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Abstract. Extratropical cyclones play a major role in the atmospheric circulation, weather variability and can cause damage

to society. Extratropical cyclones in Northern Europe, which is located at the end of the North Atlantic storm track, have been

less studied than extratropical cyclones elsewhere. Our study investigates extratropical cyclones and windstorms in Northern

Europe (which in this study covers Norway, Sweden, Finland, Estonia and parts of the Baltic, Norwegian and Barents Seas) by

analysing their characteristics, spatial and temporal evolution and precursors. We examine cold and warm seasons separately5

to determine seasonal differences. We track all extratropical cyclones in Northern Europe, create cyclone composites and use

an ensemble sensitivity method to analyse the precursors. The ensemble sensitivity analysis is a novel method in cyclone

studies where linear regression is used to statistically identify what variables possibly influence the subsequent evolution

of extratropical cyclones. We investigate windstorm precursors for both the minimum mean sea level pressure (MSLP) and

for the maximum 10-m wind gusts. The annual number of extratropical cyclones and windstorms have a large inter-annual10

variability and no significant linear trends during 1980–2019. Windstorms originate and occur over the Barents and Norwegian

Seas whereas weaker extratropical cyclones originate and occur over land areas in Northern Europe. During the windstorm

evolution, the maximum wind gusts move from the warm sector to behind the cold front following the strongest pressure

gradient. Windstorms in both seasons are located on the poleward side of the jet stream. The maximum wind gusts occur nearly

at the same time as the minimum MSLP occurs. The cold season windstorms have higher sensitivities and thus are potentially15

better predictable than warm season windstorms, and the minimum MSLP has higher sensitivities than the maximum wind

gusts. Of the four examined precursors, both the minimum MSLP and the maximum wind gusts are the most sensitive to the

850-hPa potential temperature anomaly i.e. the temperature gradient. Hence, this parameter is likely important when predicting

windstorms in Northern Europe.

1 Introduction20

Extratropical cyclones are important phenomena to regulate the daily weather in mid-latitudes and to transport energy and

moisture in the atmosphere. They are mainly driven by baroclinicity (Charney, 1947) which is characterised by a strong

temperature difference between the poles and equator. They are associated with precipitation and strong winds which can lead

to high impacts in society (e.g. Suursaar et al., 2006; Kufeoglu and Lehtonen, 2014; Holley, 2021; Tervo et al., 2021; Rantanen
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et al., 2021), for example floods, power outages, and forest and property damage. Since extratropical cyclones play a crucial25

role in the atmospheric circulation, weather variability and as a cause for societal and economical impacts, the knowledge and

understanding of extratropical cyclone climate and dynamics are essential.

Extratropical cyclones and their tracks have been widely studied in the Northern Hemisphere (e.g. Hoskins and Hodges,

2002; Ulbrich et al., 2009; Hodges et al., 2011; Priestley et al., 2020). It is well known that the main storm track regions

in the Northern Hemisphere are located over the North Atlantic and the North Pacific, with secondary storm track regions30

over the Mediterranean and Siberia (e.g. Hoskins and Hodges, 2002). The North Atlantic storm track region starts east of the

Rocky Mountains in North America and ends in Northern Europe (e.g. Hoskins and Hodges, 2002; Priestley et al., 2020).

In this study, we consider Northern Europe as a region covering Norway, Sweden, Finland, Estonia and parts of the Baltic,

Norwegian and Barents Seas. In general, extratropical cyclones at the end of all storm track regions are less studied. However,

the structure and evolution of such extratropical cyclones may differ from extratropical cyclones elsewhere. Schultz et al.35

(1998) noted that extratropical cyclones at the end of the North Atlantic storm track generally resemble more of the Norwegian

cyclone model (Bjerknes, 1919; Bjerknes and Solberg, 1922) than the Shapiro–Keyser cyclone model (Shapiro and Keyser,

1990) which is reasonable since the Norwegian cyclone model was developed based on cyclones that occur in Northwestern

Europe. Wang and Rogers (2001) found that there are many differences in the dynamical and thermal structure and evolution

of strong explosive cyclones in the Northeastern Atlantic compared to the Northwestern Atlantic. For example, the explosive40

cyclones in the Northeastern Atlantic have lower static stability but less environmental baroclinicity than explosive cyclones in

the Northwestern Atlantic (Wang and Rogers, 2001).

