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Abstract

Compound extreme wind and precipitation events in Europe
Elisabet Johansson

The simultaneous occurrences of several extreme events, known as compound
extremes, are often associated with greater impact than univariate extremes.
Flooding and windstorms are widespread hazards in Europe which can lead to severe
property damage and fatalities. During winter, extreme wind and precipitation often
co-occur, since they are associated with a common driver, namely extratropical
cyclones. In this project, the occurrences of compound wind and precipitation events
in Europe are investigated using the ERA5 reanalysis dataset. The analysis covers
the years 1979-2019 with a focus on boreal winter. Areas that experience the highest
occurrence of compound wet-windy extremes are the west coast of Norway, the
Iberian peninsula, parts of central Europe, and southeast of the Black Sea. A few
case studies are discussed with the purpose to give an idea of the magnitude of
possible impacts. Further, the relationship between extreme wind and precipitation
events and the North Atlantic Oscillation (NAO) is presented. During days with
positive NAO, extreme precipitation and wind events occur in the central and northern
parts of Europe while the negative phase brings extreme wind and precipitation to the
southern parts of Europe. Lastly, a short analysis to discover changes in the
occurrences of compound precipitation and wind events for the two periods
1979-1999 and 2000-2019 is performed. The result showed no clear changes. The
number of compound extremes does not seem to vary for the two periods.

Keywords: compound extremes, North Atlantic Oscillation, extreme precipitation,
extreme wind
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Sammanfattning

Sammanfallande extrema vind- och nederbördshändelser i Europa
Elisabet Johansson

Olika extrema väderhändelser som sammanfaller orsakar ofta större skada än
enskilda extrema händelser på många håll i samhället. Översvämningar och
vindstomrar är vanligt förekommande i Europa och kan leda till kostsamma skador
och dödsfall. Extrema vind-och nederbördshändelser sammanfaller vanligen under
vintern eftersom de båda ofta orsakas av Nordatlantiska cykloner, som är vanligast
under den årstiden. I detta projekt kartläggs sammanfallande vind- och
nederbördshändelser i Europa under vintermånaderna december-februari, med hjälp
av ERA5 reanalysdata för åren 1979-2019. Områden med relativt hög förekomst av
sammanfallande vind- och nederbördshändelser är Norges västkust, Iberiska halvön,
delar av Centraleuropa och östra Turkiet. Några fallstudier kopplade till dessa
områden är diskuterade för att ge en uppfattning om konsekvenserna av dessa
sammanfallande händelser. Eventuella kopplingar mellan sammanfallande vind- och
nederbördshändelser och den Nordatlantiska Oscillationen (NAO) är också
undersökt. Under den positiva fasen av NAO sker extrema nederbörd- och
vindhändelser i norra och centrala delar av Europa medan den negativa fasen ger
extrem vind och nederbörd i de södra delarna av Europa. En kort analys för
undersöka om förekomsten av extrema sammanfallande händelser har ändrats
genomfördes genom att jämföra andelen sammanfallande händelser under de två
perioderna 1979-1999 och 2000-2019. Ingen betydande förändring i andelen
sammanfallande händelser mellan dessa perioder hittades.

Nyckelord: sammanfallande extremväderhändelser, extrem nederbörd, extrem vind,
Nordatlantiska Oscillationen
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1. Introduction

Extreme weather events are often associated with socio-economical losses due to
damage to infrastructure, communications, and the environment. The impact varies
with the intensity of the events and between locations as vulnerability and risk
prevention differ.

In Europe, common weather extremes and hazards are coastal floodings, storms,
droughts, and heatwaves. More than one of these hazards may occur simultaneously,
leading to what are known as compound extremes. When several extreme events
concur the impacts are often more severe than for univariate extremes (Zscheischler
et al. 2020) and this topic has, because of this, received more attention lately.
Plavcová Urban (2020) discusses in detail the relation between extreme winter
weather events and mortality in Europe and finds that there is higher mortality for
compound extremes than for univariate extremes. Other studies in Europe related to
compound extremes have investigated variables as extreme temperature,
precipitation patterns, and wind in different combinations (Sedlmeier et al. 2018;
Raveh-Rubin et al. 2015; De Luca et al. 2020; Martius et al. 2016).

