulative wind exposure increases

markedly in the warmer scenarios relative to the historical simulation. When interpreted in the context of established wind–damage15

relationships, these changes imply substantially enhanced potential for wind-related impacts.

Overall, the results demonstrate that thermodynamic warming alone can significantly amplify windstorm exposure, highlighting

the importance of considering compound wind characteristics, when assessing future wind hazards and their impacts in

Northern Europe.

1 Introduction20

High wind speeds related to intense extratropical low pressure systems represent a significant socioeconomic and environmental

hazard (IPCC, 2021a). These intense weather events result in substantial impacts on both natural and built environments,
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with the most immediate consequences for human systems arising from structural damage caused by high sustained wind

speeds and, in particular, severe gusts (Gliksman et al., 2023). The forces resulting from the passage of such low-pressure

systems can be very destructive (Little et al., 2023), e.g. tearing roofs from buildings, uproot trees, and bring down power lines,25

resulting in widespread infrastructure disruptions. Transportation networks are particularly vulnerable, with bridge closures,

flight cancellations, and railway disruptions leading to substantial economic consequences (Donat et al., 2011a). Additionally,

storms are often accompanied by storm surges, which amplify the overall damage to the coastal regions (Souto-Ceccon et al.,

2025; Woth et al., 2005).

Extreme wind events are inherently destructive because the force exerted on structures increases sharply with wind speed.30

Physically, the wind’s kinetic energy scales with the square of its velocity, meaning that a doubling of wind speed quadruples

the energy acting on buildings (Lorenz et al., 2024). In reality, the relationship between wind intensity and damage is often

even steeper: Empirical studies show that economic losses tend to rise with the cube to fifth power of wind speed (Donat

et al., 2011b; Klawa and Ulbrich, 2003). Engineering simulations of structural failure sometimes use exponents as high as

8–12 (Prahl et al., 2012), reflecting how seemingly modest intensifications in wind can translate into disproportionately large35

socioeconomic impacts.

To manage these risks, structural design standards employ standardized reference wind values that define the nominal wind

conditions a structure must be capable of withstanding. In Europe, these are set by EUROCODE (2005), which specifies

that the basic wind speed represents the 10-minute mean wind speed measured at 10 m height over open terrain, expected

to be exceeded on average only once every 50 years. More specifically in Denmark, the main focus of the present study, the40

reference wind speed is 24 m/s for most regions, increasing to 27 m/s within approximately 25 km of the exposed west coast of

Jutland facing the North Sea. Assessing whether these design thresholds remain adequate under climate change, given potential

shifts in the frequency and intensity of extreme wind events, therefore represents a key question for future structural and risk

assessments.

The development and intensification of extratropical storms are primarily governed by baroclinic instability, a process45

driven by the convection of available potential energy arising from horizontal temperature gradients into kinetic energy

(Eady, 1949; Catto, 2016; Federer et al., 2025). Stronger temperature contrasts within the troposphere enhance this instability,

promoting stronger storms, which explains the predominance of storm systems during the winter months when meridional

temperature gradients are strongest (Ulbrich et al., 2009; Laurila et al., 2021). Furthermore, latent heat release associated with

the condensation of atmospheric moisture also contributes to an intensification of storm systems (Li et al., 2014).50

Because baroclinic instability and latent heating both depend on thermal gradients and moisture availability, future warming

could substantially modify the energetic environment in which extratropical storms develop. Climate projections consistently

show robust thermodynamic changes, particularly increased atmospheric moisture and altered meridional temperature gradients

(Christensen and Christensen, 2003; IPCC, 2021b; Lindsey and Dahlmann), yet the resulting effects on storm intensity and

frequency remain uncertain. Some studies report an increase in the number of very intense storms over Northern Europe55

(Bengtsson et al., 2009), whereas others find no significant long-term trend (The WASA Group, 1998). More recent analyses

suggest a tri-polar pattern in projected windstorm activity, with enhanced intensity and frequency over the North Atlantic, the
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British Isles, and the North Sea region; a possible decrease across central and southern Europe; and mixed or slightly increasing

tendencies toward northern Scandinavia (Ruosteenoja et al., 2019; Severino et al., 2024; Little et al., 2023).

In light of these regional disparities and continuing uncertainty about how storm intensity responds to a changing climate,60

it is instructive to examine well-documented historical extremes that exemplify the upper end of Northern European storm

behaviour.

This study focuses on Storm Anatol, one of the most powerful windstorms recorded in Denmark, which struck on 3

December 1999 (Nielsen and Sass, 2003). Anatol provides a valuable reference case for assessing whether current design-

level wind speeds, as defined by EUROCODE (2005), adequately represent the upper tail of observed extremes. The storm is65

classified based on widespread sustained wind speeds exceeding 24.5 m/s, the Beaufort wind scale definition of Storm (WMO,

1992), a commonly used threshold for defining storm events (Feser et al., 2015), and this criterion will be applied consistently

throughout the study, rather than the thresholds used locally in Denmark.

