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1. INTRODUCTION

Strong winds can cause a large amount of damage and high impacts to society (e.g.
Wernli et al., 2002; Suursaar et al., 2006; Gregow et al., 2017; Holley, 2021; Tervo
et al., 2021), such as power outages, forest damage and destruction to property.
Extratropical cyclones — also called mid-latitude cyclones or low-pressure systems
— that cause strong winds (i.e. windstorms) are the main cause of insured losses
in Europe (Munich Re, 2017). Winds play an essential part in for example wind
energy, forestry and insurance sectors. Therefore, it is crucial to prepare and adapt
to winds and windstorms in both weather and climate time scales. Weather scale
refers to a time scale from one day to around one week whereas climate scale
indicates a period of multiple decades. In this thesis, climate scale refers to past
40-year climate and hence to climatology.

In addition to regulating our everyday weather, winds and extratropical
cyclones have an important role in the atmosphere. They transport moisture, heat
and momentum from lower latitudes towards poles and between the surface and
the atmosphere. Extratropical cyclones occur in the mid-latitudes and they are
driven by the meridional temperature difference between tropics and poles. The
size of extratropical cyclones ranges from hundreds to thousands of kilometres
and they typically have an asymmetrical structure with fronts (Fig. 1). Since
the meridional temperature difference between tropics and poles is the greatest
during winter the strongest extratropical cyclones in the Northern Hemisphere
occur typically in winter time (e.g. Hoskins and Hodges, 2019). In this thesis
windstorms are considered as strong extratropical cyclones that are large in scale
and they should not be mixed with small-scale local thunderstorms.

a)

Occluded front

‘Warm sector

Figure 1. a) A schematic figure of a typical frontal structure of an extratropical
cyclone, L denotes the low-pressure centre and arrows the wind directions. Figure
by Terhi Laurila. b) A satellite image of an extratropical cyclone: storm Barra on
7 December 2021 09 UTC. © EUMETSAT.



In the Northern Hemisphere, the main storm track regions i.e. areas with high
extratropical cyclone activity occur in the North Atlantic and the North Pacific and
the secondary storm track regions occur in the Mediterranean and Siberia (e.g.
Hoskins and Hodges, 2002; Priestley et al., 2020). The North Atlantic storm
track region extends from the Rocky Mountains in North America to northern
Europe. While extratropical cyclones in the main North Atlantic and North Pacific
storm track regions have been extensively studied (e.g. Hoskins and Hodges, 2002;
Ulbrich et al., 2009; Hodges et al., 2011; Priestley et al., 2020) those located at
the end of the storm track regions have received less attention. Hence, this thesis
intends to bring more knowledge to the extratropical cyclone research regarding
this less studied region in northern Europe.

Northern Europe in this thesis is defined to include Norway, Sweden, Finland,
Estonia, Latvia and parts of the Norwegian, Barents and Baltic seas (Fig. 2).
This region contains a mix of sea areas and different topographical features
with Scandinavian Mountains dominating the western land areas in Norway and
Sweden. In Finland, over 75 % of land is covered with forests making it the most
forested country in Europe. Regarding windiness, although northern Europe is
located at the end of the North Atlantic storm track this region also experiences
damaging windstorms. Some examples are storm Anatol in 1999 (Ulbrich et al.,
2001), storm Dagmar, also know as storm Tapani, in 2011 (Kufeoglu and Lehtonen,
2014) and storm Aila in 2020 (Rantanen et al., 2021).

Figure 2. Topography map and the boxes of northern Europe (solid) and Finland
(dashed) used in this thesis.



10

Since winds and extratropical cyclones have an important role on our weather
and climate system, a better understanding of the phenomena is gained when
both time scales are considered. The climate scale can show a general view of the
occurrence and variability of winds and windstorms. However, to understand the
structure and evolution of the phenomenon it must be investigated on a short-term
weather scale. Since the cases can vary largely between each other, it is important
to also investigate individual windstorm cases.

AIMS OF THIS THESIS

The general aim of this thesis is to increase the understanding of the near-surface
mean and extreme wind climate and the role of extratropical cyclones in
contributing to the extreme winds. This thesis focuses on northern Europe and
partly specifically on Finland and considers both weather and climate time scales.
This general aim is addressed through the following three research questions:

1. What are the main characteristics of wind and windstorm climate in

northern Europe and Finland and can we detect any long-term trends?
(Papers I and II)
For these aims, the climatology, variability and trends of near-surface wind
speeds, extratropical cyclones and windstorms are investigated by using
reanalysis data over 40 years. To determine possible seasonal variations,
the wind speed climate is examined on a monthly scale and extratropical
cyclones and windstorms separately for the cold and warm seasons.

2. How does the spatial structure of windstorms in northern Europe and
Finland change during the evolution? (Papers II and III)
This aim is addressed in a climatological perspective by examining the
general spatio-temporal structure of windstorms in northern Europe.
Additionally, this aim is determined in a case study perspective by analysing
the development of a windstorm event in Finland with numerical weather
prediction model simulations.

3. What meteorological factors affect the intensity of windstorms in
northern Europe and Finland? (Papers II and III)
This final aim is investigated by analysing the sensitivity of windstorm
intensity to different meteorological factors. As a measure of intensity, both
the minimum mean sea level pressure and the maximum 10-m wind gust
are considered. In addition, this aim can be assessed from the case study by
comparing the different numerical weather prediction model simulations.
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2. BACKGROUND

2.1. ATMOSPHERIC CIRCULATION AND JET STREAM IN THE MID-LATITUDES

Winds are a result from an uneven heating from the sun to different parts of the
Earth. The equator gets more solar energy than poles and winds exist to balance
this difference. In the mid-latitudes in the Northern Hemisphere (approximately
30-60°N), atmospheric circulation is seen as the Ferrel cell where air sinks at
the lower latitudes around 30°N and rises at the higher latitudes around 60°N.
This produces surface winds that would flow from south to north but due to the
Coriolis effect the winds are deflected to the right. This results in the westerlies:
the planetary winds in the mid-latitudes that blow from west/south-west to east
(Fig. 3a). The other circulation cells produce trade winds at the lower latitudes
and easterlies at the higher latitudes that flow from an easterly direction (Fig. 3a).

a) Easterlies

h} Polar
60°N E A P jet stream

Westerlies Subtropical

Jjet stream

Trade winds

0°

Trade winds
30°s

Westerlies

Figure 3. a) A schematic figure of planetary winds. Figure by Terhi Laurila. b) A
schematic figure of jet streams. Figure adopted from National Weather Service /
NOAA.

Jet streams are narrow and meandering ribbons of strong winds near the
tropopause (around 8-16 km altitude) that move from west to east following
the direction of the Earth rotation. The main jet streams locate between the
circulation cells: the subtropical jet stream at lower latitudes around 30°N and
the polar jet stream in the mid-latitudes at around 60°N (Fig. 3b). These main
jet streams are results from different physical mechanisms. The subtropical jet
stream is driven by the angular momentum transport that accelerates the poleward
moving air at upper levels and the transport is caused by the thermally direct
circulation cell (Held and Hou, 1980). The polar jet stream, also called as the
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eddy-driven jet stream, is driven by the convergence of momentum flux from
transient atmospheric disturbances i.e. eddies (Held, 1975). The eddies occur
in the mid-latitudes in regions with strong meridional temperature gradient called
baroclinic regions. The baroclinic zone separates the cold polar air from the warm
tropical air. The baroclinic zone is a region where extratropical cyclones develop
and occur and thus, the polar jet stream (hereinafter referred to as the jet stream)
is closely linked to extratropical cyclones.

2.2. EXTRATROPICAL CYCLONES

Extratropical cyclones can form through cyclogenesis or extratropical transition.
The latter, and much rarer, evolution path is described in the following Section
2.2.1. Cyclogenesis means the formation and development of an extratropical
cyclone, and the main ingredient for cyclogenesis is baroclinic instability or
baroclinicity (Charney, 1947; Eady, 1949). Baroclinicity is associated with a large
meridional temperature gradient in the mid-latitudes where small disturbances
can grow in the mean flow. In this process, atmospheric available potential energy
is converted into kinetic energy (Lorenz, 1955). These growing disturbances
develop into extratropical cyclones.

While cyclogenesis is driven by the baroclinicity there are other ingredients
that can affect the development and strength of extratropical cyclones: upper-level
forcing and diabatic heating. At upper-levels, the jet stream has a large role where
the surface cyclone tends to develop. The right entrance and left exit regions in
the jet stream are associated with upper-level divergence which causes ascending
air. Thus, they are favourable regions for the surface cyclone to intensify. The
meandering jet stream creates troughs where the jet stream curves equatorward
and ridges where the jet stream curves poleward. A trough is associated with
low-pressure areas and a cyclonic / positive potential vorticity (PV) anomaly.
In contrast, a ridge is associated with high-pressure areas and an anticyclonic /
negative PV anomaly. Upper-level divergence occurs downstream of an upper-level
trough due to positive vorticity advection. This means that the development of
a surface cyclone enhances and intensifies when it is located downstream of an
upper-level trough i.e. the surface cyclone and the upper-level trough are tilted
westward with height.

While the baroclinic process is essential for extratropical cyclone development
diabatic processes can significantly intensify the cyclone (e.g. Ahmadi-Givi et al.,
2004; Grams et al., 2011; Martinez-Alvarado et al., 2016). In a diabatic process
an air parcel exchanges heat with the environment; in extratropical cyclones, this
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is most importantly seen as latent heat release which occurs when water vapour
condenses to liquid water in cloud formation. A concept of PV framework was
developed by Hoskins et al. (1985) and it is useful in examining the role of diabatic
heating in extratropical cyclones. PV is conserved in an adiabatic and baroclinic
flow and therefore any changes in PV are due to diabatic processes. Latent heat
release produces a positive PV anomaly in the lower troposphere which enhances
the cyclonic circulation (Hoskins et al., 1985). Moreover, latent heat release can
produce a negative PV anomaly i.e. reduce the PV in the upper troposphere which
can enhance the upper-level ridge downstream of the surface cyclone. Therefore, a
higher moisture content increases the latent heat release and leads to more intense
extratropical cyclones.

There are two commonly known conceptual models on the structure and
development of extratropical cyclones: the Norwegian cyclone model (Bjerknes,
1919; Bjerknes and Solberg, 1922) and the Shapiro-Keyser cyclone model (Shapiro
and Keyser, 1990). They describe how a disturbance in a baroclinic zone, or
a frontal wave, develops and forms cold and warm fronts. In the Norwegian
cyclone model, a cold front moves faster than a warm front and eventually the
cold front catches the warm front and by merging they form an occluded front.
In the Shapiro-Keyser cyclone model, a cold front is situated nearly perpendicular
compared to a warm front creating a so-called T-bone structure. A bent-back front
develops when the warm front extends westward behind the low-pressure centre
and finally by wrapping around the centre it forms a warm seclusion. Based on
Schultz et al. (1998), extratropical cyclones at the end of the North Atlantic storm
track are more similar to the Norwegian cyclone model.

2.2.1. EXTRATROPICAL TRANSITION

Extratropical transition is a process where a tropical cyclone travels to
mid-latitudes, is affected by the changes in the environment (e.g. increasing
baroclinicity, increasing Coriolis effect and colder waters) and transforms into
an extratropical cyclone (Palmén, 1958; Hart and Evans, 2001; Jones et al.,
2003). Almost half of tropical cyclones in the Atlantic undergo extratropical
transition (Hart and Evans, 2001). Transitioned cyclones can cause high-impact
and damaging weather on the east coast of North America and Canada (e.g.
Palmén, 1958; Ma et al., 2003; Galarneau et al., 2013) but also in Europe.
Some examples are hurricane Iris in 1995 that reached north-western Europe
(Thorncroft and Jones, 2000), hurricane Lili in 1996 that caused impacts to the
United Kingdom (Browning et al., 1998; Agusti-Panareda et al., 2005) and more
recently hurricane Ophelia in 2017 that damaged Ireland and the United Kingdom
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and lead to three fatalities (Stewart, 2018; Rantanen et al., 2020). However, in
northern Europe only less than 1 % of all extratropical cyclones are transitioned
cyclones (Sainsbury et al., 2020). When considering those extratropical cyclones
in northern Europe which have storm force winds (> 25 m s~!) the proportion of
transitioned cyclones becomes significantly larger, approximately 9 % (Sainsbury
et al., 2020). In Finland, the only known damaging windstorm which has been
thought to be a transitioned cyclone is storm Mauri from September 1982.

During the extratropical transition process, a tropical cyclone loses its
symmetrical, eye-shaped structure and turns asymmetrical with a frontal structure
commonly seen in extratropical cyclones (Klein et al., 2000; Evans et al., 2017).
Tropical cyclones are warm-core cyclones which means that the temperature near
the surface cyclone centre is warmer than the surroundings and that the winds
are the strongest close to the surface and decrease with height. In contrast,
extratropical cyclones are typically cold-core cyclones which indicates a lower
temperature near the cyclone centre and winds increasing with height. By
analysing these structural changes, Hart (2003) and Evans and Hart (2003)
developed a cyclone phase space diagram and defined that the extratropical
transition starts when a cyclone changes from symmetrical to asymmetrical and the
transition is complete when a warm-core cyclone changes to a cold-core cyclone.

There are multiple ways a transitioned cyclone can affect the mid-latitudes.
The most direct way is that the cyclone interacts with a pre-existing upper-level
trough and re-intensifies as an extratropical cyclone (Evans et al., 2017).
A transitioning cyclone can also impact the mid-latitudes, even before the
extratropical transition is complete, by modifying the downstream flow (Keller
et al., 2019). This is usually seen as ridge building, trough amplification and jet
streak modification immediately downstream of the transitioning cyclone (Keller
et al., 2019). The downstream modification of transitioning cyclones have been
found in climatological studies (Archambault et al., 2013), idealised experiments
(Riemer et al., 2008) and in case studies (Agusti-Panareda et al., 2004; Grams et
al., 2013). Moreover, a transitioned cyclone can impact mid-latitudes even farther
downstream by modifying the upper-tropospheric flow and eventually leading to a
formation of new cyclones and possible high-impact weather (Riemer et al., 2008;
Archambault et al., 2013). More unusually, a transitioned cyclone can travel to
mid-latitudes as a diabatic Rossby wave. A diabatic Rossby wave is a low-level
PV anomaly in a moist and baroclinic environment (e.g. Moore and Montgomery;,
2004, 2005). It can maintain itself due to constant production of diabatic PV
downstream of the original location of the low-level PV anomaly (Moore and
Montgomery, 2004, 2005). This way a diabatic Rossby wave, which can be a
transitioned cyclone, do not need upper-level forcing to re-develop.
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2.2.2. DETECTING EXTRATROPICAL CYCLONES

Extratropical cyclones are commonly detected using the Eulerian approach or the
Lagrangian approach (Hoskins and Hodges, 2002). The Eulerian approach is
based on basic statistics that are applied to a meteorological field that describes
the occurrence and location of a cyclone, usually mean sea level pressure (MSLP)
or 850-hPa relative vorticity (Blackmon, 1976). Eulerian methods are applied to
spatially fixed grids and therefore they are suitable to use in gridded datasets.
The Eulerian approach is easy to calculate and it gives general information about
the cyclone activity. However, it does not provide any details about individual
cyclones.

The Lagrangian approach identifies individual cyclones by finding a localised
minimum or maximum of a meteorological field (usually MSLP or 850-hPa relative
vorticity) and tracking its location through time (e.g. Murray and Simmonds,
1991; Hodges, 1995; Wernli and Schwierz, 2006). The Lagrangian approach
enables us to investigate each cyclone and its properties separately and to
provide cyclone-specific analysis. The results may depend on the chosen tracking
algorithm. For example, the resulting tracks can differ depending on which
variable a cyclone location is identified from: a MSLP-based tracking often
identifies large-scale extratropical cyclones while tracking based on the 850-hPa
relative vorticity captures additionally smaller-scale phenomena (Neu et al.,
2013). Furthermore, the minimum MSLP and the maximum 850-hPa relative
vorticity are not co-located and thus the estimated location of the cyclone centre
may differ.

2.3. USE OF REANALYSIS DATA IN CLIMATE STUDIES

Reanalysis is a gridded dataset that combines atmospheric observations and
a numerical weather prediction model. It provides the best estimate of the
atmospheric state of the past weather and climate. Therefore, reanalysis is a
relevant and commonly used source for climate studies and assessments.

There are multiple benefits in using reanalysis data. Reanalysis has a gridded
and often global coverage and therefore we can examine large regions anywhere
in the globe and are not restricted to locations with in-situ observations. The
data in reanalysis is homogeneous in time; for example in wind studies, this
is a major advantage in comparison to wind observations which are affected
by, for example, the changes in the station location, instrument height and
observation environment. Reanalysis datasets cover long time periods, usually
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multiple decades, and thus are very valuable in studying long-term, climatological
variations and trends. When producing the reanalysis the same numerical weather
prediction model version is used for the historical and present data. This enables
an independence from the model development through time and hence the
increasing skill of the numerical weather model does not affect the reanalysis.

While there are apparent advantages in the use of reanalysis a disadvantage
is the coarse spatial and temporal resolution. Because of that, some smaller-scale
phenomena may not be accurately or at all captured. Likewise, the most extreme
values may not be obtained since the values are smoothed over a relatively
large grid size (for example 80 km in ERA-Interim reanalysis and 30 km in
ERAS reanalysis). However, there has been great improvement in the temporal
resolution: while the analysis fields in ERA-Interim are output every 6 hours in
ERAS they are produced every hour.
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3. DATA AND MODELS

Large-scale features, such as extratropical cyclones studied in this thesis, are
usually well identified in reanalysis. Since extratropical cyclones can be thousands
of kilometers wide and travel across countries and oceans, reanalysis is able
to cover the whole life-cycle. However, as discussed in Section 2.3, smaller
meso-scale sized extratropical cyclones may not be well captured. Therefore,
simulations from a higher resolution numerical weather prediction model can be
useful to detect more details. However, the intensity of extratropical cyclones
has been found to be underestimated in most of the ensemble prediction systems
(Froude, 2010). Hence, it is additionally valuable to compare the modelled fields
of e.g. wind speed to available observations.

3.1. REANALYSIS DATA

In this thesis, global atmospheric reanalyses are used that are produced by the
European Centre for Medium Range Weather Forecasts (ECMWF). In Papers I and
I1, the fifth and newest generation reanalysis called ERAS is used. ERAS replaced
the previous reanalysis called ERA-Interim. The synoptic overview in Paper III is
analysed with ERA-Interim since ERA5 was not yet available when conducting the
study.

ERA-Interim (Dee et al., 2011) and ERA5 (Hersbach et al., 2020) are based on
the Integrated Forecasting System (IFS), ERA-Interim with Cycle 31r2 and ERAS
with Cycle 41r2. Both reanalyses use a four-dimensional variational (4D-Var) data
assimilation system. In ERA-Interim, the horizontal resolution is approximately
80 km and vertically there are 60 levels up to 0.1 hPa. The analysis fields are
available 6 hourly and forecast fields 3 hourly. The spatial and temporal resolutions
are higher in ERA5 than in ERA-Interim. In ERAS5, the horizontal resolution is
approximately 30 km, there are 137 vertical levels up to 0.01 hPa and the analysis
and forecast fields are available hourly. When performing the studies in this thesis,
both reanalyses covered a period from 1979 onwards. Later, ERA5 has been
extended to cover also a period from 1950-1978.

For Papers I, II and III, range of variables were obtained from the reanalyses
both on pressure levels and on a single, "surface" level. All obtained variables are
instantaneous except the maximum 10-m wind gust which is a maximum since the
previous post-processing. The computation of 10-m wind speeds and 10-m wind
gusts in IFS are briefly explained in Section 3.2.1.
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3.2. OPENIFS MODEL

In Paper III, numerical simulations were performed with the OpenIFS model
which is developed by ECMWE The IFS is a global numerical weather prediction
model and it produces the operational weather forecasts by ECMWE OpenlIFS
(Szépszd and Carver, 2018; Szépszd et al., 2019) is a version of IFS which is
available to research institutions. OpenlFS includes the same dynamics, physical
parametrizations, land surface model and wave model as the full IFS but it does
not include the data assimilation system nor ocean model. In Paper III, Cycle
40r1v1 version of OpenlFS was used and the simulations were initialised from
ERA-Interim. The simulations were run with a horizontal resolution of 16 km and
vertically with 137 levels. The simulations were conducted with a 10-min time
step and the model fields were output hourly.

To investigate the meso- and synoptic-scale dynamic evolution of ex-Debby
and storm Mauri in Paper III, three simulations were performed with different
initialization dates: 00 UTC 17 September 1982, 00 UTC 19 September 1982 and
00 UTC 21 September 1982. In the 17 and 19 September simulations, after two
days the errors develop and large differences appear compared to ERA-Interim.
Therefore, simulations that are initialised at different dates were used to analyse
different phases of the evolution of ex-Debby and storm Mauri.

3.2.1. COMPUTATION OF 10-M WINDS IN IFS

In IFS, and therefore also in OpenlIFS, the 10-m wind speeds and 10-m wind gusts
are parameterized. Parameterization in numerical weather prediction models
means that variables that are too small in scale to be resolved directly with
dynamical equations are modelled with simplified equations. The 10-m wind
speed in IFS is created to be comparable to wind speed observations from SYNOP
stations. As required by the World Meteorological Organization (WMO), SYNOP
stations are usually in open terrain and hence well exposed to wind. Therefore,
the wind speeds in SYNOP observations may not represent the winds for a large
area, e.g. a grid box in a model. Inside a model grid box, the terrain can vary
largely and the wind observations are affected by the local features such as forest,
vegetation and buildings that cause higher roughness than open terrain. For that
reason, IFS contains an exposure correction which is applied to grid boxes with a
high roughness length in order to fix the modelled wind speeds to be comparable to
SYNOP observations. Therefore, the wind speeds at some locations can be higher
in IFS than in reality but in general the modelled wind speeds should be well
compatible with observations.
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The 10-m wind gust in IFS is, similarly to the 10-m wind speed, designed
to correspond to the definition by WMO. The 10-m wind gust (WG;,) in IFS is
calculated by summing up three components:

WGg=WSig+ Cygnlly + Ceonymax(0, WSgso — WSogs) (1D

where WS, is the 10-m wind speed, C,¢, is an empirically derived parameter with
avalue of 7.71, u, is the friction velocity, C.,,, is the convective mixing parameter
with a value of 0.6, and WSgs5q and WSgs, are the wind speeds at 850-hPa and
950-hPa respectively (ECMWF, 2015). The second component in Eq. 1 describes
the turbulent-driven wind gusts which contains the impact from surface roughness,
and hence surface friction, and boundary layer stability. The third component
in Eq. 1 describes the wind gusts caused by the convective downdrafts which
can occur when higher momentum air is transported downward in convective
situations. Thus, the 10-m wind gusts are elevated from the 10-m wind speeds
by turbulent and convective factors.

3.3. OBSERVATIONS

In Paper III, the wind speed observations from Finnish Meteorological Institute
(FMI) were obtained from 22 September 1982 when storm Mauri occurred over
Finland. Observations of 10-m wind speeds were available from 130 automated
and manual weather stations but wind gust observations were not made at
that time. The wind speed observations in 1982 are 10-min average SYNOP
observations that were made every 3 h or 6 h. Hence, it is likely that the strongest
wind speeds during storm Mauri are not included in the FMI’s observations due to
the limited temporal and spatial coverage.



20

4. METHODS

4.1. CLIMATOLOGICAL DIAGNOSTICS

In this thesis, the climatology is analysed over a 40-year period; years from
1979-2018 in the wind speed study (Paper I) and years from 1980-2019 in
the extratropical cyclone and windstorm study (Paper II). In Paper I, the wind
speed climate is analysed for each month and in Paper II, extratropical cyclones
and windstorms are investigated separately for the cold season (October—-March)
and the warm season (April-September). Hence, the seasonal variations and
differences can be determined. Both the mean and extreme climate are
investigated: for the wind speeds, the extreme is examined with the 98 percentile
wind speed at each grid point. Furthermore, the climatological extremeness of the
winds is studied by defining an extreme wind factor (EWE the 98™ percentile
divided by the mean). The EWF measures how extreme the extreme winds are
in relation to the mean winds. The mean and extreme extratropical cyclone
climatology was created by tracking all the cyclones in northern Europe and
classifying them all as either a windstorm or a non-windstorm (see Section 4.3 for
more details). Furthermore, a group "all extratropical cyclones", which includes all
identified extratropical cyclones, is defined and analysed. In Paper I, in addition to
analysing statistical values over the whole 40-year period, the decadal variability
is investigated by dividing the period to four 10-year periods. These periods are
1979-1988, 1989-1998, 1999-2008 and 2009-2018 but they are referred to as
1980s, 1990s, 2000s and 2010s for clarity.

The linear trends in 10-m wind speeds and the number of extratropical cyclones
presented in Papers I and II were analysed by using the Mann-Kendall test (Mann,
1945; Kendall, 1970) which tests whether the trend is statistically significant. The
trends are tested at a 5 % (p-value <0.05) significance level. The wind speed
time series in Finland (20-30°E, 60-70°N, Fig. 2) were created by calculating
the mean and the 98" percentile wind speeds at each grid point inside the box
and then averaging the values over the box. The linear trends in the numbers
of extratropical cyclones and windstorms are calculated for a box over northern
Europe (55-75°N, 5-40°E, Fig. 2). The selection of cyclones and a threshold for
a windstorm are explained in Section 4.3.

4.2. EXTRATROPICAL CYCLONE IDENTIFICATION

In Paper I, storm tracks were identified by using the Eulerian approach to get
a general overview of the extratropical cyclone activity. First, the 6-hourly
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MSLP from ERAS5 was detrended in order to remove an underlying trend by
subtracting the trend from the data. Then, a 2—-6 day bandpass filter was applied
to the detrended MSLP data. Then, the bandpass-filtered MSLP was used to
calculate the monthly standard deviations. This standard deviation of the 2-6 day
bandpass-filtered MSLP shows the main paths where the extratropical cyclones
travel i.e. the storm track regions.

In Paper II, storm tracks were identified by using the Lagrangian approach
to obtain information about individual extratropical cyclones and cyclone-specific
characteristics such as the track density and minimum MSLP The cyclones were
tracked with the TRACK algorithm (Hodges, 1994, 1995, 1999) by using 3-hourly
MSLP field from ERA5. Before tracking, the MSLP field was smoothed to T63
resolution (180 km) to reduce the noise in the field and the wavenumbers smaller
than 5 were removed to exclude the large planetary-scale waves. Tracks that are
short-lived (last less than 1 day) and stationary (move less than 500 km during
their lifetime) were excluded to only include mobile and not overly short-lived
systems. At each time step of each track, the coordinates and value of the minimum
MSLP of the cyclone centre were found from the native resolution (30 km) MSLP
field. To investigate the wind gusts associated with extratropical cyclones, at each
time step of the track additionally the maximum 10-m wind gust within a 6 degree
geodesic radius from the cyclone centre was found. The results in Paper IT showing
the windstorm structure supports the choice of 6 degrees as a suitable radius to
determine the associated wind gusts.

4.3. EXTRATROPICAL CYCLONE CLASSES

All extratropical cyclones were classified either as a windstorm or a non-windstorm
based on which extratropical cyclones have extremely strong wind gusts. Since
the investigation focused on extratropical cyclones in northern Europe, the study
includes those tracks that have at least one location point inside the northern
Europe box (55-75°N, 5-40°E, Fig. 2). The threshold for a windstorm is calculated
from the wind gust distribution which includes the maximum 10-m wind gust
values within 6 degrees of the cyclone centre at each time step when the cyclone
centre of the track is inside the northern Europe box. This means that in the wind
gust distribution there can be multiple wind gust values per track and that the
maximum 10-m wind gust can be located at a maximum of 6 degrees outside the
northern Europe box.

The threshold for a windstorm was chosen to be the 90™ percentile of the
wind gust distribution i.e. 27.2 m s ! since this results in a reasonable number of
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windstorms to analyse. The 90 percentile was calculated covering the whole
year; although the study examines the cold and warm seasons separately, by
choosing just one threshold makes it possible to more easily compare the seasons
(the 90™ percentile is higher in the cold season than in the warm season which
would lead to warm-season windstorms including extratropical cyclones with
weaker wind gusts than cold-season windstorms). In Paper II, the climatological
characteristics were analysed for these three cyclone classes: 1) all extratropical
cyclones (i.e. extratropical cyclones that have at least one track point inside the
northern Europe box), 2) windstorms (i.e. extratropical cyclones which have wind
gusts of at least 27.2 m s~! when the cyclone centre in inside northern Europe),
and 3) non-windstorms (i.e. all extratropical cyclones minus windstorms). In
total, the set of cyclones consisted of 5 966 extratropical cyclones of which 1 381
are windstorms and 4 585 are non-windstorms.

4.4. CYCLONE COMPOSITES

The spatio-temporal evolution and precursors to windstorms in Paper II are
investigated by creating cyclone composites. A cyclone composite is the average
of many cyclones and therefore it emphasises the most typical features of the
cyclones. The composites are created for different meteorological parameters
and they are converted to a normalised time axis relative to 1) the time of the
minimum MSLP and 2) the time of the maximum 10-m wind gust. The time of
the minimum MSLP is the time when the minimum MSLP value during the whole
lifetime of the cyclone is obtained. However, since the focus is on wind gusts in
northern Europe, the time of the maximum 10-m wind gust is defined to be the
time when the maximum 10-m wind gust is obtained while the cyclone centre
is inside the northern Europe box. To create the cyclone composites, first the
windstorms are interpolated into a spherical grid where the cyclone centre is in
the middle. Then, all the cyclones are rotated to a cyclone-relative coordinate so
that the propagation direction is towards east. Finally, the composite of a chosen
meteorological parameter is produced by taking an average over that parameter
of each individual windstorm.