The causes and underlying processes leading to compound extremes and the
following impacts are many and not always known (Zscheischler et al. 2020).
Zscheischler et al. (2020) discuss a classification of different compound extremes,
with a focus on what is causing the impact. The different types of events leading to
amplified impacts are described as extremes causing impacts due to a precondition,
several extremes occurring simultaneously, various extremes occurring one after the
other, and various extremes occurring in different connected locations. As one can
understand from this variety, the methods to predict and analyze compound extremes
can be complicated.

This project aims to map compound wind gust and precipitation extremes for land
areas in Europe. Since flooding and windstorms are widespread hazards in Europe,
these are relevant choices of extremes. Compound extremes are here defined as
extreme precipitation and wind occurring on the same day and location. These sorts
of projects and studies can show regions where the co-occurrence of different
hazards should be taken into account when planning impact mitigation measures. A
secondary aim is to describe possible connections between the North Atlantic
Oscillation and such compound extremes. In the final part of the analysis, any
changes in the frequency of compound extremes between 1979-1999 and 2000-2019
are briefly investigated.

2. Background

2.1 Univariate wind and precipitation extremes in Europe

Both univariate wind and precipitation extremes are widespread hazards in Europe
and often cause severe damage. Flooding is often caused by heavy precipitation,
while coastal flooding sometimes arises from storms and high waves driven by wind
(Handmer et al. 2012). Many of the extreme precipitation events in Europe are
originated from extratropical cyclones (Hawcroft et al. 2012) and consequently, the
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most exposed areas are the west coasts of Europe where many people live. Several
impact-focused studies agree that extreme precipitation events often are a trigger for
flooding and can affect transportation, agriculture, and natural ecosystems
(Schauwecker et al. 2019) but also cause fatalities and injuries (e.g. Steensen,
Ólafsson Jonassen 2011; Baltaci 2017; Ramos et al. 2015). Because precipitation is
difficult to forecast precisely, the impacts are equally difficult to predict (Schauwecker
et al. 2019). Besides, extreme events of heavy precipitation have increased in
Europe, mostly in the northeastern parts and further increase of such events during
the winter months is expected in the future as a consequence of a higher frequency
of extratropical cyclones (European Environmental Agency 2021). These projections
reinforce the need for knowledge about these extreme events to enable a reduction of
the impacts.

Extreme wind events are also often originated from extratropical cyclones. From an
insurance perspective, these are the most economically damaging extreme events in
Europe (Handmer et al. 2012). Examples of damaging univariate wind extremes are
December 1999 when Europe experienced a month with three windstorms in close
succession, resulting in extensive damage due to gale wind (Handmer et al. 2012).
Damage to roads, buildings, electricity lines, fallen trees, and fatalities are some
common impacts of wind extremes (Liberato et al. 2011; Sirdas et al. 2017; Liberato
et al. 2013).

2.2 Compound wind and precipitation extremes

When two or more different extreme weather events occur simultaneously they are
referred to as compound extremes. As mentioned in section 1. the impact of
compound extremes is often greater than that of univariate extremes (Zscheischler et
al. 2020). Some examples of frequent variables studied are coincident temperature
and precipitation, (Sedlmeier et al. 2018; Hao et al. 2018) and wind and precipitation
(Raveh-Rubin et al. 2015; De Luca et al. 2020; Martius et al. 2016).

