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A B S T R A C T

Extratropical cyclones and their associated extreme precipitation and winds can have a severe impact on society
and the co-occurrence between the two extremes is important when assessing risk. In this study the extremal
dependency measure, 𝜒 , is used to quantify the co-occurrence of extreme precipitation and wind gusts, and is
investigated at individual grid points and spatially over Europe. Results using three observational datasets and
a higher spatial and temporal resolution version of ERA5 than previously used confirm previous studies. Over
Europe high co-occurrence is found over western coasts and low co-occurrence is found over eastern coasts.
All datasets have qualitatively similar spatial patterns over most regions of Europe excluding some regions
of high topography where ERA5 𝜒 values are much larger. ERA5 represents the timings of daily extreme co-
occurring events well, compared to observations. The differences in precipitation accumulation timescales are
also accounted for by considering hourly, 6, 24 and 48 hourly co-occurrence. In a few regions co-occurrence
changes with longer accumulations, indicating the different speeds and sizes of weather systems affecting these
regions. 𝜒 in most regions has little increase by allowing a 24 h lag and lead between the precipitation and
wind, with a few exceptions where 𝜒 is increased by up to 24%. Regions with the larger of these increases are
on or around elevated topography. Using an objective feature tracking method, insight into the spatial pattern
of extreme precipitation and wind within cyclones over Europe is given. As well as suggesting how many hours
apart the extremes occur from one another in a particular location. Extreme co-occurring events are associated
with cyclones far more of the time than non extreme events. Given an extreme co-occurring event the chance
of a cyclone being within 1110 km is more than 70% for much of Europe. Regions with low co-occurrence
have extremes caused by different weather systems and regions with large co-occurrence have both extremes
caused by the same weather system. Cyclones linked to extreme events, particularly co-occurring and extreme
wind, have larger intensity than those not and for most of Europe these cyclones also have faster mean speed.
1. Introduction

Strong winds caused by extratropical cyclones are capable of pro-
ducing devastating socio-economic impacts over Europe (Roberts et al.,
2014). Storm Kyrill, for example, caused considerable damage, with
estimated insured losses for Europe of £6.3 billion (Fink et al., 2009;
Swiss Re, 2000). Precipitation extremes and associated floods can also
have a major impact and cause huge socioeconomic loss (Easterling
et al., 2000; Pall et al., 2011). For example, the 2013/14 winter
UK floods caused economic damages of £1.3 billion (Environmen-
tal Agency, 2016). Compound effects of multiple drivers, such as precip-
itation and wind together, cause the majority of weather and climate
related catastrophes (Zscheischler et al., 2018). The co-occurrence of
extreme precipitation and winds can have a severe impact on society
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and this co-occurrence is important when assessing risk since together
they can cause even greater damage than separately. This could pro-
vide useful information for the (re)insurance industry and emergency
response planners.

Martius et al. (2016) quantified the global co-occurrence of daily
precipitation and wind extremes using ERA-Interim precipitation and
wind gust data from 1979 to 2012, by calculating the extremal de-
pendency measure, 𝜒 . The co-occurrence of wind and precipitation
extremes (above the 98th percentile) were defined by events occurring
at the same gridpoint on the same day or shifted in time by one day.
For winter (December to January) high percentages of co-occurring
extremes were along the west coast of Spain and Portugal, northwestern
central Europe, the west coast of Norway and the east coast of Greece.
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Lowest co-occurrences were in eastern Norway and Sweden, eastern
Spain and eastern central Europe.

It is important to consider whether the results of Martius et al.
(2016) are robust to different datasets. For example, there are un-
certainties since ERA-Interim precipitation and wind data are model
derived from short term forecasts and are not constrained by observa-
tions. Pfahl and Wernli (2012) did compare ERA-Interim with satellite
observation based precipitation data. The magnitude of precipitation
intensity agreed well for Europe and more importantly the timing
of 6 hourly extreme precipitation matched more than 80% of the
time for most of Europe. Nevertheless, extreme precipitation events
were not systematically evaluated in the satellite dataset used and
uncertainties were largely unknown. Therefore, a similar study using
observational datasets to test spatial patterns of extreme precipitation
and wind as well as the timings of the extreme co-occurring events
is needed. Although a full validation using such datasets is impossible
since observational datasets are limited due to sparse stations resulting
in missing data in space and time as well as low temporal resolutions.

There is statistical evidence of a time separation between flooding
and extreme wind over Great Britain, where peak river flows occur
0 to 13 days after extreme wind (De Luca et al., 2017). Over the
Mediterranean, Raveh-Rubin and Wernli (2015) found that the timing
of the precipitation peak typically occurred 12 h before the gust peak.
From five case studies of cyclones in the Mediterranean, Raveh-Rubin
and Wernli (2016) found that spatial distributions of extreme wind
gusts and precipitation are largely separated, with limited overlap.
Extreme wind gusts occurred in the south western parts of a cyclone
while precipitation had localized peaks, which varied from case to case.
The peak in precipitation occurred at the same time as the deepest
minimum in sea level pressure and the wind gust followed within the
next 6 h (Raveh-Rubin and Wernli, 2016). However it is still unknown
about the climatological separation between extreme precipitation and
wind throughout Europe.

Many papers have looked at the relationship between extratropical
cyclones and their associated fronts and extreme precipitation (Pfahl
and Wernli, 2012; Hawcroft et al., 2012; Catto and Pfahl, 2013). Whilst
other papers have looked at the relationship between extratropical
cyclones and their associated fronts and extreme winds (Roberts et al.,
2014; Hewson and Neu, 2015). However few papers have looked at
the relationship between extratropical cyclones and co-occurring pre-
cipitation and wind extremes. Over Great Britain extreme winter wind
and precipitation co-occur and are linked by the physical processes
associated with extratropical cyclones (De Luca et al., 2017). Large co-
occurrence over the Northwest of the Alps, is explained by the fact
extreme wind and precipitation events over this region are typically
associated with cyclones over the North Sea (Martius et al., 2016;
Pfahl, 2014). Alternatively to the east of the Alps a lower co-occurrence
was found (Martius et al., 2016), extreme precipitation in this region
is caused by Mediterranean cyclones, however wind extremes in this
region are caused by cyclones from northern Europe (Martius et al.,
2016; Pfahl, 2014). This suggests that low co-occurrence occurs in re-
gions where the extremes come from different weather systems. Martius
et al. (2016) also suggested that regional variations in co-occurring
extremes are due to the location of cyclone centres in relation to
these extremes. Over the Mediterranean these combined extremes often
occur simultaneously near North Atlantic cyclones or Mediterranean
cyclones (Raveh-Rubin and Wernli, 2015).