There are two main ways to identify extratropical cyclones: the Eulerian approach and the Lagrangian approach (Hoskins and

Hodges, 2002). The Eulerian approach uses basic statistics such as the variance or standard deviation of a chosen meteorological

field (for example mean sea level pressure (MSLP) or 850-hPa relative vorticity) which is bandpass filtered with synoptic time45

scales, usually 2–6 days (Blackmon, 1976). While the Eulerian approach is straightforward and gives a general description

of the storm track activity it does not provide information about individual extratropical cyclones and their characteristics.

The Lagrangian approach is a feature tracking method where a localised minimum or maximum of a meteorological field

(for example MSLP or 850-hPa relative vorticity) is identified and their location in time is tracked (e.g. Hodges, 1994). With

the Lagrangian approach it is possible to analyse cyclone specific characteristics such as the genesis and lifetime. Moreover,50

additional meteorological variables can be determined along the cyclone track to investigate how they vary during the cyclone

evolution.

The spatial and temporal evolution of extratropical cyclones can be analysed by producing cyclone composites. Cyclone

compositing allows to statistically find key features of the structure and development of the chosen set of cyclones. Cyclone

composites have been used in extratropical cyclone research for example for creating an extratropical cyclone atlas for the55

200 most intense historical extratropical cyclones in the North Atlantic (Dacre et al., 2012) and to investigate how moisture is

transported into extratropical cyclones (Dacre et al., 2019). Commonly cyclone composites are used to study the structures in

extratropical cyclones for example for precipitation and clouds (Field and Wood, 2007) and for air–sea turbulent heat fluxes
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and heat and moisture content (Rudeva and Gulev, 2011). Cyclone composites have also been used to examine extratropical

cyclones and their structures in climate models (Catto et al., 2010) and in warming climate (Sinclair et al., 2020).60

Since extratropical cyclones are responsible for the daily weather and their associated heavy rainfall and strong winds can

cause damage, it is important that extratropical cyclones and windstorms are accurately predicted. In this study, we define

a windstorm to be an extratropical cyclone that has exceptionally strong 10-m winds (see Sect. 3.2 for a full definition). In

addition to producing forecasts directly for the parameters of extratropical cyclone intensity (for example MSLP or wind gust),

we can use other variables as proxies to predict the windstorm intensity (Krueger and Von Storch, 2011). The use of proxies65

in forecasting is especially helpful regarding parameters that are small in scale and therefore harder for numerical weather

prediction models to accurately predict (Faranda et al., 2017). For forecasting purposes, the proxies should be descriptive of

the evolution of windstorms earlier than the most intense phase i.e. they should act as precursors to windstorms. One way to find

precursors to windstorms is to use ensemble sensitivity analysis (which is described in detail in Sect. 3.4) which allows us to

quantify how sensitive the subsequent windstorm intensity is to precursor fields. The ensemble sensitivity analysis method was70

examined by Ancell and Hakim (2007) who analysed the linear connection between perturbed initial conditions and forecast

metrics of the wintertime flow pattern on the west coast of North America. The ensemble sensitivity method has also been

used to find precursors to intense Mediterranean cyclones (Garcies and Homar, 2009) and to extratropical cyclones in the west

and east North Atlantic (Dacre et al., 2012). This method is a computationally simple way to identify sensitivities, but it has

a limitation of assuming a linear relationship between the precursor and the characteristics of the windstorm being predicted.75

Nonetheless, the results can provide guidance for forecasters and indicate to which variables the most attention should be

paid. From an application point of view, the sensitivities can also be used to assess, for example, likely error propagation or

future climate projections. Since the resulting sensitivity shows how much, for example, the windstorm intensity changes if the

precursor changes, therefore a similar magnitude change in precursor caused by an error in the numerical weather model would

result in a similar change in the windstorm intensity than the sensitivity results show. Likewise, future studies potentially could80

estimate how warmer climates would change the windstorm intensity by applying the sensitivity results to how the precursors

are projected to change.

