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Abstract: Compound wind and precipitation extremes (CPWEs) pose significant threats to
infrastructure, economies, the environment, and human lives. In this study, the recurrence,
spatial distribution, intensity, and synoptic conditions leading to the formation of CPWEs
were assessed in the eastern part of the Baltic Sea region. Using ERA5 reanalysis data,
CPWEs were identified when both daily precipitation and maximum wind speed exceeded
the 98th percentile thresholds on the same day at the same grid cell. Due to the proximity
of the Baltic Sea and the influence of terrain, CPWEs were most frequent on the windward
slopes of highlands in the western part of the investigation area. The most severe CPWEs
occurred in the second half of summer and early September. Based on data from the Hess–
Brezowsky synoptic classification catalogue and various synoptic datasets, the formation of
CPWEs during the cold season (October–March) is associated with intense zonal (westerly)
flow, while during the warm season (April–September), it is linked to the activity of
southern-type cyclones. The number of CPWEs increased across all seasons, with the
largest changes observed during the summer. However, the majority of changes are
insignificant according to the Mann–Kendall test.

Keywords: compound climate events; precipitation extremes; wind extremes; ERA5;
Hess–Brezowsky classification

1. Introduction
In recent decades, human-induced climate change has led to increased frequency and

intensity of different weather and climate extremes. Particularly notable is the rise in hot
extremes and heavy precipitation events, with these trends observed across various regions
of the planet [1]. Such extreme events cause significant negative impacts on infrastructure,
economies, and natural environments. Between 2000 and 2020, 773 million people were
injured during such events, with losses amounting to USD 1.3 trillion [2]. In the European
Union alone, weather and climate events caused over 200,000 deaths between 1980 and
2023 [3].

However, the past decade has shown that more significant damage and negative
socio-economic impacts occur when two or more weather or climate extremes interact,
resulting in a compound climate event [4,5]. Four different types of such events have been
distinguished [6], one of which includes compound precipitation and wind speed extremes
(CPWEs). These occur when extreme precipitation and wind speed are simultaneously
recorded in the same area [6,7].

CPWEs are among the most damaging extreme climate events. They can negatively
affect various economic sectors, pose threats to the natural environment, disrupt criti-
cal infrastructure, and result in human fatalities [8]. For instance, in January 2018, the
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storm “Friederike” struck Central Europe, causing traffic disruptions, power outages,
building damage due to falling trees, and fatalities. In Germany alone, the storm caused
EUR 900 million in damage [9]. CPWEs can also trigger landslides and pose risks from
falling trees, which become more vulnerable to wind as soil moisture increases [7,9]. A
study in the Czech Republic found that during winter CPWEs, mortality rates increase by
3% within 0–2 days after the event. The mortality rate was higher than that associated with
individual precipitation or wind speed extremes [10]. Therefore, understanding CPWEs’
formation, recurrence trends, and associated risks is increasingly critical [7,11].

CPWEs have been studied at both global [7,12,13] and regional scales [8,14–18]. Glob-
ally, CPWEs occur most frequently and pose significant risks, including flash floods and
storm surges, in coastal regions [7,19,20] and areas prone to tropical cyclones [12]. In Eu-
rope, CPWEs are most commonly observed along Norway’s western coastline, the Iberian
Peninsula, and Central Europe [14,15]. Over recent decades, their frequency in Europe has
remained relatively unchanged [15], but projections suggest that with continued climate
warming, CPWEs will become more frequent, particularly in the northern and eastern parts
of the continent [13]. Globally, these extremes are expected to shift towards higher latitudes
in both hemispheres, with the most significant increases projected for regions above 50◦

latitude [21].
Investigations of CPWEs have also focused on the factors driving their formation.

In mid-latitudes, CPWEs are associated with intense zonal westerly flows [22] and mid-
latitude cyclones [7,19,23]. In northwestern and northern Europe, their formation is closely
linked to the North Atlantic Oscillation (NAO), with CPWEs being more frequent and in-
tense during a positive NAO phase [24]. Additionally, a strong relationship has been found
between CPWEs in Western Europe and cold extremes in eastern North America [24,25].
Finally, the formation of these extremes also depends on local topography. During winter,
more CPWEs are observed in the highlands, whereas in summer, they are more common in
the lowlands [23].