The focus of this project is co-occurring precipitation and wind extremes. Extreme
wind and precipitation events in Europe are, as previously mentioned often closely
connected to the patterns of extratropical cyclones which are most common during
boreal winter. The track density for the North Atlantic Ocean is shown in figure 1.
Consequently, most compound wet-windy extremes are expected during December,
January, and February, which are therefore the focus of this project. The high
frequency of extratropical cyclones is in turn related to the phase of the North Atlantic
Oscillation (De Luca et al. 2020), see also section 2.3. Another feature that may
decide the location of extreme precipitation and wind is topography (Martius et al.
2016; De Luca et al. 2020).
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Figure 1. The number of cyclones per month per unit area (corresponding to a 5° spheri-
cal cap) for December-February and June-August separately. Made with ERA-Interim data
1980–2009. Blue Markings show areas for extratropical cyclones, central Europe, and the
Mediterranean. Reproduced from "A Multimodel Assessment of Future Projections of North
Atlantic and European Extratropical Cyclones in the CMIP5 Climate Models". © American
Meteorological Society. Used with permission.

Previous research shows a relatively high percentage of co-occurring wind and
precipitation extremes in the west of Europe along the coast, more specifically the
western parts of Norway and Spain (Martius et al. 2016; De Luca et al. 2020). Other
areas with a high percentage of co-occurring precipitation and wind extremes are the
northwestern parts of central Europe, Israel, and Syria (Martius et al. 2016).

2.3 North Atlantic Oscillation index

The difference in sea-level pressure between the semi-permanent low-pressure near
Iceland and the semi-permanent high-pressure near the Azores is constantly varying.
These changes in relative pressure are called the North Atlantic Oscillation. In figure
2 the usual pressure differences associated with the different phases are shown. A
positive NAO implies a stronger pressure difference, in other words, a pressure above
normal over the Azores and below normal over Iceland. The sign of the NAO affects
the large-scale atmospheric conditions and more specifically alters the North Atlantic
jet stream and the storm track, which in turn affects the weather in Europe (National
Oceanic and Atmospheric Administration n.d).

Figure 2. Average sea level pressure December-March for the positive and negative phase of
the North Atlantic Oscillation. Reproduced from "Influence of winter North-Atlantic Oscillation
on Climate-Related-Energy penetration in Europe" with permission.
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The North Atlantic Oscillation index (NAO-index), is a normalized measure of how
large the pressure difference between the two poles of the NAO is and indicates what
atmospheric conditions and weather patterns prevail. A positive index is often
connected to above normal temperatures in northern Europe and lower temperatures
than usual in southern Europe. The precipitation tends to be above normal over
northern Europe and below normal in central and southern Europe. The negative
phase of the NAO-index is associated with the opposite weather patterns (NOAA n.d).

3. Method and data

3.1 ERA5 reanalysis data

In this project, ERA5 reanalysis data from the European Centre for Medium-Range
Weather Forecasts (ECMWF) is used (Hersbach et al. 2020). ERA5 is the latest
available reanalysis data set from the ECMWF. It is made of a large number of
observations from both satellite and in-situ measurements that have been assimilated
in a global climate model, in this case, the Integrated Forecasting System Cycle 41r2
(ECMWF 2016). The ERA5 reanalysis is global, consistent and the best source of
knowledge of past climate. The available ERA5 includes data from 1950 with a
temporal resolution of 1 hour and a spatial resolution of 30 km. It provides data for
numerous variables regarding the atmosphere, land, and ocean. The data reaches
80 km altitude and divides the atmosphere into 137 vertical layers (ECMWF. n.d). In
this project, daily data for 10m wind gust and total precipitation are used. The variable
10m wind gust is calculated using parametrization because the models used can not
resolve all the processes associated with gusts. The maximum value for each time
step, which in this case is 1 hour, is decided by post-process calculations (Minola et
al. 2020). The variable total precipitation includes rain and snow that reaches the
ground and accumulates during a given time period. The values of the precipitation
are given by the ECMWF Integrated Forecasting System and its cloud and convective
schemes.