In this study, we aim to increase the knowledge of the extratropical cyclone and windstorm climate in Northern Europe

which occurs at the end of the North Atlantic storm track. Although many extratropical cyclone studies focus only on the

cold season or winter months (e.g. Hoskins and Hodges, 2002; Pinto et al., 2005), we investigate the results separately for the85

cold (October–March) and warm (April–September) seasons in order to analyse the seasonal differences. In addition to the

climatological properties as temporal frequencies and cyclone characteristics, we extend the study to examine what precursors

are relevant in Northern Europe windstorms by using ensemble sensitivity analysis. These results may help forecasters to better

predict and prepare for windstorms by increasing their understanding of what environments windstorms typically develop in.

The research questions we aim to answer in this paper are: 1) What are the annual and monthly frequencies of extratropical90

cyclones and windstorms in Northern Europe?, 2) Are there differences in cyclone characteristics between extratropical cy-

clones and windstorms and between the cold and warm seasons?, 3) How does the spatial and temporal structure of Northern

Europe windstorms evolve?, and 4) What precursor has the strongest impact on the minimum MSLP and the maximum wind
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gust in Northern Europe windstorms? The remaining paper is structured as follows: �rst, we introduce the data in Sect. 2 and

the methods in Sect. 3. The annual and monthly frequencies of the three cyclone classes (all extratropical cyclones, windstorms95

and non-windstorms) are shown in Sect. 4 and different cyclone characteristics are analysed in Sect. 5. Section 6 examines the

spatial and temporal evolution of windstorms, and Sect. 7 investigates the precursors to windstorms. The �nal conclusions are

given in Sect. 8.

2 ERA5 reanalysis data

ERA5 is the newest atmospheric reanalysis produced by the European Centre for Medium Range Weather Forecasts (Hersbach100

et al., 2020) and it is based on the Integrated Forecasting System (IFS, cycle 41r2). ERA5 has a horizontal resolution of 31 km

and vertically it has 137 levels from the surface up to approximately 80 km. ERA5 provides hourly analysis and forecast �elds

and while conducting the analysis for this study, ERA5 covered years from 1979 onwards. Recently, there was a release of a

back extension making ERA5 available from 1950 onwards.

In our study, ERA5 data is obtained every 3 hours from 1980–2019 (40 years). The variables we obtain are: MSLP, the max-105

imum 10-m wind gust (maximum since previous post-processing), 850-hPa temperature, total column water vapour (TCWV),

300-hPa horizontal wind speed components, and 300-hPa potential vorticity (PV). We consider 10-m wind gusts rather than

10-m wind speeds since the impacts and damage regarding extratropical cyclones are usually caused by the strong wind gusts

(Gardiner et al., 2013).

3 Methods110

3.1 Extratropical cyclone tracking

The cyclones are tracked with the TRACK algorithm (Hodges, 1994, 1995, 1999) and the tracking is based on 3 hourly MSLP

from ERA5. The MSLP �eld is smoothed to T63 resolution (around 180 km) before running TRACK to decrease the noise

in the �eld and in addition, wavenumbers smaller than 5 are removed in order to exclude the large planetary scale waves.