The rapid intensification of Anatol has attracted considerable scientific attention because it exemplifies the type of explosive

cyclogenesis that can occur in the North Atlantic–European sector. Reanalyses and mesoscale modelling indicate that its70

deepening was partly driven by latent heat release within the warm conveyor belt (Kettle, 2021; Zeitzen et al., 2025), consistent

with the recognized role of diabatic processes in intensifying baroclinic disturbances (Fink et al., 2012). This interplay between

strong thermal gradients and moisture transport provides a physical analogue for the mechanisms expected to become more

influential in a warmer and moister atmosphere.

Anatol remains among the strongest windstorms ever measured by anemometers in Denmark, and its impact was profound.75

Both mean wind and gusts locally exceeded national design thresholds, causing widespread infrastructure damage and substantial

economic losses. Although storms of comparable magnitude are estimated to occur only once per century in this region (Ulbrich

et al., 2001), their severe societal consequences underscore the importance of revisiting how current design standards represent

extreme wind risk with a view to climate change.

While no two storm events are identical, could a similar event become more intense and damaging in a warmer climate?80

To address this question, the study employs the pseudo-global warming (PGW) approach (Schär et al., 1996) within a storyline

framework (Shepherd et al., 2018). The PGW method modifies the thermodynamic state of the atmosphere, through a systematic

adjustment of temperature and humidity, while preserving the original dynamical structure of the observed event. This simplified

implementation follows approaches used in previous studies (Hibino et al., 2018; Matte et al., 2022; Brogli et al., 2023). This

allows the investigation on how a known extreme system responds to a warmer and more moist climate, without altering the85

fundamental storm dynamics (Trenberth et al., 2015; Ermis et al., 2024). The storyline approach provides a physically coherent

set of ”what-if” scenarios, linking climate change to tangible, event based impacts (Sillmann et al., 2021; Shepherd, 2019).

Building on the work of Matte et al. (2022) and detailed in Zeitzen et al. (2025), this study examines the impact of the potential

intensification of an extreme storm in a warming climate.

While Zeitzen et al. (2025) focused primarily on the meteorological evolution and dynamical mechanisms governing Anatol’s90

development in a warmer atmosphere, the present study addresses the consequences of these changes.
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Considering the impact of Analtol on Denmark, we introduce the Cumulative Wind Exposure Index (CWEI) to quantify

the integrated spatial and temporal severity of wind exposure, assess the duration of wind threshold exceedances, and analyse

directional changes in near-surface winds over land. These aspects provide a complementary perspective on how thermodynamic

perturbations may translate into enhanced wind-related impacts.95

Rather than evaluating changes in storm frequency, this study isolates the thermodynamic influence of a warmer atmosphere

on the intensity, structure, and surface wind impacts of an Anatol-like event under otherwise comparable large-scale conditions.

2 Methodology

2.1 Harmonie model and data

Anatol has been the subject of extensive analysis in both meteorological literature and media reporting due to its severe impact100

in first and foremost Denmark but also more widely across Northern Europe (Kettle, 2021; Ulbrich et al., 2001). In the present

study, the storm is re-evaluated using the HARMONIE-AROME limited-area numerical weather prediction (NWP) model to

explore its sensitivity to varying temperature conditions.

The simulations are carried out using the HARMONIE-AROME weather model (Bengtsson et al., 2017) based on cycle

43h2.2, with a horizontal grid resolution of 2 km with 90 vertical levels between the surface and 10 hPa, corresponding to105

approximately 25 km above sea level, thereby capturing mesoscale atmospheric processes with high fidelity as evident from

routinely operational applications across the Nordic countries and beyond.

A broad model domain extending into the North Atlantic is adopted to ensure a dynamically consistent representation of

the large-scale flow influencing the storm evolution. The domain covers a large fraction of the North Atlantic Ocean, enabling

the capturing of the development of Anatol from the initial upper level Rossby wave disturbance to grow to a matured storm110

when reaching Denmark as well as most of the decay on its path over the Baltic Sea. The model employs a rotated Lambert

conformal grid covering the area from 28◦ W to 37◦ E and 44◦ N to 73◦ N, ensuring nearly uniform physical grid spacing

across the domain. For a visual reference, the grid domain is shown in Appendix Figure A1. This setup enables an extended

and dynamically consistent simulation of the storm under PGW-modified conditions.

Initial and lateral boundary conditions are provided by ERA5 reanalysis (Hersbach et al., 2020), and updates every 3 hours.115

Sea surface temperatures are likewise specified by ERA5 . All ERA5 data are horizontally and vertically interpolated to the

HARMONIE-AROME model grid and vertical levels. To reduce model spin-up effects, the simulations are initialized from

ERA5 at the beginning of the experiment, while subsequent integrations are initialized from the preceding model state. Further

details on the experimental setup are provided in Zeitzen et al. (2025).