The data used in this project cover the years 1979-2019 and have a horizontal
resolution of 1.5 degrees which corresponds to approximately 150 km. This
resolution is much lower than the best available but it is necessary to make the data
workable. We further focus on Europe, see figure 3.
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Figure 3. The area of analysis. (36 - 72 deg N, -13 - 50 deg E), marked by the red box.

The time resolution for the downloaded data was 6 hours. Daily maximum values
for the 10m wind gust and daily sum values for precipitation were calculated with
climate data operators.

3.2 Method of analysis

The analysis focused on land areas in Europe during boreal winter (December,
January, and February). A landmask was applied to locate the gridpoints containing
land. The North Atlantic Oscillation index data is obtained from the National Oceanic
and Atmospheric Administration.

The analysis was performed in MATLAB. As a first step, the climatology for each
grid point was calculated. The local daily climatology is defined as the mean of each
day over the entire period during the season, resulting in 91 mean values
representing each day December-February. A "moving-mean" function with ±4 days
was applied, making each value in the climatology from the mean of 9 days, to
remove large day-to-day variations.

Anomalies were calculated at each grid point by subtracting the climatology from
all data points. By doing this, extreme events for each location were defined relative
to the local climatology. The anomalies for each point exceeding the 95th percentile
were considered extreme. This was done for precipitation and wind gusts separately.
By comparing the extreme wind and precipitation values for each grid point the
percentage of days with both extremes was calculated.

The 95th percentile is used as a threshold for extreme events in several previous
studies, (Plavcová Urban 2020), but sometimes the 98th or the 99th percentile is
used (Martius et al. 2016) to determine extreme events. The 95th percentile is used in
this project to ensure that the amount of data is sufficient for statistical analysis.

Thereafter the additional analysis of coincident extreme precipitation and wind
gusts events during extreme phases of the North Atlantic Oscillation was performed.
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NAO indices for boreal winter 1979-2019 were located and the 95th and the 5th

percentile were calculated. Days displaying values larger than the 95th or below the
5th percentile were taken as extreme NAO events and were matched to the days with
compound extremes and with monovariate extreme precipitation and wind events.
Due to different number of extreme wind events and extreme precipitation events that
co-occur with the positive (and negative) NAO-indices considered, the two had to be
normalized separately, when expressing the results in fractional terms.

Finally, the difference in frequency of compound extremes between the first and
second half of the data set is also analyzed to see if it has changed due to e.g. global
warming. The percentage of compound extremes relative to the total number of
monovariate extremes for the years 1979-1999 was compared with the percentage for
the later period, 2000-2019, of the data. The result from the earlier part (1979-1999)
of the data was divided by the result for the later period (2000-2019) resulting in a
map showing how the occurrence of compound extremes has changed during these
periods.

3.3 Statistical significance

When the main analysis was completed a statistical test was applied to examine if the
results were statistically significant. A random sampling procedure was opted and the
threshold chosen was a one-sided significance level of 5%. The total number of data
points for boreal winter during this period was 3700 days. The 5% most extreme days
were analyzed which corresponded to 185 days. Therefore, two series, representing
precipitation and wind, of 185 elements were randomly drawn out of 3700. This was
done 1000 times and each time the percentage of overlapping numbers,
corresponding to compound extremes in these random datasets, was saved. The
95th percentile of these 1000 values were computed and the threshold was compared
to the percentages of compound wind and precipitation events in the ERA5 data. Grid
points with a higher value for the compound extremes than for this threshold were
statistically significant. Below this threshold, the result could have been a coincidence
since the number of elements from both series that are the same can be matched
relatively often by choosing from two random series.