Despite increasing attention to CPWEs globally and in Europe, no studies have in-
vestigated these compound extremes in the eastern part of the Baltic Sea region—this
research is the first of its kind. Until now, precipitation and wind speed extremes in the
Baltic states have been studied separately, focusing on their historical recurrence and future
projections [26–31].

The primary goal of this study is to evaluate the recurrence, spatial distribution,
intensity, and synoptic processes driving the formation of CPWEs in the eastern part of the
Baltic Sea region from 1950 to 2022. The first part of the study assesses precipitation and
wind speed extremes separately, determining their spatial distribution and recurrence over
the 1950–2022 period. The second part focuses on the recurrence and trends of CPWEs,
while the third part evaluates their intensity. Finally, the study concludes with an analysis of
the synoptic conditions and factors leading to the formation of those compound extremes.

2. Materials and Methods
2.1. Study Area

The study focuses on the eastern part of the Baltic Sea region, covering an area between
53.5◦ and 59.5◦ N latitude and 20.0◦ and 28.5◦ E longitude (Figure 1).
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The study area is characterised by lowlands and plains, with the highest point reach-
ing 355 m above sea level (Figure 1). According to the updated Köppen–Geiger climate 
classification, the eastern part of the Baltic Sea region falls under the Dfb climate type 
[32,33], where the mean temperature of the warmest month (July) does not exceed 22 °C, 
but at least four months per year have a daily mean temperature above 10 °C [33]. 

The average temperature during the warmest summer months is around 16–18 °C, 
while in winter, it drops to −3 to −6 °C. Along the Baltic Sea coast, the air temperature 
during winter is close to 0 °C. The region experiences an average annual precipitation 
ranging from 550 to 800 mm, with the highest amounts recorded in the western part of the 
study area. The maximum precipitation occurs in July and August, averaging 70–90 mm 
monthly. The mean annual wind speed ranges from 2 m/s in the eastern part of the study 
area to 6 m/s on islands in the northeast, with the highest average wind speed observed 
in December and January. 

2.2. Data 

To identify CPWEs, daily precipitation (P) data and hourly maximum wind speed at 
10 m height data from the European Centre for Medium-Range Weather Forecasts (ERA5) 
reanalysis were used. The daily maximum wind speed (wmax) at each grid point within the 
study area was determined from the hourly values. The spatial resolution of the processed 
data grids is 0.25 × 0.25°. The period from 1950 to 2022 was analysed. 

This study focused on land areas only, analysing grids where more than 50% of the 
area is classified as land. Such grids were selected using the land filter in the KNMI Cli-
mate Explorer application (https://climexp.knmi.nl/start.cgi (accessed on 25 February 
2024)), which was also used to obtain precipitation data. Hourly maximum wind speed 
data were retrieved from the Copernicus Climate Data Store (https://cds.climate.coperni-
cus.eu/ (accessed on 25 February 2024)). 

ERA5 reanalysis was chosen for this study due to its detailed temporal and spatial 
resolution and the long time series of its dataset [34]. It was also found that ERA5 reanal-
ysis data for wind speed and precipitation closely align with ground-based observations 
in mid-latitudes. The accuracy of ERA5 reanalysis data, particularly when assessing 

Figure 1. Study area and its topography (elevation above sea level).

The study area is characterised by lowlands and plains, with the highest point reaching
355 m above sea level (Figure 1). According to the updated Köppen–Geiger climate
classification, the eastern part of the Baltic Sea region falls under the Dfb climate type [32,33],
where the mean temperature of the warmest month (July) does not exceed 22 ◦C, but at
least four months per year have a daily mean temperature above 10 ◦C [33].

The average temperature during the warmest summer months is around 16–18 ◦C,
while in winter, it drops to −3 to −6 ◦C. Along the Baltic Sea coast, the air temperature
during winter is close to 0 ◦C. The region experiences an average annual precipitation
ranging from 550 to 800 mm, with the highest amounts recorded in the western part of the
study area. The maximum precipitation occurs in July and August, averaging 70–90 mm
monthly. The mean annual wind speed ranges from 2 m/s in the eastern part of the study
area to 6 m/s on islands in the northeast, with the highest average wind speed observed in
December and January.