4.5. ENSEMBLE SENSITIVITY ANALYSIS

Ensemble sensitivity analysis is a method which can be applied to examine
precursors to windstorms. The basic idea is to use linear regression between
the windstorm intensity and precursor fields and to find statistical correlations.
This method has been used to find precursors in few previous cyclone studies
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e.g. for intense Mediterranean cyclones (Garcies and Homar, 2009) and
for extratropical cyclones in the east and west North Atlantic (Dacre et al.,
2012). While the ensemble sensitivity analysis is limited by its assumption
of linear relationship between the windstorm intensity and the precursor, it is
computationally straightforward and can give general guidance, for example, of
what parameters are important when forecasting windstorms.

In the ensemble sensitivity analysis, the correlation is calculated between
the precursor field, x, and a so-called response function, J. In Paper II,
two response functions were defined to investigate two different measures of
windstorm intensity: 1) the minimum MSLP and 2) the maximum 10-m wind
gust. The MSLP represents the commonly used intensity parameter and the wind
gust represents the parameter that typically causes the damage and impacts. The
sensitivity S is calculated by multiplying three components:

Si,j = mi’jai’jai’j (2)
where m is the linear regression slope, a is a correction factor, and o is the standard
deviation of the precursor. The linear regression is calculated between the response
function J and the precursor x at each grid point (i, j) which results in the linear
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In order to alter the sensitivity S in grid points with weak correlations, the
correlation factor a is defined:
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where r; ; is the correlation coefficient and rp,;, is the threshold that determines
which correlation coefficient values modify the sensitivity S. In Paper II, and
in similar way to Dacre and Gray (2013), r;‘;”.n is set to 0.05 and therefore the
sensitivity S is scaled down in all grid points where the correlation coefficient is
less than 0.224.

The last component in the sensitivity Eq. 2 is the standard deviation of the
precursor, o. It is calculated over both seasons so that they are comparable to
each other. When the sensitivity S is multiplied with the standard deviation o
the final sensitivity becomes the same unit as the response function. This further
means that the resulting sensitivity describes how the response function changes
when the precursor field is increased by one standard deviation.
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In practice, the linear regression slope m determines the sign of the sensitivity
while the correlation factor a and the standard deviation o can modify the
magnitude of the sensitivity. Negative sensitivity means that there is a negative
correlation between the precursor and the response function. When the minimum
MSLP is investigated as the response function, negative sensitivity indicates that
an increase in the precursor is associated with a decrease in the minimum MSLP
and hence with a stronger windstorm (in regards to MSLP). In the same way,
when the maximum 10-m wind gust is investigated as the response function,
negative sensitivity indicates that an increase in the precursor is associated with a
decrease in the maximum wind gust. In contrast, this however indicates a weaker
windstorm (in regards to wind gust). Therefore, the same sign in the sensitivity
implies an opposite windstorm evolution and this is important to notice when
comparing the sensitivities of these two response functions.

The precursors examined in Paper II are the 850-hPa potential temperature
anomaly (as being the primary driver of extratropical cyclones), total column
water vapour (TCWYV, to investigate the influence of moisture), 300-hPa wind
speed (to examine the effect of the jet stream) and 300-hPa PV (to investigate
the impact of the upper-level troughs and ridges). All precursors are used as
absolute values except the 850-hPa potential temperature which is calculated to
an anomaly to determine the strength of the temperature gradient. The anomaly is
computed separately for each windstorm: first the 850-hPa potential temperature
is averaged over the whole 18 degree radius composite and then this average value
is subtracted from each grid point in that windstorm.
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5. OVERVIEW OF THE RESULTS

5.1. CLIMATOLOGY OF WIND SPEEDS, EXTRATROPICAL CYCLONES AND
WINDSTORMS IN NORTHERN EUROPE

The mean wind speeds in the whole North Atlantic and Europe region reveal a
distinct land-sea contrast and a seasonal variability (Fig. 4). The strongest winds
occur over the ocean in the North Atlantic storm track region (contours in Fig. 4)
and during winter months. The mean wind speeds over the North Atlantic are
around 40 % stronger and over Europe on average 30 % stronger in winter than
in summer. Some smaller-scale, local wind phenomena are also visible, e.g. the
mistral and etesians wind phenomena in the northern and eastern Mediterranean
Sea. These same main features are visible in the extreme (i.e. the 98™ percentile)
wind climate (see Fig. 2 in Paper I).
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Figure 4. Monthly mean values of 10-m wind speed (colours, m s *) and standard
deviation of 2-6 day bandpass filtered mean sea level pressure (contours, hPa)
from 1979-2018. The magenta box over Finland shown in the January map is
used in the time series and trend analysis. Figure modified from Paper I.

Regarding the wind climate in northern Europe, the mean and extreme winds
show a seasonal variation with up to 30 % stronger winds in winter than in
summer. The absolute mean winds in winter are around 4 m s~! and in summer
around 3 ms! (Fig. 4). A large difference in wind climate between northern
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Europe and other parts of Europe is found in the EWF seasonality. The EWF values
in northern Europe are the highest in summer whereas in southern Europe the
highest EWF values are in winter. Moreover, the EWF values in southern Europe
are larger than in northern Europe throughout the year. This firstly implies that
strong winds in summer in northern Europe are rare and hence relatively extreme
when they occur. In contrast, high winds in southern Europe are relatively extreme
in winter. Secondly, this implies that high winds in northern Europe are more
common than in southern Europe.

A notable detail in the ERA5 wind climate in northern Europe is the low
wind speeds over Scandinavian Mountains. Previous studies have shown that the
modelled wind speeds in mountainous regions in Norway (Thyness et al., 2017)
and in Sweden (Minola et al., 2020) are underestimated compared to observations.
This may be caused by, for example, too coarse resolution of the reanalysis,
high subgrid variability in topography or the handling of surface roughness in
the model. Hence, the near-surface wind speeds in the mountainous regions in
northern Europe are likely poorly represented in ERAS.

a) All extratropical cyclones b) Windstorms c) Non-windstorms
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Figure 5. Monthly distribution of a) all extratropical cyclones, b) windstorms, and
¢) non-windstorms in northern Europe. Orange lines are medians and boxes show
first and third quartiles. Figure adopted from Paper II.

The result from Paper I that high wind events are more common in winter
and rare in summer in northern Europe is further confirmed from Paper II which
shows that windstorms mostly occur during winter (Fig. 5b). On average, there
are 5-6 windstorms per month in December and January but no windstorms at
all between May and July. In contrast, there are more non-windstorms in summer
than in winter months (Fig. 5c). Therefore, and more surprisingly, the overall
number of extratropical cyclones in northern Europe does not largely vary between
seasons (Fig. 5a).

Extratropical cyclones that influence northern Europe occur during their
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lifetime zonally between the east coast of the United States and eastern Siberia
and meridionally between the Greenland Sea and the Mediterranean Sea (Figs. 6a
and 6b). In the cold season, the highest track densities are over the Barents Sea
and south-eastern parts of northern Europe (Fig. 6a) whereas in the warm season,
the tracks most frequently occur over the land areas in northern Europe (Fig. 6b).
There is a distinct difference in the location of occurrence between windstorms
and non-windstorms. Windstorms are the most frequent over the Barents Sea
(Figs. 6c and 6d) while non-windstorms mostly over the land areas in northern
Europe (Figs. 6e and 6f). Hence, windstorms tend to occur at higher latitudes
than weaker extratropical cyclones.

All extratropical cyclones, ONDJFM
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Figure 6. Track density (number of cyclones per month per 5° spherical
cap ~ 10° km?) 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 selected to occur. Figure modified from Paper II.

In addition to seasonal variability and track density, Paper II examined other
cyclone characteristics as well. Extratropical cyclones propagate mostly towards
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the east over northern Europe and this does not differ between seasons or between
windstorms and non-windstorms. Extratropical cyclones in the warm season
live on average 3.6 days and are thus slightly longer living than extratropical
cyclones in the cold season which last 3.4 days. Moreover, the difference in
lifetimes is larger between windstorms and non-windstorms; the average lifetime
of windstorms (4.0 days in both seasons) is longer than the average lifetime of
non-windstorms (3.0 days in the cold season and 3.6 days in the warm season).
Regarding the maximum 10-m wind gusts associated with the cyclones, they occur
on average between 0-3 h after the minimum MSLP occurs. The highest maximum
10-m wind gusts are stronger in cold season windstorms (up to 52 m s!) than in
warm season windstorms (up to 38 m s7h.

5.2. VARIABILITY AND TRENDS IN WIND SPEEDS, EXTRATROPICAL
CYCLONES AND WINDSTORMS IN NORTHERN EUROPE

The decadal near-surface wind speeds in the whole North Atlantic and Europe
region show large decadal variabilities (see Figs. 6, 7, S1 and S2 in Paper I).
The highest variations are in winter months and the weakest in summer. There
are no long-term trends evident in any of the three geographic regions that were
considered in Paper I and different decades exhibit varying signs in wind speed
anomalies at different locations.

Figure 7. Annual 10-m wind speed anomalies (yearly mean value minus the
1979-2018 mean value (3.8 m s~'), gray bars) and 5-year running means of the
mean (solid line) and the 98 percentile (dashed line) wind speeds in Finland (the
box is shown in Fig. 4). Figure modified from Paper L
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In northern Europe, winters in the 1990s were windier than on average while
winters in the 1980s and 2010s had weaker winds. Specifically in Finland, the
large inter-annual and decadal variability is distinct in the annual wind speed
anomalies (Fig. 7). The mean annual wind speed in Finland is 3.8 m s~! and
therefore, as an example, an anomaly of 0.3 m s~ ! refers to a 8 % change compared
to the average. The wind speeds were stronger than on average during 1990-1995
and in contrast, a period between 2000-2015 had weaker wind speeds. This
variability in annual wind speeds in Finland from ERAS corresponds well to the
annual wind speed variability based on observations (Laapas and Venéldinen,
2017). The 5-year running means in Fig. 7 reveal that the mean and extreme
winds have similar time evolution but the extreme winds have larger variability
than the mean winds. The long-term linear trends in mean and extreme wind
speeds in Finland are small in magnitude and not statistically significant based on
the Mann-Kendall test at 5 % significance level. This is valid on an annual scale
as well as separately for each month. Hence, the wind speed climate in northern
Europe does not have linear trends during the 40-year period but is characterised
by a natural and large inter-annual variability.

The large year-to-year variability is also apparent in the annual number of
extratropical cyclones and windstorms in northern Europe during the 40-year
period (Fig. 8). The 1980s had more extratropical cyclones overall than on average
which for the most part was caused by an increased number of non-windstorms.
There were also more windstorms in northern Europe between 1987-1995
compared to the 40-year mean. In contrast, a decrease in the overall number of
extratropical cyclones occurred during 1995-2005 when there were particularly
less windstorms than on average.

Figure 8. Annual absolute numbers of a) all extratropical cyclones, b) windstorms,
and c) non-windstorms in northern Europe in 1980-2019. Bars show the annual
values, solid lines are 5-year running means and dashed lines are annual means.
Figure adopted from Paper II.
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The linear trends in the numbers of all extratropical cyclones, windstorms and
non-windstorms in northern Europe are not significant with the 5 % level in the
Mann-Kendall test. However, with a 7 % level the decreasing trend in the number
of all extratropical cyclones (Fig. 8a) would be significant. Overall, extratropical
cyclone and windstorm climate in northern Europe is similar to wind speed climate
in northern Europe especially in terms of large inter-annual variability and no
distinct long-term trends.

Since the near-surface wind speeds show decadal variability, Paper I further
attempted to find physical reasons to explain these variations. The decadal
changes were investigated for MSLE 300-hPa wind speed and storm tracks
(produced by the Eulerian approach, see Section 4.2) and it was found that they
all contribute to the changes in 10-m wind speeds. For example in the 1990s
in February, northern Europe had stronger than average 10-m winds. During
that decade, the MSLP gradient between the northern and southern parts of
the North Atlantic was stronger than on average. Furthermore, the jet stream
(determined from the 300-hPa wind speed field) and storm tracks were extended
more poleward and eastward than on average. In conclusion, the decadal
near-surface wind speed variations in the North Atlantic and Europe region are
well explained by the strength of the pressure gradient across the north-south
direction in the North Atlantic and the position of the jet stream and storm tracks.

5.3. SPATIO-TEMPORAL EVOLUTION AND PRECURSORS TO WINDSTORMS IN
NORTHERN EUROPE

5.3.1. CLIMATOLOGICAL PERSPECTIVE FOR SPATIO-TEMPORAL EVOLUTION

The spatial structure during the evolution of northern Europe windstorms is
investigated in Paper II with cyclone composites showing the MSLB 850-hPa
potential temperature (from which the frontal structure can be determined) and
10-m wind gust. The composites are examined at -48 h, -24 h, O h and +24 h
offset times that are relative to the time of the minimum MSLP

Two days before the minimum MSLE both cold- and warm-season windstorms
already have a closed low-pressure centre and a noticeable frontal structure with
a cold front located upstream of the cyclone centre and a warm front downstream
of the cyclone centre (Figs. 9a and 9e). The highest 10-m wind gusts are located
between the cold and warm fronts in the warm sector where the pressure gradient
is the strongest. One day before the minimum MSLPE the windstorm further
intensifies with a decreasing central pressure and increasing pressure and potential
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temperature gradients (Figs. 9b and 9f). The region of the strongest wind gusts
expands from the warm sector to also cover areas behind the cold front. At the
time of the minimum MSLB the frontal structure reaches its mature stage indicated
by the warm front that begins to wrap around the cyclone centre (Figs. 9c and
9¢g). The pressure gradient and the wind gusts are the strongest at this time. The
extent of the highest wind gusts is spread from the warm sector to behind the cold
front. One day after the minimum MSLB the pressure and potential temperature
gradients and the maximum wind gusts have weakened (Figs. 9d and 9h).

-48 h
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Figure 9. The maximum 10-m wind gust (colours, m s1), mean sea level
pressure (black contours, 5 hPa interval) and 850-hPa potential temperature
(orange contours, 2 °C interval) composites of windstorms during the cold season
(October-March, top row) and the warm season (April-September; bottom row).
The offset times are relative to the time of the minimum mean sea level pressure:
a) -48 h, b) -24 h, ¢) 0 h, and d) +24 h. The number in each panel is the number
of individual windstorms in each composite. The radius of the plots is 18° and the
6° radius is marked with a dashed circle. Figure modified from Paper II.

The structure and evolution of northern Europe windstorms are similar in
the cold and warm seasons, however, there are differences in the intensity
and the spatial scale. Cold-season windstorms are stronger than warm-season
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windstorms in terms of all investigated measures: the central pressure is on
average 9 hPa deeper, pressure and potential temperature gradients are stronger
and the maximum 10-m wind gust is on average 2 m s™* higher. In addition, the
area that exceeds wind gusts of 16 m s™* in the composites is 18 % in cold-season
windstorms (Fig. 9¢) and 10 % in warm-season windstorms (Fig. 9g). Therefore,
the spatial extent of the strong wind gusts is larger in windstorms in the cold season
than in the warm season.

5.3.2. CLIMATOLOGICAL PERSPECTIVE FOR PRECURSORS

The precursors that affect the intensity of windstorms in northern Europe were
examined in Paper II using the ensemble sensitivity method (see Section 4.5).
The intensity was investigated with two measures: the minimum MSLP and the
maximum 10-m wind gust. Paper II analysed the sensitivities at -72 h, -48 h,
and -24 h before the time of maximum intensity (the minimum MSLP or the
maximum 10-m wind gust) and the strongest sensitivities were generally found
48 h before the time of maximum intensity. Hence, the results presented here are
with sensitivities two days before the time of maximum intensity, and the other
offset times can be seen from Paper II.

Two days before the minimum MSLE the frontal structure is evident (Figs.
10a and 10e) which was also seen in the cyclone composites (Figs. 9a and 9e).
The sensitivity to the 850-hPa potential temperature anomaly shows a dipole
with negative sensitivity over the warm sector and positive sensitivity over the
cold sector. This means that an increase in the 850-hPa potential temperature
anomaly is associated with a lower minimum MSLP in the warm sector but a
higher minimum MSLP in the cold sector. In other words, a lower minimum
MSLP is attained when the low-level temperature is warmer in the warm sector
and colder in the cold sector. This implies that a windstorm is more intense in
terms of MSLP when the temperature gradient is stronger. The TCWV pattern
resembles the frontal structure and the highest amount of moisture is located in
the warm sector (Figs. 10b and 10f). Negative sensitivity over the warm sector
indicates that higher amount of moisture in that region is associated with a lower
minimum MSLP and hence a stronger windstorm.

Investigating the upper levels, two days before the minimum MSLP the cyclone
centre is positioned towards the left exit region of the jet stream (Figs. 10c and
10g) which is a region enhancing the surface cyclone development. The highest
negative sensitivities are located north-east of the cyclone centre. This implies that
a stronger windstorm occurs when the jet stream is extended towards north-east
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Figure 10. Sensitivity (colours, hPa) of the minimum MSLP 48 h before the
minimum MSLP to a,e) 850-hPa potential temperature anomaly; b,f) TCWV, ¢,g)
300-hPa wind speed, and d,h) 300-hPa PV, Top row shows the cold season and
bottom row the warm season. The contours are the composite means of each
variable. The radius of the plots is 18° and the 6° radius is marked with a dashed
circle. Figure modified from Paper II.

of the cyclone centre which may be caused by a tilted i.e. more meridional jet
stream. The last examined precursor is the 300-hPa PV. The upper-level trough
(denoted by high PV values) occurs upstream of the cyclone centre creating
a westward tilt between the upper-level trough and the surface cyclone which
usually intensifies the cyclone (Figs. 10d and 10h). The upper-level ridge is also
evident with low PV values downstream of the cyclone centre. Positive sensitivity
downstream of the cyclone centre indicates that higher PV is associated with a
higher minimum MSLP and hence a weaker windstorm. Other way around, a
windstorm is stronger when downstream of the cyclone centre the PV is lower
which indicates a stronger upper-level ridge or higher tropopause which increases
the PV gradient and therefore steepens the tropopause.

The synoptic situation two days before the maximum wind gust (Fig. 11) is
largely similar to that two days before the minimum MSLP (Fig. 10). Likewise,
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the sensitivities have overall similar patterns although with contrary signs; this
is sensible since negative sensitivity in the minimum MSLP indicates the same
windstorm evolution as positive sensitivity in the maximum wind gust (see Section
4.5). A stronger temperature gradient, more moisture in the warm sector and
north-east extended jet stream are all associated with higher maximum wind gusts
and hence a stronger windstorm. However, the sensitivity to the 300-hPa PV is
mostly weak.

850-hPa potential

temperature anomaly TCWV 300-hPa wind speed 300-hPa PV
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Figure 11. Sensitivity (colours, m s ') of the maximum 10-m wind gust 48 h
before the maximum wind gust to a,e) 850-hPa potential temperature anomaly,
b,f) TCWV, ¢,g) 300-hPa wind speed, and d,h) 300-hPa PV, Top row shows the cold
season and bottom row the warm season. The contours are the composite means
of each variable. The radius of the plots is 18° and the 6° radius is marked with a
dashed circle. Figure modified from Paper II.

The sensitivity fields of both the minimum MSLP and the maximum wind gust
show overall similar patterns in both seasons. However, the sensitivities are higher
in the cold season than in the warm season. For example, an increase of one
standard deviation in the TCWV decreases the minimum MSLP by 7 hPa in the
cold season and 3 hPa in the warm season (Figs. 10b and 10f). Similarly, an
increase of one standard deviation in the TCWV increases the maximum wind
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gust by 1.6 m s™! in the cold season and 0.4 m s™! in the warm season (Figs. 11b
and 11f). Higher sensitivity indicates that cold-season windstorms are possibly
better predictable than warm-season windstorms. In addition, the sensitivities of
the minimum MSLP are higher than the sensitivities of the maximum wind gusts
indicating that the minimum MSLP of windstorms is probably easier to predict
than the maximum wind gust. Of all the four precursors, the 850-hPa potential
temperature anomaly i.e. the temperature gradient has the highest sensitivities in
terms of both the minimum MSLP and the maximum wind gust. Therefore, this
variable is important for forecasting the windstorm intensity.

5.3.3. CASE STUDY PERSPECTIVE

While the cyclone composite results describe the general features in the structure
and evolution of northern Europe windstorms, an individual windstorm event can
develop in a quite different way. Paper III investigated a unique windstorm case
in Finland in 1982, named storm Mauri, which caused lot of damage and two
fatalities. The uniqueness of this event comes from its origin; storm Mauri is
thought to be the only named (i.e. damaging) windstorm in Finland which was a
remnant of a hurricane. Therefore, Paper III aimed to get a better understanding
on the development of ex-hurricane Debby and the subsequent storm Mauri.
Moreover, Paper III examined the winds over Finland during storm Mauri and
how well the wind speeds were represented in the OpenIFS model.

Paper III gave a short synoptic overview of this case using ERA-Interim
reanalysis and analysed it in more detail with higher spatial and temporal
resolution from the OpenIFS model simulations. Debby formed on 13 September
1982 near the Dominican Republic and moved north-east alongside the east coast
of the United States (Clark, 1983). The extratropical transition of Debby started
on 17 September (see Fig. 2 in Paper III) and on 18 September, there were
two extratropical cyclones present in the North Atlantic (labelled as "ETC1" and
"ETC2" in Fig. 12a). The completion of the extratropical transition occurred on 19
September transforming Debby to an extratropical cyclone, now called "ex-Debby".
After this, ex-Debby travelled rapidly across the North Atlantic and at the same
time the two extratropical cyclones in the North Atlantic merged to one large
low-pressure system between Iceland and the United Kingdom (labelled as "ETC"
in Fig. 12b). When ex-Debby reached the United Kingdom on 21 September, it
re-intensified and took a more northerly path towards northern Europe while the
other low-pressure system remained over the Norwegian Sea (Fig. 12c). On 22
September, ERA-Interim shows two low-pressure centres and the one associated
with ex-Debby located in northern Finland and was named storm Mauri (Fig. 12d).
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Figure 12. 850-hPa relative vorticity (colours, s'), 300-hPa wind speed (red
contours at 40, 50 and 60 m s*), and MSLP (black contours at 4-hPa interval)
from ERA-Interim on a) 18 Sep 12 UTC, b) 20 Sep 12 UTC, c) 21 Sep 12 UTC, and
d) 22 Sep 12 UTC. Figure modified from Paper III. © American Meteorological
Society, used with permission.

As noted in Section 3.2, the OpenlFS simulations performed on 17 and
19 September diverged from the reanalysis only after two days indicating that
the predictability of this case was poor and this caused us to use multiple
OpenlIFS forecasts to cover the whole life cycle of Debby and Mauri. The
OpenlFS forecast from 17 September was used to examine if Debby impacted
the downstream flow already before Debby’s transition. The outflow from Debby
was found to have amplified the ridge building and accelerated the jet stream,
similarly than in typhoon Jangmi (Grams et al., 2013). A significant point,
however, was that although an upper-level trough was present just upstream,
Debby did not re-intensify. Earlier studies have noted that the exact phasing
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between an upper-level trough and a surface tropical cyclone is highly sensitive
in determining whether the tropical cyclone will re-intensify (Ritchie and Elsberry,
2007; Riemer et al., 2008; Riboldi et al., 2019). Hence, a slightly different phasing
between Debby and the upper-level trough could have lead to a totally different
development of ex-Debby.

ERA-Interim and the OpenlIFS forecast from 19 September show that during
19-21 September ex-Debby travelled rapidly across the North Atlantic without
re-intensifying. Further analysis revealed that ex-Debby had similarities to a
diabatic Rossby wave. Ex-Debby was found to fulfill most of the criteria for
diabatic Rossby wave characteristics developed by Boettcher and Wernli (2013).
The lack of re-intensification while moving over the North Atlantic was due to the
upper-level trough being too far west compared to the location of ex-Debby to
provide upper-level forcing. However, ex-Debby started to rapidly intensify when
it reached the United Kingdom. At this stage, ex-Debby was still a small meso-scale
sized feature. Another upper-level trough approached from the north-west and the
OpenlFS forecast from 21 September shows that on 21 September a favourable
phasing i.e. a westward tilt with the low-level PV anomaly of ex-Debby enabled
the interaction and forcing from upper levels.

Paper III additionally investigated what caused the strong winds over Finland
during storm Mauri. This was done by examining the three components in
Eq. 1 separately: the 10-m wind speed, turbulent mixing and convectively-driven
downdrafts. While the strongest 10-m wind speeds were associated with the
strongest pressure gradient over the Bay of Bothnia (Fig. 13), the wind gusts were
enhanced due to both other components. The wind gusts driven by turbulent
mixing were evident over land behind the cold front which is logical since the
surface roughness / friction is higher over land than over sea. The wind gusts
driven by convective downdrafts were apparent in the warm sector suggesting that
convection was present in this region. The turbulent-driven gusts covered a larger
area over Finland whereas the convectively-driven gusts were relatively localised.
In general, these results emphasise that the strong winds in windstorms can be
caused by multiple factors.

Finally, Paper III examined how the wind speeds over Finland during storm
Mauri were resolved in the model compared to observations. The highest recorded
10-m wind speed on 22 September 1982 was 23 m s~! and it was observed in three
weather stations over land areas in central and northern Finland (Fig. 13a). The
highest 10-m wind speed in OpenIFS forecast from 21 September is 22 m s~ over
the Bay of Bothnia and 14 m s™! over land. In northern Finland, the observed
winds range generally between 16-23 m s~! but the modelled wind speeds are
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Figure 13. a) Maximum observed 10-minute average 10-m wind speeds during
22 Sep 1982 from Finnish Meteorological Institute’s weather stations (circles) and
from OpenlFS simulation initialized on 21 Sep (colours). The red circles denote
the three stations that observed the highest values of 23 m s7'. b) Maximum
10-m wind gust (colours) during the previous hour and mean sea level pressure
(contours at 1-hPa interval) on 22 Sep 1982 12 UTC from OpenlIFS simulation
initialized on 21 Sep. Borders of Finland are colored magenta. Figure modified

from Paper III. © American Meteorological Society, used with permission.

between 10-14 m s™1. Thus, the model underestimates the wind speeds over land
by 2-13 m s™! but over sea and coastal areas the modelled winds are in better
agreement with the observations. While the underestimation over land is evident,
however, the locations of the strongest wind speeds are correctly predicted.
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6. DISCUSSION

The research questions presented in Section 1 are answered below with some
further discussion.

What are the main characteristics of wind and windstorm climate in northern
Europe and Finland and can we detect any long-term trends?

Papers I and II show that the wind and windstorm climate in northern
Europe is characterised by a seasonality with the highest wind speeds and most
windstorms occurring during winter. Since high wind events in summer are
rare, they are relatively extreme when they do occur. However, the number
of all extratropical cyclones does not show any seasonality in northern Europe.
Commonly; it is stated that extratropical cyclones in the Northern Hemisphere are
more frequent during winter than in summer (e.g. Ulbrich et al., 2009). This is,
however, mostly prominent in the core of the North Atlantic storm track region
whereas northern Europe and Finland are located at the end of the storm track
region where the seasonality is small (Hoskins and Hodges, 2019; Priestley et al.,
2020).

The results from this thesis show that during a recent 40-year period (years
1979-2018 in Paper I and 1980-2019 in Paper II), there are no significant, linear
trends in the mean and extreme wind speeds or in the number of extratropical
cyclones and windstorms in northern Europe and Finland with a 5 % significance
level. Instead, the wind and windstorm climate exhibits large inter-annual and
decadal variability. Due to the large inter-annual variability, the long-term linear
trends depend strongly on the chosen time period and the chosen geographic
region.

During the last few decades, the long-term wind speeds over the global land
areas indicated a decreasing trend which was termed stilling (Vautard et al., 2010).
This global stilling was found to be explained by changes in atmospheric circulation
and the increase in surface roughness, and the surface roughness can increase
due to for example urbanisation, forest growth or land use changes in agriculture
(Vautard et al., 2010; Wu et al., 2018). However, the global stilling reversed after
2010, and in Europe the reversal occurred in 2003 (Zeng et al., 2019). The reversal
of global stilling supports the results of this thesis that there are no long-term linear
trends in the 10-m wind speeds.

Regarding trends in the number of extratropical cyclones in northern Europe,
no consistent trends have been found among different studies. A review by Feser
et al. (2015) found that in the region surrounding the Baltic Sea (including the
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Baltic Sea, Estonia, Latvia, Lithuania and most of Finland, Sweden and Norway)
there are as many studies showing increasing and decreasing long-term trends as
well as large number of studies showing no trends at all. The inconsistency in
trends is seen in both reanalysis-based and observation-based studies (Feser et al.,
2015). A more recent study by Wickstrom et al. (2020) found a decrease in the
extratropical cyclone density in the southern Barents Sea (the region overlaps with
the north-eastern part of the northern Europe box defined in this thesis) during
winters in 1979-2016 which was significant with a 10 % level in the Mann-Kendall
test. This supports the decreasing trend in the number of all extratropical cyclones
in northern Europe found in this thesis which is significant with a 10 % level.
The study by Wickstrom et al. (2020) additionally found a significant increasing
trend in the extratropical cyclone density over Svalbard which may indicate a
poleward shift in storm tracks due to climate change. The aspect of climate change
is discussed more in the last paragraphs of this section. Overall, the comparison
between studies is difficult since the chosen time period and region have a large
effect on the sign and magnitude of linear trends.

Comparing wind and windstorm climates is not straightforward. If a month has
weaker wind speeds than the long-term average it does not mean that a damaging
windstorm could not have occurred. For example, this thesis shows that a period
between 1995-2005 had mostly weaker wind speeds and less windstorms than
on average in northern Europe but during those years northern Europe was hit
with few of the most intense and damaging windstorms: storm Anatol in 1999
(Ulbrich et al., 2001) and storm Gudrun in 2005 (Suursaar et al., 2006). In
addition, other weather systems, for example thunderstorms, can also cause strong
winds than extratropical cyclones. When comparing the annual time series of
mean and extreme wind speeds and the numbers of extratropical cyclones and
windstorms shown in this thesis it can be concluded that the time series do not
exactly match. However, the studied regions for these time series are different;
wind speeds are analysed over land over Finland while windstorms are analysed
over the whole northern Europe. Moreover, the results show that windstorms
are the most frequent in the Barents and Norwegian seas which means that all
windstorms are likely not affecting Finland. Therefore, as mentioned already
above, the choice of the region makes a direct comparison difficult. In spite of
that, the common feature for the long-term changes in winds and windstorms in
northern Europe and Finland is the large, natural variability and the lack of linear
trends.
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How does the spatial structure of windstorms in northern Europe and Finland
change during the evolution?