4. Results

4.1 Univariate wind and precipitation extremes

In figure 4 the wind and precipitation climatologies for boreal winter are presented.
The wind gust climatology, figure 4a, shows the highest values along the west coast
of northern Europe and the British Isles. In southern Europe, there are both points
with the relatively lowest values as well as some higher values. Other areas have a
relatively small spread of values. In figure 4b the precipitation climatology shows the
highest values by the west coast of Norway with a maximum in the southern parts.
Northern parts of the British Isles and minor parts of central and southeastern Europe
show somewhat higher values than most other locations.
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Figure 4. a) Climatology for 10 m wind gust showing daily average wind speed [m/s]. b)
Climatology for total precipitation showing daily average precipitation [mm]. The value for each
point is an average of the three months December, January, and February for the years 1979-
2019.

In figure 5 the 95th percentile of the anomalies in wind, 5a, and precipitation, 5b, for
each grid point is shown. These are the thresholds for extreme events. The ranges of
the color bars are different from the figure 4 and the two maps can not be compared
directly. The thresholds seem to vary like the mean of each location, and indeed
figure 4 and figure 5 show similar patterns. The highest thresholds for wind gusts are
found in western Norway, the British Isles, central Europe, northern parts of the
Iberian peninsula, and parts of southern Europe. Northern parts of the British Isles
and Iberian peninsula, southwestern Norway, east of the Adriatic Sea, and south of
the Black Sea has the highest threshold for extreme precipitation values.
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Figure 5. a) the 95th percentile of wind anomalies [m/s]. b) the 95th percentile of the precipi-
tation anomalies [mm/day]. Note that the range of the color bars is different from the previous
figure 4.

4.2 Compound wind and precipitation extremes

The percentage of days where both extreme wind gusts and extreme precipitation
occur relative to extreme days, in this case, 5% or 185 days, are shown in figure 6.
Some grid points experience more than half of these days as days with compound
extremes. The areas with the highest percentage of compound extremes are again
northwestern Europe, the Iberian peninsula in southwestern Europe, some smaller
parts of central Europe, and southeast of the Black Sea. Areas with fewer
occurrences of compound extreme events are eastern Scandinavia, east of the Black
Sea, and a few smaller areas in eastern central Europe. The black markings show
areas where the result is not statistically significant and the number of overlapping
days of extreme wind gusts and precipitation could be a coincidence. The threshold
for statistical significance is approximately 7.5%. A large part of the analysis domain
shows significant results.
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Figure 6. The ratio of days with the 5% most extreme values for wind and 5% most extreme
values for precipitation that overlap to total number of extreme days considered. The areas in
the black markings are not statistically significant.

Figure 7 shows the ratio of percentage of compound extremes during the two
periods 1979-1999 and 2000-2019. Points with the value 2 indicate that this location
experienced twice as many compound extremes 1979-1999 as it did in 2000-2019.
The value 1 implies that the occurrences of compound extremes are the same for
these periods and the points with the value 0.5 experienced twice as many compound
extremes 2000-2019 as 1979-1999. The result seems to show a random appearance.
Possibly one area, northern Baltic states and parts of Finland, indicate a higher
frequency of compound extremes for the period 1979-1999. The value for some grid
points is close to 2 and should imply fewer compound extremes in 2000-2019.
However, most areas have ratios close to 1 and no clear difference can be stated
between the two halves.
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Figure 7. The ratio of percentage compound extremes during the years 1979-1999 with per-
centage of compound extremes during the years 2000-2019.

4.3 North Atlantic Oscillation (NAO) index

Here the analysis of possible connections between the days with extreme events and
the North Atlantic Oscillation index is presented. The precipitation and wind
anomalies for days with the positive and negative NAO indices are presented in figure
8 and figure 9 respectively. For the positive NAO indices, northern Europe, parts of
central Europe, and the British Isles experience stronger winds while it is less windy
in southern Europe. Northern Europe including the British Isles experience slightly
higher precipitation and the southern parts and a small region north of Scandinavia
receive less precipitation. Negative NAO indicates an opposite pattern with stronger
wind and higher precipitation than normal in the most northern parts of the continent
and southern Europe. Central Europe and the majority of Scandinavia experience
less precipitation and weaker winds than normal. Figure 8c, 8d, 9c and, 9d are the
precipitation and wind anomalies normalized with the standard deviation of each grid
point to get some perspective of the significance of the anomaly for each location.
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Figure 8. Wind anomalies [m/s] a) and precipitation anomalies [mm/day]b) for 5% positive
NAO days. Same maps normalized with the standard deviation of the values for each grid
point are seen in c) and d).
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Figure 9. Wind anomalies [m/s] a) and precipitation anomalies [mm/day] b) for the 5% negative
NAO days. Same maps normalized with the standard deviation of the values for each grid point
are seen in c) and d).