2.2. Data

To identify CPWEs, daily precipitation (P) data and hourly maximum wind speed at
10 m height data from the European Centre for Medium-Range Weather Forecasts (ERA5)
reanalysis were used. The daily maximum wind speed (wmax) at each grid point within the
study area was determined from the hourly values. The spatial resolution of the processed
data grids is 0.25 × 0.25◦. The period from 1950 to 2022 was analysed.

This study focused on land areas only, analysing grids where more than 50% of the
area is classified as land. Such grids were selected using the land filter in the KNMI Climate
Explorer application (https://climexp.knmi.nl/start.cgi (accessed on 25 February 2024)),
which was also used to obtain precipitation data. Hourly maximum wind speed data
were retrieved from the Copernicus Climate Data Store (https://cds.climate.copernicus.eu/
(accessed on 25 February 2024)).

ERA5 reanalysis was chosen for this study due to its detailed temporal and spatial
resolution and the long time series of its dataset [34]. It was also found that ERA5 reanalysis
data for wind speed and precipitation closely align with ground-based observations in
mid-latitudes. The accuracy of ERA5 reanalysis data, particularly when assessing extreme
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values, tends to decrease in mountainous regions and tropical areas [35–37]. However, the
study area in this research does not exhibit significant variation in altitude (Figure 1), so this
issue is avoided. When using ERA5 data for evaluating P and wmax extremes, inaccuracies
may arise due to the grid cell size (0.25 × 0.25◦). This resolution in some cases might be
insufficient for identifying extremes associated with mesoscale processes, such as thermal
convection during the summer storms.

The assimilation of satellite, ground station, and radar data during dataset develop-
ment is also an important factor for the accuracy of ERA5 reanalysis. In Europe, where such
data are abundant, ERA5 data closely align with meteorological observations [38]. Finally,
comparing precipitation and wind speed data from various widely used reanalysis datasets
with ground-based measurements revealed that ERA5 provides the highest accuracy for
both variables in Central Europe [38,39].

2.3. Identification of Compound Precipitation and Wind Extremes (CPWEs)

The 98th percentile values of P and wmax were calculated for each grid cell within the
study area over the entire analysis period to identify CPWEs. The percentile method is
widely used to identify extremes of these variables due to its simplicity and adaptability
to various datasets and regions [40]. Different percentiles of P and wmax have been used
in CPWE studies across various regions and on a global scale [7,8,11,14,41]. In this study,
the 98th percentile values were chosen. To determine the appropriate percentile value
for identifying P and wmax extremes, various threshold values (95th, 97th, 98th, and 99th
percentiles) were tested. After evaluating the number of extremes identified in each case, it
was established that the 98th percentile is optimal. This threshold captures both moderate
and severe extremes while providing sufficient data for statistical analysis. At least one of
these conditions was not met when using the other percentile values. Similar reasoning for
using the 98th percentile was also provided in other studies [7,40].

In this study, P or wmax extremes were identified when the value of a variable at a
given grid cell exceeded its 98th percentile value. Changes in such extremes were assessed
for each grid cell over the 73-year study period. The statistical significance of these changes
was determined using the non-parametric Mann–Kendall test, with results considered
significant at p < 0.05.

CPWEs were defined as instances where both P and wmax extremes occurred on the
same day at the same grid cell. The recurrence and changes in such compound extremes
were assessed from 1950 to 2022. Additionally, the monthly and seasonal recurrence of
CPWEs was analysed for the following seasons: December–February (DJF), March–May
(MAM), June–August (JJA), and September–November (SON). Finally, the number of
CPWEs in each grid cell was determined for the first (1950–1969) and last (2003–2022)
20 years of the study period, and the changes in these compound extremes were evaluated.
These two time periods were selected to highlight the changes in the CPWEs under rapidly
changing climate conditions. The statistical significance of these changes (p < 0.05) was
determined using Student’s t-test.

Once CPWEs were identified, the total number of days with at least one CPWE in any
part of the study area was calculated. The recurrence of such days over the study period
was evaluated, the season with the highest number of such days was identified, and the
days with the most extensive spatial coverage of CPWEs were determined.