The control simulation uses unmodified ERA5 temperatures, while the anomaly runs incorporate uniform perturbations120

throughout the model domain to the initial state and at the boundaries. To produce a temporally consistent time series of the

storm’s life-cycle, a mosaic is compiled using the model output from forecast hours +09 to +14 from each run. This method

ensures continuous hourly coverage during the most dynamically active phase of the storm.
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Each simulation comprises 11 forecast cycles, initiated every 6 hours between 1 December 1999, 00 UTC and 3 December

1999, 12 UTC, each providing a 24-hour forecast. Model output is saved at hourly intervals, except for wind speed, which125

is archived every 15 minutes to capture short-term variability and peak gusts. The control simulation represents the historical

1999 event using unmodified ERA5 temperatures, while four additional experiments apply uniform temperature perturbations

of -1 °C, +1 °C, +2 °C, and +3 °C throughout the atmosphere, as well as to the sea surface temperature. These modifications aim

to emulate plausible future warming scenarios as well as an approximate preindustrial (PI) climatic condition (IPCC, 2021).

For the approach to have any validity the reference run must be documented to produce forecasts of the storm of high quality130

when compared to observations of the actual storm. Then the sensitivity simulations remain physically coherent and offer

insights into how the same system might evolve under different climate conditions (Ciullo et al., 2021). In part due to the high

resolution of the simulations, the reference run conducted with HARMONIE-AROME compares very well with observations,

in particular sustained wind speeds and gusts are simulated realistically particularly over Denmark, the main focus of this study,

as demonstrated in Zeitzen et al. (2025).135

Further details on the adopted HARMONIE-AROME model setup, its physics parametrisation and general performance can

be found in Bengtsson et al. (2017) and Zeitzen et al. (2025).

2.2 Pseudo-global warming and story-line approach

The PGW framework is applied to investigate how a meteorological system would respond to systematically altered thermodynamic

conditions. In the adopted approach, the temperature field in the initial and boundary conditions is uniformly modified, and140

specific humidity is recalculated to maintain the original relative humidity. The adjustment ensures that relative humidity

remains constant, leading to higher specific humidity with increasing temperature according to the Clausius–Clapeyron relation

(see Zeitzen et al., 2025, Suppl. Info).

To portray the sensitivity to a warming climate, only uniform modifications were considered. It has previously been found

(e.g. Matte et al., 2022) that applying climate changes found from climate simulations tend to increase overall atmospheric145

stability and thereby reduce the inherent extremity of the original meteorological conditions, which are a prerequisite for

intense synoptic development.

The simulations with −1◦ C, +1◦ C, +2◦ C, and +3◦ C perturbations are compared directly with the unmodified control

run, providing a physically controlled basis for evaluating changes in storm intensity and structure.

Additionally, two sensitivity simulations were conducted; (1) to test the vertical lapse rate dependency, (2) to test the150

importance of the meridional temperature gradients. For the first experiment, the lower troposphere lapse rates were altered,

with a maximum change at the surface, and a linearly decreasing modification with height until 700 hPa, from where the vertical

structure remained unchanged. For the second experiment, the same vertical lapse rates modification was made, however the

magnitude at the surface, and hence the following vertical lapse rate change, were made latitude dependent, symmetrical around

55°N, following the approximate storm track.155

For both sensitivity experiments, only minor changes to the cyclone development were identified, with similar deepening

rates and general wind extents. Furthermore, the enhanced wind drivers discussed, showed no sign of changes, in contrast to
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the main experiments (see Zeitzen et al. (2025)). Motivated by the dominating cyclogenesis drivers; meridional temperature

gradient and vertical static stability, these experiments further confirmed that overly smoothed thermodynamic changes may

reduce the storm system’s dynamic response, again consistent with findings by Hibino et al. (2018) and Matte et al. (2022).160

2.3 Cumulative wind exposure index

To assess the severity of a storm it is essential to consider not only the peak wind speed but also the duration of high wind

conditions, as prolonged exposure can significantly affect the structural integrity of materials (Lynn and Stathopoulos, 1985;

Wang et al., 2024). In addition, the total economic loss associated with a storm is closely linked to the spatial extent of the

impacted area (Grinsted et al., 2019). To capture these combined effects, a novel index is introduced that integrates wind165

intensity, duration, and spatial coverage; a Cumulative wind exposure index (CWEI), which accounts for both the spatial extent

and the duration of wind speeds exceeding a chosen damage threshold. The CWEI is defined as the cumulative sum of grid

points and the time steps where wind speeds exceed a predefined threshold:

CWEI =

T∑
t=1

∑
(x,y)

1(Wt,x,y >Wthresh) (1)

W(t,x,y) denotes the mean wind speed at time t at the location (x,y), Wthresh is a predefined threshold, 1(·) is the indicator170

function, equal to 1 if condition is true otherwise 0.

While several storm severity indices exist (e.g., Leckebusch et al. (2008), Gliksman et al. (2023)), these mostly rely on

percentile-based thresholds that are more appropriate for climatological analysis. For engineering and economic applications,

absolute thresholds tied to structural damage or insurance claims are more relevant.