Many studies use T42 resolution for vorticity based tracking (e.g. Priestley et al., 2020), however, higher resolution of T63 is115

generally used for MSLP since its �eld is smoother than the vorticity �eld (Hodges et al., 2011). Since we want to investigate

large-scale extratropical cyclones, we included only tracks that last at least 1 day and move at least 500 km during their lifetime

in order to remove the short lived and stationary cyclones. After the tracks are created, we then found the locations and values

of the minimum MSLP of the cyclone centre at each time step of each track from the native, high resolution (31 km) data. We

also found, for each time step of the track, the maximum 10-m wind gust within a 6� radius because we wanted to �nd the wind120

gusts associated with the extratropical cyclones. The results presented in Sect. 6 con�rm that the 6� radius used to identi�ed

the associated wind gusts is an appropriate choice.
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3.2 Extratropical cyclone classes

The classi�cation of the extratropical cyclones is made based on their associated wind gusts. In this study, we include all

extratropical cyclones that have at least one point of their track located inside a box 55–75� N, 5–40� E (the box is shown in125

Fig. 4) during 1980–2019. The wind gust distribution of all extratropical cyclones is created by using the maximum 10-m wind

gust within 6 degrees of the cyclone centre at each time step when the cyclone centre of the track is inside the Northern Europe

box. Thus, there can be more than one gust value per cyclone track and additionally, the location of the maximum wind gust

can be at maximum 6 degrees outside the box (Fig. A2). Figure 1 shows the wind gust distributions covering the whole year

(Fig. 1a), the cold season (Fig. 1b) and the warm season (Fig. 1c). All of the distributions are slightly positively skewed i.e.130

they have more weight in the right tail. However, the mean and median values are relatively close to each other and the mean

values vary from 22.2 m s� 1 in the cold season (Fig. 1b) to 18.1 m s� 1 in the warm season (Fig. 1c). The 90th percentile of the

wind gust distribution covering the whole year is 27.2 m s� 1 (Fig. 1a). While the 90th percentile of wind gusts during the cold

(29.4 m s� 1) and warm (23.6 m s� 1) seasons differ from the whole year value, these are however relatively near each other

compared to the maximum values which differ from 51.6 m s� 1 in the cold season to 38.1 m s� 1 in the warm season.135

Figure 1. Distribution of the maximum 10-m wind gust within 6 degrees of the cyclone centre at each time step when the cyclone centre of

the track is inside the Northern Europe box during 1980–2019 covering a) the whole year, b) the cold season (October–March), and c) the

warm season (April–September).

In order to classify the extratropical cyclones based on their extremeness in wind gusts without depending on the season, we

use 27.2 m s� 1 (i.e. the 90th percentile of wind gusts during the whole year) as a threshold to divide the extratropical cyclones

to windstorms and non-windstorms. The choice of 90th percentile as a threshold gives a reasonable number of windstorms

for further analysis. When the windstorm threshold is equal in both seasons we can more easily compare the seasons since

otherwise the warm season windstorms would include extratropical cyclones that have lower wind gusts than cold season140

windstorms. Furthermore, since our study focuses more on the dynamics and the structure of windstorms rather than impacts,

the threshold we use considers wind gusts over the whole Northern Europe box rather than only wind gusts over land. Therefore,

our �nal cyclone classes are: 1) all extratropical cyclones; all extratropical cyclones that have at least one track point inside

the Northern Europe box, 2) windstorms; extratropical cyclones whose associated wind gusts are equal to or exceed the 90th
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percentile when the cyclone centre is inside the Northern Europe box, and 3) non-windstorms; extratropical cyclones whose145

associated wind gusts are below the 90th percentile when the cyclone centre is inside the Northern Europe box. Hence, the sum

of windstorms and non-windstorms equals all extratropical cyclones.