Cyclone composites in Paper II show that the wind gusts move and extend
from the warm sector to behind the cold front during the windstorm evolution.
This is also seen in an individual windstorm event of storm Mauri in Paper III
where the highest 10-m wind speeds are caused by the strong pressure gradient
and the wind gusts in the warm sector were strengthened by convectively-driven
downdrafts and behind the cold front by turbulent mixing. This location of the
strongest gusts agrees with an aqua-planet study by Sinclair et al. (2020) who
found a similar shift in the location of the maximum 900-hPa wind speeds with the
200 strongest extratropical cyclones. This result also agrees with Hewson and Neu
(2015) who developed a conceptual model of the life-cycle and structure of strong
winds in extratropical cyclones based on 29 historic and damaging windstorms
in Europe. Hewson and Neu (2015) found three regions of strong winds which
all have different features and they occur at different times in the life-cycle. The
warm conveyor belt jet occurs in the warm sector and develops already in the early
stage in the life-cycle. This warm jet can additionally be enhanced by convective
downdrafts (Hewson and Neu, 2015) which is a feature found in the case of storm
Mauri in Paper III. The sting jet occurs right before the maximum cyclone intensity
just ahead and behind the cold front at the end of the bent-back front. The sting
jet has the strongest and most damaging winds of the three wind regions although
it is spatially the smallest and most short-living. The last wind region is the cold
conveyor belt jet which develops right before the maximum cyclone intensity in the
cold airmass behind the bent-back front. Although all of the three wind features
do not often occur in the same extratropical cyclone (Hewson and Neu, 2015) the
location of the strong winds during the extratropical cyclone evolution supports
the results from this thesis.

Paper II additionally shows that the temperature gradient, pressure gradient
and the wind gusts are stronger, the minimum pressure is deeper and the
wind gusts are more widely spread (i.e. the wind gust footprint is larger)
in cold-season windstorms than in warm-season windstorms. More generally,
the cold-season windstorms are typically stronger and spatially larger than
warm-season windstorms. Earlier studies have shown that the radius size of
extratropical cyclones is smaller in summer than in winter (Simmonds, 2000;
Rudeva and Gulev, 2007). By using different intensity measures for vorticity
and meridional wind in the lower and upper troposphere, Hoskins and Hodges
(2019) showed that also the intensity is weaker in summer than in winter
in extratropical cyclones in the Northern Hemisphere with all the investigated
measures. Considering the windstorm footprint, Hawcroft et al. (2012) found that
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the precipitation footprint was larger in wintertime extratropical cyclones than in
summertime extratropical cyclones. This is in line with our result regarding the
wind gust footprint.

What meteorological factors affect the intensity of windstorms in northern
Europe and Finland?

The composite sensitivities studied in Paper Il reveal that from the investigated
four meteorological factors the 850-hPa potential temperature anomaly i.e. the
low-level temperature gradient has the strongest impact on the windstorm
intensity in northern Europe. Hence, attention should be paid especially to this
variable when forecasting windstorms in northern Europe. The windstorms are
also, although to a lesser degree, sensitive to the other examined meteorological
factors - total column water vapour, 300-hPa wind speed and 300-hPa potential
vorticity - from which the 300-hPa potential vorticity has the weakest impact.
Especially in the warm season (April-September), windstorms are mainly not
sensitive to the upper-level potential vorticity field and hence to the upper-level
trough/ridge. In contrast, the windstorm case examined in Paper III occurred
in September and was found to be strongly dependant on the phasing with the
upper-level trough in order to develop into an intense windstorm in Finland. This
result highlights the case-to-case variability which is smoothed in climatological
investigations and leads to the need of more case studies to better understand
the detailed development of individual windstorms. Nonetheless, the composite
results emphasise the general features in northern Europe windstorms and provide
concepts of typical windstorm characteristics to forecasters.

The ensemble sensitivity analysis in the precursor investigation in Paper II
uses correlation which means that the results cannot be interpreted as causalities.
One option to solve this is to remove the influence of the cyclone before the linear
regression so that the cyclone itself does not affect the precursor field. This method
was applied by Dacre et al. (2019) who used a 10-day bandpass-filtered field as the
background precursor. However, the sensitivity results without any modification /
cyclone removal are more useful in weather forecasting because forecasters follow
the full fields of the precursor variables rather than just the background fields. The
ensemble sensitivity method has been used in other cyclone studies (e.g. Garcies
and Homar, 2009; Dacre and Gray, 2013) that also have not applied any isolation
of the cyclone influence from the precursor field. Although the causality would
have added value to the results the knowledge of correlations is nevertheless
important in determining which precursors have a relationship with the windstorm
intensity.
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The meteorological factors affect windstorm intensity with different
magnitudes depending on the season and the measure of intensity. The
sensitivities are around 20-75 % higher in cold-season windstorms than in
warm-season windstorms which implies that northern Europe windstorms are
possibly better predictable in the cold season than in the warm season. This
may be due to the smaller sample size (windstorms are rare in summer) and
higher variability between cases. The result that cold-season windstorms are
deeper, stronger and spatially larger than warm-season windstorms may also
affect the predictability. Moreover, diabatic processes may be more important in
warm-season windstorms due to higher moisture content potential in warmer
temperatures. Since diabatic processes in numerical models are parameterized
they have a critical impact on the predictability skill (Bauer et al., 2015).
However, contradictory to the indication from the result from this thesis, Froude
et al. (2007) found that extratropical cyclones in the Northern Hemisphere have
higher predictability skill in summer seasons than in winter seasons. This was
especially seen in the intensity (in terms of 850-hPa relative vorticity) but slightly
also in the cyclone position (Froude et al., 2007). However, the research of
windstorm predictability considers almost solely wintertime (e.g. Boisserie et al.,
2016; Pantillon et al., 2017), and there is a gap in the literature investigating
predictability in summer windstorms and comparisons between winter and
summer seasons.

In addition to the cold season having higher sensitivities than the warm season,
the minimum mean sea level pressure of windstorms has higher sensitivities
and thus potentially better predictability than the maximum 10-m wind gust of
windstorms. This may by explained by the different scales and types of these
variables: the mean sea level pressure is a prognostic variable (i.e. directly
resolved in the model) and much larger-scale and smoother-distributed field
compared to the wind gusts which are parameterized and can be relatively
localised and turbulent. A good example of a poorly predictable warm-season
/ autumn windstorm in Finland is storm Mauri; all OpenlIFS forecasts performed
in Paper III diverged from reanalysis after only two days. Since ex-Debby, the
preceding ex-hurricane that impacted the development of Mauri, was more of
a meso-scale sized cyclone during its critical moment in the evolution, coarse
resolution models can struggle in capturing and correctly predicting these kind
of cyclones. Even the resolution of many reanalysis is not enough to resolve
the smaller-scale cyclones like polar lows or mesocyclones (Uotila et al., 2009;
Laffineur et al., 2014; Pezza et al., 2016). One example of coarser resolution
models is climate models and thus they are likely limited to only represent the
large-scale extratropical cyclones.
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In this thesis, windstorms are selected to occur in a box over northern Europe
which includes surrounding sea areas. Because of this, most of the windstorms
(defined based on strong wind gusts in this box) occur over ocean due to decreased
surface friction. Since this thesis is focused more on the dynamics and structure
of windstorms this choice for a windstorm threshold is suitable. From an impact
point of view, however, it would be valuable to examine windstorms that have
caused strong wind gusts over land. The results from this thesis also indicate that
windstorms are possibly harder to predict in the warm season when they are rare
and have a smaller wind gust footprint than in the cold season when the are more
common and the wind gust footprint is larger. However, windstorms in the warm
season are likely more damaging and can cause more impacts because the ground
is not frozen to anchor the roots of trees and there are leaves on trees causing more
area for the wind to grip. Therefore, in the future, windstorms in northern Europe
could be studied more from an impact perspective.

Climate change has its impacts also on winds and extratropical cyclones. The
low-level meridional temperature gradient will decrease because the polar regions
are warming more than lower latitudes (Wang et al., 2017). This reduces the
low-level baroclinicity and therefore would lead to less or weaker extratropical
cyclones and weaker winds. In contrast, some changes have an effect to strengthen
extratropical cyclones. The atmospheric moisture content will increase which
enhances the latent heat release which further can intensify the extratropical
cyclone and lead to heavier precipitation (Yettella and Kay, 2017). Contradictory
to the low-levels, the upper-level meridional temperature will increase since the
upper-level troposphere is warming in the tropics while the stratosphere is cooling
near the poles (Catto et al., 2019). As there are many atmospheric factors
affecting simultaneously to opposite directions in the intensity and frequency of
extratropical cyclones the future changes have large uncertainties. The recent
Sixth Assessment Report by the Intergovernmental Panel on Climate Change
(IPCC) summarises that there is high confidence that precipitation associated with
extratropical cyclones will increase due to the increasing atmospheric water vapour
(Seneviratne et al., 2021). In addition, IPCC reports medium confidence that
changes in the intensity (e.g. wind speeds) of extratropical cyclones will be small,
although there can be significant changes locally due to the shift in storm track
locations (Seneviratne et al., 2021).

Many studies have shown that the polar, eddy-driven jet stream and storm
tracks have shifted poleward following the poleward shift in the low-level
baroclinicity due to climate change (e.g. Riviere, 2011; Tamarin-Brodsky and
Kaspi, 2017; Gulev et al., 2021). Based on results from Paper II and Wickstrom
et al. (2020), this may be seen with less extratropical cyclones overall in northern
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Europe. Applying the sensitivity results from Paper II to the projected changes due
to warming climate, a decrease in low-level temperature gradient would indicate
a weaker windstorm whereas an increase in moisture content (in terms of total
column water vapour) would indicate a more intense windstorm. In line with
these opposing effects, Paper II shows no changes in the windstorm frequency
in northern Europe. Regarding transitioned cyclones, the tropical cyclones are
predicted to become more intense and the tropical cyclone development region
will expand poleward and eastward (Haarsma, 2021). This can potentially lead
to a higher risk of transitioned cyclones, such as storm Mauri examined in Paper
ITI, to northern Europe in the future (Haarsma, 2021). The climate projections to
mean and extreme wind speeds in northern Europe and Finland do not show large
changes except a small increase in autumn at the end of the century (Ruosteenoja
et al., 2019). Although the wind and windstorm climate in northern Europe and
Finland would not massively change in the future, the windstorm impacts are
likely to increase due to shorter frost season and heavier precipitation. This further
highlights the importance of more impact-based windstorm research.
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7. MAIN CONCLUSIONS

Strong winds can cause significant amount of damage and destruction with high
impacts to society. The knowledge of the mean wind climate is necessary in order
to understand the extreme winds, their causes and to be able to prepare, both in
weather (days) and climate (decades) time scales. This thesis aimed to increase
the understanding of the near-surface mean and extreme wind climate and how
extratropical cyclones contribute to the extreme winds in northern Europe and
Finland.

The wind and windstorm climate in northern Europe and Finland has a
large inter-annual and decadal variability and no long-term linear trends. The
well-known seasonality was found: winds and windstorms are the strongest and
most frequent in winter while high wind events in summer are rare. More
unexpectedly, the number of all extratropical cyclones in northern Europe does
not vary between seasons. Northern Europe is located at the end of the North
Atlantic storm track whereas at the core of the storm track the seasonality of
extratropical cyclones is evident. Therefore, this thesis wishes to emphasise that
the climatologies of winds, extratropical cyclones and windstorms have regional
differences. Furthermore, this thesis underlines the importance of examining
longer-term variabilities instead of just focusing on linear trends to get a wider
perspective of the climate.

This thesis gives a conceptual model on how northern Europe windstorms
develop in the cold and warm seasons. Cold-season windstorms were found to be
overall stronger and potentially better predictable than warm-season windstorms.
In addition, the spatial extent of the wind gusts in windstorms is larger in the
cold season than in the warm season. The strongest wind gusts associated
with northern Europe windstorms move and extend from the warm sector to
behind the cold front during the evolution. Regarding factors affecting the
windstorm intensity, the low-level temperature gradient has the strongest impact.
These findings are important considering forecasting, giving wind warnings and
preparing for impacts. Investigation of a case study of storm Mauri revealed,
however, that an individual windstorm event can vary largely from the general
features of the climate. Therefore, conceptual models and case studies are
both needed for a deeper understanding of the different development paths of
windstorms.
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8. REVIEW OF PAPERS AND THE AUTHOR’S CONTRIBUTION

Paper I. The aims of this study were to present the near-surface wind speed
climate in the North Atlantic and Europe based on ERA5 reanalysis and to
investigate inter-annual and decadal variations and long-term linear trends.
The results were examined on a monthly scale to determine seasonal details.
In addition, the study aims to find physical reasons for the decadal changes in
near-surface wind speeds.

Paper II: The aims of this study were to examine climatological characteristics
of extratropical cyclones and windstorms in northern Europe based on ERA5
reanalysis and to investigate precursors to northern Europe windstorms. All
extratropical cyclones were tracked with a tracking algorithm and classified to
windstorms and non-windstorms based on their associated wind gusts in northern
Europe. Cyclone composites were created to determine the structural evolution
and seasonal differences were identified. The precursors were examined with
an ensemble sensitivity analysis which uses linear regression to find correlations
between the precursors and the windstorm intensity.

Paper III: The aim of this study was to get more understanding of the development
of a unique windstorm event named storm Mauri that occurred in Finland in 1982.
The evolution of ex-hurricane Debby and subsequently developed storm Mauri
were investigated with a synoptic overview based on ERA-Interim reanalysis and a
more detailed meso- and synoptic-scale analysis with OpenIFS model simulations.
In addition, the reasons for the strong winds over Finland were investigated.

The author was the main responsible person in all three papers. In Paper I, the
author conducted all of the data analysis and wrote most of the paper with the
help from other co-authors. In Paper II, most of the data analysis and writing of
the paper was performed by the author. In Paper III, the author analysed most of
the reanalysis and model simulation results and wrote the paper together with the
co-authors.
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Abstract

This study presents the monthly 10-m wind speed climatology, decadal vari-
ability and possible trends in the North Atlantic and Europe from ERAS5
reanalysis from 1979 to 2018 and investigates the physical reasons for the
decadal variability. Additionally, temporal time series are examined in three
locations: the central North Atlantic, Finland and Iberian Peninsula. The
40-year mean and the 98th percentile wind speeds emphasize a distinct land-
sea contrast and a seasonal variation with the strongest winds over the ocean
and during winter. The strongest winds and the highest variability are associ-
ated with the storm tracks and local wind phenomena such as the mistral. The
extremeness of the winds is examined with an extreme wind factor (the 98th
percentile divided by mean wind speeds) which in all months is higher in
southern Europe than in northern Europe. Mostly no linear trends in 10-m
wind speeds are identified in the three locations but large annual and decadal
variability is evident. The decadal 10-m wind speeds were stronger than aver-
age in the 1990s in northern Europe and in the 1980s and 2010s in southern
Europe. These decadal changes were largely explained by the positioning of
the jet stream and storm tracks and the strength of the north-south pressure
gradient in the North Atlantic. The 10-m winds have a positive correlation
with the North Atlantic Oscillation in the central North Atlantic and Finland
on annual scales and during cold season months and a negative correlation in
Iberian Peninsula mostly from July to March. The Atlantic Multi-decadal
Oscillation has a moderate negative correlation with the winds in the central
North Atlantic but no correlation in Finland and Iberian Peninsula. Overall,
our results emphasize that while linear trends in wind speeds may show a gen-
eral long-term trend, more information on the changes is obtained by ana-
lysing long-term variability.
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INTRODUCTION

1 |

The knowledge of long-term climatology and variability
of 10-m wind speeds is valuable for meteorologists and
climate scientists. For example, forecasters need to know
the mean wind climate in order to estimate the local
extremeness in wind forecasts, and climate model simula-
tions are typically compared and validated against the
long-term mean climate. The near-surface winds have an
important role in advection and surface fluxes to transfer
heat and moisture horizontally and vertically between
the atmosphere and the surface. Moreover, information
of the near-surface wind speed climate and variability is
essential for industries that are dependant or affected by
winds such as wind energy, forestry and insurance. For
example, Gregow et al. (2016) highlight the energy sec-
tor's desire for higher resolution and accurate wind
datasets.

In addition to global and regional wind atlases,
reanalyses are a relevant source for wind assessments.
Reanalysis systems provide a consistent analysis of the
atmospheric state and aim to utilize observations as
extensively as possible (Dee et al., 2014). Such datasets
are well suited to wind assessments due to their global
coverage, homogeneous data and long time periods. Pre-
vious studies (e.g., Kaiser-Weiss et al., 2015, 2019) have
compared in-situ surface wind observations to reanalysis
and, in general, it has been shown that the frequency dis-
tributions of mean wind speeds are well captured in
reanalysis. The long-term wind speed variability and/or
trends have been studied with many different
reanalyses—e.g., ERA-Interim, MERRA-2, and JRA-55
(Torralba et al., 2017), NOAA-20CR (Bett et al., 2013) and
ERA-40 (Kiss and Janosi, 2008)—but not yet with the
new ERAS reanalysis (Hersbach et al., 2020). The knowl-
edge of the mean climate in ERAS5 is needed since it will
most likely be used as a basis to compare both historical
runs and future projections from climate models
(e.g., Priestley et al., 2020). Furthermore, ERAS5 has been
found to outperform MERRA-2 in the wind power
modelling (Olauson, 2018) and hence, ERAS5 is likely to
be used in many wind-related applications.

The long-term surface wind speeds over land have
shown a decreasing trend, termed stilling, over the last
few decades in 1979-2008 (Vautard et al., 2010). How-
ever, a reversal in global stilling has been detected after
2010 (Zeng et al., 2019). The timing of this reversal varies
in different regions and in Europe, the turning point was
obtained in 2003 (Zeng et al., 2019). Vautard et al. (2010)
found that 10-50% of the stilling can be explained by
atmospheric circulation changes and 25-60% by an
increase in surface roughness. Similarly, a recent review
by Wu et al. (2018) summarizes that the long-term

terrestrial wind speed changes are caused by the driving
forces (atmospheric circulation) and drag forces (surface
friction such as land use and cover change and urbaniza-
tion, and boundary layer conditions). However, since
there are no sudden surface roughness changes in 2010
although a reversal was found, Zeng et al. (2019) suggest
that the wind speed variability is mainly associated with
the decadal variations in large-scale ocean-atmospheric
circulations, such as the North Atlantic Oscillation
(NAO) in Europe, the Pacific Decadal Oscillation in Asia
and the Tropical Northern Atlantic Index in North
America.

Previously, climatological studies of 10-m wind
speeds (e.g., Bett et al., 2013, 2017) have mainly concen-
trated on long-term linear trends and the variability has
been examined over the whole time period with statisti-
cal measures (e.g., the standard deviation). Variations of
the wind climate between different decades has received
less attention and often the decadal variability can be
determined from time series using techniques such as
Gaussian low-pass filters (Azorin-Molina et al., 2014,
Minola et al., 2016) or piecewise linear regression models
(Zeng et al., 2019). Such station-based time series studies
have been examined separately in multiple European
countries (e.g., Azorin-Molina et al., 2014; Minola
et al., 2016; Laapas and Venéldinen, 2017, Zahradnicek
et al., 2019). However, a decadal analysis over a larger
domain would provide new information on the large-
scale spatial patterns and their changes in each decade.
Furthermore, the decadal analysis of 10-m wind speeds
can then be compared to spatial and decadal patterns in
other atmospheric variables, such as upper-level winds
and mean sea level pressure, to study the reasons behind
the decadal changes.

Longer range predictions of 10-m wind speeds on
multiple time scales (months, years, decades) give value
in long-term planning, adaptation and preparedness in
societies and many sectors since extreme winds can cause
diverse impacts, for example, uproot trees in forests
(Gardiner et al., 2010; Usbeck et al., 2012; Gregow
et al., 2017) or generate high waves which impact coast-
lines and offshore infrastructure (Vose et al., 2014). As
long-term variations in 10-m wind speeds are influenced
by changes in the atmospheric circulation, seasonal fore-
casts of near-surface winds are often based on indices
that describe the large-scale atmospheric patterns (Scaife
et al., 2014). For the North Atlantic and Europe region, a
commonly used index is the NAO which is a key source
of seasonal predictability skill in many European regions
(Scaife et al., 2014). On decadal and climatological scales,
the Atlantic Multi-decadal Oscillation (AMO) could pos-
sibly give some value since the periodical cycle of the
AMO is around 70 years (Zhang et al., 2019).
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The first aim of this study is to present the wind speed
climate in the North Atlantic and Europe based on ERA5
and to identify any long-term linear trends. In contrast to
many earlier studies, we present monthly averages rather
than seasonal or annual averages which likely suppress
variability or disguise details. The second aim is to deter-
mine if there are decadal variations in the 10-m mean
and extreme wind speeds. Since wind speed has a large
year-to-year variability, and potentially long-term oscilla-
tions, the decadal analysis provides considerably more
information than the linear trends. The third and final
aim is to investigate physical reasons for possible wind
speed changes on the decadal scale in the North Atlantic
and Europe, which we do by examining whether 10-m
wind speeds correlate with other atmospheric variables
and climatic indices. The remainder of this paper is struc-
tured as follows. Section 2 describes the data and
methods that we use, the wind speed climate is presented
in Section 3 and wind speed variability and trends in Sec-
tion 4. In Section 5 we investigate the physical reasons
for the wind speed changes, and finally the conclusions
are given in Section 6.

2 | DATA AND METHODS

2.1 | ERA5reanalysis

ERAS is the fifth generation atmospheric reanalysis from
the European Centre for Medium Range Weather Fore-
casts (Hersbach et al., 2020). ERA5 uses the Integrated
Forecasting System (IFS, cycle 41r2) and includes atmo-
sphere, land surface and ocean wave models. In addition
to the improved data assimilation system compared to its
predecessor ERA-Interim (Dee et al., 2011), ERAS5 has a
higher spatial and temporal resolution. The horizontal
resolution in ERAS5 is approximately 31 km (TL639 in
spectral space) and it has 137 vertical levels (from surface
to around 80 km). The analysis and forecast fields are
available hourly. Currently ERAS5 covers the time period
from 1979 onwards but is expected to finally be available
from 1950.

In this study, we used 6-hourly data from 1979 to
2018 with 0.25° (~31 km) horizontal resolution. The vari-
ables we obtained are instantaneous 10-m and 300-hPa
horizontal wind components and mean sea level
pressure.

2.2 | NAO and AMO indices

The NAO (North Atlantic Oscillation) index describes the
large-scale circulation pattern in the North Atlantic.

of Climatology

When NAO is positive, there is a larger than average
pressure difference between the northern and southern
Atlantic resulting in warmer, wetter and generally more
stormy conditions in northern Europe (Hurrell, 1995). A
traditional way to quantify the NAO is to calculate the
pressure difference between Iceland and the Azores,
however, a station-based method may not capture the
large-scale spatial pattern and can be noisy. Hence, it is
more common to use a principal component -based
method to reduce these limitations. The NAO index used
in this study is calculated by applying the Rotated Princi-
pal Component Analysis to the monthly standardized
500-hPa height anomalies which is produced by the Cli-
mate Prediction Center at the National Oceanic Atmo-
spheric Administration (NOAA, 2020a).

The AMO (Atlantic Multi-decadal Oscillation) index
describes the sea surface temperature (SST) variability in
the North Atlantic. When AMO is in the positive phase,
SSTs in the North Atlantic are warmer than on average.
This affects Europe during summertime leading to wetter
conditions over central and eastern Europe and drought
conditions in parts of southern, western and Northern
Europe (Ionita et al., 2012). However, Yamamoto and
Palter (2016) found that during winter the thermody-
namic response of AMO to European weather is over-
ruled by the dynamical response from NAO. In this study
we use the AMO index calculated from the Kaplan SST
dataset (Kaplan et al., 1998) detrended and area-averaged
over the Atlantic between 0 and 70°N (Enfield
et al., 2001; NOAA, 2020b).

2.3 | Diagnostics and trend analysis

In this study, we consider the wind climatology over the
40-year period (1979-2018). For each month, we calcu-
lated the mean (WSpean), the 98th percentile (WSgg),
standard deviation, and the extreme wind factor (EWF)
from the 6-hourly winds, and we define

WSos

EWF= .
WSinean

1)

The standard deviation measures the variations in the
mean climate whereas the EWF emphasizes how extreme
the extreme winds are relative to the mean at each indi-
vidual grid point. By definition, EWF must always exceed
one as the 98th percentile wind speed is always greater
than the mean wind. If the EWF is much larger than one
the 98th percentile winds are much stronger than the
mean winds implying that the wind speed distribution is
wide with a large positive tail. In contrast, a EWF close to
one indicates that the 98th percentile winds are not that
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extreme compared to the mean and the wind speed distri-
bution is narrow. Therefore, higher EWF values likely
lead to more wind damage and impacts.

To examine the decadal variation, we divided the cli-
matological period to four 10-year periods (1979-1988,
1989-1998, 1999-2008, 2009-2018) and calculated the
10-year means separately for each month. Hereinafter
these time periods are referred to as 1980s, 1990s, 2000s
and 2010s for clarity although the years do not exactly
match the decades. The wind speed variation is analysed
with relative anomalies (10-year mean value minus
40-year mean value divided by 40-year mean value)
whereas the EWF variation is analysed relative to the cli-
matological mean (10-year EWF minus 40-year mean
wind speed). We present the monthly results from the
cold season (September-February) and the other months
are given in the Supporting Information (Figures S1-S4).

In addition to the monthly decadal variability in the
North Atlantic and Europe domain, we analysed wind
speed time series in more detail in three locations: in the
central North Atlantic in the region with the strongest
winds, and over land separately in northern and southern
parts of Europe where we found opposite wind anomalies
in many decades. More precisely, the chosen coordinates
for the locations are the central North Atlantic (20-40°W,
45-60°N), Finland (20-30°E, 60-70°N) and Iberian
Peninsula (0-9°W, 37-43°N) and the locations are shown
as boxes in Figure 1. The time series were produced by
first calculating a statistical value (mean, 98th percentile,
maximum, standard deviation or EWF) at each grid point
and then averaging the values over all grid points in each
longitude-latitude box. Since the box over the central
North Atlantic is bigger than the ones over Europe, the
variability is smoother due to bigger area averaging.

To identify the temporal trends in the three boxes, we
applied the Mann-Kendall test (Mann, 1945;
Kendall, 1970) which can be used to test the statistical
significance of the trends. The magnitude of the trends
was determined from the Theil-Sen's slope estimator
(Theil, 1950; Sen, 1968). Both the Mann-Kendall test and
the Theil-Sen's slope are nonparametric and distribution-
free methods. In addition to the trends, we correlated
monthly and annual wind speed time series and NAO
and AMO indices by using linear least-squares regression
and the Wald test. Both the trends and correlations were
tested at the significance level of 5% (p-value <0.05).

To investigate the physical reasons, we first investi-
gate the monthly correlation between 10-m and 300-hPa
wind speeds (representative of the jet stream level) pri-
marily to determine if the 300-hPa winds are a dominant
reason for the 10-m wind speed spatial variability. The
10-m winds are harder to forecast, even at the very short
lead times, than 300-hPa wind speeds. In addition,

climate models, which are run at coarse resolution, may
not accurately capture the current 10-m wind speed cli-
mate or future changes. Therefore, by examining the cor-
relation between 10-m and 300-hPa wind speeds, we test
whether the 300-hPa wind speeds could be used as a
proxy for 10-m winds on monthly scales which further
could give potential for extended and longer range fore-
casting. Secondly, the decadal 10-m wind speed anoma-
lies in February are examined in relation to anomalies of
the 300-hPa wind speed, storm tracks and mean sea level
pressure (MSLP) to further assess the physical reasons for
the decadal variability. This month was chosen because
the wind speed anomalies at the decadal scale were the
largest in February (shown in Figure 6). Lastly, we inves-
tigate whether the temporal variability in 10-m wind
speeds at the three locations is correlated with the NAO
and AMO.

Storm tracks are commonly analysed with the
Eulerian diagnostic of bandpass-filtering (Blackmon,
1976). In our study, we analysed the storm tracks by
using the Eulerian measure to 6-hourly MSLP from 1979
to 2018 from ERAS. First, we detrended the MSLP data
and then processed the data with 2-6 day bandpass filter.
From the bandpass-filtered MSLP, we calculated the
monthly standard deviation for the 10-year periods as
well as the whole 40-year period.

3 | WINDSPEED CLIMATE

The monthly mean 10-m wind speed over the 40-year
period (1979-2018) shows a clear land-sea gradient and a
seasonal variation with the strongest winds over the
ocean areas and during winter months (Figure 1). Over
the North Atlantic, the strongest mean wind speeds dur-
ing winter months exceed 12 m-s ' whereas in July the
highest monthly mean wind speeds are below 8 m-:s .
The area of strongest wind speeds over the North Atlantic
between 10-50°W and 40-60°N is associated with the
main North Atlantic storm track region (contours in
Figure 1). During summer months, there is a noticeable
area of low wind speeds over the southern North Atlantic
between 20-40°W and 25-35°N. These calm winds at the
horse latitudes are caused by the divergence between
prevailing westerlies on the northern side and trade
winds on the southern side.