Some work has looked at the characteristics; speed and latitudinal
displacement of cyclones causing extreme precipitation (Pfahl, 2014),
however the same study for cyclones causing both precipitation and
wind extremes has not been done, nor for other cyclone characteristics.

Until now there has been little published literature on the co-
occurrence of precipitation and wind extremes over Europe, and in
particular linking these extremes to extratropical cyclones. This study
quantifies the co-occurrence of extreme precipitation and wind over Eu-
rope, building upon Martius et al. (2016). This study expands on Mar-
2

tius et al. (2016) by using ERA5 data which has a higher spatial
and temporal resolution to ERA-Interim, as well as three observational
datasets, to explore the robustness of the results. Due to the higher
temporal resolution of ERA5, hourly data was used to investigate co-
occurrence, meaning differences in 𝜒 due to the temporal scale of the
precipitation extremes have been investigated. This is useful because
precipitation characteristics are different depending on the timescale
and location (Barbero et al., 2019). We might also expect different co-
occurrence for different precipitation accumulation periods because of
the weather systems causing the extreme precipitation and wind. In
previous studies the time separation between precipitation and wind
extremes was only investigated for the Mediterranean and for a small
number of cases. In this study the time separation has been quantified
for the whole of Europe with a much larger sample size. An objective
feature tracking algorithm was used to find cyclones and investigate
the probability of a cyclone given an extreme co-occurring event, this
was also quantified for all of Europe. Cyclone speed and intensity was
investigated to see whether extreme co-occurring events have preferred
cyclone characteristics. The extended winter season (October to March)
was used because many extreme events due to storms occur in the
autumn and spring seasons in Europe, hence when assessing cyclone
related risk these are the months of interest. Extremes in this study
were taken as above the 80th and 99th percentiles (see Section 2.2 for
detail). The following questions are addressed:

1. What is the spatial distribution of the probability of co-occurre-
nce of extreme precipitation and extreme winds over Europe in
the reanalysis and observational datasets?

2. How does the temporal scale of the precipitation extremes affect
the co-occurrence?

3. Can we quantify the temporal offset of the extreme precipitation
and winds over Europe?

4. How strongly related are the co-occurrence of extremes to extra-
tropical cyclones and are there preferred cyclone characteristics?

2. Data and methodology

2.1. Data

Hourly total precipitation accumulation and 10 m wind gust since
previous post-processing from the European Centre for Medium-range
Weather Forecasts ERA5 reanalysis dataset are used (Hersbach et al.,
2020). Other time periods, 6, 24 and 48 h, are the accumulated
precipitation and maximum wind gust within that timeframe. The ERA5
dataset is a global dataset with spatial resolution of 31 km (0.28125◦).
Both the ERA5 precipitation and wind gust data are from forecasts.

To check the robustness of the ERA5 dataset results, two obser-
vational station datasets are used; NOAA’s National Climatic Data
Center’s, Global Surface Summary Of the Day (GSOD) dataset, and
the European Climate Assessment (ECA) dataset. GSOD is comprised
of daily data computed from global hourly station data (National
Climatic Data Center, 2018). The ECA dataset contains series of daily
observations at meteorological stations throughout Europe and the
Mediterranean (Van Den Besselaar et al., 2015). From both the GSOD
and ECA datasets daily precipitation accumulation and daily maximum
wind gusts are used from 825 and 805 European stations respectively.
Precipitation and maximum wind gust will only appear if the station
reports the data sufficiently to provide a valid value. Therefore, many
days have missing values. Stations with limited wind gust and precipi-
tation data (less than 1% of the total number of timesteps) are removed
in this analysis. The gridded version of the ECA daily precipitation
dataset, E-OBS, is also used to check robustness. E-OBS comes as an
ensemble dataset and is downloaded on a 0.25◦ regular grid for daily
precipitation sum. The ensemble mean is used as this is provided as the
‘best-guess’ (Cornes et al., 2018). A new dataset is created, E-OBS/ERA5
with the E-OBS daily precipitation and ERA5 daily maximum wind
gusts. The ERA5 wind gust data has been interpolated onto a 0.25◦
grid to match the E-OBS data for the E-OBS/ERA5 dataset.
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Fig. 1. Hourly 10 m wind gust and precipitation for (a) Porto and (b) Valencia, with horizontal and vertical lines at the 0.99 quantile for precipitation and wind respectively. a,
b, c and d represent the four different quadrants of the graph. Quadrant a includes the extreme co-occurring, b extreme precipitation, c extreme wind and d non-extreme hourly
events.
For the daily accumulations the ERA5 precipitation (or wind gusts)
is the sum (or maximum) of the last 24 h of hourly precipitation
(or wind gusts) from 00:00 to 23:00 each day. For the observational
datasets the time interval for 24 h accumulated precipitation differs for
each station and may comprise a 24 h period which included a portion
of the previous day. All datasets in this study are from the period 1980
to 2018, for the winter half season, October to March. Both the ERA5
and E-OBS/ERA5 data considers a region from 20◦W to 40◦E and 30◦S
to 75◦N. All GSOD and ECA stations used are also within this region.

2.2. Definition of extremes and their co-occurrence

For most of the analysis ERA5 precipitation and wind gusts above
the 99th percentile for each gridpoint, for the winter half season, are
taken as extreme (Pfahl and Wernli, 2012; Catto and Pfahl, 2013;
Pfahl, 2014). When observational datasets are used, precipitation and
wind gusts above the 80th percentile for each gridpoint and season
are taken as extreme. A lower percentile is used in this case because
many stations have incomplete timeseries for both precipitation and
wind gust data and a higher percentile gives too small a sample size.