In this study, we also need to identify, for each windstorm, the time of the minimum MSLP and the time of the maximum

10-m wind gust. The time of the minimum MSLP is the time when the absolute minimum of MSLP occurs along the cyclone

track and therefore the cyclone centre does not need to be located within the Northern Europe box at this time. In contrast, as150

we are interested in investigating wind gusts in Northern Europe, we de�ne the time of the maximum 10-m wind gust to be the

time that the maximum gust occurs while the cyclone centre is within the Northern Europe box. However, as the gusts are taken

within a 6� radius of the cyclone centre, the location of the maximum gust can occur just outside of the Northern Europe box.

The locations of the minimum MSLP and the maximum 10-m wind gust for each windstorm track are shown in the Appendix

Fig. A1 and Fig. A2.155

3.3 Cyclone composites

To further examine the structure and evolution of Northern Europe windstorms (identi�ed as described in Sect. 3.2), we create

cyclone composites in similar way as for example Dacre et al. (2012) and Sinclair et al. (2020). The composites are produced for

different meteorological variables at different offset times relative to two times: the time of the minimum MSLP and secondly

the time of the maximum 10-m wind gust (these times are de�ned at the end of Sect. 3.2). For the compositing, the windstorms160

are transformed into a spherical grid (cyclone centre in the middle) and rotated to a cyclone relative coordinate so that they all

travel to the east. The composite for each meteorological variable and offset time is created by averaging that meteorological

�eld of each individual windstorm.

3.4 Ensemble sensitivity analysis

To statistically identify precursors which are strongly correlated with characteristics of windstorms in Northern Europe, we use165

an ensemble sensitivity analysis. In this study, "ensemble" refers to the population of extratropical cyclones that are de�ned as

windstorms. The principle of the ensemble sensitivity method is to calculate the linear regression between a precursor �eld,

x, and the so called response function,J . In our study, we consider two response functions: 1) the minimum MSLP, and 2)

the maximum 10-m wind gust. The minimum MSLP was chosen because it is a common variable to represent the intensity of

an extratropical cyclone, and the maximum wind gust was chosen because gusts usually cause the high impacts and damage.170

The minimum MSLP is not directly related to the wind gusts but indirectly by strengthening the pressure gradient which is

associated with stronger wind speeds and hence stronger wind gusts. The ensemble sensitivity analysis is applied to precursors

on the cyclone centered radial grid.

The sensitivityS consists of multiplying three components:

Si;j = mi;j � i;j � i;j (1)175
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wherem is the linear regression slope,� is a correction factor, and� is the standard deviation of the precursor. The linear

regression slopem is calculated at each grid point (i; j ):

mi;j =
�

�J
�x

�

i;j
: (2)

The correlation factor� modi�es the sensitivityS by giving less weight to slope values in those grid points that have weak

correlations. This is done by de�ning� :180

� i;j =

8
<

:

1 if r 2
i;j � r 2

min ;
r 2

i;j

r 2
min

if r 2
i;j < r 2

min

(3)

wherer i;j is the correlation coef�cient andr min is the threshold for correlations that are altered. Similarly to Dacre and

Gray (2013), we setr 2
min to be 0.05 which means that for all grid points where the correlation coef�cient is less than 0.224,

the sensitivityS is reduced.

The standard deviation� is calculated at each grid point through all windstorms and over both seasons to ensure that the185

two seasons can be compared to each other. By multiplying with the standard deviation, the sensitivityS obtains the same

units as the response function. Therefore, the sensitivity can be interpreted as how the response function (the minimum MSLP

/ maximum 10-m wind gust) changes when there is an increase of one standard deviation in the precursor �eld.