Over land areas in Europe, the absolute mean wind
speed difference between winter and summer months is
not as high as over the ocean, mostly between 1 and
2m-s (Figure 1). However, the relative difference is
similar with mean winds in winter being around 1.5
times stronger than in summer. There is a narrow band
of higher wind speeds spreading horizontally over central
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Europe most distinctly from October to March. This
region is on the southern edge of the storm track (con-
tours in Figure 1) and hence the winds are likely associ-
ated with the cyclone activity. The lowest wind speeds
over land are found in the high topography regions in the
European Alps, Apennines, Pyrenees and Scandinavian
Mountains. A similar result is seen in wind climatologies
with other reanalyses, for example in NOAA-20CR (Bett
et al., 2013) and ERA-40 (Kiss and Janosi, 2008). The IFS
is known to have too low wind speeds in complex topog-
raphy areas in Europe (Hewson, 2020) and for example
in Norway, the 10-m winds are underestimated at moun-
tainous stations whereas at coastal stations the observa-
tions are quite close to the modelled 10-m wind speeds
(Thyness et al., 2017). Similarly in Sweden, monthly wind
speeds from ERAS5 are underestimated in mountain sta-
tions by up to 3.5m-s ' (Minola et al., 2020). This issue
may be related to the coarse spatial resolution of the
reanalysis or how surface roughness is treated in the IFS.
In addition, previous studies (Howard and Clark, 2007;
Sandu et al., 2017) have shown that the orographic drag
scheme in numerical models give unrealistically low
near-surface wind speeds at high altitudes. In contrast to
the low wind speeds over European mountainous
regions, the high altitudes in Greenland have high wind
speeds. A possible explanation might be that the
European mountains have more variability in topography
at smaller spatial scales than Greenland does (i.e., more
subgrid variability). However, it is out with the scope of
this current study to rigorously evaluate the accuracy of
ERAS5 winds in mountainous areas or to determine cau-
ses for the apparently underestimate of the 10-m wind
speeds in these regions.

In the monthly mean winds, smaller scale wind fea-
tures are also visible. In all months there is a localized
wind speed maximum in the northern Mediterranean
Sea. This is the mistral wind phenomenon that blows
from the Rhone Valley towards the Gulf of Lion
(Zecchetto and De Biasio, 2007). Another local wind
speed maximum is present in the eastern Mediterranean
Sea, and is especially evident during summer, when this
etesians wind feature is the strongest (Zecchetto and De
Biasio, 2007). At the southern tip of Greenland, there is a
small wind speed maximum visible during most months
but this is most pronounced from February to June. This
is most likely associated with tip jets and reverse tip jets
which are low-level wind speed maxima occurring when
a synoptic-scale cyclone interacts with the high topogra-
phy of southern Greenland (Moore and Renfrew, 2005).
In addition, the southeast Greenland barrier winds are
seen as a narrow region of high wind speeds between
Greenland and Iceland in Denmark Strait from October
to February. This agrees with Sampe and Xie (2007) who

found that in winter this region is one of the windiest
places in the world's oceans while in summer the occur-
rence of high wind events is low.

The 98th percentile wind speed over 40-year period
(Figure 2) shows similar patterns as the mean wind speed
(Figure 1) with a contrast between land and sea areas
and a clear seasonal variation. In the North Atlantic
storm track region (contours in Figure 1), the highest
98th percentile winds occur between December and
March with wind speeds of 20-22 m-s *. The highest 98th
percentile winds over land are found during winter in the
southern part of Greenland (exceeding 22 m-s ') and in
Iceland (14-16 m-s '). The United Kingdom also has high
98th percentile winds during winter (10-12 m-s ). Over
continental Europe, the edge of the storm track region is
even more noticeable in the 98th percentile winds than
in the mean field.

The same local wind features are found with the 98th
percentile wind speeds as with the mean. The highest
98th percentile winds of the mistral wind in the Mediter-
ranean Sea are 18-20 m-s ' during winter months while
the etesians are more visible during summer with
12-14 m-s ' winds. Tip jets at the south of Greenland as
well as the barrier winds in Denmark Strait are evident
through all months. The barrier winds are divided into
two to three local wind speed maxima that can be seen
from the 98th percentile winds while mean wind field
did not capture those details. Similarly, these local wind
maxima along the southeast coast of Greenland were
found by Moore and Renfrew (2005) using SeaWinds
scatterometer and Tuononen et al. (2015) using Arctic
system reanalysis. It is noteworthy that in addition to the
mistral, the etesians, tip jets and barrier winds, there are
other local wind phenomena in Europe that are not cap-
tured by ERAS. For example, the bora winds that occur
most commonly during winter in the Adriatic Sea as a
downslope wind phenomenon (Zecchetto and
Cappa, 2001) are not seen in the monthly wind climate
in ERAS.

Over the 40-year period, the smallest EWF values
(below 1.8) occur in the North Atlantic storm track
region between November and March and over the low
wind speed area at the horse latitudes from May to
August (Figure 3). This means that the 98th percentile
wind speeds in these regions are not that extreme relative
to the mean, i.e. the wind speed distribution is narrow.
This implies that during winter the storm track region
has constantly high wind speeds while during summer at
the horse latitudes there are low winds most of the time.
However, at the northern border of the horse latitudes
between 20-40°W and 30-40°N, there is an area with
high EWF values up to 2.4 most distinctly visible from
June to September. By comparing Figures 1 and 2, we
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FIGURE 2 Monthly mean values of the 98th percentile of the 10-m wind speed from 1979 to 2018
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can see that during those months the border of the low
winds does not reach same latitude in the mean and 98th
percentile wind speeds. Therefore, while the 98th percen-
tile winds in that region are already getting stronger
towards autumn, the mean wind stays relatively low.

Over land, the spatial difference in the EWF values
and their seasonality is large (Figure 3). In southern
Greenland, Iceland, as well as parts of southern and
southeastern Europe such as Italy and Greece, the EWF
largely exceeds 2.6 in all months. This implies that the
high winds occurring in these regions are very extreme.
In Spain and Portugal, the EWF is also as high from
September to March but the value drops to 1.8-2.2 during
summer. In western Europe, in the United Kingdom and
France, the EWF has lower values than in southern
Europe but the seasonal variation is similar with higher
EWF (up to 2.4) during autumn and winter and lower
EWF (down to 1.8) during summer. In contrast, in north-
ern and northeastern Europe, the seasonal variability is
the opposite and the EWF difference between seasons is
much smaller. For example in Finland, the lowest EWF
values of 1.8-2.0 are found from September to March and
the highest EWF values of 2.0-2.2 occur during summer.
These results indicate that high wind speeds are more
common in northern than southern Europe, especially
during winter, and therefore the high winds in south are
very extreme when they occur. Moreover, it is apparent
that the mountains in Norway have very high EWF while
the Alps have lower EWF than the surrounding areas.
However, as discussed before, we assume that the 10-m
winds in mountainous areas in Europe are probably not
well represented in ERAS.

To investigate the climatological variability of the
10-m wind speed, Figure 4 shows the standard deviation
over the 40-year period. The highest variabilities are
found in southern Greenland and its surroundings and
over the North Atlantic. These regions were also identi-
fied from the mean (Figure 1) and the 98th percentile
(Figure 2) wind speeds and they are likely associated with
the tip jets, barrier winds and storm tracks. The mistral
and the etesians are also evident in the Mediterranean
Sea with high values of the standard deviation. This
implies that when these phenomena occur the winds are
very extreme but otherwise the winds are much calmer.

In addition to the other notable high variability
regions, there is also a small, local area in the southwest-
ern coast of Norway which is the most visible during
autumn and winter (Figure 4). This location is on the
edge of the most frequent storm track region (contours in
Figure 1) as well as on the land-sea border. Hence, this
area probably has a high wind speed variability due to
the storm track shifting: when the storm track is shifted
polewards, the winds in this region are extremely high.

of Climatology

The southern edge of the storm track region extending
through the central Europe is visible in the standard devi-
ation (Figure 4), as well as in the mean (Figure 1) and
the 98th percentile (Figure 2) wind speeds, with the
highest variability during winter months.

The monthly distributions of 10-m wind speeds at
three locations (the central North Atlantic, Finland and
Iberian Peninsula) are given in Figure 5. As was evident
from the maps, the temporal variation also shows the sea-
sonal variability with the highest winds during winter
and the lowest in summer. Comparing all three locations,
the central North Atlantic has the highest variability and
the highest absolute wind speeds. A significant difference
between these locations is in the EWF seasonality: while
the central North Atlantic and Finland have the highest
EWF during summer, Iberian Peninsula has its EWF
peak during winter. In addition, the variation and abso-
lute values of EWF in Iberian Peninsula are much larger
than in the other two regions. This indicates that high
wind events in summertime in the central North Atlantic
and Finland are rare and therefore if they do occur they
are relatively extreme. In contrast, the high winds during
wintertime in Iberian Peninsula are very extreme com-
pared to the otherwise relatively low mean winds.

4 | WIND SPEED VARIABILITY
AND TRENDS

4.1 | Decadal variability in mean winds
Of all months, February has the largest decade-to-decade
variability in the 10-m mean wind speed, closely followed
by January and March (Figures 6 and S1). Summer
months have the weakest anomalies and thus the
smallest variability between the four decades (Figure S2).
None of the months show a clear decreasing or increas-
ing trend at any location throughout the 40-year time
period but there are variations between the different
decades at many locations. In each individual decade,
January and February have similar spatial patterns in the
10-m wind speed anomaly (Figure 6). In northern Europe
in winter (mainly January and February), the mean wind
speeds were relatively weak in the 1980s and 2010s
whereas the 1990s was the decade of the strongest winds.
The decadal changes are the opposite in southern
Europe; the 1980s and 2010s had stronger winds while in
the 1990s the winds were weaker. In the 1980s, the north-
ern and eastern part of the North Atlantic had weaker
winds whereas in the southern part the winds were stron-
ger. The same but opposite dipole pattern occurred in the
1990s with stronger winds in the northern and eastern
parts and weaker winds in the southern part of the North
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FIGURE 5 Monthly mean
(orange), 98th percentile (green),
maximum (black), +1 standard
deviation (dashed navy), and extreme
wind factor (EWF, dotted purple) of
10-m wind speeds from 1979 to 2018
over (a) the North Atlantic, (b) Finland,
and (c) Iberian Peninsula (the boxes are
shown in Figure 1)
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Atlantic. The physical reasons behind these decadal vari-
ations are investigated in Section 5.

In autumn, the mean 10-m winds in the 1980s were
stronger than the 40-year climatological mean in northern
Europe and weaker, mainly in September, in southern
Europe (Figure 7). In the 1990s, September and October
were characterized by stronger than average winds in cen-
tral and southern Europe while in November, northern
Europe had weaker winds. The 2010s were mostly less
windy than average in all of Europe. The decadal wind
variability in the North Atlantic had a dipole pattern in
the 1980s with a positive anomaly in the northern parts
and a negative anomaly in the southern parts during
September and October. In the North Atlantic, the 1990s
mainly had weaker winds than the 40-year average
whereas the 2010s had stronger winds. In the 2000s in
November, there was a tripole pattern with positive
anomalies (i.e., stronger winds) in the southwestern and
northeastern parts of the North Atlantic and a negative
anomaly (weaker winds) in the central part.

4.2 | Decadal variability in EWF

Overall, the signs and spatial patterns of the 98th percen-
tile wind anomalies (not shown) are similar to the mean
winds (Figures 6, 7, S1 and S2) even though the 98th per-
centile fields are more noisy. However, there are some
differences in the decadal variability patterns in the
EWF (Figures 8, 9, S3, and S4) compared to the mean
and the 98th percentile. Since the decadal EWF is calcu-
lated by dividing the 10-year 98th percentile by the
40-year mean, a higher EWF in a certain decade indi-
cates that the 98th percentile winds were more extreme
relative to the climatological mean and hence possibly
more damaging.

By comparing winter months in difference decades, it
is apparent that in northern Europe the EWF was the
highest in the 1990s (Figure 8) which is also evident in
the monthly distribution of the 98th percentile winds and
EWF in Finland (Figure 10c and 10d). This further
emphasizes that 1990s winter was extremely stormy in
northern Europe. In contrast, the lowest decadal EWF in
northern Europe was in February in the 1980s and 2010s.
Similarly, January and February in central Europe in the
1990s show high EWF i.e extreme storminess whereas
1980s and 2010s have low EWF. However, in southwest-
ern Europe, the highest EWF is found in January and
February in the 2010s which indicates that the winter-
time windstorms in the 2010s were more extreme relative
to the 40-year climate (Figures 10e and 10f). In the North
Atlantic, the most extreme winds occurred in the border
of the horse latitudes in February in the 1980s and in

of Climatology

December in the 1990s. A key finding, however, is that
the decadal EWF variability in the central North Atlantic
is rather small compared to the variations over Europe
(Figure 10).

In autumn in northern Europe, winds were the most
extreme in October and November in the 1980s and in
November in the 2000s whereas the lowest EWF
occurred in November in the 1990s and in October in the
2000s (Figures 9 and 10c and 10d). In contrast, in south-
ern Europe, September in the 1990s and October in the
2000s stand out as the most extreme storm months in
autumn (Figures 9 and 10e and 10f). Over the North
Atlantic, there is more EWF variation in the autumn
months than in winter with September having the largest
variability (Figure 9). The most extreme storms occurred
at the horse latitudes in September in the 2010s. Notable
in October is that there is a dipole pattern of lower EWF
in the central and higher EWF in the southern part of the
North Atlantic in the 1990s and 2010s (Figure 9) which is
not apparent in the climatological EWF (Figure 3).

4.3 | Temporal trends

The absolute anomalies of the annual (January-
December) mean wind speeds with respect to the 40-year
mean in the central North Atlantic, Finland, and Iberian
Peninsula are presented as time series in Figure 11. As
was estimated from the decadal anomaly maps, there are
no clear linear trends over the whole 40-year period and
the year-to-year variation is large but some longer term
variability is visible. In the central North Atlantic
(Figure 11a), the 5-year running means of the mean and
the 98th percentile winds show a windier period between
1990 and 1995. After 1995 the wind speeds decreased
until 2010 after which there has been an increase until
2018. The magnitudes as well as the time evolution of the
anomalies for the 98th percentile wind speed in the cen-
tral North Atlantic are similar to the anomalies in the
mean wind speed. Similar annual variability was found
in the northeast Atlantic storminess which was analysed
from the 95th and 99th percentiles of geostrophic wind
speeds calculated from surface pressure observations
(Krueger et al., 2019). Krueger et al. (2019) found a maxi-
mum wind speed peak between 1990-1995 and a mini-
mum peak around 2010 which corresponds well to our
results from ERA5 in the central North Atlantic
(Figure 11a).

In Finland (Figure 11b), there is a bigger difference
between the mean and the 98th percentile with the latter
having larger variability although the time evolutions are
alike. There was a peak of stronger winds around
1990-1995, as was found in the central North Atlantic.
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From there forward, there has been a decreasing trend in
wind speeds for many decades until around 2014 when a
transition to a period with no trends has taken place. The
annual mean wind speed variations are similar as in
Laapas and Venildinen, (2017) who used mean and max-
imum wind speed observations in Finland in 1959-2015
and found positive wind speed anomalies until 1995 and
negative anomalies until around 2014. Likewise in our
results from ERAS5 , Laapas and Venildinen (2017) found
the strongest positive annual anomalies during period
1979-2015 in 1992, 1995, and 2015 and a negative anom-
aly peak in 2002.
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In Iberian Peninsula (Figure 11c), the 5-year running
mean of mean winds shows an increasing trend from
1980 to 2000, a decrease until 2006 and again an increase
until 2014. The variability is larger in the 98th percentile
winds with the most evident negative anomaly, i.e. wea-
ker winds, between 2003 and 2007. Comparing our
results from ERA5 to wind speed observations from land
stations studied separately for Spain and Portugal in
1961-2011 by Azorin-Molina et al. (2014), similar annual
variability is seen, for example the negative anomalies in
1997, 1998 and 2011 and positive anomalies in 1979,
1996, and 2001. However, when considering the longer
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FIGURE 10 Left panel: Monthly extreme wind factor (EWF) for 10-year periods, and right panel: Monthly mean anomalies (10-year
value minus 1979-2018 mean value) of the 98th percentile wind speed. Panels (a) and (b) show the North Atlantic; (c) and (d) Finland; and
(e) and (f) Iberian Peninsula (location boxes are shown in Figure 1)
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term trends, Azorin-Molina et al. (2014) found the period
of 1980-2000 to have a declining trend contradictory to
our results from ERAS5 and the increasing trend from
Azorin-Molina et al. (2014)) starts around 1998, i.e.
8 years earlier than in our analysis. Azorin-Molina
et al. (2014) used a 15-year Gaussian low-pass filter and
anomalies relative to period 1981-2010 while we used a
5-year running mean relative to 1979-2018 which may

explain some differences in the long-term trends in addi-
tion to, e.g. surface roughness which has influences in
station-based analysis (Vautard et al., 2010; Azorin-
Molina et al., 2014).

The smallest annual variation in wind speeds in these
three locations is found in Iberian Peninsula (Figure 11)
which is consistent with the fact that it has the lowest wind
speeds overall (Figure 5). However, to better compare these
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regions we should consider relative anomalies. In relative
terms (not shown), the annual anomalies in Figure 11 are
largest over Finland (—7.6% to 7.5%) and smallest in the
North Atlantic (—5.5% to 4.2%). In Iberian Peninsula, the
relative anomalies range from —4.0% to 6.5%.

The wind speed time series revealed some periods
with increasing trends and other periods with decreasing
trends in all locations (Figure 11). Table 1 shows the
annual and monthly linear trends for the whole 40-year
time period. The calculated annual mean and the 98th
percentile wind trends are positive in the central North
Atlantic and Iberian Peninsula and negative in Finland.
However, the magnitudes of the trends are small and
most importantly the trends are not statistically signifi-
cant at the 5% level in the Mann-Kendall test. The only
statistically significant trends are an increase in mean
winds in May in the central North Atlantic and in August
in Iberian Peninsula. To conclude, there are no linear
wind speed trends over the 40-year period, however, our
analysis shows there is pronounced variability between
different decades.

5 | PHYSICAL REASONS FOR 10-M
WIND SPEED VARIABILITY

5.1 | Correlation between monthly 10-m
and 300-hPa wind speeds

To examine how the near-surface and upper-level winds
are related we calculated monthly correlation between

of Climatology

10-m and 300-hPa wind speeds from 1979 to 2018
(Figure 12). The highest correlation in all months, being
the strongest in winter, is found in the exit region of the
jet stream over the North Atlantic. The highest correla-
tion over land occurs in the United Kingdom in
December and January and in Iberian Peninsula,
Germany and Poland in January. The winds correlate in
most of Europe from October to March excluding the
eastern parts. From June to July, there is a band from
western to northern Europe with high correlation. There-
fore, in most of the North Atlantic and Europe, especially
in wintertime, the 10-m winds are generally well corre-
lated with the upper-level winds and the jet stream. In
contrast, the weakly negative correlations in the coastal
areas of Greenland through all months (Figure 12) may
indicate that its wind phenomena are the result of local
processes (i.e., tip jets and barrier winds) rather than the
large-scale atmospheric patterns.

5.2 | Decadal variability in 10-m and
300-hPa wind speed, mean sea level
pressure, and storm tracks

The correlation between the 10-m and 300-hPa wind
speeds is also seen at the decadal scale in February;
where the decade has been windier than average simi-
larly the upper-level winds in that location have been
stronger and vice versa (Figure 13). The 1980s in
February had weaker 10-m winds in northern Europe
which was due to a equatorward shift in the jet stream

TABLE 1 Monthly and annual trends (m-s *-decade ™) of the mean and 98th percentile 10-m wind speeds in the North Atlantic,
Finland and Iberian Peninsula (the boxes are shown in Figure 1). Values shown in bold are statistically significant at the 5% level

North Atlantic Finland Iberian Peninsula

Mean 98th percentile Mean 98th percentile Mean 98th percentile
January 0.110 0.259 0.006 —0.092 0.018 0.080
February 0.054 0.117 0.007 —0.029 0.121 0.206
March 0.036 0.024 0.024 0.066 0.051 0.123
April 0.085 0.083 —0.014 —0.032 —0.026 —0.062
May 0.146 0.131 0.031 0.031 —-0.014 —0.020
June 0.130 0.096 0.007 0.105 0.030 0.078
July 0.037 0.100 —-0.013 —0.045 0.049 0.025
August —0.033 0.051 —0.028 —0.062 0.037 0.054
September —0.047 —0.143 0.018 0.009 0.013 —0.013
October —0.087 0.086 —0.088 —0.135 —0.050 —0.117
November 0.040 -0.112 —0.044 —0.073 0.047 0.020
December 0.007 —0.075 0.018 —0.021 —0.108 —0.147
Annual 0.038 0.098 —0.013 —0.028 0.014 0.034
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and storm tracks and a weaker than average pressure gra-
dient (Figure 13). The tripole pattern in the 300-hPa wind
anomaly indicates meridional fluctuation in the jet posi-
tion which together with the anomalously high surface
pressure in Scandinavia implies a tendency towards more
blocking events (Rex, 1950). The stronger winds in the
southern part of the North Atlantic were in the area of
stronger upper-level winds. The extremely stormy
February in northern Europe in the 1990s was a result of
a stronger, poleward and eastward extended jet stream
and storm track region and a stronger than average pres-
sure gradient (Figure 13). Accordingly, the winds were

1979-1988

of Climatology

weaker in southern Europe. While in the 1980s and
1990s the dipole anomaly patterns were more north-
south oriented, in the 2000s and 2010s the dipole was ori-
entated south-west to north-east. In the 2010s, the polar
jet stream was shifted eastward and appears to almost
merge with the stronger and northward shifted subtropi-
cal jet. In addition, there was a local lower pressure area
in southern Europe and higher pressure in northern
Europe which potentially indicates an increased ten-
dency of cut-off low and blocking high situations. The
storm tracks were shifted south and east. These condi-
tions caused extreme storms in southwestern Europe

2009-2018
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0.2 0.4
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FIGURE 13 Anomalies (colours) and the 40-year means (contours) in February of the mean 10-m wind speed (firts row, contours start
at 10 m-s '), mean sea level pressure (second row, contours at 1 hPa interval), 300-hPa wind speed (third row, contours at 2 m-s ' interval),
and storm tracks as standard deviation of 2-6 day bandpass filtered mean sea level pressure (fourth row, contours at 1 hPa interval) for
10-year periods: 1979-1988 (frst column), 1989-1998 (second column), 1999-2008 (third column), and 2009-2018 (fourth column)
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while the rest of Europe had calmer winds. We similarly
investigated the decadal variability in October and found
the same consistency between the 10-m wind anomalies
and 300-hPa wind, MSLP and storm track anomalies (not
shown).

5.3 | Correlation between temporal
variability in 10-m wind speed and the
NAO and AMO

When annual mean values are considered in the three
locations, the temporal changes in wind speeds follow
the NAO index really well in the central North Atlantic
(Figure 11a) and Finland (Figure 11b) whereas in Iberian
Peninsula (Figure 11c) the correlation is weaker. The
annual correlations between the NAO index and the
mean and the 98th percentile winds are statistically sig-
nificant in the central North Atlantic (Figure 14a) and
Finland (Figure 14c) but not in Iberian Peninsula
(Figure 14e). On monthly scales, the correlation is signifi-
cant in the central North Atlantic from October to May
and in Finland from September to March with higher
correlations mostly with the mean winds than the 98th
percentile. Although the annual NAO does not correlate
with the mean or the 98th percentile winds in Iberian

Peninsula the majority of the months between July and
March do have a significant negative correlation, espe-
cially with the mean winds. These results are expected
since positive NAO is linked to a stronger than average
pressure gradient between the northern and southern
North Atlantic which leads to more storminess in north-
ern Europe and less in southern Europe (Hurrell, 1995).
The linkage between long-term wind speed changes and
the NAO was similarly found by Zeng et al. (2019) and
Azorin-Molina et al. (2018).

The annual AMO index in the 40-year time period
appears to have a negative correlation with the NAO
index (Figure 11). A positive AMO may induce a negative
winter NAO by reducing the SST gradient and hence
leading to a decrease in the North Atlantic storm track
activity (Sutton et al., 2018). However, there is no consen-
sus on how the NAO and AMO are related, and the rela-
tionship depends on which dataset and which methods
are used (Peings and Magnusdottir, 2014). Our results
show that only the annual mean wind speeds in the cen-
tral North Atlantic have significant negative correlation
with the AMO index but the correlation is quite weak
(Figure 14b). On the monthly scale, the mean winds in
the central North Atlantic are negatively correlated with
the AMO in March and November, the 98th percentile
winds additionally in April and December. None of the
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months nor the annual mean correlate in Finland
(Figure 14d) or Iberian Peninsula (Figure 14f). Hence,
our results show that while the AMO correlates moder-
ately with the annual wind speeds, as well as few spring
and winter months, in the central North Atlantic, there
are no correlation in Finland and Iberian Peninsula.

6 | CONCLUSIONS

In this study, we analysed the 10-m wind speed climatol-
ogy, decadal variability and possible trends in the North
Atlantic and Europe in ERAS5 reanalysis from 1979 to
2018. Furthermore, we examined the physical reasons for
the 10-m wind speed variability. To investigate the
extremeness of the wind speeds we defined an extreme
wind factor (EWF) which is a ratio of the 98th percentile
and mean wind speeds. In addition to spatial and decadal
variations in the North Atlantic and Europe domain we
studied the temporal changes in wind speeds in three
locations: the central North Atlantic, Finland and Iberian
Peninsula.

The 10-m wind speed climate in ERA5 shows a dis-
tinct land-sea gradient and a seasonal variation with the
strongest mean and the 98th percentile winds over the
ocean and during winter months. The strongest winds
are associated with the storm track region over the ocean
in the central North Atlantic and over land in a narrow
band across central Europe. The known underestimation
of 10-m winds in areas of high topography in numerical
models (Howard and Clark, 2007; Hewson, 2020) appears
to also be present in ERAS5, for example, in the European
Alps and Scandinavian Mountains. In the monthly wind
climate, ERA5 captures some smaller scale local wind
phenomena: the mistral and the etesians in the Mediter-
ranean Sea and tip jets and barrier winds near Green-
land. The largest variability, in terms of the standard
deviation, is co-located with the highest wind speeds and
hence is also associated with the storm tracks and local
wind phenomena.

The EWF is low over the central North Atlantic
which indicates a narrow wind speed distribution. In
Europe, the magnitude and seasonal variation of EWF
differs between areas. In all months, the EWF is higher
in southern Europe than in northern Europe implying
that the wind speed distribution is broader with a more
positively skewed tail in southern Europe compared to
northern Europe. In the Iberian Peninsula, the EWF is
the highest during winter months whereas in Finland the
highest values occur during summer. This implies that in
Finland, windstorms are more common in winter and
high wind events in summertime are more extreme
because of their rare occurrence.

of Climatology

The spatial and decadal 10-m wind speed variability
was analysed in four 10-year periods and we found differ-
ences between the decades with winter months having
the largest decade-to-decade wvariability. The spatial
changes in the mean and the 98th percentile wind speed
anomalies are similar, however, the spatial changes in
the decadal EWF shows differences compared to those.
The 10-m mean wind speed anomalies in northern and
southern Europe were mostly the opposite at each
decade; the 1980s and 2010s had stronger than average
winds in southern Europe whereas the 1990s was
extremely stormy in northern Europe. In addition to
decadal variation in 10-m wind speeds, annual and
monthly trends were calculated at the three locations.
Our results show that there are mostly no significant lin-
ear wind speed trends in the 40-year time period.

Lastly, we investigated what are the physical reasons
for the 10-m wind speed variations by examining the
monthly correlation with the 300-hPa winds and
the decadal variability in February in comparison to the
300-hPa wind speed, MSLP and storm tracks. In addition,
the temporal variability was investigated at the three
locations in relation to the NAO and the AMO. The 10-m
winds correlate well with the 300-hPa wind speeds in
most of the North Atlantic and Europe, particularly in
cold season months and in the exit region of the jet
stream. The weaker than average 10-m winds in northern
Europe in winters of 1980s and 2010s were caused by an
equatorward shift of the jet stream and storm tracks and
a weaker than average pressure gradient over the North
Atlantic. In contrast, the extremely windy decade of
1990s in northern Europe, while winds were weaker in
southern Europe, was due to a poleward and eastward
shifted jet stream and storm tracks and a stronger than
average north-south pressure gradient. Hence, the
decadal changes in the 10-m wind speeds in the North
Atlantic and Europe can be largely explained by the posi-
tioning of the jet stream and storm tracks and the
strength of the north-south pressure gradient in the
North Atlantic.

The 10-m winds in the central North Atlantic and
Finland have an expected significant positive correlation
with the NAO index on annual timescales as well as dur-
ing cold season months. The correlation is negative in
the Iberian Peninsula and significant in most months
between July and March. Of the three locations, the
AMO index has a significant negative correlation only in
the central North Atlantic on annual scales and in a few
months in spring and winter. Therefore, we find that the
AMO does not influence the wind speeds over Finland
and Iberian Peninsula.

As our results highlight, the annual and decadal vari-
ability in wind speeds is large and hence the
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climatological anomalies and trends are highly depen-
dent on the chosen time period (Troccoli et al., 2012).
The 10-m wind speed variability is related to the large-
scale circulation which exhibits decadal variations.
Therefore, although the linear trends can reveal an over-
all trend in long term, a broader view of the wind speed
changes are attained by considering the inter-annual or
decadal variability.