In much of Europe, sustained wind speeds around 24–25 m/s are typically regarded as indicative of severe storm conditions.175

The CWEI integrates wind magnitude, spatial extent, and duration relative to such a threshold, providing a physically based and

practically grounded measure of storm severity. The threshold itself is not critical to the index formulation; it can be adjusted to

reflect local design standards or specific analytical purposes. CWEI thereby complements existing metrics and is particularly

suitable for event-based sensitivity analyses, as applied in this study.

3 The storm Anatol viewed from a Danish perspective180

The Storm Anatol impacted Denmark, southern Sweden and northern Germany on 3 December 1999.Anatol developed rapidly

over the eastern North Atlantic in early December 1999. Its formation was triggered by the interaction of two atmospheric

disturbances, a surface baroclinic wave tracking north-east from Newfoundland and an upper-tropospheric shortwave trough

descending from the Labrador Sea. Their interaction enhanced baroclinic instability and initiated rapid cyclogenesis. By the

evening of 2 December, a closed surface low had formed west of Ireland, moving eastward along the southern edge of a cold185

upper-level trough centred over Iceland, (e.g. Ulbrich et al., 2001).
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Anatol intensified quickly in a zone of strong temperature contrasts, with warm air to the south and exceptionally cold air

to the north. By early 3 December, its central pressure had dropped to around 990 hPa near the British Isles and continued

falling, reaching a minimum of 952 hPa over eastern Jutland at 1800 UTC. It then moved across Denmark into Sweden and

began weakening after crossing the Baltic Sea (Voldborg, 2000; Ulbrich et al., 2001; Kettle, 2021; Nielsen and Sass, 2003).190

The modelled trajectory can be found in Appendix Figure A1.

The storm’s strongest winds occurred south of its centre, affecting areas from the German and Danish North Sea coasts

to Copenhagen. Denmark experienced widespread gale force winds and in the southern part of the country sustained winds

reached storm force (>24.5 m/s), with peak gusts exceeded hurricane force (>40 m/s) in most of the southern part of Denmark

from 1400 to 2200 UTC, peaking between 1600 and 1800 UTC with the passage of the back-bent front (e.g. Zeitzen et al.,195

2025)

Anatol produced record-breaking wind speeds. During the event, 10-minute mean wind speeds exceeded 41.4 m/s, before the

anemometer at Rømø failed, with gusts reaching 51.4 m/s onshore (Cappelen et al., 2018), categorizing it as a 100 year event

(Kettle, 2021). The offshore Mærsk Endeavour oil rig recorded a gust of 59.2 m/s at 40 m above mean sea level. Additional

wind measurements included gusts of 41 m/s at Copenhagen Airport and 40 m/s on the island of Bornholm (Cappelen et al.,200

2018).

The storm caused about 800 injuries and 7 fatalities in Denmark, airports were closed, and transport greatly interrupted

(Kettle, 2021). Approximately 4 million m3 of forest was damaged and extensive damage to buildings, including the collapse

of a large crane at the Odense shipyard were seen. Widespread power outages occurred across Denmark, and the total economic

loss was estimated at 1.7 billion EUR, which, adjusted for inflation, corresponds to approximately 2.8 billion EUR in 2024205

(Cappelen et al., 2018; Kettle, 2021). In northern Germany the storm losses reached 100 million EUR (Klawa and Ulbrich,

2003) and in Sweden 5 million m3 of forest were damaged (Nilsson et al., 2007).

4 Results

In order to emphasize the role of warming, this study will primarily focus on the difference observed between the control run

and the +3◦ C warming scenario.210

In terms of intensity of the wind speed and structure, the storm event is well reproduced by the HARMONIE model, (Figure

1). This figure shows the modeled 10 m wind speed and mslp at 1800 UTC. The spatial structure of the control run, (Figure 1a)

and the +3◦ C model run, (Figure 1b) are broadly similar. However, the +3◦ C run displays visibly stronger wind speeds,

indicated by the darker red shading. Small differences in the exact storm location between the two simulations (Zeitzen

et al., 2025) limit the direct interpretability of a difference map. For completeness, however, the difference plot is included215

in Appendix B1 as a supplementary visual reference.

The other warming scenarios are shown in Appendix Figure B2 illustrating the pressure system and wind for all simulations,

highlighting these shifts. The modelled winds from the control run are generally similar to, though slightly higher, than the

in-situ measurements from the actual event, providing validation for the models output (see Zeitzen et al. (2025)).
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(a) Storm at UTC 18, control run (b) Storm at UTC 18, +3◦ C Run

Figure 1. The storm intensity, shown by colour, and low pressure system, shown by the black contour-lines, at 3 December, 1800 UTC, for

each of the different model runs of the Control run and +3◦ C. The plots for the other runs of −1◦ C, +1◦ C and +2◦ C are shown in

appendix B.