Wind gusts occur on short timescales, causing instantaneous dam-
age. However precipitation characteristics are different depending on
the timescale, since damage caused by precipitation depends on total
run-off and is not instantaneous. For example lots of precipitation
falling in an hour may cause an hourly extreme, and yet 24 h of light
precipitation may cause a daily extreme. The hourly, 6 hourly, 24
hourly and 48 hourly precipitation accumulation extremes are studied
here along with the maximum wind gust within these temporal periods.
A co-occurrence is recorded if the precipitation accumulation and the
maximum wind gust occur within the same time period, at the same
gridpoint or station and are each above a particular percentile.

2.3. Extremal dependency

The conditional probability measure, 𝜒 , was first introduced by
Coles et al. (1999). It is the probability of one variable being extreme
given that the other is extreme. At each gridbox

𝜒(𝑝) = 𝑃𝑟(𝑌 (𝑡) > 𝑦 ∣ 𝑋(𝑡) > 𝑥 ) (1)
3

𝑝 𝑝
where 𝑌 is precipitation, 𝑋 is wind gust and 𝑦𝑝 and 𝑥𝑝 are the 𝑝th
quantiles of 𝑌 and 𝑋 with threshold probability 𝑝 ∈ [0, 1]. In this case 𝜒
is the probability of a precipitation (or wind) extreme occurring given
a wind (or precipitation) extreme. Fig. 1 shows scatter plots of wind
and precipitation for Porto (Portugal) and Valencia (Spain) with lines
at the quantile 0.99. From Fig. 1 𝜒 is estimated as

𝜒 =
𝑛𝑎

𝑛𝑎 + 𝑛𝑏
=

𝑛𝑎
𝑛𝑎 + 𝑛𝑐

=
𝑛𝑎

(1 − 𝑝)𝑛
(2)

where 𝑛 is the total number of timesteps and 𝑛𝑎, 𝑛𝑏, 𝑛𝑐 and 𝑛𝑑 are the
number of events in quadrants a, b, c and d respectively. All events
have been included in our dataset including zero precipitation events.
These event sets a, b, c and d will be referred to in the rest of this paper
as the extreme co-occurring, extreme precipitation, extreme wind and
non-extreme event sets respectively.

2.4. Time lag and lead analysis

To quantify the temporal separation between extreme wind and
precipitation across Europe, an analysis allowing a maximum of 24 h
lag and lead was performed. This gives insight into how 𝜒 changes with
hourly delays between the wind and precipitation extremes. Here

𝜒(𝑝, 𝜏) = 𝑃𝑟(𝑌 (𝑡 + 𝜏) > 𝑦𝑝 ∣ 𝑋(𝑡) > 𝑥𝑝) (3)

where 𝜏 is the number of hours that precipitation lags behind wind.
The maximum 𝜒 over 𝜏 ∈ [−24, 24] and the lag or lead time that gives
the maximum value of 𝜒 at each gridbox are also calculated.

2.5. Extratropical cyclone identification and link to extreme events

Cyclones are identified and tracked using an objective feature-
tracking algorithm to investigate events associated with cyclones
(Hodges, 1994, 1995, 1999). The algorithm identifies vorticity maxima
in the 6 hourly vorticity at 850 hPa. The vorticity data are truncated
to T42 resolution before the tracking to focus on synoptic scale dis-
turbances. A 6 hourly event is associated with a cyclone, and hence
classed as a match, if said event occurs at the same 6 hourly timestamp
and is within 1110 km (roughly 10◦) from a cyclone track centre. The
probability of a cyclone given an event is calculated by the following
equation

𝑃𝑟(𝑐𝑦𝑐𝑙𝑜𝑛𝑒 ∣ 𝑒𝑣𝑒𝑛𝑡) = 100 ×𝑀 (4)

𝑇
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Fig. 2. Extremal dependency, 𝜒 , maps for the 99th percentile extremes for the temporal accumulation periods (a) 1 h, (b) 6 h, (c) 24 h and (d) 48 h from the ERA5 dataset. The
temporal periods are made using the summation of the last 𝑥 number of hours of precipitation and the maximum wind gust within those hours.
where 𝑀 is the number of matching events for a given gridpoint and 𝑇
is the total number of events for a given gridpoint where 𝑇 is equal
to 𝑛𝑎, 𝑛𝑏, 𝑛𝑐 or 𝑛𝑑 depending on the event set. This was calculated
for all four event sets, extreme co-occurring (a), extreme precipitation
(b), extreme wind (c) and non-extreme (d). Due to the spherical nature
of the Earth, to find the matching between events and cyclones, the
spherical coordinates: Earth’s radius, longitude and latitude (𝑟, 𝜃, 𝜑) are
transformed into the 3D Cartesian coordinates (𝑥, 𝑦, 𝑧), by the following
equations

𝑥 = 𝑟 sin 𝜃 cos𝜑

𝑦 = 𝑟 sin 𝜃 sin𝜑

𝑧 = 𝑟 cos 𝜃

(5)

where 𝑟 is the average radius of Earth, 6371 km, 𝜃 ∈ (−𝜋, 𝜋] and
𝜑 ∈ (−2𝜋, 2𝜋]. The following equation is used to find whether a cyclone
track is nearby to a given gridpoint,

(𝑥𝑇 − 𝑥𝐸 )2 + (𝑦𝑇 − 𝑦𝐸 )2 + (𝑧𝑇 − 𝑧𝐸 )2 ≤ 11102 (6)

where 𝑥𝑇 , 𝑦𝑇 and 𝑧𝑇 are the cartesian coordinates for the cyclone track
and 𝑥𝐸 , 𝑦𝐸 and 𝑧𝐸 are the cartesian coordinates for the ERA5 gridpoint.
In this study 1◦ is taken to equal to 111 km, hence a cyclone is nearby
a gridpoint if it is within 1110 km, because previous studies have used
10◦ spherical caps (Hawcroft et al., 2012).