Climatological studies, such as the one presented
here, do have certain limitations. For example, extreme
events such as one powerful storm are not necessarily vis-
ible and decreasing trends in wind speed do not exclude
possible opposite trends in rare extreme events. Further-
more, this study does not attempt to quantitatively deter-
mine what type of weather phenomenon the winds are
related to. Many previous studies (e.g., Feser et al., 2015;
Gregow et al., 2020) have examined trends and character-
istics of extratropical cyclones and the winds related to
these systems. However, the comparison of wind speed
and windstorm climates is difficult and would be a key
next step to improve understanding of their linkages.
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Abstract. Extratropical cyclones play a major role in the at-
mospheric circulation and weather variability and can cause
widespread damage and destruction. Extratropical cyclones
in northern Europe, which is located at the end of the North
Atlantic storm track, have been less studied than extratropi-
cal 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 precur-
sors. We examine cold and warm seasons separately to de-
termine seasonal differences. We track all extratropical cy-
clones in northern Europe, create cyclone composites, and
use an ensemble sensitivity method to analyse the precur-
sors. The ensemble sensitivity analysis is a novel method
in cyclone studies where linear regression is used to statis-
tically identify what variables possibly influence the sub-
sequent evolution of extratropical cyclones. We investigate
windstorm precursors for both the minimum mean sea level
pressure (MSLP) and for the maximum 10m wind gusts.
The annual number of extratropical cyclones and windstorms
has a large inter-annual variability and no significant linear
trends during 1980-2019. Windstorms originate and occur
over the Barents and Norwegian seas, whereas weaker extrat-
ropical cyclones originate and occur over land areas in north-
ern 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 wind-
storms have higher sensitivities and thus are potentially 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 pre-
dicting windstorms in northern Europe.

1 Introduction

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 baro-
clinicity (Charney, 1947), which is characterized 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 et al., 2021), for example floods, power out-
ages, and forest and property damage. Since extratropical cy-
clones play a crucial role in the atmospheric circulation and
weather variability and as a cause for societal and economi-
cal impacts, the knowledge and understanding of extratropi-
cal 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 regions over the Mediterranean and Siberia (e.g.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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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 Eu-
rope to be a region covering Norway; Sweden; Finland; Esto-
nia; 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 evolu-
tion of such extratropical cyclones may differ from extrat-
ropical cyclones elsewhere. Schultz et al. (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 north-western Eu-
rope. Wang and Rogers (2001) found that there are many dif-
ferences in the dynamical and thermal structure and evolu-
tion of strong explosive cyclones in the north-eastern Atlantic
compared to the north-western Atlantic. For example, the
explosive cyclones in the north-eastern Atlantic have lower
static stability but less environmental baroclinicity than ex-
plosive cyclones in the north-western Atlantic (Wang and
Rogers, 2001).

There are two main ways to identify extratropical cy-
clones: 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 timescales, usually 2-6d
(Blackmon, 1976). While the Eulerian approach is straight-
forward and gives a general description of the storm track
activity it does not provide information about individual ex-
tratropical cyclones and their characteristics. The Lagrangian
approach is a feature tracking method where a localized min-
imum or maximum of a meteorological field (for example
MSLP or 850hPa relative vorticity) is identified, and their
location in time is tracked (e.g. Hodges, 1994). With the La-
grangian approach it is possible to analyse cyclone-specific
characteristics such as the genesis and lifetime. Moreover,
additional meteorological variables can be determined along
the cyclone track to investigate how they vary during the cy-
clone evolution.

The spatial and temporal evolution of extratropical cy-
clones can be analysed by producing cyclone composites.
Cyclone compositing allows us to statistically find key fea-
tures of the structure and development of the chosen set of
cyclones. Cyclone composites have been used in extratropi-
cal cyclone research for example for creating an extratropical
cyclone atlas for the 200 most intense historical extratropi-
cal 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 compos-
ites are used to study the structures in extratropical cyclones,

Weather Clim. Dynam., 2, 1111-1130, 2021

for example for precipitation and clouds (Field and Wood,
2007) and for air—sea turbulent heat fluxes and heat and mois-
ture 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).

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 def-
inition). 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 proxies in forecasting is especially help-
ful 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 pre-
cursors to windstorms. One way to find precursors to wind-
storms is to use ensemble sensitivity analysis (which is de-
scribed in detail in Sect. 3.4), which allows us to quantify
how sensitive the subsequent windstorm intensity is to pre-
cursor fields. The ensemble sensitivity analysis method was
examined by Ancell and Hakim (2007), who analysed the lin-
ear connection between perturbed initial conditions and fore-
cast 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 cy-
clones (Garcies and Homar, 2009) and to extratropical cy-
clones in the western and eastern North Atlantic (Dacre et al.,
2012). This method is a computationally simple way to iden-
tify sensitivities, but it has a limitation of assuming a linear
relationship between the precursor and the characteristics of
the windstorm being predicted. Nonetheless, the results can
provide guidance for forecasters and indicate to which vari-
ables 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 projec-
tions. Since the resulting sensitivity shows how much, for
example, the windstorm intensity changes if the precursor
changes, a similar magnitude change in the precursor caused
by an error in the numerical weather model would therefore
result in a similar change in the windstorm intensity as the
sensitivity results show. Likewise, future studies potentially
could estimate how warmer climates would change the wind-
storm 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 ex-
tratropical cyclone and windstorm climate in northern Eu-
rope, which occurs at the end of the North Atlantic storm
track. Although many extratropical cyclone studies focus
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only on the cold season or winter months (e.g. Hoskins and
Hodges, 2002; Pinto et al., 2005), we investigate the results
separately for the cold (October—March) and warm (April—
September) seasons in order to analyse the seasonal differ-
ences. In addition to the climatological properties as tem-
poral 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 pre-
pare for windstorms by increasing their understanding of
what environments windstorms typically develop in.

The research questions we aim to answer in this paper are
as follows. (1) What are the annual and monthly frequen-
cies of extratropical cyclones and windstorms in northern
Europe? (2) Are there differences in cyclone characteristics
between extratropical cyclones and windstorms and between
the cold and warm seasons? (3) How does the spatial and
temporal structure of northern Europe windstorms evolve?
(4) What precursor has the strongest impact on the mini-
mum MSLP and the maximum wind gust in northern Europe
windstorms? The remainder of the paper is structured as fol-
lows: first, 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, windstorms, 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 final conclu-
sions are given in Sect. 8.

2 ERAS reanalysis data

ERAS is the newest atmospheric reanalysis produced by
the European Centre for Medium Range Weather Forecasts
(Hersbach et al., 2020), and it is based on the Integrated Fore-
casting System (IFS; cycle 41r2). ERAS has a horizontal res-
olution of 31km, and vertically it has 137 levels from the
surface up to approximately 80 km. ERAS provides hourly
analysis and forecast fields, and while conducting the analy-
sis for this study, ERAS covered years from 1979 onwards.
Recently, there was a release of a back extension, making
ERAS available from 1950 onwards.

In our study, ERAS data are obtained every 3 h from 1980—
2019 (40 years). The variables we obtain are MSLP, the
maximum 10m wind gust (maximum since previous post-
processing), 850 hPa temperature, total column water vapour
(TCWYV), 300 hPa horizontal wind speed components, and
300hPa potential vorticity (PV). We consider 10m 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).
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3 Methods
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 ERAS. The MSLP field is smoothed
to T63 resolution (around 180 km) before running TRACK
to decrease the noise in the field, and in addition, wavenum-
bers 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 is generally used for MSLP since
its field is smoother than the vorticity field (Hodges et al.,
2011). Since we want to investigate large-scale extratropical
cyclones, we included only tracks that last at least 1d 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 mini-
mum 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 find the
wind gusts associated with the extratropical cyclones. The
results presented in Sect. 6 confirm that the 6° radius used to
identify the associated wind gusts is an appropriate choice.

3.2 Extratropical cyclone classes

The classification 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 in Fig. 4) during 1980-2019. The wind gust distribu-
tion of all extratropical cyclones is created by using the max-
imum 10 m wind gust within 6°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° outside the box
(Fig. A2). Figure 1 shows the wind gust distributions cover-
ing 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. 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 22.2ms~! in
the cold season (Fig. 1b) to 18.1 ms~! in the warm season
(Fig. 1c). The 90th percentile of the wind gust distribution
covering the whole year is 27.2ms~! (Fig. 1a). While the
90th percentile of wind gusts during the cold (29.4ms™!)
and warm (23.6ms™!) seasons differs from the whole-year
value, these are relatively near each other compared to the
maximum values, which differ from 51.6ms™! in the cold
season to 38.1 ms~! in the warm season.
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In order to classify the extratropical cyclones based on
their extremeness in wind gusts without depending on the
season, we use 27.2ms~! (i.e. the 90th percentile of wind
gusts during the whole year) as a threshold to divide the ex-
tratropical 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 wind-
storm threshold is equal in both seasons we can more easily
compare the seasons since otherwise the warm-season wind-
storms would include extratropical cyclones that have lower
wind gusts than cold-season windstorms. Furthermore, since
our study focuses more on the dynamics and the structure of
windstorms rather than impacts, the threshold we use con-
siders wind gusts over the whole northern Europe box rather
than only wind gusts over land. Therefore, our final 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 per-
centile when the cyclone centre is inside the northern Europe
box, and (3) non-windstorms — extratropical cyclones whose
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 extratrop-
ical cyclones.

In this study, we also need to identify, for each windstorm,
the time of the minimum MSLP and the time of the max-
imum 10m 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, as we are interested in investigating wind
gusts in northern Europe, we define the time of the maxi-
mum 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 Figs. Al and A2.

3.3 Cyclone composites

To further examine the structure and evolution of northern
Europe windstorms (identified as described in Sect. 3.2), we
create cyclone composites in a similar way as for example
Dacre et al. (2012) and Sinclair et al. (2020). The composites
are produced for different meteorological variables at differ-
ent offset times relative to two times: the time of the min-
imum MSLP and secondly the time of the maximum 10m
wind gust (these times are defined at the end of Sect. 3.2).
For the compositing, the windstorms 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
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time is created by averaging that meteorological field of each
individual windstorm.

3.4 Ensemble sensitivity analysis

To statistically identify precursors which are strongly corre-
lated with characteristics of windstorms in northern Europe,
we use an ensemble sensitivity analysis. In this study, “en-
semble” refers to the population of extratropical cyclones
that are defined as windstorms. The principle of the ensem-
ble sensitivity method is to calculate the linear regression be-
tween a precursor field, x, and the so-called response func-
tion, 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 com-
mon variable to represent the intensity of an extratropical cy-
clone, and the maximum wind gust was chosen because gusts
usually cause the high impacts and damage. 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 centred radial grid.

The sensitivity S consists of multiplying three compo-
nents:

Si,j =m; jo; j0; j, (D

where m is the linear regression slope, « is a correction fac-
tor, and o is the standard deviation of the precursor. The lin-
ear regression slope m is calculated at each grid point (i, j):
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= () 2
ml’] (8}()[’/ ( )

The correlation factor & modifies the sensitivity S by giving
less weight to slope values in those grid points that have weak
correlations. This is done by defining o:
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where r; ; is the correlation coefficient, and rm;y is the thresh-
old for correlations that are altered. Similarly to Dacre and
Gray (2013), we set riin to be 0.05, which means that for
all grid points where the correlation coefficient is less than
0.224, the sensitivity S is reduced.

The standard deviation o is calculated at each grid point
through all windstorms and over both seasons to ensure that
the two seasons can be compared to each other. By multi-
plying with the standard deviation, the sensitivity S obtains
the same units as the response function. Therefore, the sen-
sitivity can be interpreted as how the response function (the
minimum MSLP / maximum 10 m wind gust) changes when
there is an increase of 1 standard deviation in the precursor
field.

https://doi.org/10.5194/wed-2-1111-2021



T. K. Laurila et al.: Extratropical cyclones and windstorms in northern Europe

10000 T— : . S — 10000 1—
a) I —— Median: 19.4 b)
Mean: 20.0

— —— 90th percentile: 27.2

80001 = — Max: 516

6000 1
4000 1

4000

2000 1 2000

1115

=17 10000
Median: 21.8

Mean: 22.2
—— 90th percentile: 29.4
—— Max: 51.6

- =
= Median: 17.7

Mean: 18.1
— 90th percentile: 23.6
—— Max: 38.1

8000

6000

2000

.. ;

o 10 20 30 40 50 o 10 20
ms~!

30 40 30 0 10 20 30 40 50

Figure 1. Distribution of the maximum 10 m wind gust within 6° 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).

The sign of the sensitivity is determined only by the re-
gression slope m, and the magnitude is affected by all three
components in Eq. (1). Negative sensitivity means that the
precursor x and the response function J are negatively cor-
related. Regarding the response function of the minimum
MSLP, this means that if the precursor increases it is associ-
ated with a decrease in the minimum MSLP, i.e. to a stronger
windstorm in terms of MSLP. Likewise, regarding the re-
sponse function of the maximum 10 m wind gust, negative
sensitivity means that if the precursor increases it is associ-
ated 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 sensitivi-
ties of these response functions that the sign of the sensitivity
indicates contrary evolution to the windstorm.

In our study, we examine four precursors: 850 hPa po-
tential temperature anomaly, TCWYV, 300hPa wind speed,
and 300 hPaPV. 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 influ-
ence diabatic processes, which further may affect the inten-
sity of an extratropical cyclone. The 300 hPa wind speed de-
scribes the jet stream, and the location of an extratropical cy-
clone in relation to the jet stream is known to influence to the
extratropical cyclone development. Lastly, the 300 hPa PV
was chosen because the surface cyclone can intensify when
it interacts with an upper-level trough, which can be inter-
preted from the upper-level PV field. 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 first 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 fields 24, 48, and
72 h before the time of the minimum MSLP or the maximum
10 m wind gust as defined in Sect. 3.2. These offset times are
relevant because they occur at the typical range of extratrop-
ical cyclone predictability and evolution. In addition, since
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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 dom-
inate.

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 cy-
clone classes (Fig. 2). There are on average 149 extratropi-
cal cyclones every year that reach northern Europe (Fig. 2a),
of 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 cen-
tre is inside the northern Europe box. Hence, the ratio of
windstorms can be higher than 10 %. The 40-year linear
trends are not statistically significant in any of the three cy-
clone classes by using the Mann—Kendall test (Mann, 1945;
Kendall, 1970) at the 5 % level. However, there is a decreas-
ing trend (—3.7 cyclones per decade) in all extratropical cy-
clones (Fig. 2a and b) with a p value of 0.067, and there-
fore the trend would be significant with a 7 % level or higher.
However, some time periods stand out with high or low an-
nual 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 in-
creased numbers of non-windstorms (Fig. 2f). In contrast, a
longer-term drop in all extratropical cyclones (Fig. 2b) oc-
curred between 1995-2005, 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. 2¢ and d).

In addition to large inter-annual variability, we also inves-
tigated the seasonal cycle of the number of extratropical cy-
clones, windstorms, and non-windstorms (Fig. 3). Regarding
all extratropical cyclones in northern Europe (Fig. 3a), the
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Figure 2. Annual absolute numbers of extratropical cyclones in northern Europe in 1980-2019. Bars show the annual values, solid lines are
S-year running means, and dashed lines are annual means. (a) All extratropical cyclones, (b) windstorms, and (¢) non-windstorms.

months from October to January and April have the high-
est median, between 13—15 extratropical cyclones per month,
which means that on average almost every other day in these
months an extratropical cyclone travels through northern Eu-
rope. The variability in extratropical cyclone numbers within
each month (length of whiskers) is the highest during autumn
and winter. Nevertheless, the monthly variation in the num-
ber of all extratropical cyclones does not have a significantly
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 high-
est median values of 5-6 windstorms per month are in Jan-
uary and December, whereas in May, June, and July, there are
on average no windstorms at all. The variation in windstorm
numbers within the cold-season months is, however, quite
large; for example in November, the number of windstorms
ranges from 0 to 14. The seasonal cycle for non-windstorms
(Fig. 3c) is the opposite of that for windstorms with the high-
est 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 ex-
tratropical cyclones in summer are weaker, the overall num-
ber of extratropical cyclones per month in northern Europe
does not differ considerably depending on season.

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 season
(i.e. 6 months) per unit area, where the unit area is a 5° ra-
dius spherical cap (= 10 km?). In both seasons, the genesis
region of all extratropical cyclones that affect northern Eu-
rope extends from the east coast of the United States to west-
ern Russia and from the Greenland Sea to the Mediterranean
Sea (Fig. 4a and b). Most of the extratropical cyclones in the
warm season originate over the land areas inside the northern
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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 the extratropical cyclones
originate from the Norwegian Sea and the Barents Sea. The
genesis over the east coast of the United States is more pole-
ward in the warm season than in the cold season, which is in
agreement with Priestley et al. (2020), who found that extra-
tropical cyclones occur more equatorward in the winter than
in the summer in the eastern North Atlantic.

When considering windstorms and non-windstorms sep-
arately, there are distinct differences. Most of the non-
windstorms originate over land areas in northern Europe
(Fig. 4e and f), whereas windstorms have their genesis
mostly over the Norwegian Sea and the Barents Sea (Fig. 4c
and d). This also means that windstorms tend to originate far-
ther away from northern Europe than non-windstorms. In ad-
dition, non-windstorms can originate over southern Europe
while windstorms do not. In the cold season, the genesis re-
gion 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).

The track densities of all extratropical cyclones are, on
a large scale, similar in both seasons, and the highest track
density occurs inside the northern Europe box (Fig. Sa and
b). Cold-season extratropical cyclones have high track den-
sities over the eastern part of northern Europe and over the
Barents Sea (Fig. 5a). There are somewhat fewer tracks over
the Scandinavian Mountains, which is likely caused because
the Scandinavian Mountains can, to some degree, modify
the track of passing extratropical cyclones and even split the
cyclone into two low centres (Gronas, 1997). When com-
paring windstorms and non-windstorms, it is evident that
most windstorms have their cyclone centre at higher latitudes
than non-windstorms (Fig. Sc—f). The difference is more pro-
nounced in the cold season, when windstorms mostly occur
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Figure 3. Monthly distribution of cyclones in northern Europe. Orange lines are medians, boxes show first and third quartiles, and whiskers
have a first value greater than and a last value less than Q1 — 1.5-IQR and Q3 + 1.5-IQR, respectively, where Q1 and Q3 are the first and third
quartiles and IQR the interquartile range Q3-Q1. (a) All extratropical cyclones, (b) windstorms, and (c) non-windstorms.
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Figure 4. Genesis density (number of cyclones per season (i.e. 6 months) per 5° spherical cap ~ 10° km?) of (a, b) all extratropical cyclones,
(¢, d) windstorms, and (e, f) non-windstorms. The magenta box shows the northern Europe box where the tracks in this study are filtered to
occur.
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over the Barents Sea (Fig. 5c), while non-windstorms occur
over the southern parts of northern Europe (Fig. Se).

The majority of extratropical cyclones, regardless of the
cyclone class (windstorm or non-windstorm) or season, prop-
agate towards the east inside the northern Europe box (not
shown). However, each year there is a small portion of extra-
tropical cyclones that propagate towards the west, and this is
slightly more visible in the warm season than in the cold sea-
son. This 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 extra-
tropical cyclones is 3.4 d in the cold season and 3.6d in the
warm season (not shown). Considering windstorms, the me-
dian lifetime is 4 d in both the cold and warm seasons, while
non-windstorms have a longer median lifetime in the warm
season (3.6 d) than in the cold season (3 d, not shown). There-
fore, extratropical cyclones in northern Europe are on aver-
age 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 d; Fig. 6b), indicating that the life-
times are longer than in the cold season (from —9 to 10d;
Fig. 6a).

Figure 6 shows the maximum 10 m wind gusts 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 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 Oh for all extratropical cyclones and non-windstorms and
+3h for windstorms. There is no differences between the
seasons on the median occurrence times. Overall, the oc-
currence time of the wind gusts is practically very close to
the minimum MSLP, and the difference between windstorms
and non-windstorms is small. In the cold season, the max-
imum 10m wind gusts are higher (up to 52ms~') than in
the warm season (up to 38ms~!), 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 mini-
mum MSLP, after that the wind gusts decrease. This happens
especially in windstorms (Fig. 6¢ and d) where a negative tilt
is visible after the time of the minimum MSLP. The nega-
tive tilt is not evident in non-windstorms (Fig. 6e and f), but
non-windstorms by definition do not have strong wind gusts
(there are no wind gust values above 27.2ms™1).
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6 Spatial and temporal evolution of maximum wind
gusts, MSLP, and frontal structure in windstorms

The composites of 10 m wind gust, MSLP and 850 hPa po-
tential temperature are shown in Fig. 7 for the cold season
and in Fig. 8 for the warm season, and these fields allow us
to determine the spatial structure of windstorms in northern
Europe. The offset times are relative to the time of the min-
imum MSLP of each windstorm (defined in Sect. 3.2). We
investigate here the offset times at —48, —24, 0, and +24h
since Fig. 6 shows that these times cover the evolution before
and after the strongest wind gusts and additionally include
enough windstorms to ensure a reasonable number of cy-
clones in each composite; at the time of the minimum MSLP
there are 1129 windstorms in the cold season and 245 wind-
storms in the warm season.

Already 48 h before the minimum MSLP (Figs. 7a and
8a), a closed low-pressure centre is evident in both seasons.
The cold-season composite has a deeper central pressure
(994 hPa) and a stronger pressure gradient than the warm-
season composite (998 hPa). The frontal structure is visi-
ble from the 850 hPa potential temperature composite with a
warm front downstream of the cyclone centre and a cold front
upstream of the cyclone centre. The strongest wind gusts oc-
cur in the warm sector in the region of the strongest pressure
gradient. In addition, the strongest wind gusts are located
within a 6° radius from the cyclone centre, which supports
the choice of selecting the maximum wind gust within 6°.
The strongest composite gusts are 17.2ms~! in the cold sea-
son and 14.2ms~! in the warm season. The region of the
strongest gusts is more widely spread in the cold season than
in the warm season. This indicates that the windstorms in the
cold season are larger in spatial scale than in the warm sea-
son.

At 24 h before the minimum MSLP (Figs. 7b and 8b), the
central pressure decreases, and the pressure and frontal gra-
dients increase compared to the —48 h offset time. The wind
gusts get stronger, while the maximum gust location spreads
extending from the warm sector to the cold front. At the time
of the minimum MSLP (Figs. 7c and 8c), the central pres-
sure in the cold season is 972 hPa and in the warm season
981 hPa, and the pressure gradient is the strongest equator-
ward of the cyclone centre. The warm front starts to wrap
around the cyclone centre, indicating that the windstorm is
reaching its mature stage. The wind gusts are the strongest at
this offset time, and the maximum gust values are 20.5ms™!
in the cold season and 18.6ms™! in the warm season. The
location of the maximum wind gusts occurs in a region ex-
tending from the warm sector to behind the cold front, where
the pressure gradient is the strongest. The maximum wind
gusts are still within a 6° radius from the cyclone centre. At
24 h after the minimum MSLP (Figs. 7d and 8d), the central
pressure has risen and the frontal structure weakened. The
maximum wind gusts have decreased and now occur behind
the cold front.
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All extratropical cyclones, AMJJAS
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Figure 5. Track density (number of cyclones per season (i.e. 6 months) per 5° spherical cap ~ 100 kmz) of (a, b) all extratropical cyclones,
(¢, d) windstorms, and (e, f) non-windstorms. The magenta box shows the northern Europe box where the tracks in this study are filtered to

occur.

To conclude, the location of the maximum wind gusts
moves from the warm sector to behind the cold front fol-
lowing the location of the strongest pressure gradient during
the evolution of the composite windstorm. The wind gusts,
pressure gradient, and potential temperature gradient are all
stronger and the minimum MSLP deeper in the cold season
than in the warm season. In addition, the spatial scale of the
windstorm is larger in the cold season than in the warm sea-
son.

7 Precursors to windstorms

In this section, we use the ensemble sensitivity analysis to
investigate how two response functions, (1) the minimum
MSLP and (2) the maximum 10 m wind gust, are sensitive to
four different precursors at different offset times. The precur-
sors we examine are 850 hPa potential temperature anomaly,

https://doi.org/10.5194/wed-2-1111-2021

TCWYV, 300 hPa wind speed, and 300 hPa PV, and these are
analysed 72, 48, and 24 h before the offset time.

7.1 Sensitivity of the minimum MSLP

The offset time in the minimum MSLP sensitivities is rel-
ative to the time when the minimum MSLP occurs during
the whole lifetime of the windstorm (same as in the compos-
ites in Sect. 6). The 850 hPa potential temperature anomaly
composites (contours in Fig. 9) show similar frontal struc-
tures and seasonal differences as in Figs. 7 and 8, which show
the absolute values. In the cold season, the sensitivity to the
850 hPa potential temperature anomaly has a dipole pattern
with negative sensitivity in the warm sector and positive sen-
sitivity in the cold sector north of the cyclone centre. Nega-
tive sensitivity in the warm sector means that an increase in
the 850 hPa potential temperature anomaly in this location is
associated with a lower minimum MSLP. The strongest neg-
ative sensitivities at —48h (Fig. 9c) show that an increase

Weather Clim. Dynam., 2, 1111-1130, 2021
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Figure 6. Normalized frequency of the 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 (a, ¢, e) and the warm season (b, d, f): (a, b) all extratropical cyclones, (¢, 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 colours are in a logarithmic scale. There are three
data points with x-axis values over 12 d which are cut from the figure.
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Figure 7. The maximum 10 m wind gust (colours; m s~1), mean sea
level pressure (black contours; 5 hPa interval), and 850 hPa potential
temperature (orange contours; 2 °C interval) composites of wind-
storms during the cold season (October—March). The offset times
are relative to the time of the minimum mean sea level pressure:
(a) —48h, (b) —24 (h, ¢) Oh, and (d) 424 h. The number in each
panel is the number of individual windstorms in each composite.
The radius of the plots is 18°, and the 6° radius is marked with
a dashed circle. The arrow shows the propagation direction of the
cyclones.

of 1 standard deviation in the 850 hPa potential tempera-
ture anomaly decreases the minimum MSLP by more than
13 hPa. Likewise, positive sensitivity in the cold sector means
that an increase in the 850 hPa potential temperature anomaly
in this location is associated with a higher minimum MSLP,
which, in other words, means that a decrease in tempera-
ture in the cold sector is associated with a lower minimum
MSLP. The strongest positive sensitivities at —72 h (Fig. 9a)
and —48h (Fig. 9c) show that an increase of 1 standard devi-
ation in the 850 hPa potential temperature anomaly increases
the minimum MSLP by 10 hPa. This implies that a stronger
temperature gradient (i.e. a warmer warm sector and a colder
cold sector) is associated with a deeper minimum MSLP and
hence with a stronger windstorm in terms of MSLP. This
is in agreement with studies that have shown that stronger
baroclinicity and thus temperature gradient lead to a stronger
extratropical cyclone (Tierney et al., 2018; Rantanen et al.,
2019). The dipole pattern is evident in the cold season at all
offset times, with the strongest sensitivities at —48 h. In the
warm season, the dipole pattern is visible at —48 h (Fig. 9d)
and —24 h (Fig. 9f) offset times, and the sensitivity at —48 h
is distinctly higher than at —24 h. The minimum MSLP is
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Figure 8. The maximum 10m wind gust (colours; ms_l), mean
sea level pressure (black contours; 5 hPa interval), and 850 hPa po-
tential temperature (orange contours; 2 °C interval) composites of
windstorms during the warm season (April-September). The offset
times are relative to the time of the minimum mean sea level pres-
sure: (a) —48h, (b) —24h, (¢) Oh, and (d) 424 h. The number in
each panel is the number of individual windstorms in each compos-
ite. The radius of the plots is 18°, and the 6° radius is marked with
a dashed circle. The arrow shows the propagation direction of the
cyclones.

not sensitive to the 850 hPa potential temperature anomaly at
—72h in the warm season (Fig. 9b).

The TCWV composites (contours in Fig. 10) have a sim-
ilar pattern to the 850 hPa temperature anomaly composites,
and the highest amount of moisture is found south of the
cyclone centre in the warm sector. The negative sensitivi-
ties south and downstream of the cyclone centre mean that
more moisture in the warm sector is associated with a deeper
minimum MSLP. The sensitivities are higher in the cold sea-
son than in the warm season and have their largest values at
—48 h offset time in both seasons. The highest sensitivity in
the cold season is at —48 h offset time (Fig. 10c), where an
increase of 1 standard deviation in TCWYV decreases the min-
imum MSLP by 6 hPa. These results can be interpreted in a
way that more moisture leads to more precipitation, and this
leads to more diabatic heating. Furthermore, diabatic heating
can then produce low-level positive PV, and this can further
intensify the windstorm. Our result is consistent with Dacre
et al. (2019), who similarly used ensemble sensitivity anal-
ysis to show that downstream moisture (TCWV) leads to an
increase in total precipitation.
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Figure 9. Sensitivity of the minimum MSLP to the 850 hPa poten-
tial temperature anomaly (colours; hPa) and the composite mean of
the 850 hPa potential temperature anomaly (contours; 2 °C interval)
(a, b) 72h, (¢, d) 48 h, and (e, f) 24 h before the occurrence of the
minimum MSLP. Note that the colour scale here is double that in
the other sensitivity figures. The radius of the plots is 18°, and the
6° radius is marked with a dashed circle.