Figure 2. The low pressure system for the control run (black line), PI run (green dashed line) and +3◦ C run (violet dashed line) at different

time. The colourbar follow the control run.
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The development of the low-pressure system is pictured in figure 2. At 1800 UTC, corresponding to the onset of peak wind220

intensity over land, the low-pressure centre is slightly shifted eastward with increasing temperature. This is accompanied by

only a modest deepening of the central pressure, from 954 hPa in the control run to 952 hPa in the +3◦ C simulation.

The Figure 3 presents the maximum 10 m wind speed, for both mean and gust wind components, obtained over the entire

simulated period and across the full model domain. The simulations indicate a tendency for higher maximum mean wind speeds

and gusts under warmer temperature conditions. Max wind speed increases by approximately 0.6 m/s per ◦ C of warming (R2225

= 0.78), while gusts show a weaker increase of about 0.7 m/s per ◦ C (R2 = 0.57). The 98% fractile of the storm only shows

a small increase of 0.2 m/s per degree of warming (R2 = 0.37). Although the relationship is not strictly monotonic across all

perturbations, these results suggest a modest strengthening of near-surface peak winds in warmer scenarios.

Figure 3. Overview of the maximum mean wind speed and wind gust over Denmark for each scenario during the storm period. The figure

also illustrates the increase in maximum wind speed per degree of warming for both mean wind and gust.

This increase in maximum wind speed results in an increase in wind pressure on constructions in terms of kinetic energy

with 12 % and a power increase of 18 %. The empirical large scale insurance risk model increases in the range of 25 %−32%230

and the higher detailed assessment increases by 56 %− 94 %. These values are calculated based on the various exponents

linked to calculating damages to constructions in terms of inflicted force (v2), risk assessment/insurance (v3 − v5) and total

failure (v8 − v12).

Figure 4 illustrates the duration of land area affected by wind speeds equal to or exceeding storm-force wind speed (e.g. 24.5

m/s), emphasizing the substantial impact of Anatol on southern Denmark and the northern most parts of Germany. The figure235

depicts the full spatial footprint of the storm. As the primary focus of this study is Denmark, arguably the region most strongly

impacted by the highest wind speeds, corresponding results for Denmark alone are presented in the appendix Figure C1. In the
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(a) Control run (b) Run +3◦ C

(c) Difference between +3◦ and Control run

Figure 4. The footprint of the storm with wind above 24.5 m/s for the control run and the +3◦ C. The colourbar indicates the time each grid

point experiences storm. Figure 4c shows the difference between the 2 model runs.
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control run (Figure 4a) storm-force winds persisted for up to eight hours in the western part of Denmark and northern Germany,

where mostly constrained to within a few kilometres from the coast as far south as at the Elbe river mouth. In contrast, the +3◦

C scenario (Figure 4b), the storm remained active for more than nine hours in some areas. As shown, the storm with sustained240

winds exceeding 24.5 m/s was largely concentrated over Denmark, with only limited impacts along the northwestern coastline

of Germany and the southernmost parts of Sweden. Table 1 shows the areal percentage of Denmark subjected to storm in

various hours.

In figure 4c the difference in the duration during which storm force conditions are exceeded over land is shown. The northern

part of the storm-area seems to experience a decrease in the storm-period from the control run to the +3◦C run, whereas the245

middle and southern part of the area affected experiences an increase in the storm period of up to 6 hours. Overall 13 % of the

affected area experiences an increase in storm duration, compared to 8 % showing a decrease.

For Denmark the corresponding numbers are 10% for an increase and 4% for a decrease (Figure C1c). Furthermore, the

percentage of land area in Denmark affected by wind speeds exceeding 24.5 m/s increases from 18.4 % in the control run to

21.5 % in the +3◦ C scenario, a difference of approximately 1500 km2, as described in Table 1. Also shown in the table are250

the CWEI values for each scenario at the wind speed thresholds of 24.5 m/s, calculated for the period 1400 to 0000 UTC with

the model resolution of 2 km. 10723 grid points were included in the calculation. Similarly, for gusts exceeding 40 m/s1, the

impacted area rises from 29.5 % in the control run to 32.5 % in the +3◦ C scenario, shown in appendix D1. The full range of

coverage percentages for different thresholds (from 15 m/s to 24.5 m/s) is provided in the appendix, Table E1.

Table 1. Overview of the percentage of Denmark affected by wind speed above 24.5 m/s at different durations, the total percentage of

Denmark that experienced storm and CWEI. An extended version is presented in appendix table E1, displaying the results for various

thresholds.