3. Results

3.1. ERA5 extremal dependency

The largest co-occurrences for Europe are around the western coasts
of Portugal, Spain, France, the UK, and Norway, as well as the north
eastern coast of the Mediterranean and regions south of the Alps
(Fig. 2). The smallest co-occurrences are on eastern coasts of the UK,
Sweden and Spain, over the north western coast of the Mediterranean
and around the Carpathian and south eastern Norwegian mountain
ranges. These results are consistent between accumulation periods and
4

generally agree with Martius et al. (2016); any disparities are discussed
later in Section 4.

It has been suggested that the reason for low co-occurrence over
east Norway and east Spain is the orographic enhancement of rain
on the windward side of a mountain and the drying of the air by
the time it reaches the lee (Martius et al., 2016). This means that
while extreme winds extend eastward the extreme precipitation is
only on the windward side of the mountain, this is seen in storm
case studies (Martius et al., 2016). This could also explain the strong
variations over France and the UK where the North Atlantic storm track
sends cyclones moving approximately perpendicular to mountains or
coasts. It could also explain the high co-occurrences over the eastern
coasts of the Mediterranean, where cyclones from the Mediterranean
storm track may arrive perpendicularly to the mountains on the western
coast of Italy and the eastern coasts of the Adriatic Sea. It has also been
suggested that the Cierzo winds may cause the low co-occurrence to
the South of the Pyrenees (Martius et al., 2016). These winds affect
the Ebro valley from Zaragoza to Barcelona during the winter half
year (Tout and Kemp, 1985), although this does not explain the low co-
occurrence over all of eastern Spain. Another reason that some places
experience low co-occurrence could be seasonality. For example if an
area experiences most of its extreme wind in one month and its extreme
precipitation in another, the winter half year co-occurrence would be
low. However a gridpoint analysis into regions with low co-occurrence
was performed and seasonality did not occur (not shown). Composite
plots shown later (Figs. 10–12) help to explain these differences in 𝜒
in more depth along with their association to cyclones.

Over all temporal accumulation periods the spatial patterns of the
hourly, 6 hourly, daily and 48 hourly 𝜒 values are similar for regions of
very large and very small 𝜒 (Fig. 2). There are, however, more regions
with very low 𝜒 (less than 0.1) at longer temporal periods, suggesting
that hourly and 6 hourly extremes co-occur more often than daily and
48 hourly extremes. This suggests cyclones moving through regions on
a hourly timescale may be well associated with these extremes and are
the main cause of co-occurrence.

The 6 hourly 𝜒 values are up to 20% larger than the hourly for

most regions in Europe (Fig. 3a). In contrast, for most of the UK,
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Fig. 3. Percentage difference, (𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 − ℎ𝑜𝑢𝑟𝑙𝑦)∕((𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 + ℎ𝑜𝑢𝑟𝑙𝑦)∕2) × 100, between hourly and (a) 6, (b) 24 and (c) 48 hourly 𝜒 values. Areas of red represent where
the accumulated periods give higher 𝜒 values and areas of blue represent where the hourly period gives higher 𝜒 values. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
Sweden, the east coast of Spain and parts of eastern Europe, hourly
𝜒 is the largest and decreases by up to 50% with longer temporal
periods (Figs. 3a, 3b and 3c). For Finland, Turkey, and the central
Mediterranean decreases of 50% are also found with the 48 hourly
accumulation, however 6 hourly 𝜒 values in these regions are larger.
This suggests that these countries have weather systems that move over
quickly, dropping extreme precipitation within an hour or a few hours
and have wind gust maxima that co-occur. Inspections of case studies
(not shown) suggest that when precipitation is summed to daily or 48
hourly in these regions, precipitation is no longer extreme and hence
no longer co-occurs with the wind gust extremes. It is also possible
that these countries are affected by small weather systems where the
extremes occur spatially close to each other and hence co-occur within
a short timeframe.

Over Norway, the north west of the Black Sea, the north west
of the Mediterranean, southern France, the east coast of Greece and
parts of eastern Europe, 𝜒 increases by up to 50% with longer ac-
cumulations (Figs. 3a, 3b and 3c). This suggests regions with higher
co-occurrence at longer temporal precipitation accumulations have
slow-moving weather systems, where precipitation falls consistently
over a large number of hours or days, causing a daily or 48 hourly
extreme. However when considering hourly timescales the precipitation
would not be classed as extreme. These systems may also be large with
large spatial gaps between the precipitation and wind gust extremes
meaning that when considering hourly timescales co-occurrence is not
found yet when daily or 48 hourly are considered co-occurrence is
found.

3.2. Robustness of co-occurrence estimates using observational datasets

GSOD matches well with ERA5; both datasets have high co-
occurrence over Portugal, the east of France and the west coasts of
France and the UK (Figs. 4a and 4c). Low co-occurrence is found over
southern France, the east of the UK and eastern Spain in both datasets
too. However the GSOD dataset has less co-occurrence over Italy, the
north east of the Mediterranean and Norway. The ECA data matches
well with ERA5 too, both have high co-occurrence in northern Spain
and western and central Germany (Figs. 4b and 4c). Low co-occurrence
over eastern Spain is also found in both. The ECA dataset however also
finds less co-occurrence over Norway. ERA5 gives larger values of 𝜒
at each station than both the GSOD and ECA datasets (Figs. 5a and
5b). The correlation coefficients for the GSOD and ERA5 datasets and
the ECA and ERA5 datasets are, 𝑟 = 0.53 and 𝑟 = 0.59 respectively.
Hence ERA5 has a moderate positive correlation with both the GSOD
and ECA datasets. To assess the joint tail distributions of the extremes
we refer the reader to the two-dimensional extension of the skill score
in Perkins-Kirkpatrick et al. (2007) introduced by Ridder et al. (2020).

The E-OBS/ERA5 dataset matches well with the ERA5 dataset in
most regions for 80th percentile extremes with a correlation coefficient
5

Table 1
Mean (median) percentages of stations/gridpoints with matching in time extreme co-
occurring daily events in ERA5 and station datasets over Europe. Higher percentages
represent closer agreement in timings of co-occurring daily extreme events between the
datasets.