The 300 hPa wind speed composites (contours in Fig. 11)
show that the cyclone centre at —72 h is located in the centre
of the poleward side of the jet stream, but at —48 and —24 h
the cyclone centre is located at the left exit of the jet stream.
The windstorm only starts strongly deepening at —48 h (not
shown), when it moves into the left exit region (favourable
region for cyclone development), and then 48 h later, at Oh,
the windstorm has its minimum MSLP. In the cold season
at —72h (Fig. 11a) and —48h (Fig. 11c) offset times, the
largest sensitivities are north-east of the cyclone centre. The
strongest negative sensitivities in Fig. 11 mean that when the
300 hPa wind speeds increase by 1 standard deviation, it re-
sults in a decrease in minimum MSLP by 6 hPa. This im-
plies that the minimum MSLP of a windstorm is deeper when
the 300 hPa jet stream is extended north-east of the cyclone
centre. A situation when the 300 hPa wind speed is stronger
north-east of the cyclone centre suggests that the jet stream
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Figure 10. Sensitivity of the minimum MSLP to the TCWV
(colours; hPa) and the composite mean of TCWV (contours;
2kg m—2 interval) (a, b) 72h, (¢, d) 48h, and (e, f) 24 h before
the occurrence of the minimum MSLP. The radius of the plots is
18°, and the 6° radius is marked with a dashed circle.

is tilted and thus more meridional. Furthermore, this implies
that although at —72 h the cyclone centre is not located at the
left exit of the jet, it possibly is in a region of cyclonic cur-
vature vorticity advection. The 300 hPa wind speed at —24 h
(Fig. 11e) has large sensitivities over the whole jet stream,
meaning that the minimum MSLP decreases when the jet
stream is stronger. In the warm season, there is more vari-
ability between the offset times than was observed in the cold
season. The —24 h (Fig. 11f) sensitivity has a similar pattern
to that of the cold season: a stronger jet stream is associ-
ated with a deeper windstorm. While the precursor at —48 h
(Fig. 11d) shows some sensitivity for the north-east-extended
jet stream, at —72 h (Fig. 11b) the field is more noisy and has
no sensitivity. It is good to note that, climatologically, the jet
stream is at a higher altitude in summer than in winter. How-
ever, the 300 hPa wind speed composites in the warm sea-
son do capture the jet streak, and the absolute 300 hPa wind
speeds are not much weaker than in the cold season.

https://doi.org/10.5194/wed-2-1111-2021



T. K. Laurila et al.: Extratropical cyclones and windstorms in northern Europe 1123

-72 h, AMJJAS

-72 h, ONDJFM

(a) <A

-48 h, ONDJFM -48 h, AMJJAS

Figure 11. Sensitivity of the minimum MSLP to the 300 hPa wind
speed (colours; hPa) and the composite mean of 300 hPa wind speed
(contours; 5 ms~! interval) (a, b) 72h, (c, d) 48 h, and (e, f) 24h
before the occurrence of the minimum MSLP. The radius of the
plots is 18°, and the 6° radius is marked with a dashed circle.

The 300hPa PV composites (contours in Fig. 12) show
high PV values (> 2PVU, indicating stratospheric air) that
occur upstream and north of the cyclone centre, denoting an
upper-level trough. This westward tilt between a surface cy-
clone and an upper-level trough is typical in intensifying ex-
tratropical cyclones. An upper-level ridge (low PV values) is
also seen downstream of the cyclone centre, with a PV gradi-
ent between the trough and the ridge, which corresponds to a
tilted tropopause and thus the location of the jet stream. In the
cold season, all offset times show that there is positive sen-
sitivity in the warm sector, meaning that higher 300 hPa PV
in that region is associated with an increase in the minimum
MSLP. Quantitatively, an increase of 1 standard deviation in
the 300 hPa PV is associated with an increase in the mini-
mum MSLP by up to 5hPa. In other words, lower PV in the
warm sector is associated with a deeper windstorm. Lower
PV in the warm sector implies a stronger upper-level ridge
or higher tropopause, and this increases the PV gradient,
i.e. steepens the tropopause. This is in agreement with the
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Figure 12. Sensitivity of the minimum MSLP to the 300 hPa PV
(colours; hPa) and the composite mean of 300 hPa PV (contours;
1PVU interval, 1PVU=1.0 x 107 m? s—! Kkg™!) (a, b) 72h,
(c, d) 48 h, and (e, f) 24 h before the occurrence of the minimum
MSLP. The radius of the plots is 18°, and the 6° radius is marked
with a dashed circle.

300 hPa wind speed (Fig. 11): a steeper tropopause is consis-
tent with a stronger jet stream. In addition to being sensitive
to a stronger upper-level ridge, at —24 h (Fig. 12e) the mini-
mum MSLP is also sensitive to a stronger upper-level trough,
which similarly increases the PV gradient. In the warm sea-
son, the 300 hPa PV sensitivities are rather noisy and weak.
This may imply that warm-season windstorms are less con-
trolled by the upper-level vorticity advection and more by
the low-level thermal advection or diabatic heating (more
discussion on this in Sect. 8). Some sensitivity is visible to
a stronger upper-level ridge at —48h offset (Fig. 12d) and
a stronger upper-level trough at —24 h offset (Fig. 12f), but
mostly the minimum MSLP is not sensitive to the upper-level
PV in warm-season windstorms.
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7.2 Sensitivity of the maximum 10 m wind gust

In the maximum 10 m wind gust sensitivities, the offset time
is relative to the time when the maximum 10 m wind gust oc-
curs when the cyclone centre is inside the northern Europe
box. This means that the composite means are slightly differ-
ent in this section compared to Sect. 7.1. The 850 hPa poten-
tial temperature anomaly composites (contours in Fig. 13)
reveal that the frontal structure evolves within the 72h be-
fore the maximum 10 m wind gust from a broad, large-scale
temperature gradient with the beginnings of a frontal wave
(Fig. 13a and b) to clearer frontal wave patterns (Fig. 13e and
f). The sensitivity of the maximum 10 m wind gust has a sim-
ilar dipole pattern to the sensitivity of the minimum MSLP,
denoting that a stronger temperature gradient is associated
with stronger gusts. This dipole pattern is visible in both sea-
sons and all offset times. The strongest sensitivities are in the
cold season and at —72 and —48h offset times in two re-
gions, in the warm sector and in the cold sector. An increase
of 1 standard deviation in the 850 hPa potential temperature
anomaly in the warm sector increases the maximum wind
gust by 2.4 ms~!. An increase of 1 standard deviation in the
850 hPa potential temperature in the cold sector anomaly de-
creases the maximum wind gust by 2.0ms~!.

The TCWV composites (Fig. 14) are consistent with the
frontal structure, with the highest TCWV values found in the
warm sector. TCW'V sensitivities show that in the cold season
more moisture south of the cyclone centre 72 h (Fig. 14a) and
48 h (Fig. 14c) before the maximum 10 m wind gust occur-
rence is associated with stronger gusts. As discussed above,
moisture may lead to diabatically produced low-level PV that
deepens the minimum MSLP of the windstorm and hence in-
creases the pressure gradient. The stronger pressure gradient
then is associated with stronger wind gusts. The high sensi-
tivities at —72 h are found in a broader area than at —48h,
where they are more concentrated near the cold front. The
strongest sensitivities at —48 h offset (Fig. 14c) indicate that
an increase of 1 standard deviation in TCWYV in the warm
sector increases the maximum wind gust by 1.6ms~!. The
TCWYV sensitivities in the cold season at —24 h offset time
and in the warm season at all offset times are weak, although
the sensitivity patterns are similar.

The 300 hPa wind speed composites (contours in Fig. 15)
show that in the cold season, the cyclone centre is located
at the left exit region of the jet stream. The sensitivities in
the cold season show that when the jet stream is farther
north (and more downstream especially at —48h), the wind
gusts are stronger. An increase of 1 standard deviation in the
300 hPa wind speed north of the cyclone centre is associ-
ated with an increase in the maximum wind gusts by up to
1.6ms~!. This suggests that stronger wind gusts occur in
cold-season windstorms possibly when the jet stream is more
poleward relative to the cyclone centre. The maximum wind
gust is more sensitive to the jet stream at —72h (Fig. 15a)
and —48h (Fig. 15¢) offset times than —24 h (Fig. 15e) off-
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Figure 13. Sensitivity of the maximum 10m wind gust to the
850 hPa potential temperature anomaly (colours; ms~!) and the
composite mean of 850hPa potential temperature anomaly (con-
tours; 2 °C interval) (a, b) 72h, (¢, d) 48 h, and (e, f) 24 h before
the occurrence of the maximum 10 m wind gust in northern Europe.
The radius of the plots is 18°, and the 6° radius is marked with a
dashed circle.

set time. In the warm season, the cyclone centre is located at
the centre of the poleward side of the jet stream. The warm-
season sensitivities have a similar pattern to the cold season,
but they are weaker: an increase of 1 standard deviation in the
300 hPa wind speed in the warm season is associated with an
increase in the maximum wind gusts by up to 1.2ms™!.
Overall, the maximum 10 m wind gusts are weakly sensi-
tive to the 300 hPa PV. In the cold season, —72h (Fig. 16a)
and —48 h (Fig. 16¢) offset times show that a stronger upper-
level ridge (i.e. lower PV values downstream of the cyclone
centre) is associated with slightly stronger gusts. An increase
of 1 standard deviation in the 300 hPa PV is associated with
a decrease in the maximum wind gusts by 1.2ms~!. This
is not visible at —24h or at any offset times in the warm
season. However, in the warm season at —48 h offset time
(Fig. 16d), there is weak sensitivity north and upstream of
the cyclone centre, where an increase of 1 standard devia-
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Figure 14. Sensitivity of the maximum 10m wind gust to the
TCWYV (colours; m s_l) and the composite mean of TCWV (con-
tours; 2kg m~2 interval) (a, b) 72h, (¢, d) 48 h, and (e, f) 24 h be-
fore the occurrence of the maximum 10 m wind gust in northern
Europe. The radius of the plots is 18°, and the 6° radius is marked
with a dashed circle.

tion in the 300 hPa PV (i.e. a stronger upper-level trough) is
associated with an increase in the maximum wind gusts by
0.8ms~!.

8 Discussion and conclusions

This study investigated extratropical cyclones and wind-
storms in northern Europe and their characteristics, spatial
and temporal evolution, and precursors. We tracked all ex-
tratropical cyclones in northern Europe during 1980-2019
and classified them into three classes: (1) all extratropical cy-
clones in northern Europe, (2) windstorms (i.e. extratropical
cyclones which have strong wind gusts in northern Europe),
and (3) non-windstorms (i.e. extratropical cyclones with no
strong wind gusts in northern Europe). We investigated the
cold season (October—March) and the warm season (April—
September) separately to identify seasonal differences. We
created cyclone composites to examine the cyclone evolution
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Figure 15. Sensitivity of the maximum 10m wind gust to the
300 hPa wind speed (colours; ms_l) and the composite mean of
300 hPa wind speed (contours; 5 ms™! interval) (a, b) 72h, (¢, d)
48 h, and (e, f) 24 h before the occurrence of the maximum 10m
wind gust in northern Europe. The radius of the plots is 18°, and
the 6° radius is marked with a dashed circle.

and used an ensemble sensitivity method to analyse precur-
SOrS.

During the 40-year period, there is a large year-to-year
variation in the annual number of extratropical cyclones,
windstorms, and non-windstorms in northern Europe. The
40-year linear trends are not significant at the 95 % level;
however, there is a decreasing trend in all extratropical cy-
clones (—3.7 cyclones per decade) that is significant at the
93 % level. Feser et al. (2015) reviewed the long-term trends
of extratropical cyclone numbers over the North Atlantic and
north-western Europe. They found that in their “Baltic Sea”
region (covering the Baltic Sea; the Baltic states; and the
major parts of Finland, Sweden, and Norway) there is no
consensus on the long-term trends in reanalysis-, model- or,
observation-based studies. Nonetheless, the sign and mag-
nitude of linear trends depend strongly on the chosen time
period and region, and therefore comparing different studies
and results is difficult. In addition, it is important to note that
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Figure 16. Sensitivity of the maximum 10m wind gust to the
300 hPa PV (colours; ms_l) and the composite mean of 300 hPa
PV (contours; 1 PVU interval, 1 PVU=1.0x10"m?s~! Kkg™1)
(a, b) 72h, (c, d) 48 h, and (e, f) 24 h before the occurrence of the
maximum 10m wind gust in northern Europe. The radius of the
plots is 18°, and the 6° radius is marked with a dashed circle.

a low number of windstorms in a specific year or decade does
not mean that there could not be individual, strong wind-
storms. For example, our study shows that there were fewer
windstorms than average between 1995-2005, while dur-
ing this period a few extremely strong and damaging wind-
storms occurred in northern Europe: Storm Anatol in Decem-
ber 1999 (Ulbrich et al., 2001) and Storm Gudrun in January
2005 (Suursaar et al., 2006).

We found the well-known seasonality that windstorms are
more common in winter, and extratropical cyclones in the
warm season are weaker. However, a more unexpected re-
sult was that the overall number of extratropical cyclones
per month in northern Europe does not differ much between
months. This is contradictory to the general claim that there
are less extratropical cyclones in the Northern Hemisphere
during summer than winter (see for example the review by
Ulbrich et al., 2009). However, this seasonal difference is
most pronounced in the core of the North Atlantic storm
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track, while at the end of the storm track, i.e. in northern Eu-
rope, the difference is smaller (Hoskins and Hodges, 2019;
Priestley et al., 2020). If considering the track densities in
northern Europe, Hoskins and Hodges (2019) show mainly
no difference between winter and summer, and Priestley et al.
(2020) show only a small difference. Therefore, our finding
does agree with other extratropical cyclone climatologies,
but the other studies simply highlight more the general sea-
sonality in the core of the storm track, although the season-
ality has regional differences.

We investigated a set of cyclone characteristics to de-
tect possible differences between windstorms and non-
windstorms and between the cold and warm seasons. Wind-
storms tend to originate and occur over the sea areas (in the
Norwegian and Barents seas), while non-windstorms orig-
inate and occur mostly over land in northern Europe. Par-
tially, this is likely related to surface friction since we de-
fine windstorms based on their wind gusts, and winds are
stronger over smooth surfaces, i.e. over sea areas. Moreover,
the highest genesis densities of windstorms are co-located
with the climatological left exit of the jet stream (Laurila
et al., 2021), which is a favourable location for cyclone de-
velopment. Our result also means that windstorms occur at
higher latitudes than non-windstorms. This agrees with our
composites, which showed that windstorms are located on
the poleward side of the jet stream in both seasons. We addi-
tionally found that the maximum wind gusts occur approxi-
mately at the same time as the minimum MSLP regardless of
the cyclone class or season.

The maximum wind gusts in windstorms move from the
warm sector to behind the cold front during the cyclone evo-
Iution following the strongest pressure gradient. This shift
in the maximum gust location during the cyclone evolu-
tion is in agreement with the shift in the maximum 900 hPa
wind speeds of the 200 strongest extratropical cyclones in
an aqua-planet study (Sinclair et al., 2020). In addition, the
spatial patterns of MSLP and 850 hPa potential temperature
in our composites are similar to the spatial patterns found
by Catto et al. (2010) when they created composites of the
100 strongest extratropical cyclones in the Northern Hemi-
sphere. This suggests that northern Europe windstorms have
similar spatial and temporal structures to those found else-
where in the Northern Hemisphere. Our results show that the
wind gusts, pressure gradient, and temperature gradient are
stronger, and the minimum MSLP is deeper in the cold sea-
son than in the warm season. The cold-season windstorms
have their associated wind gusts covering a larger area and
thus are spatially larger than warm-season windstorms. This
is relevant when informing and preparing for likely impacts,
yet it is important to note that our study only includes large-
scale extratropical cyclones, whereas other weather systems
(e.g. thunderstorms) can also cause strong winds and im-
pacts.

Lastly, we investigated precursors to northern Europe
windstorms for the minimum MSLP and the maximum 10 m
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wind gust. The first main conclusion of our precursor re-
sults is that cold-season windstorms have higher sensitivi-
ties and thus are potentially easier to forecast than warm-
season windstorms in terms of both the minimum MSLP
and the maximum wind gusts. Possible reasons for this are
a higher case-to-case variability and more rare occurrence
of warm-season windstorms compared to cold-season wind-
storms. The second main conclusion is that the minimum
MSLP of a windstorm has higher sensitivities than its asso-
ciated maximum wind gust. This is possibly caused by the
different nature of these variables: MSLP is a larger-scale
field, while wind gusts are more localized and turbulent. The
third and last main conclusion is that the best precursor for
northern Europe windstorms is the 850 hPa potential tem-
perature anomaly, i.e. the temperature gradient. This precur-
sor outperformed the TCWV (moisture), the 300 hPa wind
speed (jet stream), and the 300 hPa PV (upper-level trough
and tropopause steepness). This means that the 850 hPa tem-
perature gradient has the strongest impact on the resulting
minimum MSLP and the maximum wind gusts, and thus
the temperature gradient is an important variable to follow
when forecasting windstorms in northern Europe. If we ap-
ply our sensitivity results to climate change, the low-level
temperature gradient is expected to decrease (IPCC, 2013),
which based on our results would indicate weaker wind-
storms in terms of the minimum MSLP and the maximum
wind gusts. However, this is counteracted by the atmospheric
moisture, which is predicted to increase (IPCC, 2013) and
hence would, based on our results from the TCWYV sensitiv-
ities, indicate stronger windstorms.

The 300hPa PV shows sensitivities to the downstream
ridge, which is not found in Dacre and Gray (2013), who
used the ensemble sensitivity analysis to investigate precur-
sors to extratropical cyclones in the west and east North At-
lantic. This difference between our and their results may be
because of the difference in the geographical location: block-
ing is more common over northern Europe and Russia than
over the North Atlantic (Pelly and Hoskins, 2003; Rimbu and
Lohmann, 2011). The 300 hPa PV also gives weak or nonex-
istent sensitivities in the warm season. Petterssen and Sme-
bye (1971) and Deveson et al. (2002) developed a cyclone
development classification based on the upper- and lower-
level forcing mechanisms, and they identified three types of
cyclones. Type A cyclones develop due to lower-level ther-
mal advection in baroclinic regions without a pre-existing
upper-level trough; type B cyclones develop due to upper-
level vorticity advection, where a pre-existing upper-level
trough moves over an area of warm advection; and type C
cyclones are characterized by strong latent heat release with
initiation of strong upper-level forcing and weak low-level
baroclinicity (Petterssen and Smebye, 1971; Deveson et al.,
2002; Plant et al., 2003). Therefore, our result may indicate
that warm-season windstorms in northern Europe are type A
or type C cyclones since they are not dominated by upper-
level forcing. Our finding that the TCWYV gives weak sen-
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sitivities in the warm season was surprising since typically
there is more diabatic heating in the warm season than in the
cold season. However, this may be a result of a low num-
ber of windstorms and a high case-to-case variability in the
warm season. Our results also showed that the sensitivities
are generally higher at —48h than at —24 h. One possible
explanation could be that 24 h is too short of a time for the
atmospheric available potential energy to be converted to ki-
netic energy, an energy conversion known as the Lorenz en-
ergy cycle (Lorenz, 1955).

Our study has certain limitations. There are multiple ways
to classify extratropical cyclones and to define windstorms
(Catto, 2016), and therefore, our results may depend on our
windstorm definition. Due to different extratropical cyclone
and windstorm definitions, direct comparison of our clima-
tology to previous studies is not simple. We also made a
subjective choice about what geographic area to study, and
our results are likely to be sensitive to our choice of the
box over northern Europe. The area we considered included
sea areas, and most windstorms we identified occurred over
sea, making our results less applicable to windstorms over
land areas. Furthermore, our analysis was based solely on
ERAS reanalysis, which may not accurately capture wind
gusts due to the coarse resolution of the reanalysis (~ 31 km)
and also because wind gusts are parameterized, not directly
resolved. Another limitation is that composites (and clima-
tological studies overall) smooth the case-to-case variability,
and therefore there is still need for case studies to investi-
gate different evolution paths in more detail. For example,
Storm Aila occurred in Finland in September 2020 and devel-
oped in the right entrance of the jet stream (Rantanen et al.,
2021), which is contradictory to our result that northern Eu-
rope windstorms occur poleward of the jet stream. On the
other hand, Storm Aila formed in an area of a strong temper-
ature gradient (Rantanen et al., 2021), which agrees with our
results.

Despite the limitations noted above, our composite and
sensitivity results highlight the common features of wind-
storms in northern Europe. This enhances our dynamical un-
derstanding of these potentially damaging weather systems
and furthermore provides valuable guidance in the form of
data-based “conceptual models” to weather forecasters in the
region.
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Figure A1l. The locations of the minimum MSLP of windstorm tracks. The time of the minimum MSLP is the time when the absolute

minimum of MSLP occurs along the cyclone track.

ONDJFM

40°N|

30°Nf S T

40°W

60°W 200W 0°

40°N|

30°N|.

60°W  40°W  20°W 0°

Figure A2. The locations of the maximum 10 m wind gust of windstorm tracks. The time of the maximum 10 m wind gust is the time when
the maximum wind gust occurs while the cyclone centre is within the northern Europe box.
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http://www.nerc-essc.ac.uk/~kih/TRACK/Track.html (last access:
18 November 2021, TRACK, 2021).

Data availability. ERAS reanalysis is available from the Coper-
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ABSTRACT

On 22 September 1982, an intense windstorm caused considerable damage in northern Finland. Local
forecasters noted that this windstorm potentially was related to Hurricane Debby, a category 4 hurricane that
occurred just 5 days earlier. Due to the unique nature of the event and lack of prior research, our aim is to
document the synoptic sequence of events related to this storm using ERA-Interim reanalysis data, best track
data, and output from OpenIFS simulations. During extratropical transition, the outflow from Debby resulted
in a ridge building and an acceleration of the jet. Debby did not reintensify immediately in the midlatitudes
despite the presence of an upper-level trough. Instead, ex-Debby propagated rapidly across the Atlantic as a
diabatic Rossby wave-like feature. Simultaneously, an upper-level trough approached from the northeast and
once ex-Debby moved ahead of this feature near the United Kingdom, rapid reintensification began. All
OpenlFS forecasts diverged from reanalysis after only 2 days indicating intrinsic low predictability and strong
sensitivities. Phasing between Hurricane Debby and the weak trough, and phasing of the upper- and lower-
level potential vorticity anomalies near the United Kingdom was important in the evolution of ex-Debby. In
the only OpenlFS simulation to correctly capture the phasing over the United Kingdom, stronger wind gusts
were simulated over northern Finland than in any other simulation. Turbulent mixing behind the cold front,
and convectively driven downdrafts in the warm sector, enhanced the wind gusts over Finland. To further
improve understanding of this case, we suggest conducting research using an ensemble approach.

1. Introduction experienced. Windstorms in northern Europe and
Finland are primarily caused by extratropical cyclones
that have their genesis regions in the midlatitudes and
develop due to baroclinic instability (Hoskins and
Hodges 2002; Zappa et al. 2013). However, it was argued
back in 1982 that Mauri was caused by the remnants of a
category 4 hurricane, Debby, which had undergone ex-
tratropical transition (ET).
In the North Atlantic, almost half of hurricanes un-
. Denotes content that is immediately available upon publica- dergo ET; a process where a tropical cyclone transforms
tion as open access. into an extratropical cyclone due to entering the mid-
latitude environment (Hart and Evans 2001; Jones et al.
&? Supplemental information related to this paper is available at the  2003; Evans et al. 2017). Tropical cyclones that undergo
Journals Online website: https://doi.org/10.1175/MWR-D-19-0035s1. BT can occasionally lead to severe weather along the
east coast of the United States and Canada (e.g., Palmén
Corresponding author: Terhi K. Laurila, terhi.laurila@fmi.fi 1958; Ma et al. 2003; Galarneau et al. 2013) but there

On 22 September 1982, an intense windstorm affected
northern Finland causing two fatalities and significant
damage to forests destroying three million cubic meters
of timber. The storm, which was given the name Mauri,
is one of the most intense windstorms Finland has
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are also cases that have caused damage in Europe.
For example, Hurricane Iris in 1995 became extra-
tropical and its remnants reached northwest Europe
(Thorncroft and Jones 2000) whereas Hurricane Lili
underwent ET in October 1996 and then passed over
the United Kingdom leading to heavy rain and strong
wind gusts (Browning et al. 1998; Agusti-Panareda
et al. 2005). More recently, in 2017, Hurricane Ophelia
transitioned into an extratropical system and its
hurricane-force winds caused significant damage in
Ireland and the United Kingdom and three fatalities
(Stewart 2018). However, it is rare that transitioned
cyclones result in high-impact events in Fenno-
Scandinavia. Thus, if storm Mauri did originate from
Hurricane Debby it would be a unique storm. Despite
this, and that Mauri is a well-known event in Finland,
no in-depth dynamic study has yet been performed
about Mauri.

During the ET process, the structural characteristics
of the cyclone change. The cyclone transforms from
being a symmetric, warm core cyclone to an asym-
metric, cold core cyclone, and the spatial extent of the
cloud and precipitation increases and fronts become
evident (e.g., Klein et al. 2000; Hart and Evans 2001).
The vertical structure of the potential vorticity (PV)
field associated with the cyclone also undergoes no-
table changes during ET. In general, when the cyclone
is tropical, a positive PV anomaly associated with la-
tent heating is evident in the center of the cyclone (as a
vertical “PV tower”’) (e.g., Hoskins et al. 1985; Jones
et al. 2003). After ET, the PV structure of the cyclone
is typically characterized by an upper-level positive
PV anomaly that is tilted westward with height (e.g.,
Hoskins et al. 1985; Jones et al. 2003). A transitioned
cyclone can then directly interact with an upper-level
trough and reintensify (Evans et al. 2017). The upper-
level PV anomaly of a preexisting trough might lead to
a strong reintensification of the transitioned cyclone,
however the phasing between these two systems is
critical in determining whether or not reintensification
will occur (Ritchie and Elsberry 2007). Scheck et al.
(2011) developed the concept of bifurcation points to
highlight that a track bifurcation can occur when a
small change in one aspect of the flow (e.g., the mid-
latitude trough) can result in significant changes to the
subsequent circulation. In an idealized modeling
study, Riemer and Jones (2014) identified a bi-
furcation (stagnation) point at the base of the mid-
latitude upstream trough that governs the bifurcation
of cyclone tracks into a regime where ET occurs and
another when no ET occurs.

A tropical cyclone can also affect midlatitudes by di-
rectly modulating the downstream flow [see section 2a
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of Keller et al. (2019) for an overview]. This typically
manifests as ridge building poleward and downstream
of the transitioning tropical cyclone, downstream trough
amplification, and jet streak modifications. These fea-
tures have all been identified in idealized experiments
(Riemer et al. 2008) and in a climatological study by
Archambault et al. (2013) where time-lagged compos-
ites of the midlatitude flow were created. A case study
of Hurricane Irene by Agusti-Panareda et al. (2004)
highlighted that diabatically produced low-PV air at
upper levels can be advected by the divergent outflow
of a tropical cyclone leading to both ridge amplification
and, by the subsequent steepening of the tropopause,
an acceleration of the upper-level jet downstream.
Similar results were also obtained more recently by
Grams et al. (2013) for Typhoon Jangmi in which dia-
batic PV reduction at upper levels and the advection of
low-PV air toward a jet streak by the tropical cyclone
outflow resulted in weak ridge building. Furthermore,
the impact of the transition of an extratropical cy-
clone on the midlatitude flow can also be transmitted
farther downstream by modifying Rossby wave packets
and leading to the development of new cyclones and an-
ticyclones downstream (Riemer et al. 2008; Archambault
et al. 2013). As an example, Supertyphoon Nuri (2014)
amplified the downstream ridge—trough couplet that
then resulted in a new cyclone developing farther
downstream, amplifying the upper-level wave pattern
even more and resulting in a heat wave and a cold air
outbreak far downstream from the transitioned ex-Nuri
(Keller et al. 2019).

In addition to direct interaction and downstream
development, a less common way for a transitioned cy-
clone to regenerate and travel in the midlatitudes is as a
diabatic Rossby wave (DRW). A DRW is a positive low-
level PV anomaly embedded in a baroclinic and moist
environment. Downstream of the vortex center, where
poleward winds are present, isentropic ascent is in-
duced, which leads to condensation and diabatic heating
(e.g., Parker and Thorpe 1995; Moore and Montgomery
2004, 2005). Beneath the localized diabatic heating,
there is a positive PV tendency, which generates positive
PV downstream of the original position of the DRW.
Thus, the DRW can maintain itself by this constant di-
abatic PV generation (Moore and Montgomery 2004).
If a rapidly propagating DRW interacts with an upper-
level trough it can result in an explosive intensification
of the cyclone (Boettcher and Wernli 2013). Boettcher
and Wernli (2013) developed an algorithm to objectively
identify DRWs which states that a DRW must have
the following characteristics: a closed sea level pressure
contour, a positive low-level PV anomaly, substan-
tial low-level baroclinicity, fast propagation, sufficient
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moisture, and very weak upper-level forcing. An ex-
ample case in which a DRW played an essential role
was storm Lothar in 1999 where a positive low-level
PV anomaly moved rapidly across the North Atlantic
and intensified to become a damaging windstorm over
Europe (Wernli et al. 2002).

In meteorological case studies, the evaluation of the
synoptic-scale weather patterns is generally analyzed
by using reanalysis datasets (e.g., Schenkel and Hart
2012; Hewson and Neu 2015). However, the relatively
coarse resolution of most reanalysis datasets can
result in small-scale cyclones, such as mesocyclones
or polar lows, being completely absent or resolved
but with intensities that are much weaker than ob-
served (e.g., Uotila et al. 2009; Laffineur et al. 2014;
Pezza et al. 2016). In addition, too low spatial reso-
lution decreases the maximum wind speed and in-
tensity of windstorms whereas too low temporal
resolution may shift the location of the windstorm
maximum impacts (Gregow 2013; Jokinen et al.
2014). Thus, in this study a reanalysis dataset is used
only for examining the general synoptic-scale evo-
lution whereas higher-resolution numerical simula-
tions are employed to investigate the mesoscale
features of storm Mauri.

The aims of this study are to 1) conduct a detailed
analysis of the synoptic and dynamic evolution of
Debby and Mauri, and 2) identify the reasons for the
damaging winds over Finland on 22 September 1982.
The data, model, and additional datasets used in this
study are presented in section 2 and the analysis
methods applied are described in section 3. Section 4
introduces the case with a brief synoptic overview
based on ERA-Interim reanalysis and more in-depth
analysis based on OpenlIFS model simulations is pre-
sented in section 5. The conclusions are given in
section 6.