−1◦ C Ref +1◦ C +2◦ C +3◦ C

1 Hour 5.8 % 5.7 % 6.8 % 6.7 % 6.4 %

2 Hours 3.5 % 3.6 % 4.5 % 5.0 % 4.3 %

3 Hours 3.3 % 3.4 % 5.8 % 4.7 % 5.4 %

4 Hours 4.3 % 3.9 % 3.1 % 3.3 % 3.3 %

5 Hours 1.0 % 1.0 % 1.0 % 1.1 % 1.3 %

6 Hours 0.5 % 0.7 % 0.5 % 0.6 % 0.6 %

7 Hours 0.08 % 0.1 % 0.2 % 0.3 % 0.2 %

8 Hours 0.02 % 0.01 % 0.06 % - 0.03 %

Total cover 18.7 % 18.4 % 21.8 % 21.8 % 21.5 %

CWEI [grid point] 5256 5191 5895 5954 6035

140 m/s is often treated as a significant threshold for very dangerous situations
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Figure 5. Development of the CWEI for the 5 modeled scenarios, showing the increase of Denmark effected over time.

Consequently, Anatol’s CWEI increases by approximately 800 km2h 2, per degree of warming for strong mean wind speeds255

(24.5 m/s), with a statistically significant linear fit (R2=0.81) as shown in Figure 5.

The temporal evolution of the maximum wind speed over Denmark for all five scenarios during the period when the storm

affects Danish land areas is shown in Figure 6.

Figure 6a shows that the realised maximum wind speed is generally higher in the warmer scenarios, all exceeding 45 m/s.

The control run and the simulation mimicking PI conditions exhibit similar behaviour. However, the PI run reaches a slightly260

higher peak wind speed.

The timing of peak wind speeds varies among the scenarios. The +2◦ C and +3◦ C runs peak later, around 18–19 UTC,

while the +1◦ C, control, and −1◦ C runs peak slightly earlier, at 17–18 UTC. Such variations might be expected, as even

minor perturbations, including cooling, can influence storm intensity, position, and timing, particularly in mesoscale models

where feedback processes are highly sensitive.265

Figure 6b presents the proportion of the Danish land area affected by wind speeds exceeding 24.5 m/s. A clear trend emerges

in which the affected area increases with warming. The control and PI runs show nearly identical behaviours, whereas all

three warming scenarios exhibit a consistent increase in the affected land area throughout the storm’s evolution. Notably, the

maximum land area experiencing storm force winds occurs simultaneously for all three warming runs.

Changes in near-surface wind direction were analysed to assess how a warmer and more humid atmosphere modifies not270

only wind intensity but also the spatial structure of the storm’s footprint (Figure 7). In the warmer-climate simulations (Figure

7b and 7d), the large-scale near-surface wind field exhibits a modest but coherent clockwise rotation over much of Denmark

and the adjacent North Sea. This behaviour is consistent with a slight displacement of the cyclone track and an eastward shift

2Denmark’s land area is represented by 10723 grid points in the model, with each grid point ∼ 4 km2.
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(a) Temporal variation of maximum mean wind velocity across

the five scenarios.

(b) Distribution of land cover in percent across time slots for

the five scenario simulations.

Figure 6. The time evolution of the maximum wind speed over land and the land affected by mean wind speed above 24.5 m/s.

of the maximum pressure gradient, leading to enhanced westerly to south-westerly flow over Jutland. As a result, strong winds

penetrate further inland compared to the reference simulation.275

Directional changes are more pronounced for the most intense winds (Figure 7c and 7d). In the warming experiments,

the strongest near-surface winds shift toward more southerly and south-westerly sectors, particularly along the west coast

of Denmark and in inner Danish waters. This reorientation focuses the highest wind speeds along coastal regions that are

already highly exposed to storm surge and wave forcing, thereby increasing the potential for compound hazards. From an

impact perspective, such directional shifts are particularly relevant, as they modify which coastlines, infrastructure corridors,280

and population centres are most exposed to damaging winds.

Overall, the combination of a slightly altered storm trajectory, modified pressure-gradient orientation, and enhanced thermal

gradients aloft contributes to a moderately broader and directionally altered wind field. These changes extend both the duration

and the geographic extent of damaging winds and help explain the increases in cumulative wind exposure quantified by the

CWEI. Thus, wind-directional changes provide an additional mechanism, beyond peak wind intensification, through which a285

warmer atmosphere amplifies the potential impacts of an Anatol-like storm.

5 Discussion

The simulation of Storm Anatol under varying temperature scenarios reveals an intensification of the event with warming.

Across all scenarios, increases in both mean wind speeds and gusts are supported by the simulations, alongside an expansion

in the spatial footprint of winds exceeding storm force and a local lengthening of the storm’s duration. These changes are290

all associated with enhanced potential for infrastructural damage and societal disruption, emphasizing the importance of

understanding how extratropical storms may evolve in a warming climate.

The trend of approximately 0.6 m/s per degree of warming identified in this study is broadly consistent with the findings

of Hawkins et al. (2023), who reported 1 m/s per 2 K in their simulation of the historical storm Ulysses. However, given the
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(a) Control run. (b) The +3◦ C run. (c) Control run > 24.5 m/s. (d) The +3◦ C run > 24.5 m/s.