70th 80th 90th 99th

GSOD and ERA5 57% (61%) 47% (48%) 35% (29%) 3% (0%)
ECA and ERA5 67% (70%) 61% (65%) 53% (65%) 37% (16%)
E-OBS/ERA5 and ERA5 83% (84%) 79% (80%) 72% (73%) 56% (57%)

of 𝑟 = 0.846 (Figs. 6a, 6b and 5c). Both datasets also match well for
99th percentile extremes (not shown) with a correlation coefficient of
𝑟 = 0.683. The ERA5 data again gives larger values of 𝜒 , particularly
over Norway, Iceland, Greece and Turkey, suggesting that ERA5 over
estimates 𝜒 over regions with high topography.

By comparing the dates for extreme co-occurring events in the ERA5
dataset with the three observational datasets, an analysis of how well
the events match in time is performed (Table 1) for different extreme
thresholds. For GSOD and ERA5, when looking at co-occurring events
above the 70th percentile, the mean percentage of events over all
stations that match in time is 57%. For larger extremes the mean
percentage of matching events decreases significantly. Over half of the
extreme co-occurring events in ECA and ERA5 datasets match in time
for extremes above the 70th, 80th and 90th percentiles. For extreme
events above the 99th percentile the mean percentage of matching
events is 37%. Regions with low co-occurrence of extremes have poorly
matching extreme co-occurring events for the higher percentiles due
to little/no data. This is also true for stations with lots of missing
data in our time series. Most of the extreme co-occurring events in
the E-OBS/ERA5 dataset match events in ERA5, this is true even
when looking at events above the 99th percentile. Overall, the ERA5
precipitation and wind gust extremes are occurring on the same days
as the observational datasets most of the time, which means ERA5 is
representing the timings of daily extreme co-occurring events well.

3.3. Non-simultaneous extremal dependency

The temporal separation between precipitation and wind extremes
was relaxed to a maximum of 24 h to see how 𝜒 changes with a
delay between the wind and precipitation extremes. Previous studies
have either made assumptions about the time lag and lead between
precipitation and wind or have investigated it for a small number of
cases (Raveh-Rubin and Wernli, 2015, 2016). Here the lag and lead is
quantified for a larger number of events over the whole of Europe.

Over most regions 𝜒 has no or little increase when including a 24 h
lag and lead (Fig. 7a). Therefore most regions experience the largest
𝜒 values when wind and precipitation extremes occur within the same
hour. However in some regions 𝜒 increases by up to 24%, although it
is worth noting that most of these regions have relatively low 𝜒 values



Weather and Climate Extremes 33 (2021) 100342L.E. Owen et al.
Fig. 4. Extremal dependency, 𝜒 , maps for 80th percentile extremes from the (a) GSOD, (b) ECA, (c) ERA5 datasets.
Fig. 5. Comparison between (a) GSOD and ERA5, (b) ECA and ERA5 to the nearest ERA5 grid box and (c) E-OBS/ERA5 and ERA5 𝜒 values, with corresponding correlation
coefficients, 𝑟 = 0.529, 𝑟 = 0.597, and 𝑟 = 0.846. 𝜒 values of 0 (over the sea) from the E-OBS/ERA5 dataset have been removed.
Fig. 6. (a) Extremal dependency, 𝜒 , map for 80th percentile extremes from the ERA5/E-OBS dataset. (b) Difference in 𝜒 between the ERA5/E-OBS and ERA5 datasets. A positive
(blue) value indicates that the ERA5 dataset has a larger value of 𝜒 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
even with this increase. The regions with the largest increases are
Norway, Turkey, south east France and the Aegean sea. These regions
are either on or surrounded by elevated topography (the Scandinavian
Mountains, Pontic Mountains, Massif Central and Cretan Mountain
ranges). Pfahl (2014) found that extreme precipitation events near
elevated topography were further away from cyclone centres. Therefore
elevated topography may be an explanation as to why a significant time
lag occurs between the wind and precipitation extremes, if both these
extremes are from the same weather system. Since the wind extremes
may be nearer the centre of the cyclone, whereas the precipitation is
further ahead or behind.

Most of the UK, France, Spain, Portugal, Belgium, the Netherlands,
Finland, Italy and Germany experience the largest value of 𝜒 when
extreme wind and precipitation occur within the same hour (Fig. 7b).
6

As well as most of the North Atlantic, North and Norwegian Sea sur-
rounding Europe. This would suggest that the same weather system is
causing both extreme precipitation and wind gusts within these regions,
this weather system would also be relatively small and/or fast moving.
Or the extreme wind and rain are in similar regions spatially within the
cyclone.

For south east France, Turkey and north eastern countries around
the Mediterranean, largest 𝜒 occurs when extreme wind gusts occur
before precipitation extremes (Fig. 7b). This implies that storms causing
these events are more likely to have extreme wind arriving before
extreme precipitation. In a small region of south east France, wind gust
extremes appearing between 8 and 12 h before precipitation extremes
cause the largest 𝜒 values. This is seen for Saint-Etienne in south east
France which has a maximum 𝜒 at 8 h (Fig. 8a). Over Turkey wind gust
extremes appearing between 4 to 18 h before precipitation extremes
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Fig. 7. (a) Percentage 𝜒 increases when allowing up to a 24 h lag or lead between the precipitation and wind extremes for Europe. High percentages show regions where the
highest 𝜒 does not occur when extreme precipitation and wind occur within the same hour. (b) 24 h lag and lead times when 𝜒 is at maximum. Red values indicate where wind
gust extremes are arriving before precipitation extremes to give the largest 𝜒 , white values where both extreme wind and precipitation arrive within the same hour to give the
largest 𝜒 and blue values where precipitation extremes are arriving before wind gust extremes to give the largest 𝜒 . (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
cause the largest 𝜒 values. The larger of these lags occur over the north
coast, as seen for Samsun in north Turkey which has a maximum 𝜒 at
12 h (Fig. 8b). Over countries to the north east of the Mediterranean,
wind gust extremes arriving between 2 to 14 h before precipitation
extremes cause the largest values of 𝜒 .