In figure 10 the ratio of compound extremes occurring during positive NAO to the
number of days with extreme wind or precipitation is shown as well as the number of
extreme wind and precipitation events during these days. There are a different
number of extreme precipitation events that occur during the positive NAO indices
than extreme wind events during the positive NAO indices. Therefore two different
maps are needed. 10a shows the ratio of compound extremes during positive NAO
indices to the number of extreme wind days during positive NAO indices. Figure 10b
shows the ratio of days with compound extremes during positive NAO indices to the
number of extreme precipitation days during positive NAO indices. Both show the
same range in values and similar patterns.

In figure 10c, the number of extreme wind events occurring during the 5% positive
NAO indices is presented. Many extreme events occur in the British Isles and
southern Scandinavia. Figure 10d shows the number of precipitation events during
the days with the positive NAO. Most extremes occur in the British Isles and
southwest Norway. Fewer extreme precipitation events are occurring during the
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positive phase of NAO.

Figure 10. The ratio of compound extremes co-occurring with the 5% positive NAO indices to
the number of days with a) extreme wind events during positive NAO indices and b) extreme
precipitation events during positive NAO indices. c) Number of extreme wind events occurring
on days with positive NAO and d) extreme precipitation events occurring on days with positive
NAO.

The result from the same procedure repeated with the 5% negative NAO indices is
shown in figure 11. Also here the ratio of compound extremes during negative NAO
indices to the number of days with extreme wind or precipitation is shown in 11a) and
11b) respectively. The number of extreme wind and precipitation events during the
negative NAO indices is presented in 11c) and 11d). Areas that experience relatively
many compound extremes during the negative phase of the North Atlantic Oscillation
are the Iberian peninsula, southwest of the Black Sea, and eastern Europe. The
negative phase of the North Atlantic Oscillation seems to cause more events of
extreme precipitation than extreme wind. Areas, where extreme wind events occur,
are the Iberian peninsula and some areas around Greece. Events of extreme
precipitation are found on the Iberian peninsula, and north of the Black sea.
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Some unusually high values, 100%, can be seen in some isolated areas. These
grid points do in most cases experience only 1 or 2 (maximum of 5) extreme events
and the fact that all of them are also compound extremes could easily be by chance.
Indeed, figure 10c, figure 10d, figure 11c and figure 11d show that these locations
have very few univariate extreme events.

Figure 11. The ratio of compound extremes co-occurring with the 5% negative NAO indices to
the number of days with a) extreme wind events during negative NAO and b) extreme precipi-
tation events during negative NAO. c) Number of extreme wind events occurring on days with
negative NAO and d) extreme precipitation events occurring on days with negative NAO.

5. Discussion

5.1 Univariate wind and precipitation extremes

The climatology for wind and precipitation in figure 4 shows relatively high values
along the west coast of Europe which are reasonable considering the tracks of
extratropical cyclones. In figure 5 the definition of extreme events for the different grid
points is shown. These values are all considered extreme relative to the local
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climatology and it is clear that the values vary quite a lot, especially for wind. Areas
with a relatively large amount of precipitation not located by the coast are probably
affected by the topography, as mentioned in section 2.. The Alps in central Europe
and some of many mountains in eastern Turkey, for example, the Arsiani Range and
the Kaçkar Mountains, can perhaps explain some of the large amounts of
precipitation in these areas.