Figure 7. Windrose displaying the wind direction for the two scenarios for all mean wind velocity and mean wind velocity above 24.5 m/s

respectively. The data show the maximum values over land for the period 3–4 December, 1400–0100 UTC, corresponding to the time of peak

storm intensity.

limited number of experiments considered here, the estimated trend carries substantial uncertainty, and the comparison should295

be interpreted qualitatively rather than quantitatively.

The simulated increase in the land area affected by storm-force winds is qualitatively consistent with broader projections

of enhanced storm exposure under future warming. Priestley and Catto (2016) reported that, under high-emission scenarios

such as SSP5–8.5, the area influenced by extreme extratropical cyclones could expand by up to 40% by the end of the century.

While the magnitude of change identified here is smaller, the directional agreement supports the broader understanding that a300

warmer atmosphere tends to extend the spatial footprint of damaging winds.

It is important to emphasize, however, that the two studies differ fundamentally in scope and methodological design.

Priestley and Catto (2022) derived their estimates from coarser resolution multi-model climate simulations representing long-

term statistical means, whereas the present analysis examines a single, dynamically consistent event using a non-hydrostatic

high resolution weather model in a pseudo-global warming framework. The results should therefore be interpreted as a process-305

based illustration of how thermodynamic warming can modify storm structure and wind exposure, rather than as a probabilistic

projection of future storm statistics. Nevertheless, the correspondence in qualitative trends lends confidence to the physical

mechanisms identified here and demonstrates the value of detailed event-based analyses in complementing large-scale model

assessments.

Event-based studies pose inherent challenges, as extreme storms are unique phenomena that arise from the precise alignment310

of multiple meteorological and climatological drivers (Ulbrich et al., 2009). When modifying atmospheric conditions to

represent a warmer climate, there is a risk of unintentionally altering the storm’s fundamental dynamics, potentially reducing

rather than amplifying its extremity (e.g. Matte et al., 2022). Moreover, regional NWP modelling introduces additional uncertainties

related to initial conditions, boundary forcing, and physical parametrizations, all of which can influence the simulated storm

structure and intensity. Consequently, thorough model validation is essential to ensure that the simulated sensitivities, such as315

those examined in this study, are physically meaningful.
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The control simulation and the PI experiment exhibit broadly similar storm evolution and wind characteristics. However, the

PI simulation attains a slightly higher local peak wind speed than the control run. This counterintuitive behaviour may reflect

the sensitivity of wind maxima to small-scale dynamical adjustments rather than to thermodynamic forcing alone. In particular,

the imposed cooling perturbation may have modified pressure gradients, static stability, or baroclinicity in a manner that locally320

enhanced near-surface winds, despite the overall reduction in available thermal energy. Small changes in storm trajectory or

internal structure may likewise contribute to localized wind maxima that exceed those in the control simulation.

Beyond changes in maximum wind speeds, the CWEI provides a more integrative perspective on storm severity by combining

wind intensity, duration, and spatial extent into a single metric. The consistent increase in CWEI with warming (approximately

+800 km2 h per °C; R2 = 0.81) demonstrates that even modest thermodynamic perturbations lead to a substantial rise in total325

wind exposure. This indicates that the destructive potential of future storms cannot be captured by peak wind metrics alone but

requires accounting for the cumulative loading and the area affected over time. The CWEI thus bridges meteorological change

and impact relevance, offering a physically grounded yet application-oriented indicator that can be linked directly to damage

functions, insurance risk models, or infrastructure design thresholds. Future studies could employ CWEI to compare storm

severity across different synoptic types, assess climate-induced changes in regional exposure, or integrate with hydrodynamic330

models to estimate compound wind–surge hazards.

Notably, the relative increase in CWEI with warming is substantially larger than the corresponding increase in peak wind

speed or gust magnitude. This indicates that the intensification signal is dominated not only by stronger winds, but by a

combination of prolonged storm duration and an expansion of the area affected by high wind speeds. As a result, integrated

exposure metrics such as the CWEI amplify warming-induced changes that may appear modest when considering maximum335

wind diagnostics alone.

Additional research is essential to build upon these findings. Simulations of other notable storms affecting Denmark and

Northern Europe could assess the consistency of warming-induced intensification across different cases. Furthermore, integrating

hydrodynamic models would provide valuable insights into how altered wind patterns may affect storm events, storm surges

and coastal flooding risk, an especially important consideration for low-lying and exposed regions. This study also does not340

address potential changes in storm frequency, which remain important but uncertain aspects of climate change impacts. These

areas represent key directions for future investigation.