For Norway, south Sweden, north west Scotland, the Aegean sea,
east Germany, Poland, Ukraine, Belarus, Lithuania, the north west of
the Mediterranean and the east coast of Spain the largest 𝜒 occurs
when precipitation extremes occur before wind gust extremes, within
the range of 6 to 24 h (Fig. 7b). This implies that storms causing
these events are more likely to have extreme precipitation arriving 6 to
24 h before extreme wind. This is seen for Fort William in north west
Scotland which has maximum 𝜒 at −7 h, when precipitation arrives
7 h before wind (Fig. 8c). And Gdynia in north Poland has maximum
𝜒 at −14 h, with a second peak at −5 and -7 h (Fig. 8d). For the
Mediterranean the largest 𝜒 occurs when precipitation extremes occur
between 2 to 24 h before the wind extremes, with large regions occur-
ring between 12 to 16 h before. This is in agreement with Raveh-Rubin
and Wernli (2015), where the precipitation peak typically occurred
12 h before the wind gust maximum. And Raveh-Rubin and Wernli
(2016), where the precipitation peak occurred 6 h (or less) before the
wind gust maximum.

For all the locations on Fig. 8 there are peaks in the 𝜒 values with
significant drops either side. This suggests that for certain locations
there is a significant time separation between the wind and precipi-
tation extremes. These lag and lead times vary between locations yet
the maxima are well within 24 h, suggesting weather systems causing
these extreme wind and precipitation events affect a region over hours
rather than days.

3.4. Cyclones and extreme co-occurring events

The probability of the presence of a cyclone given an 6 hourly
extreme co-occurring event is particularly high over the Mediterranean,
the UK and northern Europe (Fig. 9a), with a mean probability over
Europe of 81%. Few regions have lower percentages than 50%. These
occur in a narrow band over southern Spain, southern France, northern
Italy and along the continent to Romania. In these regions cyclones are
associated with extreme co-occurring events less than half the time. Or
they are further away than 1110 km from the co-occurring extremes
location, for example, precipitation and wind extremes in the Iberian
peninsula are associated with atmospheric rivers more than 48% of
the time (Waliser and Guan, 2017). Atmospheric rivers are typically
associated with a low-level jet stream ahead of the cold front of an
7

extratropical cyclone, far away from the cyclone centre. France and
around the Alps also have high percentages of extreme precipitation
associated with atmospheric rivers (24% to 48%), however wind ex-
tremes in these regions only have percentages of 12% to 36% (Waliser
and Guan, 2017).

The spatial pattern for the probability of the presence of a cyclone
given an 6 hourly extreme precipitation event (Fig. 9b) is similar to that
of the extreme co-occurring events, with a slightly lower probability of
occurring with a cyclone, with a mean probability over Europe of 73%.
The spatial pattern for extreme wind events (Fig. 9c) is again similar to
that of the co-occurring and also has similar percentages, with a mean
probability over the region of 81%. Non extreme events (Fig. 9d) have
the smallest percentages, with a mean probability over the region of
49%, again with similar spatial patterns to the other event sets.

For Porto, Portugal, almost all nearby cyclones linked to extreme
co-occurring, extreme precipitation and extreme wind events are over
the North Atlantic, north and west of the gridpoint (Figs. 10a, 11a and
12a). Hence Porto may have a large 𝜒 value because the same weather
systems cause both the precipitation and wind extremes. For the co-
occurring events, the minimum in mean sea level pressure (MSLP) is to
the north west, indicating that the co-occurring extremes occur in the
cold frontal region of storms yet further away than 1110 km. This may
be why the percentage of extreme co-occurring events associated with
cyclones in this region is only 56% (Fig. 9a).

For Bergen, Norway, most extreme co-occurring, extreme precipi-
tation and extreme wind events nearby cyclones are to the west and
north west over the North Atlantic (Figs. 10c, 11c and 12c). However
extreme wind event cyclones are also directly over Bergen and to the
east. Again, this suggests why 𝜒 is large over this region, yet not as
large as Porto. The minimum in MSLP for the co-occurring extremes is
to the north west, nearby Bergen.

For Valencia, East Spain, nearby cyclones linked to extreme co-
occurring events are mostly to the south, over southern Spain and
Portugal, over the western Mediterranean and over north Africa, simi-
larly with the cyclones linked to extreme precipitation events (Figs. 10b
and 11b). The minimum in MSLP is almost directly over Valencia with
a south east tilt for the co-occurring extremes and similarly for the
precipitation extremes. Cyclones near the wind extremes are mostly
to the east of Valencia over the Mediterranean with the minimum
MSLP over the west of the Mediterranean (Fig. 12b). If wind extremes
are mainly caused by cyclones over to the south of Valencia and
precipitation extremes from cyclones over to the west this may be why
Valencia and the eastern coast of Spain have few co-occurring events
since the different extremes are caused by different weather systems.
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Fig. 8. 𝜒 values for each 24 h lag and lead time for (a) Saint-Etienne, (b) Samsun, (c) Fort William and (d) Gdynia. Positive hours are when the largest 𝜒 is given when the
extreme wind gusts are occurring before the precipitation extremes and the negative hours are when the largest 𝜒 is given when the precipitation extremes are occurring before
the wind gust extremes.
The probability of a cyclone given a co-occurring extreme at Valencia
is 63% (Fig. 9a), suggesting other weather systems may be causing the
other 37% of extreme co-occurring events.

For Stockholm, Sweden, extreme co-occurring and extreme precip-
itation cyclones are located to the south and west, over the Baltic Sea,
North Sea, Sweden and Norway (Figs. 10d and 11d). Cyclones linked
to extreme wind are also in these regions but are more frequently to
the north and east of Stockholm over the north Baltic Sea and Finland
(Fig. 12d). Like Valencia, Stockholm also has a low co-occurrence of
extreme events, which again may be because different weather systems
cause the different extremes. Stockholm has a large probability, 87%,
of a cyclone given a co-occurring extreme (Fig. 9a), this is perhaps
surprising since we can see many cyclone tracks further away than 1110
km but related to the MSLP minimum to the north west of the gridpoint.