To identify the most intense CPWEs, the 99th and 99.9th percentile values of P and
wmax were calculated for each grid cell. The frequency of compound extremes where both
variables exceeded these percentile thresholds within the same grid cell during the study
period was assessed. Similar methodologies have been applied in the analysis of various
compound climate events [42,43], including CPWEs [44,45].
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2.4. Evaluation of Atmospheric Processes During CPWE Formation

CPWE formation can be explained by the specific atmospheric circulation conditions
that have developed in the region or larger area. To accomplish that, several complementary
information sources were used to assess atmospheric conditions over Europe:

(a) Manual classification of daily large-scale circulation patterns by Hess–Brezowsky;
(b) Freely available synoptic schemes over Europe from three different weather centres—

United Kingdom Met Office (available from 1988), German Meteorological Service
(available from 2003), and Royal Netherlands Meteorological Institute (available from
2003);

(c) Global forecast system (GFS) analysis charts (available from 1979) and ERA5 post-
processed daily statistics (available from 1940);

(d) The archive of weather maps from the Lithuanian Hydrometeorological Service under
the Ministry of Environment (available from 1946).

The Hess–Brezowsky synoptic classification (GWL) represents 29 typical patterns of
the daily synoptic circulation over Central Europe. Four types of them depend on zonal
or westerly circulations (WA, WZ, WS, and WW), eight on southerly circulations (SWA,
SWZ, SA, SZ, TB, TRW, SEA, and SEZ), eight on northwesterly and northerly circulations
(NWA, NWZ, NA, NZ, HNA, HNZ, HB, and TRM), six on northeasterly and easterly
circulations (NEA, NEZ, HFA, HFZ, HNFA, and HNFZ) and the last three on the main
high/low-pressure area over Central Europe pattern (HM, TM, BM) [46]. These types
are widely used in research areas such as synoptic meteorology, applied meteorology,
climatology, environmental sciences, etc. The GWL data have been available since 1881,
while descriptions of circulation types are provided in many similar studies [46–51]. The
subjective classification of atmospheric processes by Hess–Brezowsky has a long history. It
is widely used in atmospheric, climatic, and interdisciplinary studies, allowing for easier
comparison of results across different authors and countries. An objective analysis provides
a more precise depiction of atmospheric flow and structure. However, it depends on the
selected domain, variables, and classification method, often yielding circulation types that
differ from traditional subjective analyses.

Hess and Brezowsky circulation types were useful in determining the general flow
pattern over Europe. The synoptic schemes were good for identifying the evolution of
frontal systems and surface-pressure gradients within low-pressure fields. GFS analysis
charts also allowed the tracking of the progress of surface pressure fields as well as temper-
ature and humidity fields in the lower part of the troposphere. ERA5 daily data were used
for similar purposes as GFS analysis, only prior to 1979. Operational (archived) weather
maps were very useful in determining the development of the weather systems in Eastern
and Central Europe, especially in the period before the 1980s.

The synoptic situation and atmospheric conditions that led to the formation of CPWEs
were assessed only on the days within the study period when these compound extremes
affected more than one-fifth of the study area. Atmospheric circulation was evaluated on
each of these days as a major driving factor, as well as two days before, to determine the
conditions for development, and one day after, to observe the decay of the event. The
atmospheric conditions that influenced CPWE formation were separately analysed for the
cold season (October–March) and the warm season (April–September).

3. Results
3.1. Extremes of Precipitation and Maximum Wind Speed

The highest 98th percentile daily precipitation (P98) value, reaching 16.2 mm/day, was
recorded along the Lithuanian Baltic Sea coast, while the lowest values (11–12 mm/day)
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were observed in the northern part of the study area and around the Estonian islands
(Figure 2a). It is evident that the distribution of these values is influenced by topography.
Higher P98 values were found in the uplands of western Lithuania and central Latvia.
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changes, according to the Mann–Kendall test (p < 0.05), are marked with dots.

The distribution of the 98th percentile maximum daily wind speed (wmax98) across the
study area is predominantly affected by the distance from the Baltic Sea (Figure 2b). The
highest wmax98 values, ranging from 21 to 22 m/s, were observed along the Baltic Sea coast.
In contrast, the lowest wmax98 values (16–17 m/s) were identified in the eastern part of the
study area (Figure 2b).