The sign of the sensitivity is determined only by the regression slopem and the magnitude is effected by all three components

in Eq. (1). Negative sensitivity means that the precursorx and the response functionJ are negatively correlated. Regarding190

the response function of the minimum MSLP, this means that if the precursor increases it is associated with a decrease in the

minimum MSLP i.e. to a stronger windstorm in terms of MSLP. Likewise, regarding the response function of the maximum

10-m wind gust, negative sensitivity means that if the precursor increases it is associated with a decrease in the maximum wind

gust. However, this implies that the windstorm gets weaker in terms of wind gusts. This is important to note when comparing

the sensitivities of these response functions that the sign of the sensitivity indicates contrary evolution to the windstorm.195

In our study, we examine four precursors: 850-hPa potential temperature anomaly, TCWV, 300-hPa wind speed and 300-hPa

PV. We selected these precursors because the 850-hPa potential temperature gradient is a main driver of extratropical cyclones

through baroclinicity. TCWV allows us to investigate the availability of moisture that may in�uence diabatic processes which

further may affect the intensity of an extratropical cyclone. The 300-hPa wind speed describes the jet stream and the location of

an extratropical cyclone in relation to the jet stream is known to in�uence to the extratropical cyclone development. Lastly, the200

300-hPa PV was chosen because the surface cyclone can intensify when it interacts with an upper-level trough which can be

interpreted from the upper-level PV �eld. The 850-hPa potential temperature is used as an anomaly to assess the strength of the

temperature gradient. The anomaly is calculated in each individual windstorm separately by �rst area averaging the 850-hPa

potential temperature over the 18� radius composite and then subtracting this mean from each grid point in that windstorm.

We investigate the precursor �elds 24, 48 and 72 h before the time of the minimum MSLP or the maximum 10-m wind gust as205
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de�ned in Sect. 3.2. These offset times are relevant because they occur at the typical range of extratropical cyclone predictability

and evolution. In addition, since the ensemble sensitivity method uses linear correlations the sensitivities are most likely valid

at short lead times whereas at much longer lead times the non-linear affects would dominate.

4 Annual and monthly frequencies of extratropical cyclones, windstorms and non-windstorms

The annual frequency of extratropical cyclones during 1980–2019 shows a large year-to-year variability in all three cyclone210

classes (Fig. 2). There are on average 149 extratropical cyclones every year that reach Northern Europe (Fig. 2a) from which

on average 35 cyclones i.e. 23 % are windstorms (Fig. 2c). Although the threshold for windstorms is the 90th percentile of

wind gusts, the wind gust distribution can have multiple wind gust values per cyclone since we include all wind gust values at

each time step when the cyclone centre is inside the Northern Europe box. Hence, the ratio of windstorms can be higher than

10 %. The 40-year linear trends are not statistically signi�cant in any of the three cyclones classes by using Mann-Kendall test215

(Mann, 1945; Kendall, 1970) at 5 % level. However, there is a decreasing trend (-3.7 cyclones per decade) in all extratropical

cyclones (Fig. 2a and 2b) with a p-value of 0.067 and therefore the trend would be signi�cant with a 7 % level or higher.

However, some time periods stand out with high/low annual number of extratropical cyclones. In the 1980s, there were overall

more extratropical cyclones compared to the 40-year average (Fig. 2b) which was mainly due to the increased numbers of

non-windstorms (Fig. 2f). In contrast, a longer term drop in all extratropical cyclones (Fig. 2b) occurred between 1995–2005,220

during which time the number of windstorms (Fig. 2d) decreased more than the number of non-windstorms. The highest annual

numbers of windstorms occurred in 1983 and 1990 (Fig. 2c and 2d).

Figure 2. Annual absolute numbers of extratropical cyclones in Northern Europe in 1980–2019. Bars show the annual values, solid lines are

5-year running means and dashed lines are annual means. a) all extratropical cyclones, b) windstorms, and c) non-windstorms.