2. Data, model simulations, and additional datasets
a. ERA-Interim reanalysis data

To give a general overview of this historic weather
event, we use ERA-Interim reanalysis data from the
European Centre for Medium-Range Weather Fore-
casts (ECMWF). ERA-Interim covers the years from
1979 onward, has a spatial resolution of approximately
80km (T255 in spectral space) and there are 60 non-
uniformly spaced levels with the model top at 0.1 hPa
(Dee et al. 2011). The temporal resolution of the
analysis fields is six hours. ERA-Interim uses a four-
dimensional variational (4D-Var) data assimilation
system. The limited spatial and temporal resolution
of the analysis (6h) and forecast (3h) fields from
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ERA-Interim means that ERA-Interim alone cannot
be used to fully understand the dynamic evolution of
this weather event. Hence, numerical simulations
of this case study are also performed with the OpenlFS
model.

b. OpenlFS

ECMWF maintains and develops the Integrated
Forecast System (IFS), which includes a data assimilation
system, forecast systems for the atmosphere and ocean, as
well as a wave and sea ice model. The IFS is a global,
hydrostatic spectral model that uses semi-implicit semi-
Lagrangian time stepping that enables long time steps
while remaining numerically stable (Staniforth and Coté
1991; Ritchie et al. 1995; Temperton et al. 2001; Hortal
2002). Parameterizations for radiation, microphysics,
turbulence, convection, gravity wave drag, and surface
fluxes are included. The full IFS documentation is avail-
able online (ECMWEF 2019). The IFS is used operationally
to produce weather forecasts as well as extended-range
and seasonal predictions. In addition, the IFS is also the
forecast system used to produce the ERA-Interim re-
analysis (Dee et al. 2011).

OpenlFS is a version of the IFS that is available to
academic and research institutions free of charge but
under license for use in research and teaching (Szépszé
and Carver 2018; Szépsz6 et al. 2019). OpenIFS has
exactly the same dynamics and physical parameteriza-
tions as the atmospheric model of the full version of the
IFS and also includes the same wave model. However,
OpenlIFS does not contain the data assimilation system,
sea ice model nor ocean model. OpenlFS version
Cy40rlvl is used in this study to perform numerical
simulations of Hurricane Debby and its evolution into
extratropical storm Mauri. The equivalent version of the
IFS was operational between November 2013 and May
2015. All simulations included here are global simula-
tions initialized from ERA-Interim reanalysis data and
are run with a horizontal spatial resolution of approxi-
mately 16km (T1279 in spectral space) and with 137
vertical levels. Coarser-resolution simulations, when
compared to ERA-Interim reanalysis data, were found
to not correctly capture the complete evolution of Hur-
ricane Debby/extratropical storm Mauri (not shown).
The simulations were run with a 10-min time step and
model fields were output every hour.

c. 10-m wind speed and gust parameterization

The OpenlFS simulations are used to assess the
physical mechanisms that resulted in the strong winds
over northern Finland. Therefore, a brief overview of
how the full IFS and thus OpenlFS parameterizes the
10-m wind speed and the 10-m wind gust is given here.
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A full description is available in the IFS documentation
(ECMWEF 2015).

The method used to compute the 10-m wind in the
operational IFS and thus OpenlFS is designed so that
the resulting wind speeds are as comparable as possible
to 10-m wind speeds measured at SYNOP stations. Of-
ficial SYNOP stations are located in open terrain and
are well exposed to the wind. Therefore, standard
SYNOP observations of 10-m wind are not necessarily
representative of a larger area, for example, the area of a
grid box in a model. A model grid box is likely to be
inhomogeneous and include rougher elements, for ex-
ample forest, which results in a higher aerodynamics
roughness value than for open homogeneous terrain. To
account for this, an exposure correction is applied online
during the model run (i.e., it is part of the OpenlIFS
model code) to grid boxes where the roughness length
exceeds 0.03m. This uses wind values at a level (40m
above ground level) that are not strongly affected by the
surface and interpolates these to 10m using an aero-
dynamic roughness length, which is representative of
open terrain with grassland and thus comparable to the
terrain at SYNOP stations. Therefore, it should be noted
that 10-m wind speeds output from OpenIFS may be
higher than reality at some locations but that overall
they should compare well with observations.

Wind gusts are also computed by the OpenlFS code
and the method employed is designed to ensure the
model output is directly comparable to how wind gusts
are observed following the World Meteorological
Organization’s recommendations. In OpenlIFS, the wind
gust (Fgus) is calculated as:

Fgust = FIO + Cugnl/t>:< + Cconvmax(o’ U850 B U950) (1)
where Fj is the 10-m wind speed calculated as described
above, Cyg, is an empirically derived parameter and
has a value of 7.71, usx is the friction velocity, Ceony is the
convective mixing parameter and has a value of 0.6, and
Ussp and Uysg are the wind speeds at 850 and 950 hPa,
respectively (ECMWF 2015). The second term on the
right-hand side represents turbulent driven wind gusts
and thus includes the effects of surface friction (through
surface roughness) and boundary layer stability. The
third term represents wind gusts generated by the
downward transport of higher momentum air that can
occur in convective situations (Bechtold and Bidlot
2009), which may be organized downdrafts in a sheared
environment or evaporatively driven downdrafts. This
convective term only becomes active during time steps
and at grid points where the horizontal wind speed in-
creases with height and where the convection scheme is
active. In practice, this term contributes to forecast wind
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gusts in frontal systems and in organized mesoscale
convective systems.

The wind gust (Fg,y) is computed every time step
during the simulation and its maximum value since the
last postprocessing is written to the output files. Here we
output model variables every hour so the wind gusts we
obtain are the maximum gust to have occurred in the
previous hour. We do not directly output the turbulent
or convective wind gust terms [second and third terms
on the right-hand side of Eq. (1)]. Instead, these two
terms are approximated offline from the hourly out-
puts of the instantaneous eastward and northward
turbulent surface stress components and wind speeds
at 850 and 950 hPa. Since the third term is active only
during deep convection, we include only grid points
where convective precipitation exceeds 1 mm per hour
for this term.

d. Observations and additional datasets

IBTrACS (the International Best Track Archive for
Climate Stewardship) best track dataset (Knapp et al.
2010) is used to identify the location of Hurricane
Debby during the tropical phase and extratropical
transition. The data includes longitude and latitude co-
ordinates of the cyclone, the minimum sea level pressure
and the 1-min averaged sustained surface wind speeds.

We also investigated SYNOP observations from
Finnish Meteorological Institute (FMI) from the time
the storm was over Finland (22 September 1982). We
obtained 10-m wind speed observations in total from 130
automated and manual weather stations. In 1982, when
storm Mauri occurred, wind speed observations were
made as 10-min average SYNOP observations every 3h
or every 6 h. Therefore, taking into account the temporal
(and spatial) resolution, the highest wind speeds asso-
ciated with storm Mauri are likely to be missing from
FMTI’s observational dataset. No wind gust observations
were made at that time.

Additionally, we obtained several thermal infrared
satellite images from the Advanced Very High Resolu-
tion Radiometer (AVHRR) from the NERC Satellite
Receiving Station, Dundee University, Scotland.

3. Analysis methods
a. Cyclone space phase diagram

Hart (2003) developed an objective methodology that
can be used to visually detect the evolution of the ET
process through a phase diagram. A phase diagram has
—V% values on the x axis and B values on the y axis,
which represent the thermal wind and storm symme-
try, respectively. ET onset is defined to occur when the
storm symmetry parameter B becomes greater than
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10 m denoting that the cyclone changes from symmetric
to asymmetric. Tropical cyclones are warm cored and
thus, the geostrophic wind decreases with height (neg-
ative thermal wind) whereas extratropical cyclones are
cold cored and the geostrophic wind increases with
height (positive thermal wind). Therefore, ET comple-
tion is defined to occur when —V% becomes negative
denoting that the cyclone changes to cold cored.

b. Quasigeostrophic omega equation

The quasigeostrophic omega equation is a diagnostic
equation which can be solved for the vertical velocity.
The traditional form of the omega equation partitions
the forcing for vertical motion into a thermal advection
term and a differential vorticity advection term (Holton
and Hakim 2013), which due to the linearity of the
equation can be solved separately. Warm-air advection
and vorticity advection increasing with height are forc-
ings for ascent, whereas cold-air advection and vorticity
advection decreasing with height are forcings for
descent.

Here we solve the following version of the omega
equation that is formulated in pressure coordinates:

2
o, (p) V2w + fng‘;’ _ f%[V e SVZ(V VT),
@)

where oy is the hydrostatic static stability, taken here to
be the average on each pressure surface, p is pressure,
w is the vertical velocity in pressure coordinates (units
Pas™ '), fis the Coriolis parameter, V is the horizontal
wind vector, { is the relative vorticity and 7 is temper-
ature. In this formulation the full winds and relative
vorticity are used, rather than the geostrophic values
typically applied in the traditional formulation as this
increases the agreement between the diagnosed omega
and the model output omega. The vertical motion di-
agnosed with Eq. (2) was compared to the model output
omega values (Fig. S1 in the online supplemental ma-
terial) and in general a good agreement was found
particularly on synoptic scales. Furthermore, in this
version of the omega equation the contribution of fric-
tion and diabatic heating have been neglected.
OpenlFS model output on evenly spaced pressure
surfaces every 50hPa at the native model resolution
(T1279) is used as input to Eq. (2). The terms on the
right-hand side are first calculated in grid-point space
and then the equation is solved in spectral space. Due
to the high resolution, the resultant omega fields are
rather noisy when calculated at T1279 resolution.
Therefore, a smoothing is applied when solving the
omega equation such that the Fourier coefficient
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associated with wavenumbers larger than T255 are
set to zero. This effectively smooths the output from
the omega equation to T255 resolution, approximately
80 km.

Sutcliffe’s development theorem (Sutcliffe 1947) links
vertical motions to surface development via the quasi-
geostrophic vorticity equation:

afg Jw
= Ve VAN i 3)

ot

Assuming the standard boundary condition that w = 0 at
the surface, Eq. (3) shows that if there is ascent in the
low-to-mid troposphere, dw/dp > 0, and thus this will
cause an increase in low-level relative vorticity. Ascent
therefore leads to the intensification of a surface cy-
clone, and therefore when vertical motions due to dif-
ferent forcings are diagnosed from the omega equation,
we can subsequently infer how the surface cyclone will
develop.

4. Synoptic overview

In this section, we provide a brief synoptic overview of
Debby and other relevant synoptic-scale features in the
North Atlantic based on ERA-Interim reanalysis. An
animation of the 850-hPa relative vorticity with 6-hourly
time steps is included in the supplemental material to
show that a coherent low-level positive vorticity anom-
aly can be tracked from Hurricane Debby across the
Atlantic and finally to northern Finland. Four distinct
stages of the evolution of the hurricane and the extra-
tropical windstorm are considered here: 1) Hurricane
Debby, 2) extratropical transition, 3) reintensification
over the United Kingdom, and 4) storm Mauri in
northern Finland.

a. Hurricane Debby

Debby was a category 4 hurricane, with maximum
sustained winds of 58 ms~ !, that formed from a trop-
ical depression north of the Dominican Republic on
13 September 1982 (Clark 1983). It developed into a
tropical storm at 1200 UTC 14 September and was
upgraded to a hurricane 12h later at 0000 UTC
15 September while moving north from the Bahamas
(Clark 1983). Between 15 and 17 September, Debby
took a more northeastward course both in the IBTrACS
best track data and minimum central pressure track
of ERA-Interim, which we produced manually by fol-
lowing the minimum mean sea level pressure center
associated with Debby (Fig. 1a). The hurricane deep-
ened rapidly, which was captured only in IBTTACS
(Fig. 1b); reanalysis datasets, like ERA-Interim, are
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F1G. 1. (a) IBTrACS best track for Hurricane Debby (black) and ERA-Interim manual
minimum sea level pressure track (orange). Dots are plotted every 6 h and the labeled numbers
are days of September 1982 at 0000 UTC. The inset figure shows maximum 10-m wind gusts
between 21 and 24 Sep 1982 from ER A-Interim (colors, ms~'). Borders of Finland are colored
red. (b) Time series of minimum mean sea level pressure for Hurricane Debby from IBTrACS
best track (black) and ERA-Interim (orange).

known to often underestimate hurricane intensity At 1200 UTC 16 September, Debby was located at
(Schenkel and Hart 2012; Hodges et al. 2017). The phase ~ 32°N, 65°W and the symmetrical vortex of the hurricane
diagram, created based on ERA-Interim data, shows was visible in the 850-hPa relative vorticity and mean sea
that Debby had a warm core (—V% > 0) and symmetric  level pressure (MSLP) fields (Fig. 3a). At that time,
structure (B < 10m) as typical for a tropical system there was a small, additional 850-hPa relative vortic-
(Fig. 2). ity maximum evident at 47°N, 73°W that was in the
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FIG. 2. Phase diagram of Hurricane Debby based on ERA-Interim. Dots are plotted every
6 h and the labeled numbers above the dots are days of September 1982 at 0000 UTC (starting
with letter “A” at 1200 UTC 14 Sep and ending with letter ““Z”” at 1800 UTC 23 Sep). The dot
colors indicate mean sea level pressure of the cyclone.

left-hand exit region of a jet streak, an ideal location for
further development. Debby potentially enhanced the
development of this feature by advecting warm and
moist air poleward, although the favorable location
relative to the jet streak likely contributed to the cy-
clone development. The jet streak over North America
reached wind speeds of 50ms ™' at 300 hPa and another
jet streak with wind speeds exceeding 60ms~' at
300 hPa extended from the central North Atlantic to
northern Europe. Twelve hours later, at 0000 UTC
17 September, Debby moved northward and a surface
low (hereinafter referred to as “ETC1”’) became evi-
dent north of Debby at 50°N, 72°W (Fig. 3b). ETC1
traveled east and at 1200 UTC 17 September it had
reached Newfoundland (Fig. 3c).

b. Extratropical transition

Based on the phase diagram, ET onset occurred at
1800 UTC 17 September as Debby became asymmetric
i.e., the B value exceeded 10 m (Fig. 2). Debby reached a
minimum surface pressure of 950hPa at 0000 UTC
18 September (Fig. 1b) while located at 37°N, 62°W
(Figs. 1a and 3d). The 850-hPa relative vorticity maxi-
mum related to ETC1 had increased and spatially ex-
tended, while another closed low center formed between
Greenland and Iceland at 65°N, 35°W with a minimum
MSLP of 1000 hPa (hereinafter referred to as “ETC2”).
At 1200 UTC 18 September, Debby still had a rather
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symmetrical vortex noted from the 850-hPa relative
vorticity and MSLP patterns (Fig. 4a). ETCI traveled
east over the Atlantic while ETC2 remained stationary.
There was a jet streak that had wind speeds exceed-
ing 60ms~' at 300 hPa over northern Europe and a
weaker jet of 40ms ™! at 300 hPa over the northeastern
Atlantic.

Debby moved slowly toward the north and east, and
by 0000 UTC 19 September it had reached Newfound-
land (Figs. 1a and 4b). At 0600 UTC 19 September, the
phase diagram shows Debby becoming cold cored
(= VL turning negative) indicating the ET completion
and a transformation of Hurricane Debby to an extra-
tropical cyclone, now referred to as “‘ex-Debby”” (Fig. 2).
The shape of MSLP and 850-hPa relative vorticity near
the center of the storm started to spread zonally
(Figs. 4c,d). ETC2 moved east toward Iceland and at
1200 UTC 19 September it had intensified with the
minimum MSLP of 996 hPa while ETC1, also deepening
to a minimum of 998hPa, rapidly traveled eastward
across the Atlantic (Fig. 4c). ETC1 was located at the
left exit of the intensifying jet, now exceeding 60ms '
at 300 hPa.

At 1200 UTC 19 September, ex-Debby came under
the influence of the midlatitude westerlies and moved
rapidly across the Atlantic; between 1200 UTC
19 September (Fig. 4c) and 0000 UTC 21 September
(Fig. 4f) ex-Debby traveled almost 2700km in 36h.
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FIG. 3. 850-hPa relative vorticity (colors,s™ '), 300-hPa wind speed (red contours at 40, 50, and 60 ms~'), and
mean sea level pressure (black contours at 4-hPa interval) from ERA-Interim at (a) 1200 UTC 16 Sep,

(b) 0000 UTC 17 Sep, (c) 1200 UTC 17 Sep, and (d) 0000 UTC 18 Sep.

By 1200 UTC 20 September, when located at 50°N,
25°W (Fig. 4e), ex-Debby had a much larger zonal than
meridional extent, values of 850-hPa relative vorticity
reaching 3 X 10~ *s ™! and a minimum MSLP of 994 hPa.
Farther east and north of ex-Debby, between Iceland
and the United Kingdom, ETC1 merged with ETC2,
leading to the development of a large intense low pres-
sure system with 984-hPa minimum pressure.

¢. Reintensification over the United Kingdom

At 0000 UTC 21 September, the 850-hPa positive
vorticity anomaly associated with ex-Debby had a co-
herent structure (Fig. 4f) but 12h later, the vorticity
anomaly magnitude had decreased (Fig. 5a). Between
those 12h, 0000-1200 UTC 21 September, ex-Debby
traveled from southwestern Ireland (50°N, 10°W,
Fig. 4f) across the southern United Kingdom to the
North Sea (55°N, 5°E, Fig. 5a). The MSLP pattern
resembled a frontal trough rather than a closed low
(Figs. 4f and 5a), which is also detected in the satel-
lite image valid at 0422 UTC 21 September (Fig. 6);
there was a frontal wave visible over the central
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United Kingdom alongside the cold front of the mature
extratropical cyclone.

To the north of ex-Debby, the large low pressure
system (merged ETC1 and ETC2) continued to intensify
over the Norwegian Sea reaching a minimum MSLP
of 968hPa (Fig. 5a). The 850-hPa relative vorticity
indicated a strong bent-back warm front to the north and
east of the low pressure center and a cold front to the
south. Such a frontal structure resembles the T-bone
structure of the Shapiro—Keyser cyclone model (Shapiro
and Keyser 1990). The occurrence of the mature extra-
tropical cyclone is confirmed from the satellite image
(Fig. 6) with a pronounced hook cloud and dry intrusion
wrapping around the center of the cyclone.

At 1200 UTC 21 September, ex-Debby was situated
beneath the right-hand side of jet entrance region, which
likewise the left-hand side exit region is a favorable area
for further cyclone development (Fig. 5a). At that time,
the asymmetric and cold core structure of ex-Debby
started to change as the high B values began to decrease
and highly negative —Vk values began to increase to-
ward zero (Fig. 2). The surface pressure of ex-Debby
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FIG. 4. 850-hPa relative vorticity (colors,s™!), 300-hPa wind speed (red contours at 40, 50, and 60 ms ™), and
mean sea level pressure (black contours at 4-hPa interval) from ERA-Interim at (a) 1200 UTC 18 Sep, (b) 0000 UTC
19 Sep, (c) 1200 UTC 19 Sep, (d) 0000 UTC 20 Sep, (e) 1200 UTC 20 Sep, and (f) 0000 UTC 21 Sep.

started to rapidly deepen (Fig. 1b) and 12h later, at
0000 UTC 22 September, the 850-hPa positive vorticity
anomaly of ex-Debby had reintensified (Fig. 5b).

d. Storm Mauri in northern Finland

At 0000 UTC 22 September, there were two closed
low pressure centers evident and three separate lo-
calized 850-hPa relative vorticity maxima (Fig. 5Sb).
The relative vorticity maximum associated with ex-
Debby was in southern Sweden at 61°N, 15°E and did
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not have a closed low pressure contour. The second
relative vorticity maximum was located over the
Norwegian Sea, related to the occlusion, and had a
972 hPa minimum pressure. The third relative vorticity
maximum was north of 70°N, had a minimum MSLP of
976 hPa, and was related to the warm front extending
toward the east in the Barents Sea. Twelve hours later
at 1200 UTC, the low pressure center and vorticity
maximum associated with ex-Debby had strengthened
and moved northward (Fig. 5c). Two other vorticity
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FIG. 5. 850-hPa relative vorticity (colors,s™!), 300-hPa wind speed (red contours at 40, 50, and 60 ms™ 1), and
mean sea level pressure (black contours at 4-hPa interval) from ERA-Interim at (a) 1200 UTC 21 Sep,
(b) 0000 UTC 22 Sep, (c) 1200 UTC 22 Sep, and (d) 0000 UTC 23 Sep.

centers, one in the Norwegian Sea and one in the
Barents Sea, remained at this time but only the Barents
Sea vorticity maximum was associated with a closed
pressure contour (Fig. 5c). The low related to the re-
mains of the warm front had moved farther north. The
low center associated with ex-Debby, now located in
northern Sweden at 68°N, 21°E, was clearly the more
intense of the two with minimum pressure of 965 hPa.
The region of 850-hPa relative vorticity maximum was
widely spread and exceeded 3 X 10~ *s™'. This strong
low center moved over northern Finland and was
named storm Mauri. The maximum 10-m wind gusts
attained in ERA-Interim during storm Mauri were up
to 26ms~ ! and there was a large area over Finland
where the gusts exceeded 20ms ™! (enlarged box in
Fig. 1a). The phase diagram shows that ex-Debby/storm
Mauri became warm cored at 1800 UTC 22 September
and regained symmetric structure at 0000 UTC
23 September (Fig. 2). This change in the structure was
due to the warm air seclusion, a feature typically ob-
served in fully developed T-bone structure cyclones,
which trapped the warm air in the center of the cy-
clone. The occluded phase of storm Mauri is evident in
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Figs. 5c and 5d and in the animation included in the
supplemental material.

5. Meso- and synoptic-scale dynamic evolution
a. Overview and verification of OpenlFS simulations

We used OpenlFS to simulate the meso- and synoptic-
scale dynamic evolution of ex-Debby and storm Mauri.
Three simulations with different initialization dates were
conducted. The first simulation was initialized at
0000 UTC 17 September and produces a cyclone track of
Hurricane Debby that is in reasonable agreement with
ERA-Interim for the first two days (Fig. 7). During those
48h OpenlFS simulated Debby, still as a hurricane, to
move northeast roughly parallel to the east coast of
North America. After two days of simulation, errors
develop in the OpenlFS forecast initialized on 17 September
and ex-Debby is simulated to track farther south than
in ERA-Interim. During 19 and 20 September, the
minimum MSLP simulated is 3-15hPa higher than in
ERA-Interim. Therefore, the forecast from 17 September
is only used to investigate how Debby modified the
midlatitude flow in section 5b.
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FIG. 6. Thermal infrared satellite image obtained from the
Advanced Very High Resolution Radiometer (AVHRR) at
0422 UTC 21 Sep 1982. Copyright NERC Satellite Receiving
Station, Dundee University, Scotland.

The second simulation was initialized at 0000 UTC
19 September; the track of ex-Debby in this OpenIFS
forecast compares well against ERA-Interim for two days
(19 and 20 September) during which time the cyclone
traveled from Newfoundland across the Atlantic to the
south of Ireland (Fig. 7). However, on 21 September
when ex-Debby traveled over the south of the United
Kingdom and reintensified, large differences appear be-
tween the OpenlFS forecast and ERA-Interim. The
OpenlFS simulated track of ex-Debby is farther south
than in ERA-Interim and the simulated minimum MSLP
increases during 21 September demonstrating that the
OpenlFS forecast initialized on 19 September cannot
correctly capture the reintensification that took place
over the United Kingdom. Hence, the forecast from
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19 September is only used to analyze the large-scale flow
and dynamical evolution and structure of ex-Debby as it
traveled across the Atlantic in section Sc.

The third simulation was initialized at 0000 UTC
21 September. Both the simulated track location and in-
tensity agree well with ERA-Interim during 21 and
22 September (Fig. 7). Therefore, the forecast from
21 September is used to investigate the reintensification
of ex-Debby over the United Kingdom (section 5d) and
the high winds over Finland (section 5e). Since in the
OpenlFS forecast initialized on 19 September ex-Debby
decayed and did not reintensify over the United Kingdom,
we compared that to the forecast initialized on
21 September to attempt to identify the reasons for the
redevelopment. In addition, as there was no ex-Debby
over northern Finland in the forecast initialized on
19 September, we qualitatively estimate the role that ex-
Debby played in leading to the strong winds and to the
occurrence of storm Mauri by comparing the winds sim-
ulated in the forecast initialized on 19 September to those
in the forecast initialized on 21 September (section 5f).

b. Did Debby modulate the downstream
upper-level flow?

Debby did not begin the process of ET until 1800 UTC
17 September but had already started to impact the
evolution of the midlatitude flow before this time. As
noted in section 4a, Debby may have affected the mid-
latitude flow on 16 September by enhancing the devel-
opment of ETC1. Later on Debby started to directly
impact the midlatitude flow. At 0600 UTC 18 Septem-
ber, 12 h after the transition process began, Debby was
located at 41°N, 60°W (Figs. 7a and 8a). The upper-level
waveguide, indicated by the 2 potential vorticity unit
(2PVU) contour (1 PVU = 1.0 X 10 ®*m?s 'Kkg ') in
Fig. 8a, was already somewhat amplified at this time. A
trough, visible in the 200-hPa PV, was located upstream
of Debby, a pronounced ridge was present to the north
and downstream of Debby and ETC1 was at 51°N, 50°W
collocated with a 200-hPa jet streak that had a maximum
speed of 69ms~' (Fig. 8a). In addition, at 0600 UTC
18 September strong divergent (irrotational) winds at
200 hPa were associated with Debby. Directly above and
slightly west of Debby’s center, upper-level divergent
winds, which were likely a result of the outflow from
Hurricane Debby, were directed toward the west that
may have impeded the eastward progression of the up-
stream trough. Strong divergent winds were also present
to the north of Debby, over Newfoundland, and were
almost perpendicular to the PV gradient at 200 hPa. The
divergent winds were directed from a region of low-PV
air at 200 hPa, which most likely arose due to diabatic
heating in the low-to-mid troposphere, to an area of high
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FIG. 7. (a) Manual 850-hPa maximum vorticity tracks from ERA-Interim (black) and
OpenlFS simulations initialized on 17 Sep (orange), 19 Sep (green), and 21 Sep (blue). Dots are
plotted every 6 h for ERA-Interim and every hour for the OpenlFS forecasts. The labeled
numbers above the enlarged dots are days of September 1982 at 0000 UTC, in addition
1200 UTC 21 Sep is labeled. Borders of Finland are colored red. (b) Time series of minimum
mean sea level pressure for ERA-Interim (black) and OpenlFS simulations initialized on 17

Sep (orange), 19 Sep (green), and 21 Sep (blue).

PV. Therefore, the upper-level divergent winds resulted
in negative PV advection at upper levels.

At 1800 UTC 18 September, strong 200-hPa divergent
winds remained collocated with the PV gradient, and
the upper-level ridge to the north of Debby had
amplified slightly (Fig. 8b). Furthermore, at 1800 UTC
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18 September the jet streak had strengthened slightly
and now had a maximum speed of 76ms~'. The jet
likely accelerated due to the influx of low-PV air on the
equatorward side of the jet, which would act to steepen
the tropopause and consequently accelerate the jet
stream. This sequence of events, namely weak ridge
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06 UTC 18 Sep 1982

FIiG. 8. OpenlIFS simulation initialized on 17 Sep valid at
(a) 0600 UTC 18 Sep, and (b) 1800 UTC 18 Sep. 200-hPa potential
vorticity (colors, 2 PVU contour also in dark blue), 200-hPa di-
vergent wind (vectors), 200-hPa wind speed (orange contours
starting at 40ms~' with 10ms™' interval), and mean sea level
pressure (black contours at 4-hPa interval).

building and jet streak acceleration, is similar to that
observed during the transition of Typhoon Jangmi in
2008 (Grams et al. 2013). It is notable that the minimum
MSLP of Debby did not decrease between 0600 and
1800 UTC 18 September despite the presence of an
upper-level trough immediately to the west. Previous
studies (e.g., Riboldi et al. 2019) have shown that re-
intensification of tropical cyclones can be very sensitive
to the exact location and propagation speed of the
trough axis. Thus, a small shift in the position of Debby,
or the upper-level trough, could have easily resulted in a
very different evolution of ex-Debby.

c. Why was ex-Debby able to travel across the
North Atlantic?

Ex-Debby moved rapidly across the North Atlantic
between 19 and 21 September 1982 in ERA-Interim and
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in the OpenlFS forecast initialized on 19 September
(Fig. 7a) but did not intensify during this time (Fig. 7b).
At 0000 UTC 19 September, Debby was located east of
Newfoundland but during the next 48h ex-Debby trav-
eled almost 3200 km and by 0000 UTC 21 September was
located south of Ireland. In this section, we address the
cause of this rapid propagation and the cause for the lack
of any intensification.

Ex-Debby had completed ET by 0600 UTC
19 September and was located at 46.5°N, 52.5°W, just east
of Newfoundland (Fig. 9a). At this time, ex-Debby was
positioned under a large-scale upper-level ridge with a
trough to the west and another trough to the north-
east. The trough to the west, which was associated
with potential temperature values of ~300K on the
dynamic tropopause (Fig. 9a), was too far west rela-
tive to ex-Debby to provide notable upper-level
forcing (this point is further discussed below). This
explains the lack of intensification of ex-Debby at this
point in time. The second trough, which was located to
the east of Greenland at 0600 UTC 19 September, was
also at this time unable to interact directly with ex-
Debby. This second trough was intense, had closed
contours of low (<290K) potential temperature on
the dynamic tropopause at its base (60.8°N, 39°W,
Fig. 9a), and was collocated with a surface low pres-
sure center (ETC2).

Twelve hours later, at 1800 UTC 19 September, ex-
Debby had tracked eastward and slightly northward
and was now located at 49.5°N, 44.8°W whereas the
downstream trough had moved east and south (the base
of the trough was now located at 58.0°N, 26.2°W)
(Fig. 9b). Consequently, ex-Debby was still located un-
der an upper-level ridge and lacked any interaction with
this downstream trough. However, as the upper-level
downstream trough approached the jet from the north-
ern side it resulted in a further accelerate the jet: at
0600 UTC the maximum 200-hPa wind speed in this
jet core was 64.3ms ' whereas 12h later it was
70.1ms~'. This upper-level trough proves critical for
the reintensification of ex-Debby over the United
Kingdom, discussed below in section 5d.