5.2 Compound wind and precipitation extremes

The result in figure 6 is a measurement of the frequency of compound extremes
based on the 5%, or 185, most extreme days. Figure 6 indicates that the majority of
the grid points experience a notable frequency of compound extremes, many above
20%. Some of the locations with high percentages are expected, e.g. the Iberian
peninsula and the west coast of Norway. These are areas directly affected by
extratropical cyclones which, as previously mentioned, are strongly connected to
extreme precipitation and wind in Europe.

The British Isles do not experience that many compound extremes compared to
other areas in western Europe, see figure 6. They certainly experience relatively
many univariate extremes during positive NAO (see figure 10), but not that many
events are simultaneous. The British Isles might thus experience extreme
precipitation and wind extremes due to separate causes, other than extratropical
cyclones. This is not studied here but could be a subject for further research.

The part of Central Europe with relatively frequently occurring compound extremes
is probably also due to extratropical cyclones reaching inland. Why there are some
grid points southeast of the Black Sea with a high percentage of compound extremes
is hard to say. This part of Europe is probably more affected by weather patterns from
the Mediterranean and southwest Asia. Both central Europe and eastern Turkey are
located near mountain ranges which might cause some of these compound extremes.
Some examples of impacts in the affected region are discussed in section 5.4.

The method used for the analysis presented in 7, is effective only for large, and
consistent differences. An analysis made with data from each season or smaller
areas could assure that this result is accurate. We have to keep in mind that this
result only shows the percentage of compound extremes, it does not tell us anything
about the strength of the events or if the threshold has changed. The frequency might
be approximately the same but if the events become more or less extreme the impact
will as well.

5.3 Connections to extreme North Atlantic Oscillation phases

Figure 10a and 10b show a pattern similar to the one expected during the positive
phase of the North Atlantic Oscillation. The ratio of compound extremes occurring
during positive NAO to the number of extreme wind events is in general slightly lower
than for extreme precipitation events, indicating that wind extremes are more frequent
during the positive phase of NAO. This can also be seen in figure 10.

When studying the climatology anomalies for positive NAO in figure 8 it is clear that
the positive NAO brings stronger wind and somewhat higher precipitation to northern
Europe. This is a reasonable result due to the connection to the higher frequency of
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extratropical cyclones during positive phases of NAO. The positive phase of NAO can
to a degree be said to cause univariate extreme wind and precipitation events in this
area and also has a part in causing compound extremes.

The negative phase of NAO, contrary to the positive phase, seems to be more
associated with precipitation extremes, mostly over the Iberian Peninsula, as can be
seen in figure 11. This could be a consequence of a weaker jet stream during
negative NAO. The location of the positive climatology anomalies during the days with
negative NAO index is partly as mentioned in section 2.3. From figure 9 and figure 11
it can be seen that during the negative phase of NAO, extreme wind and precipitation
events occur in southern Europe and the most northern parts of the continent.

Events in the most eastern parts should not be affected as much as western
Europe by extratropical cyclones and the North Atlantic Oscillation. The extreme
events in this area probably have other causes as well that are not covered in this
project. According to Pfahl (2014), the cause for extreme precipitation in the eastern
and central parts of the Mediterranean is often Mediterranean cyclones.
Mediterranean cyclones can also cause strong wind over southern Europe (Pfahl
2014) and are therefore a probable cause for compound wind and precipitation
events in the Mediterranean.

The grid points showing 100% in figure 11 and 10 are, as previously mentioned a
result of very few extreme events at these locations, and these few extreme univariate
events happened to be compound extremes as well. These few events are probably
not in direct connection to extremes of the North Atlantic Oscillation.

5.4 Frequently affected areas and impacts

When areas with a high occurrence of extreme events are located the next step would
be to investigate how these areas are affected by them. Not knowing more than the
number of compound extreme events, it is very difficult to say if any of them resulted
in a serious impact. A deeper more impacted-focused analysis is achieved by, for
example, connecting extreme wind and precipitation events to cyclones, (Messmer
Simmonds 2021), or selecting case studies (Steensen, Ólafsson Jonassen 2011;
Liberato et al. 2013; Liberato et al. 2014; Baltaci 2017).