In addition to large inter-annual variability, we also investigated the seasonal cycle of the number of extratropical cyclones,

windstorms and non-windstorms (Fig. 3). Regarding all extratropical cyclones in Northern Europe (Fig. 3a), the months from

October to January and April have the highest median between 13–15 extratropical cyclones per month which means that on225
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average almost every other day in these months an extratropical cyclone travels through Northern Europe. The variability of

extratropical cyclone numbers within each month (length of whiskers) is the highest during autumn and winter. Nevertheless,

the monthly variation in the number of all extratropical cyclones does not have a signi�cantly large seasonal cycle. In contrast,

the number of windstorms (Fig. 3b) shows a strong annual cycle with more windstorms in the cold season and less in the

warm season. The highest median values of 5–6 windstorms per month are in January and December whereas in May, June230

and July, there are on average no windstorms at all. The variation of windstorm numbers within the cold season months is,

however, quite large; for example in November, the number of windstorms ranges from zero to 14. The seasonal cycle for

non-windstorms (Fig. 3c) is the opposite than for windstorms with the highest number of non-windstorms occurring during

the warm season from April to August. Therefore, we can conclude that while windstorms are more common in winter and

extratropical cyclones in summer are weaker, the overall number of extratropical cyclones per month in Northern Europe does235

not differ considerably depending on season.

Figure 3. Monthly distribution of cyclones in Northern Europe. Orange lines are medians, boxes show �rst and third quartiles, and whiskers

have �rst value greater than and last value less than Q1 - 1.5*IQR and Q3 + 1.5*IQR, respectively, where Q1 and Q3 are the �rst and third

quartiles and IQR the interquartile range Q3 - Q1. a) all extratropical cyclones, b) windstorms, and c) non-windstorms.

5 Characteristics of extratropical cyclones, windstorms and non-windstorms

The genesis and track densities are computed by the TRACK code using the spherical kernel method (Hodges, 1996) and the

unit of the densities is number of cyclones per month per unit area where the unit area is 5� radius spherical cap (� 106 km2).

Because of the 5� spherical cap in the unit, the cyclone numbers in the densities are larger than the absolute cyclone numbers240

in Sect. 4. In both seasons, the genesis region of all extratropical cyclones that affect Northern Europe extends from the east

coast of the United States to western Russia and from the Greenland Sea to the Mediterranean Sea (Fig. 4a and 4b). Most of

the extratropical cyclones in the warm season originate over the land areas inside the Northern Europe box (Fig. 4b). In the

cold season (Fig. 4a), the most dense genesis region is broader and, in addition to the land areas in Northern Europe, most of
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the extratropical cyclones originate from the Norwegian Sea and the Barents Sea. The genesis over the east coast of the United245

States is more poleward in the warm season than in the cold season which is in agreement with Priestley et al. (2020) who

found that extratropical cyclones occur more equatorward in the winter than in the summer in the eastern North Atlantic.

Figure 4.Genesis density (number of cyclones per month per 5� spherical cap� 106 km2) of a,b) all extratropical cyclones, c,d) windstorms,

and e,f) non-windstorms. The magenta box shows the Northern Europe box where the tracks in this study are �ltered to occur.

When considering windstorms and non-windstorms separately, there are distinct differences. Most of the non-windstorms

originate over land areas in Northern Europe (Fig. 4e and 4f) whereas windstorms have their genesis mostly over the Norwegian

Sea and the Barents Sea (Fig. 4c and 4d). This also means that windstorms tend to originate further away from Northern Europe250

than non-windstorms. In addition, non-windstorms can originate over Southern Europe while windstorms do not. In the cold

season, the genesis region of windstorms is more zonally spread (Fig. 4c) whereas non-windstorms are more meridionally

spread (Fig. 4e). In contrast, in the warm season the genesis region of non-windstorms is zonally spread and includes tracks

from the eastern United States (Fig. 4f).
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The track densities of all extratropical cyclones are, on a large scale, similar in both seasons, and the highest track density255

occurs inside the Northern Europe box (Fig. 5a and 5b). Cold season extratropical cyclones have high track densities over

the eastern part of Northern Europe and over the Barents Sea (Fig. 5a). There are somewhat fewer tracks over the Scandina-

vian Mountains which is likely caused by the Scandinavian Mountains that can, to some degree, modify the track of passing

extratropical cyclones and even split the cyclone to two low centres (Grönås, 1997). When comparing windstorms and non-

windstorms, it is evident that most windstorms have their cyclone centre at higher latitudes than non-windstorms (Fig. 5c-f).260

The difference is more pronounced in the cold season where windstorms mostly occur over the Barents Sea (Fig. 5c) while

non-windstorms over the southern parts of Northern Europe (Fig. 5e).