At 0000 UTC 20 September, ex-Debby was located at
50°N, 40°W (Fig. 10a) and remained under the upper-
level ridge (Fig. 10e). The minimum MSLP of ex-Debby
had not changed over the preceding 24h yet the PV
anomaly and cyclonic circulation associated with ex-
Debby remained (Fig. 10a). One physical reason that
explains how a PV anomaly of a transitioned tropical
cyclone can remain and subsequently redevelop in a
baroclinic zone is a diabatic Rossby wave (DRW, e.g.,
Moore and Montgomery 2004, 2005). Using the criteria
of DRW characteristics developed by Boettcher and
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FIG. 9. OpenlFS simulation initialized on 19 Sep valid at (a) 0600 UTC 19 Sep, and (b) 1800 UTC 19 Sep.
Potential temperature on the dynamic tropopause (PV = 2 PVU; colors, K), 200-hPa wind speed (orange contours
starting at 40ms ™! with 10ms ™! interval), and mean sea level pressure (black contours at 4-hPa interval).

Wernli (2013) (and discussed in section 1), we now test
our hypothesis that ex-Debby propagated rapidly across
the Atlantic as a DRW.

The first requirement for a DRW is that the MSLP
minima is enclosed by a closed MSLP contour. This
requirement is clearly met by ex-Debby at both 0000 and
1200 UTC 20 September (Figs. 10a,b). The second re-
quirement is that there must be a positive 850-hPa PV
anomaly close to the MSLP minimum. Ex-Debby again
meets this criterion as there is a strong positive 850-hPa
PV anomaly at both 0000 and 1200 UTC 20 September
(Figs. 10a,b), which at 0000 UTC exceeded 5 PVU near
the center of the cyclone (Fig. 10a). Vertical cross sec-
tions of PV at 0000 UTC 20 September further confirm
the presence of a low-level PV anomaly with maximum
PV values exceeding 5 PVU between 900 and 700 hPa
(Fig. 11). These cross sections also show that ex-Debby
still had a vertically coherent PV tower structure re-
maining from the ET process and consequently the PV
anomaly was deeper than typically found in DRWs.

The third requirement is that there must be substantial
low-level baroclinicity. At 0000 UTC 20 September, there
was a strong horizontal potential temperature gradient
(and equivalent potential temperature gradient—not
shown) downstream of ex-Debby (Fig. 10c). In the cli-
matological study by Boettcher and Wernli (2013),
the specific criteria for low-level baroclinicity is that
the difference between the 10th and 90th percentile
of 950-hPa potential temperature difference evaluated
over a box downstream of the cyclone center must ex-
ceed 5 K. This box starts 1.2°E of the MSLP minima and
extends a further 3.6°E and extends 1.8°S and 4.8°N
of the cyclone center. However, in case studies values
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much higher than 5K can occur. For example, a DRW
event from December 2005 had baroclinicity values
exceeding 14 K (Boettcher and Wernli 2011). The same
method for estimating baroclinicity as used by Boettcher
and Wernli (2011) and Boettcher and Wernli (2013) was
applied to the OpenlFS output. At 0000 (1200) UTC
20 September a value of 15.5K (12.3K) was found that
exceeds the threshold and confirms that the requirement
of a strong baroclinic zone is also met.

The fourth requirement of Boettcher and Wernli
(2013) is that the cyclone must travel more than 250 km
within 6 h to meet the requirement of fast propagation.
Between 0000 and 0600 UTC 20 September ex-Debby
traveled 480km and between 0600 and 1200 UTC
20 September ex-Debby traveled another 510km
(Fig. 7a). Hence, ex-Debby fulfills the fast propagation
speed criterion. Ex-Debby also had sufficient moisture
(the fifth requirement); 850-hPa relative humidity
around the cyclone center exceeded 90% at both 0000
and 1200 UTC 20 September (Figs. 10c,d). In addition,
at both 0000 and 1200 UTC 20 September, diabatic
heating due to microphysics and convection averaged
over the 900-700-hPa layer exceed 1 Kh™' immediately
downstream of ex-Debby (Figs. 10e,f). Thus, based on
the first five criteria, ex-Debby qualifies as a DRW at
both 0000 and 1200 UTC 20 September and certainly at
low-level has strong similarities with DRWs.

The final requirement of a DRW is that there is very
weak upper-level forcing. Vertical cross sections in-
dicate that there were strong, large-scale troughs
(positive PV anomalies descending from the strato-
sphere) both to the northwest (Fig. 11a) and northeast
(Fig. 11b) of ex-Debby but that neither of these
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FIG. 10. OpenlFS simulation initialized on 19 Sep valid at (left) 0000 UTC 20 Sep and (right) 1200 UTC 20 Sep:
(a),(b) 850-hPa potential vorticity (colors, PVU), and mean sea level pressure (black contours at 4-hPa interval).
(c),(d) 850-hPa relative humidity (colors, %), 950-hPa potential temperature (red contours at 2-K interval), and
mean sea level pressure (black contours at 4-hPa interval). (e),(f) 250-hPa potential vorticity (colors, 2 PVU
contour also in dark blue), diabatic heating (sum of temperature tendencies from the microphysics and convection
schemes) averaged over 900-700-hPa (orange contour at 0.2 K h ™!, red contour at 1.0 K h™ 1), and mean sea level
pressure (black contours at 4-hPa interval). Dashed lines in (a),(e) mark the locations of vertical cross sections
shown in Fig. 11.

features connected directly to the low-level PV is also evident in vertical cross sections (Fig. 11a, top-
anomaly. In contrast, Fig. 10e indicates that although right of the panel, Fig. 11b, top-left of the panel) and is
ex-Debby was situated beneath a large-scale ridge, relatively close to the low-level PV anomaly of ex-
there was a localized region to the south where the Debby. For the weak upper-level forcing criterion to be
250-hPa PV exceeded 2 PVU. This small-scale feature met Boettcher and Wernli (2013) require that the mean
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FIG. 11. Potential vorticity (colors, PVU) cross sections for the
OpenlFS simulation initialized on 19 Sep valid at 0000 UTC 20 Sep:
(a) (55°N, 60°W)—(48°N, 30°W), (b) (47°N, 47°W)—(62°N, 15°W).
Black contours are potential temperature at 3.25-K interval.

250-hPa PV in a box that extends 4.8°E and 4.8°W, 3.6°S
and 3.0°N of the cyclone center must be less than
1 PVU. Ex-Debby as simulated by OpenlFS meets this
requirement between 1200 UTC 19 September and
1200 UTC 20 September but the averaged values of
250-hPa PV are close to the threshold and range from 0.89
to 0.97 PVU. Boettcher and Wernli (2013) also require
that the averaged upper-level-induced quasigeostrophic
ascent at 700 hPa in the same box as the PV was averaged
over must be smaller than 0.5 X 10 >ms~'. This di-
agnostic is not calculated from the OpenlIFS simulation
but in ERA-Interim, the upper-level-induced quasigeo-
strophic ascent at 700 hPa was less than 0.15 X 10 *ms ™!
between 1200 UTC 19 September and 1200 UTC
20 September (Maxi Boettcher, personal communication).
However, the area-averaged 250-hPa PV in ERA-Interim
had slightly larger values (0.89 to 1.17 PVU, Maxi
Boettcher, personal communication) than in the OpenlFS
simulation and was less than 1 PVU only at 1800 UTC
19 September. Ex-Debby therefore did not convincingly
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meet the requirements of very weak upper-level forc-
ing for a prolonged period of time. Thus, ex-Debby was
not a classical DRW as there was some (albeit weak)
upper-level forcing and also because the PV tower was
deeper than observed in other DRW cases (e.g., Wernli
et al. 2002; Moore et al. 2008; Boettcher and Wernli
2011). Therefore, we conclude that ex-Debby traveled
rapidly across the North Atlantic as a DRW-like fea-
ture between 1200 UTC 19 September and 1200 UTC
20 September.

d. Why did ex-Debby reintensify over the
United Kingdom?

ERA-Interim reanalysis showed that ex-Debby rap-
idly reintensified on 21 and 22 September as it moved
over the south of the United Kingdom and toward
Finland. To investigate the reasons for ex-Debby’s re-
intensification over the southern United Kingdom, we
analyze the model output from the OpenlFS simulation
initialized on 21 September. This forecast was able to
capture the track of ex-Debby and the rapid decrease in
MSLP on 21 and 22 September (Fig. 7).

At 0300 UTC 21 September, ex-Debby was located
south of Ireland, had a MSLP minimum of 990 hPa and a
strong 850-hPa PV anomaly which exceeded 5 PVU
(enlarged box in Fig. 12b). This low-level PV anomaly
was small in scale but a coherent feature that was likely
present in this location as a result of ex-Debby traveling
across the Atlantic as a DRW-like feature. The low-
level PV anomaly could constantly regenerate itself due
to diabatic processes. The continued presence of the
low-level positive PV anomaly is also indicative of dia-
batic heating in the layer above 850 hPa. At upper levels,
there was a pronounced trough, which is identified from
the 2-PVU contour on the 315-K isentropic surface
(Fig. 12b). This is the same feature that was first identified
to the east of Greenland at 0600 UTC 19 September
but did not interact with ex-Debby at that time (Fig. 9a).
Between 1800 UTC 19 September (Fig. 9b) and
1200 UTC 20 September (Fig. 10f), this trough moved
southeast while ex-Debby moved northeast. Ex-
Debby propagated eastward faster than the upper-
level trough and, hence, at 0300 UTC 21 September,
the surface PV anomaly of ex-Debby was located
ahead (east) of the trough (Fig. 12b). Thus, at 0300
UTC 21 September this upper-level trough could in-
teract with, and intensify, the low-level anomaly.
The trough, and associated upper-level positive PV
anomaly, can also be inferred from the satellite image
(Fig. 6), which shows relatively clear skies over Northern
Ireland and to the north.

Figure 12e shows that at 0300 UTC 21 September, in
the OpenlIFS simulation initialized on 21 September,
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FIG. 12. OpenlIFS simulations valid at 0300 UTC 21 Sep 1982, initialized on (left) 19 Sep, (middle) 21 Sep, and (right) the difference field
21 Sep minus 19 Sep: (a),(b) 850-hPa (colors, PVU) and 315-K (red contour at 2 PVU) potential vorticity, and mean sea level pressure
(gray contours at 4-hPa interval). (c) 315-K potential vorticity at 2 PVU with 19 Sep (green contour) and 21 Sep (blue contour) simu-
lations, and difference of 21 Sep—19 Sep (colors, PVU). (d),(e) 500-hPa quasigeostrophic omega due to vorticity advection (colors, Pas™ ')
and mean sea level pressure (black contours at 4-hPa interval). (f) Difference of 21 Sep-19 Sep of 500-hPa quasigeostrophic omega due to
vorticity advection (colors, Pas™!). (g),(h) 850-hPa quasigeostrophic omega due to thermal advection (colors, Pas™ ') and mean sea level
pressure (black contours at 4-hPa interval). (i) Difference of 21 Sep—19 Sep of 850-hPa quasigeostrophic omega due to thermal advection
(colors, Pas™ ).
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there was ascent due to vorticity advection at 500 hPa
over Ireland and to the north and east of ex-Debby that
had values of —0.5Pas™! (approximately 5cms™!). This
suggests that relative vorticity will increase below this
level in the area just north of ex-Debby [e.g., Eq. (3)].
The vertical velocity at 850 hPa due to thermal advection
(Fig. 12h) shows there was strong ascent (—1.5Pas !,
approximately 15cms™!) collocated and slightly down-
stream of ex-Debby that would also promote the in-
tensification of the low-level cyclonic vorticity. This
ascent at 850hPa was east of the ascent at 500hPa
indicating a westward tilt with height. Finally, it should be
noted that the low-level PV anomaly of ex-Debby was
located in the right-hand side of the jet entrance (not
shown). Thus, the rapid reintensification of ex-Debby
over the United Kingdom occurred as the large-scale
environment was favorable, with both warm-air and cy-
clonic vorticity advection present, and because the low-
level and upper-level PV anomalies had now become
constructively aligned, that is, the surface PV anomaly of
ex-Debby was ahead of the upper-level trough, which
enabled enhanced development.

To further elucidate the reasons why ex-Debby rein-
tensified, the forecast initialized on 19 September, which
did not show any reintensification (Fig. 7), is compared
to the forecast from 21 September. Hence, by examining
the differences between these two forecasts we can
further clarify which factors likely led to the re-
intensification of ex-Debby.

When the left-hand column of Fig. 12 is compared to
the middle column, no major differences are evident
yet a number of small differences are present (difference
fields are shown in the right-hand column). First, the
850-hPa PV anomaly in the forecast initialized on
19 September was weaker, less coherent, and located
farther south and west than in the forecast initialized on
21 September. The 850-hPa PV values were more than
2 PVU higher in the simulation initialized on 21 September
compared to the simulation initialized on 19 September
(enlarged boxes in Figs. 12a and 12b). This difference
suggests that more diabatic heating occurred at midlevels
in the forecast initialized on 21 September, which sub-
sequently increased the PV values below. The differences
in the location, and also the strength, of the low-level PV
anomaly may also result from earlier errors in the forecast
when ex-Debby was simulated to travel rapidly across
the Atlantic as a DRW-like feature.

The second notable difference between the two
forecasts is the location of the low-level PV anomaly
relative to the upper-level PV anomaly. There was a
coherent positive PV anomaly on the 315-K isentrope
directly above the surface anomaly in the forecast ini-
tialized on 19 September. This feature is evident as a

Brought to you by Finnish Meteorological Institute | Unauthenticated | Downloaded 08/20/21 12:07 PM UTC

MONTHLY WEATHER REVIEW

VOLUME 148

dipole in the vertical motion due to vorticity advection
(Fig. 12d). This suggests that the forecast initialized on
19 September did not predict rapid intensification of
ex-Debby as the upper-level and low-level PV
anomalies were already vertically stacked and thus
unable to mutually enhance one another. Differences
in location of the upper-level anomaly are confirmed
when the red contours in Figs. 12a and 12b are con-
sidered that show that on synoptic scales the upper-
level PV anomaly (associated with the trough that
originated near Greenland) was farther west in the
forecast initialized on 21 September compared to the
forecast initialized on 19 September (Fig. 12c). This
westward shift in the upper-level PV anomaly in the
forecast from 21 September compared to the forecast
initialized on 19 September, combined with an east-
ward shift in the lower-level PV anomaly, confirms
that the vertical phasing differed between the two
forecasts.

The third difference between the two forecasts is that
the area of vertical motion due to thermal advection
to the south of Ireland was shifted northeast in the
simulation initialized on 21 September compared to
19 September (Figs. 12g—i). This displacement is di-
rectly related to the difference in the position of the
surface low. However, the ascent due to thermal ad-
vection was stronger in the forecast from 21 September
than from 19 September.

These differences discussed so far were valid at
0300 UTC 21 September, the time at which the two
forecasts started to diverge. Additional times between
0600 and 1200 UTC were also considered. The ascent
due to vorticity advection was further southwest and
closer to ex-Debby particularly at 0600 and 0900 UTC in
the forecast from 21 September (Fig. S2). This indicates
that the more favorable phasing evident at 0300 UTC in
the forecast from 21 September continued to exist at
later times. The vertical velocity due to thermal advec-
tion is stronger at 0600, 0900, and 1200 UTC in the
forecast from 21 September compared to the fore-
cast from 19 September (Fig. S3). Furthermore, by
1200 UTC 21 September the vertical velocities due to
thermal advection have started to weaken in the forecast
from 19 September (Fig. S3), which demonstrates that
ex-Debby weakens in this forecast due to limited cou-
pling with upper levels.

e. What were the reasons for the strong winds over
northern Finland?

On 22 September 1982, when storm Mauri traveled
across northern Finland, the strongest observed 10-min
average 10-m wind speeds were 23ms ™!, which were
recorded by three weather stations located over
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FIG. 13. Maximum observed 10-min average 10-m wind speeds during 22 Sep 1982 from
Finnish Meteorological Institute’s automated and manual weather stations (circles) and from
OpenlFS simulations initialized on (a) 19 Sep, and (b) 21 Sep. The red circles denote the three
stations that obtained the highest values of 23 m s~ '. Borders of Finland are colored magenta.

land in central and northern parts of Finland (Fig. 13).
Nine stations in total, situated on the west coast and
northern areas of Finland, observed wind speeds of
20ms~ ! or more. The OpenlIFS simulation initialized
on 21 September shows that on 22 September the
simulated 10-m wind speeds were the strongest over
the Bay of Bothnia with a maximum of 22ms ™' and
maximum values over land were up to 14ms™'
(Figs. 13b and 14c). There is a strong gradient in the
simulated 10-m wind speeds across the coastline that
is due to changes in surface roughness; in OpenlFS the
surface aerodynamic roughness over sea depends on
wave parameters and is typically of order 1 X 10™*m
whereas over land the 10-m wind speed is calculated
using a surface roughness of 0.03m (see section 2c).
The high winds simulated over the northern part of
the Bay of Bothnia and nearby inland areas were
collocated with a strong large-scale pressure gradient
(Fig. 15b). When the simulated 10-m winds from the
forecast initialized on 21 September are compared to
the SYNOP observations from FMI (Fig. 13b), it is
apparent that OpenlFS underestimates the wind
speeds. The largest underestimation is over northern
Finland where observed winds are 16-24ms ™' but the
model simulated values are only 10-12ms~'. The
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large underestimation of wind speeds in OpenlFS
occurs mainly over land. Coastal locations and points
near Lake Inari in the far northeast of Finland have
better agreement between the observations and
modeled values. Moreover, the regions of strongest
modeled winds (dark brown areas in Fig. 13b) corre-
spond well to the locations of the strongest observed
winds. Hence, we can conclude that while at least over
land areas the model forecast underestimates the
magnitude of the wind speed it can correctly predict
the location of the strongest winds.

In Finland, the volume of forest damage follows
approximately a power relation as a function of wind
gust speed with a power of ~10 (Valta et al. 2019).
Considering European scales, it has been shown that
wind gusts that exceed 35ms ™! cause the largest dam-
ages (e.g., Gardiner et al. 2013). Therefore, wind gusts
are considered here in addition to the sustained wind
speeds as it is likely that wind gusts were responsible for
most of the damage. The 10-m wind gust, from the
OpenlFS forecast initialized on 21 September, shows
extremely high values reaching up to 31 ms~' over the
Bay of Bothnia at 1200 UTC and also a considerable
area over northern Finland where values exceed
24ms~ ! (Fig. 14a). The physical reasons for the cause of
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FIG. 14. OpenlIFS simulation valid at 1200 UTC 22 Sep initialized on 21 Sep. (a) Maximum 10-m wind gust (colors, ms~') in the last 1 h.
(b) Sum of all wind gust components in OpenIFS gust computation. (bottom) Wind gust components: (c) 10-m wind speed, (d) turbulent
mixing term, and (e) convective downdrafts term. Black contours are 850-hPa potential temperature at 1°C interval. Borders of Finland

are colored magenta.

these wind gusts are now examined using the wind gust
parameterization [Eq. (1)] described in section 2c as a
basis. This parameterization has contributions to the
total wind gust from the 10-m wind speed, turbulent
mixing and convective downdrafts.

With respect to the component of the total gust due
to turbulent mixing, the highest values of 18ms™' at
1200 UTC were over land behind the cold front
(Fig. 14d). The location of the cold front is evident
from the 850-hPa potential temperature, which shows
an enhanced gradient oriented north—south in western
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Finland (Fig. 14). The surface roughness generates
more boundary layer turbulence over land than over
sea and thus the turbulent gusts are larger over land.
The turbulent gusts are also larger behind the cold
front than ahead of it suggesting that the boundary
layer is more unstable behind the cold front than
ahead of it. This is supported by model soundings
(vertical profiles—not shown), which confirm that
there was a very steep lapse rate denoting an unstable
boundary layer in the same location as the strongest
turbulent driven gusts. This change in boundary layer
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(b) OpenlFS run: 21 Sep
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FIG. 15. Maximum 10-m wind gust (colors, ms™ ') during the previous hour and mean sea

level pressure (contours at 1-hPa interval) at 1200 UTC 22 Sep 1982 from OpenIFS simulations
initialized on (a) 19 Sep and (b) 21 Sep. Borders of Finland are colored magenta.

stability across cold fronts has been noted previously
by Sinclair et al. (2010).

With respect to the 10-m wind gusts driven by con-
vective downdrafts, the maximum values of 16 ms ™! at
1200 UTC were ahead of the cold front, in the warm
sector of Mauri, close to the Finnish-Russian border
(Fig. 14e). In addition, there were weaker values behind
the zonally extended warm front to the north. This in-
dicates that in those regions there was strong vertical
wind shear and convection present. Convective down-
drafts in these regions likely induced downward mixing
of high momentum air from upper levels allowing the
winds reach such high values also near the surface.
However, in comparison to the turbulent driven part of
the 10-m wind gusts, the convective driven gusts occur in
much more localized areas.

The model output gives the maximum 10-m wind gust
since the previous outputi.e., 1 h in this study. However,
we estimated two of the three gust components from
instantaneous values offline. Therefore, the sum of the
three components does not exactly match with the direct
model output of 10-m wind gust. By comparing Figs. 14a
and 14b, we can still conclude that the patterns and
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magnitudes of these gusts are similar and thus the offline
method can be used to identify the physical causes for
the wind gusts in different regions. Three noticeable
regions with elevated 10-m wind gusts were identified:
1) the Bay of Bothnia where the gusts are due to the
strong large-scale pressure gradient and low surface
roughness, 2) behind the cold front where turbulent
mixing in an unstable boundary layer resulted in strong
gusts, and 3) in the warm sector and on the warm side
of the warm front where convective downdrafts likely
caused the gusts.

f- What role did ex-Debby play in contributing to the
strong winds?

As identified from Fig. 7, the OpenlFS forecast ini-
tialized on 21 September simulated ex-Debby to re-
intensify and travel to Finland whereas in the forecast
initialized on 19 September ex-Debby was simulated to
decay and did not travel to Fenno-Scandinavia. There-
fore, by comparing these two OpenlFS forecasts, we
attempt to make a first-order estimate of the possible
role that ex-Debby played in the occurrence of storm
Mauri and in the high winds in northern Finland.
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At the time of the strongest observed winds in Finland
(1200 UTC 22 September), the mean sea level pressure
in both forecasts was broadly similar when only large scales
are considered. Both forecasts simulated a low pressure
center over the Barents Sea and a southwesterly flow over
Finland (Fig. 15). However, there was one notable and
critical smaller scale exception; the prominent low center
of ex-Debby, which was present in the forecast initialized
on 21 September was absent from MSLP pattern of the
forecast from 19 September. Furthermore, there was a
significant difference between the two simulations in terms
of the simulated 10-m wind gust values. Although both
forecasts had strong gusts, in the forecast initialized on
21 September, maximum wind gusts exceeded 31ms ™'
(Fig. 15b) whereas in forecast initialized on 19 September
the gusts had values of up to 23ms ™' (Fig. 15a). In addi-
tion, in the forecast initialized on 19 September, only a
small area of land had gusts exceeding 20ms ™' whereas in
contrast, in the simulation from 21 September, almost all of
Finland had simulated wind gusts exceeding this value (the
exception being southwest inland areas). Moreover, in the
forecast initialized on 21 September, there was a large
area over land where the simulated wind gusts ex-
ceeded 24ms ™', In addition to wind gusts, also maxi-
mum wind speeds during 22 September were 6ms
higher over sea and 2-4ms™ ' higher over land in the
simulation from 21 September (Fig. 13b) compared to
the one from 19 September (Fig. 13a).

Storm Mauri was a high-impact storm in Finland and
almost all of the impacts (e.g., felled forest) were caused
by the extreme winds. Based on the comparison of the
two OpenlFS forecasts, one initialized on 19 September
that did not correctly capture the evolution of ex-Debby
and the other on 21 September that agrees better with
reanalysis and surface wind observations, it is likely
that without ex-Debby the winds observed in northern
Finland on 22 September 1982 would have been weaker
and hence, the impacts likely would have been smaller.
Thus, we conclude that ex-Debby contributed to the
damaging winds but the large-scale cyclone (merged
ETCI1 and ETC2), and its associated upper-level trough,
played a nonnegligible role.

6. Conclusions

This study investigated the extratropical transition of
Hurricane Debby and the subsequent evolution of an
intense extratropical windstorm, Mauri, which occurred
in Finland on 22 September 1982 and led to two fatalities
and extensive forest damage. The main aims were to
analyze the synoptic and dynamic evolution of Debby
and Mauri and to examine the causes for the strong
winds over Finland.
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A brief synoptic overview based on ERA-Interim
reanalysis was performed before the case was analyzed
in more detail using OpenlIFS model simulations that
had a horizontal grid spacing of 16 km. The case proved
very difficult to simulate accurately. To cover the whole
evolution from Debby to Mauri, with good agreement
between the model forecast and ERA-Interim re-
analysis, three different simulations with initialization
dates on 17, 19, and 21 September were required as all
three OpenlIFS forecasts diverged from reanalysis after
only two days. One potential reason for this could be
that there were notably fewer observations in 1982 than
today and thus the initial states may be less accurate
than for more recent case studies. Another likely reason
is that the atmospheric state was characterized by in-
trinsic low predictability and was strongly sensitive to
the positioning and speed of certain dynamical features.

Hurricane Debby began extratropical transition on
17 September 1982, five days before the damaging winds
occurred in northern Finland. At the time of extra-
tropical transition, the upper-level waveguide was al-
ready amplified, however the divergent outflow of
Debby and negative PV advection resulted in weak
ridge building and an acceleration of the jet. Previous
studies have noted similar evolutions, for example, Ty-
phoon Jangmi in the Pacific also resulted in weak ridge
building and jet acceleration (Grams et al. 2013). De-
spite the presence of a positive PV anomaly at 200 hPa
immediately to the west, Debby did not reintensify im-
mediately in the midlatitudes. This was the first critical
moment in the evolution of ex-Debby. Previous studies
have indicated that subsequent development and
downstream modifications can be very sensitive to the
phasing between the low-level PV anomaly of the
tropical cyclone and the upper-level trough/PV anomaly
(Riemer et al. 2008; Riboldi et al. 2019). Thus, it is
possible that a very small difference in the position of
Debby or in the position, intensity or phase speed of the
upper-level trough could have resulted in a very differ-
ent synoptic evolution over the North Atlantic.

Ex-Debby did not decay as it moved into the mid-
latitudes and instead retained a strong positive PV
anomaly in the lower troposphere, moved into a very
moist and strongly baroclinic zone, maintained a closed
pressure contour and traveled rapidly east. Using the
objective criteria described by Boettcher and Wernli
(2013) we determined that ex-Debby evolved into a
DRW-like feature and could thus maintain itself via
diabatic processes as it traveled across the Atlantic. At
low levels ex-Debby had all the required characteristics
of a DRW but due to the presence of some (albeit weak)
upper-level forcing and a PV tower we conclude that ex-
Debby differs somewhat from a classical DRW.
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During 19 and 20 September as ex-Debby was
propagating east as a DRW-like feature, a large-scale,
intense trough became evident to the east of Greenland.
Initially this feature was too far north and east of ex-Debby
to provide any upper-level forcing for the reintensification
of ex-Debby. However, by 21 September, this upper-
level PV anomaly had moved slowly east and south
and had eventually become constructively aligned with
ex-Debby. Ex-Debby, which was located ahead (east)
of the upper-level anomaly in a region of warm-air
advection and positive vorticity advection, started
rapidly intensifying near the United Kingdom on
21 September. This was the second critical point in the
evolution of ex-Debby. The comparison of the OpenIFS
forecasts initialized on 19 and 21 September revealed
that the interaction between the upper-level trough and
the low-level PV anomaly of ex-Debby was important
for the reintensification of ex-Debby. In the forecast
initialized on 21 September, in which ex-Debby did
reintensify over the southern United Kingdom, the ex-
act locations of ex-Debby and the upper-level PV
anomaly were in a favorable position to enhance the
redevelopment of ex-Debby. The subsequent develop-
ment of Mauri over Finland was most likely very sensi-
tive to this phasing that was less optimal in the forecast
initialized on 19 September. Furthermore, the forecast
evolution was likely also heavily dependent on the in-
tensity and coherence of the low-level PV anomaly,
which was the result of the DRW-like feature. These
sensitivities were apparent in the OpenlFS forecasts
with differing lead times: the strong winds over Finland
only became evident with a lead time of ~2 days. To
further understand the sensitivities in ex-Debby’s evo-
lution, an ensemble sensitivity analysis could be used to
attain additional diagnostics.

During storm Mauri on 22 September 1982, the
highest observed 10-min average 10-m wind speeds
were 23ms ' over central and northern Finland.
Compared to the observations, the forecast initialized
on 21 September underestimates the wind speeds al-
though the locations of the highest values are similar.
Since the damage was most likely caused by strong
wind gusts, we also investigated these with the forecast
from 21 September. There were three distinct regions
with high wind gusts. The first was over the Bay of
Bothnia and was related to the strong large-scale
pressure gradient and low surface roughness. The sec-
ond area was behind the cold front over land where the
wind gusts were primarily related to turbulent mixing
in an unstable boundary layer. The third and final area
of strong gusts was in the warm sector and on the warm
side of the warm front where the gusts were related to
convectively driven downdrafts. By comparing these
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wind gusts to the forecast initialized on 19 September,
in which ex-Debby did not travel to Fenno-Scandinavia,
it is very likely that without ex-Debby the winds over
Finland would have been weaker and that less damage
would have occurred.

To conclude, this analysis has shown that storm Mauri
was related to Hurricane Debby but in a complex
manner: the interaction with the preexisting upper-level
trough near the United Kingdom was as critical a part of
Mauri’s development as the occurrence of Hurricane
Debby. During this critical part of the evolution of ex-
Debby, the low-level PV anomaly was a small-scale
feature. Such small features are particularly challeng-
ing to forecast accurately and we speculate that such
anomalies, and therefore the rather unconventional
way in which a damaging midlatitude windstorm Mauri
evolved, may be difficult to capture in coarser-resolution
models, such as climate models. This potential limitation
of climate models should be considered when assessing
future changes to winds and extratropical storms.
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