To the south of the Alps (northern Italy) large co-occurrence is
found. For Treviso, northern Italy, cyclones linked to extreme co-
occurring and extreme precipitation events are mostly located in a
small cluster south west of the gridpoint over the north of the Mediter-
ranean (Figs. 10e and 11e). Cyclones linked to extreme wind events
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are also mainly in this region but with more of a spread over Italy and
further south of the Mediterranean (Fig. 12e). This suggests why the
south east of the Alps over Treviso has a large 𝜒 value. For the extreme
co-occurring events the minimum in MSLP is to the south west close to
the gridpoint.

To the east of the Alps (Austria, Slovenia, Hungary) low co-
occurrence is found. Therefore, Budapest has few cyclones nearby
when co-occurring events occur (Fig. 10f). It does, however, have
many cyclones nearby to extreme precipitation events (Fig. 11f). These
cyclones occur in a large cluster to the south and south west over Italy
and the northern Mediterranean, as well as further away and more
spread out in the north. Cyclones linked to wind extremes are mainly
to the north east of Budapest in a large cluster over eastern Europe,
with a few nearby Budapest but to the south over the Mediterranean
(Fig. 12f). The different weather systems causing these extremes would
again suggest why Budapest has such a low co-occurrence, agreeing
with Martius et al. (2016) and Pfahl (2014).
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Fig. 9. Estimates of the probability of the presence of a cyclone given the 6 hourly event sets a, b, c and d. Where a are the percentages of extreme co-occurring, b extreme rain,
c extreme wind and d non-extreme 6 hourly events. A cyclone is counted for a gridpoint if the gridpoints event occurs at the same 6 hourly timestamp and is within 1110 km
from the cyclone tracks centre.
Large co-occurrence is also found along the east coast of the
Mediterranean. Over Podgorica, Montenegro, nearby cyclones to ex-
treme co-occurring and extreme precipitation events are mainly clus-
tered to the west over Italy, the Adriatic Sea and the Tyrrhenian
Sea (not shown). Wind extremes are in similar regions with some
shifted east, agreeing with Pfahl (2014), where precipitation and wind
extremes for south eastern Europe were linked to cyclones over these
same regions. Again this suggests that the reason for high co-occurrence
is because the same weather systems cause both extremes. For the
extreme co-occurrence events the minimum in MSLP is to the north
west close to gridpoint.

3.4.1. Cyclone characteristics
We have shown that cyclones are important for co-occurring ex-

tremes, but a question remains as to whether these cyclones have
particular characteristics.

For all event sets the most intense cyclones occur over the North
Atlantic storm track (Fig. 13). The mean vorticity of cyclones for the
extreme co-occurring events is larger than that for the non-extreme
events for all of Europe (Fig. 14c). Similarly extreme precipitation
events have a smaller cyclone vorticity than the co-occurring for most
regions, excluding a few regions around the north and north east coast
of the Mediterranean (Fig. 14a). However the extreme precipitation
events cyclones have a larger intensity than the non-extreme events
(Fig. 13). This agrees with Pfahl and Wernli (2012) where cyclone
intensity was higher for cyclones associated with extreme precipitation
along Europe’s western coasts. The percentage change between extreme
co-occurring events and extreme wind events mean vorticity decreases
for some places in Europe (Fig. 14b). Hence cyclones near extreme wind
and extreme co-occurring events have mean vorticity larger than the
other two event sets for Europe.

For all event sets the fastest cyclones occur over the North At-
lantic, the UK, Northern and Central Europe (Fig. 15). The slowest
cyclones occur over the Mediterranean. These spatial patterns and
magnitudes agree well with Hoskins and Hodges (2002). The mean
speed of cyclones for the extreme co-occurring events is faster than
9

extreme precipitation events for most of the North Atlantic, the UK,
Central and much of Northern Europe (Fig. 16a). The mean speed
of cyclones for the extreme co-occurring events is slower than wind
extreme events for much of Europe, particularly over the east of Spain,
the Mediterranean and Sweden (Fig. 16b). The mean speed of cyclones
for the extreme co-occurring events is faster than non extreme events
for most of Europe (Fig. 16c). The mean speed of cyclones for the
extreme co-occurring events is slower over much of the Mediterranean
for all datasets. This may suggest that fast cyclones cause extreme co-
occurring 6 hourly events over Europe yet slow cyclones cause extreme
co-occurring 6 hourly events over the Mediterranean.

4. Summary and discussion

This study has identified extreme precipitation and extreme wind
events in the ERA5 reanalysis dataset using a definition of extremes of
the 99th percentile. The frequency of these co-occurring extremes have
been quantified over Europe for different timescales and in relation
to extratropical cyclones. The main conclusions are given below in
reference to the questions posed in the introduction, along with the
main discussion points.