Figure 5. Track density (number of cyclones per month per 5� spherical cap� 106 km2) of a,b) all extratropical cyclones, c,d) windstorms,

and e,f) non-windstorms. The magenta box shows the Northern Europe box where the tracks in this study are �ltered to occur.

The majority of extratropical cyclones, regardless of the cyclone class (windstorm / non-windstorm) or season, propagate

towards the east inside the Northern Europe box (not shown). However, each year there is a small portion of extratropical
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cyclones that propagate towards the west, and this is slightly more visible in the warm season than in the cold season. This265

is also seen in the genesis density (Fig. 4) where some extratropical cyclones originate on the eastern edge of the Northern

Europe box.

The median duration of the cyclone lifetime with all extratropical cyclones is 3.4 days in the cold season and 3.6 days in

the warm season (not shown). Considering windstorms, the median lifetime is 4 days in both the cold and warm seasons while

non-windstorms have a longer median lifetime in the warm season (3.6 days) than in the cold season (3 days, not shown).270

Therefore, extratropical cyclones in Northern Europe are on average longer lived in the warm season compared to the cold

season and in windstorms compared to non-windstorms. The lifetime of extratropical cyclones, especially in the extremely

long lasting cases, can also be interpreted from the width of the histograms in Fig. 6. In the warm season the histogram is wider

(from -13 to 17 days, Fig. 6b) indicating that the lifetimes are longer than in the cold season (from -9 to 10 days, Fig. 6a).

Figure 6 shows the maximum 10-m wind gusts in Northern Europe (i.e. the maximum 10-m wind gust when the cyclone275

centre is inside the Northern Europe box) in relation to the time of the minimum MSLP. The highest wind gust values on the

y-axis are concentrated close to zero on the x-axis which means that the maximum wind gusts occur close to the time of the

minimum MSLP. The median occurrence time of the maximum gusts relative to the time of the minimum MSLP is 0 h for

all extratropical cyclones and non-windstorms and +3 h for windstorms. There is no differences between the seasons on the

median occurrence times. Overall, the occurrence time of the wind gusts is practically very close to the minimum MSLP and280

the difference between windstorms and non-windstorms is small. In the cold season, the maximum 10-m wind gusts are higher

(up to 52 m s� 1) than in the warm season (up to 38 m s� 1), which was also seen in the wind gust distributions (Fig. 1). Figure

6 also shows that while the wind gusts are the strongest at the time of the minimum MSLP, after that the wind gusts decrease.

This happens especially in windstorms (Fig. 6c and 6d) where a negative tilt is visible after the time of the minimum MSLP.

The negative tilt is not evident in non-windstorms (Fig. 6e and 6f) but non-windstorms by de�nition do not have strong wind285

gusts (there are no wind gust values above 27.2 m s� 1).
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Figure 6. Normalized frequency of maximum 10-m wind gust (m s� 1) in Northern Europe (i.e. the maximum 10-m wind gust when the

cyclone centre is inside the Northern Europe box) in relation to the time of the minimum mean sea level pressure (MSLP) during the cold

season (left panel) and the warm season (right panel): a,b) all extratropical cyclones, c,d) windstorms, and e,f) non-windstorms. Zero on the

x-axis indicates the time when the minimum MSLP during the track is obtained and negative/positive values indicate days before/after that

time. The frequency is normalized by the total number of the points in the tracks, and the colors are in a logarithmic scale. There are three

data points with x-axis values over 12 days which are cut from the �gure.
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