Finally, while much climate research has concentrated on changes in precipitation and flooding, less attention has been

devoted to how climate change may affect the severity of windstorms in mid-latitude regions. Some global climate models

suggest shifts in storm intensity, frequency, and storm track location under warming, though uncertainties persist, particularly345

regarding storm genesis and path variability. Seasonal effects warrant further exploration in future modelling efforts. In

particular, the timing of a storm within the annual cycle may be important, as higher autumn sea surface temperatures and

increased atmospheric moisture could further amplify storm intensity and associated impacts.
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6 Conclusion

While it is not possible to attribute individual weather events to anthropogenic climate change in a strictly deterministic sense,350

advances in event attribution science, noticeable through efforts such as the World Weather Attribution (WWA) initiative (e.g.,

Philip et al. (2020)), have demonstrated that the likelihood and severity of many extreme events, such as heatwaves, droughts,

and intense rainfall, have been significantly influenced by human-induced global warming. Extratropical storms such as Storm

Anatol result from complex interactions involving atmospheric circulation patterns, boundary layer dynamics, and surface

conditions. A warmer climate influences many of these background factors, thereby increasing the potential intensity and355

spatial footprint of such events (Fischer and Knutti, 2015).

This study used the HARMONIE-AROME limited-area model to examine how Storm Anatol might respond to warmer

temperature scenarios. The simulations consistently show that increased temperatures lead to stronger winds, both in terms

of mean wind and gust, longer storm durations, and larger areas affected by storm-force winds. Although the magnitudes of

change are moderate, the signal is robust across all wind thresholds examined, suggesting a strong link between temperature360

and key storm severity metrics. Importantly, capturing these changes in storm structure and intensity requires the high spatial

and temporal resolution provided by the NWP model, which exceeds that of typical climate model simulations and allows for

more detailed representation of mesoscale dynamics and extreme wind events.

In addition to confirming a general intensification of near-surface winds under warming, the introduction of the CWEI

provides a new means of quantifying storm destructiveness. By integrating wind intensity, duration, and spatial extent, CWEI365

captures the cumulative exposure that drives real-world damage and disruption. Its systematic increase with temperature

underscores that even moderate atmospheric warming can lead to disproportionate growth in wind-related risk. This metric

may serve as a valuable diagnostic for future event-based attribution studies and for translating physical wind changes into

engineering and societal impact assessments.
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Appendix A: DINI370

The HARMONIE-AROME uses the DINI configuration shown in Figure A1. This covers the area of Iceland, Great Britain,

most of Sweden and Norway and a great part of Europe. This domain is big enough to cover the entire development of Anatol

from the initial upper level Rossby wave disturbance started to grow to the storm matured over Denmark and decayed on its

path over the Baltic Sea and

Figure A1. The track of the modelled Storm Anatol, with indication of the minimum pressure and location of the storm at 2-hourly intervals

from 2 December 2200 UTC ending at 4 December 0600 UTC. Red dashed lines delineate the HARMONIE model domain, which extend

from 28 W - 37 E, 44 N - 73 N.

Appendix B: Wind375

The difference between the control run and the 3◦ C warmer run are shown in Figure B1 for 1800 UTC.

Figure B2 shows the five scenarios of Storm Anatol at 18:00 ETC, corresponding to its landfall. While the overall structure

of the storm remains similar across the scenarios, an intensification of wind speed is evident, as indicated by the increasingly

darker shades of red.
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Figure B1. The difference between the 3◦ C run and the reference run

(a) Run −1◦ C (b) Control run

(c) Run +1◦ C (d) Run +2◦ C (e) Run +3◦ C

Figure B2. The storm intensity and low pressure system at 3 December 1800 UTC, when the storm made landfall for each of the different

model runs of −1◦ C, Control run, +1◦ C, +2◦ C and +3◦ C.
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Appendix C: Storm in hours over Denmark380

(a) Control run (b) Run +3◦ C

(c) Difference between +3◦ and Control run

Figure C1. Time of which Danish land affected by wind above 24.5 m/s for the control run and the +3◦ C. The colourbar indicates the time

each grid point experiences storm. Figure C1c shows the difference between the 2 model runs.

Appendix D: Gust

The land area affected by gust exceeding 40 m/s is shown in Figure D1. Although the variations are less pronounced than those

observed for the wind-affected area, there is still a general increase in gust exposure, as illustrated in Figure D2. Severe gusts

are especially pronounced in the southernmost part of Denmark in the warmer climate run.

Appendix E: CWEI385

The CWEI has been calculated for various thresholds as presented in Table E1 and illustrated in Figure E1
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(a) Land cover for the control run (b) Land cover for the +3◦ C

Figure D1. Time of which land is affected by gust above 40 m/s for the control run and the +3◦ C. The colourbar indicates the time each

grid point experiences gust above 40 m/s.

Figure D2. Area experiencing a variation in the duration of gust above 40m/s
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Figure E1. Development of the CWEI for the 5 model scenarios

Appendix F: Required Software and Dependencies

The following Python libraries and tools were used to access and process the data, along with the specific versions employed

in this study:390

cfgrib, version 0.9.10.4

ecCodes, version 1.5.0

xarray, version 2023.7.0

These constitute the minimum requirements necessary to handle the GRIB-formatted data used in the analysis. These

libraries themselves have additional dependencies, which are typically resolved automatically when using standard installation395

tools.

. JKHØ: Formal analysis, Writing original draft, Investigation, conceptualization. JHC: Conceptualization, Review/ editing. RMKZ: Coding,
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