There are many examples of extreme wind events in Europe (Liberato et al. 2011;
Sirdas et al. 2017; Liberato et al. 2013), many of which are storms that also caused
heavy precipitation. To mention one, in February 2010 a storm caused substantial
damage to the Iberian peninsula and central Europe. The economic loss due to the
storm was estimated as the second-largest that year, EUR 3.6 billion, and more than
50 people lost their lives. Floods, landslides, waves several meters high, and power
outages were some of the consequences (Liberato et al. 2013). Other impacts from
extreme wind events are injury risks and deaths, fallen trees and damage to
properties, roads, electricity lines (Spinoni et al. 2020), and forest fires (Sirdas et al.
2017).

Based on the examples mentioned here the impacts of severe storms are often the
same, including fatalities, damage to infrastructure and property with considerable
worth, and disruptions in essential services as power supply and transportation.
Some of these can hopefully be mitigated with strategies or action plans especially for
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west-central Europe and southwest Europe that have seen the most destruction,
based on these articles on the subject.

5.5 Improvements and further research

A first, future improvement to this project could be a repeated analysis with higher
spatial resolution data. The result would then be more realistic and representative for
specific locations because details and local variations might be visible. Higher
temporal resolution is probably most useful if you want to track specific events, e.g.
connecting extreme events to pressure systems or detect rapid changes. Using a
higher temporal resolution for the 10m wind gust variable when calculating the daily
values would include a better representation of the strongest wind measured. High
temporal resolution for total precipitation would not affect the daily values because it
represents accumulated precipitation during one day, but it would make it possible to
locate the time with the most intense, and harmful, events of precipitation.

This quite simple method could also be improved by including temporal or spatial
displacements, a quite common approach in previous studies. A spatial shift could for
example be to include the surrounding grid points, often 8 of them. By doing so
compound extremes originating from the same extratropical cyclone are allowed to
occur at slightly different locations, which often is the case (Martius et al. 2016). A
temporal shift of one day would also contribute to the including of events from the
same cyclone or weather system by allowing extreme events to occur before and
after midnight (Martius et al. 2016).

A more thorough analysis of trends in interesting areas could be relevant, for
example by examining the difference in shorter periods e.g. years or seasons. In
addition to this, why the frequency of compound extremes has increased or
decreased could be investigated and possibly connect the effect of anthropogenic
activities to this change.

6. Conclusions

By analyzing the 5% most extreme days of wind gust and total precipitation in Europe
during boreal winter 1979-2019, areas with the highest frequency of compound
precipitation and wind events are found on the west coast of Norway, the Iberian
peninsula, minor parts in central Europe and southeast of the Black Sea. The
percentages of compound extremes occurring during the 5% of all the days with the
most extreme events are at most just over 50%.

The positive phase of the North Atlantic Oscillation is connected to, foremost,
extreme wind but also precipitation extremes in northern parts of Europe. The
percentage of compound extremes occurring during positive NAO and extreme
univariate days are at most approximately 60% in northern Europe. The days during
the negative phase of the North Atlantic Oscillation entail a higher number of
precipitation extremes in southern Europe, foremost on the Iberian Peninsula.
Extreme wind events are also mainly present in southern Europe during negative
NAO, although not as many as the precipitation events. The percentage of compound
extremes occurring during negative NAO and extreme univariate wind days are at
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most approximately 70% on the Iberian peninsula. The percentages for other areas in
southern Europe are 20-60%.

No difference in frequency of compound extremes 1979-1999 to 2000-2019 is
found, except in the northern parts of the Baltic states where the results indicate a
lower frequency of compound extremes 2000-2019. A more detailed analysis is
required.
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