1. What is the spatial distribution of the probability of co-occurre-
nce of extreme precipitation and extreme winds over Europe in
the reanalysis and observational datasets?
For the winter half year, Europe’s western coasts, the north
eastern coast of the Mediterranean and south of the Alps expe-
rience the highest values of co-occurrence of extreme precipi-
tation and wind. Eastern coasts, the north western coast of the
Mediterranean and around the Carpathian and the south eastern
Norwegian mountain ranges experience the lowest values of
co-occurrence.
Comparing results with Martius et al. (2016), 24 h 𝜒 for January
to February 98th percentile extremes (supporting information
from Martius et al. (2016)), similar values and spatial patterns of
𝜒 are found. The magnitudes in our study are lower around the
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Fig. 10. Average MSLP plots for the extreme co-occurring events at locations (a) Porto, (b) Valencia, (c) Bergen, (d) Stockholm, (e) Treviso and (f) Budapest. These locations
are selected due to their very low or very high 𝜒 values. Crosses are the positions of cyclones identified by TRACK at the time of the extreme co-occurring events. Black circles
indicate the approximate search regions.
Carpathian mountain ranges and over the North and Baltic Seas,
and higher over North Italy. These differences may be associated
with the choice of the definition of extremes, the season and
the spatial relaxation in matching criteria. Where the values in
our study are higher, this could be associated with the higher
spatial resolution of ERA5, which may represent features over
high orography better than ERA-Interim.
For most regions of Europe, the observational datasets have the
same spatial pattern of 80th percentile co-occurrence as ERA5.
However the observational datasets have lower 𝜒 values. This
may be because the ERA5 data is averaged over a 31 km gridbox
whereas the observational station data is from a gridpoint. Hence
a larger area is allowed for a match between the extreme wind
and precipitation within the ERA5 data so larger 𝜒 values are
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found. Particularly higher values in ERA5 are also found over
topography. Overall we can be confident in our results of spatial
co-occurrence over most of Europe but should be wary that our
values of 𝜒 may be too high for individual locations, particularly
over high topography. However in terms of impact, understand-
ing co-occurrence at larger spatial areas is more useful than at
individual stations.
The mean percentage of extreme events that match in time
between ERA5 and the observational datasets is high (more
than 50% matching). This means that ERA5 precipitation and
wind gust extremes are occurring on the same days as the
observational datasets most of the time, and ERA5 is repre-
senting the timings of daily extreme co-occurring events well.
The differences in these timings may come from differences in
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Fig. 11. As Fig. 10 but for the extreme precipitation events.
the timings of precipitation accumulation between ERA5 and
the station datasets. ERA5 daily precipitation accumulation is
from midnight each day, however the observational datasets
precipitation accumulations vary per station and may make up
a 24 h period which included the previous day.
Additionally there are other problems with trying to compare
ERA5 to observational datasets. Firstly, only daily comparisons
can be made meaning we have no way of investigating the
robustness in our hourly ERA5 data. Secondly, the observational
station data has many missing days in our timeseries due to miss-
ing data. This along with regions of low co-occurrence means
some regions have very few events to look at.

2. How does the temporal scale of the precipitation extremes affect
the co-occurrence?
Over all temporal precipitation accumulation periods, regions of
very high or very low co-occurrence are consistent. There are
however more regions with very low co-occurrence at higher
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accumulations. Over the UK, Eastern Spain, Sweden and Finland
co-occurrence decreases by up to 50% with longer accumula-
tions. Over Norway, the north west of the Black Sea, the north
west of the Mediterranean, southern France, the east coast of
Greece and parts of eastern Europe, co-occurrence increases by
up to 50% with longer accumulations.

3. Can we quantify the temporal offset of the extreme precipitation
and winds over Europe?
Extremal dependence in most regions has little increase by in-
cluding a ±24 h delay between precipitation and wind. This
would suggest that the same weather systems are causing both
extreme precipitation and wind gusts within these regions. How-
ever for certain regions there is a significant time separation
between the wind and precipitation extremes. 𝜒 increases by up
to 24% are over regions either on or surrounded by elevated to-
pography, agreeing with Pfahl (2014) that precipitation extreme



Weather and Climate Extremes 33 (2021) 100342L.E. Owen et al.
Fig. 12. As Fig. 10 but for the extreme wind events.
events near elevated topography are further away from cyclone
centres.

4. How strongly related are the co-occurrence of extremes to extra-
tropical cyclones and are there preferred cyclone characteristics?
For all of Europe extreme co-occurring events are associated
with cyclones far more of the time than non-extreme precipi-
tation and wind events. For most of Europe, given an extreme
co-occurring event, cyclones occur nearby more than 70% the
time. The largest percentages occur in the North Atlantic and
Mediterranean storm track regions. However a narrow band
over southern Spain, southern France, northern Italy and along
the continent to Romania has much lower percentages, of less
than 50%. Precipitation and wind extremes in these regions are
heavily associated with atmospheric rivers (Waliser and Guan,
2017), and composite plots of MSLP show that co-occurring
extremes occur in the cold frontal regions of storms yet further
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away than 1110 km. These plots also indicate that regions with
small 𝜒 have extremes caused by different weather systems and
that regions with large 𝜒 have both extremes caused by the same
weather system.
Cyclones linked with extreme events, particularly extreme co-
occurring and extreme wind, have the largest vorticity, indi-
cating that these systems are near their time of maximum in-
tensity. The mean speed of cyclones are faster for extreme co-
occurring events and extreme wind events over most of Europe.
The Mediterranean is an exception, where extreme events have
slower cyclones.

Within extratropical cyclones there are a number of locations that
tend to have high wind speeds, such as the warm conveyor belt,
the cold conveyor belt, and the sting jet (close to the centre of the
cyclone; (Hewson and Neu, 2015)). The location of the heaviest pre-
cipitation within extratropical cyclones is typically in the warm frontal
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Fig. 13. The mean vorticity (rad/s) of cyclones given the 6 hourly event sets a, b, c and d. Where a are the extreme co-occurring, b extreme precipitation, c extreme wind and
d non-extreme 6 hourly events. These panels indicate the relative difference in intensity to the local average intensity.
Fig. 14. The percentage change, ((𝜁𝑎 − 𝜁𝑏)∕𝜁𝑏) × 100, between event set a’s mean vorticity (𝜁𝑎) of a cyclone and (a) b (𝜁𝑏), (b) c (𝜁𝑐 ) and (c) d (𝜁𝑑 ).
region and along the cold front, as seen in case studies and compos-
ites (Browning, 1986; Catto and Pfahl, 2013; Hawcroft et al., 2017).
The outcomes of the precipitation accumulation and temporal sep-
aration analysis performed here point to regional differences in the
particular sectors of the cyclones that cause the extremes at different
timescales. For example, when the co-occurrence is higher for shorter
accumulations, this could be associated with intense short-duration
rainfall along cold fronts (Browning, 1986) coinciding with strong
winds in the warm conveyor belt region (Hewson and Neu, 2015).

A Lagrangian (cyclone centric) perspective is needed to look at
the spatial structure of extremes within extratropical cyclones, and the
relationship between the speed and intensity of cyclones in more detail.
Other characteristics such as direction, size and lifecycle could also
be important for determining which cyclones cause these co-occurring
extremes.
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Fig. 15. The mean speed (km/h) of cyclones given the 6 hourly event sets a, b, c and d. Where a are the extreme co-occurring, b extreme precipitation, c extreme wind and d
non-extreme 6 hourly events.
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