After calculating the P98 and wmax98 values for each grid cell separately, reoccurrence
extremes for both P and wmax were assessed for cases when the values exceeded the 98th
percentile. The analysis of the recurrence of P extremes in the area revealed that their
number has increased (on average across the area), but this change was not significant. The
highest number of P extremes occurred in 1998, accounting for 2.2% of all P extremes. When
examining the changes in the number of these extremes at each point in the study area,
it was found that the number increased in 98.9% of the grid cells. However, statistically
significant changes were found in only 13.8% of the points (Figure 2c).

The number of wmax extremes in the eastern Baltic Sea region also increased over
the study period. This change was more pronounced compared with P extremes, but
it was not statistically significant either. The most frequent wmax extremes occurred in
1990, which accounted for 3.5% of all wmax extremes during the investigation period. The
number of wmax extremes increased across almost the entire study area (94% of the grid
cells). The largest growth was observed in the northern and northeastern parts of the study
area. However, statistically significant changes were found in only 8.1% of the grid cells
(Figure 2d).
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3.2. Compound Precipitation and Wind Extremes (CPWEs)

After evaluating the P and wmax extremes in each grid cell, CPWEs, cases where both
extreme values coincided, were identified. The highest number of CPWEs, 3.7% of all
cases, occurred in 1962 (Figure 3a). Over the 73-year study period, the number of such
extremes in the eastern part of the Baltic Sea region slightly increased, but this change was
not statistically significant. When examining the recurrence of CPWEs in different months,
the highest occurrence (17.9%) was observed in October, while the lowest was in the spring
months (Figure 3b).
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Figure 3. (a) The percentage of CPWEs identified annually over the 1950–2022 period, with the red
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An evaluation of CPWE recurrence within each grid cell of the study area revealed
that over the entire study period, the highest frequency, 10–11 occurrences per decade, was
recorded in western Lithuania (Figure 4a). A similar distribution was observed in winter,
with most CPWEs occurring in the western and northeastern parts of the study area during
this season (Figure 4b).

Atmosphere 2025, 16, x FOR PEER REVIEW 7 of 19 
 

 

3.2. Compound Precipitation and Wind Extremes (CPWEs) 

After evaluating the P and wmax extremes in each grid cell, CPWEs, cases where both 
extreme values coincided, were identified. The highest number of CPWEs, 3.7% of all 
cases, occurred in 1962 (Figure 3a). Over the 73-year study period, the number of such 
extremes in the eastern part of the Baltic Sea region slightly increased, but this change was 
not statistically significant. When examining the recurrence of CPWEs in different months, 
the highest occurrence (17.9%) was observed in October, while the lowest was in the 
spring months (Figure 3b). 

 

Figure 3. (a) The percentage of CPWEs identified annually over the 1950–2022 period, with the red 
dashed line indicating the trend. (b) The percentage of CPWEs identified during each month of the year. 

An evaluation of CPWE recurrence within each grid cell of the study area revealed 
that over the entire study period, the highest frequency, 10–11 occurrences per decade, 
was recorded in western Lithuania (Figure 4a). A similar distribution was observed in 
winter, with most CPWEs occurring in the western and northeastern parts of the study 
area during this season (Figure 4b). 

 

Figure 4. The number of CPWEs per decade: (a) annually; (b) December–February (DJF); (c) March–
May (MAM); (d) June–August (JJA); (e) September–November (SON). 

Figure 4. The number of CPWEs per decade: (a) annually; (b) December–February (DJF); (c) March–
May (MAM); (d) June–August (JJA); (e) September–November (SON).



Atmosphere 2025, 16, 276 8 of 18

The lowest number of CPWEs (no more than 1.5 extremes per decade) was recorded
during the spring months (MAM), with a relatively uniform spatial distribution across the
study area (Figure 4c). In summer (JJA), the number of CPWEs increased, with the highest
frequency (2–2.6 extremes per decade) observed in the southeastern and eastern parts of
the study area, which are the furthest from the Baltic Sea (Figure 4d). In contrast, the spatial
distribution of CPWEs during autumn (SON) was opposite to JJA. During this season, as
well as over the entire study period, the highest number of CPWEs (5–6.5 extremes per
decade) was recorded in western Lithuania (Figure 4e). Furthermore, when assessing all
four seasons, 78% of the grid cells showed the highest frequency of CPWEs during SON.

The change in the number of compound precipitation and wind extremes (CPWEs)
was also assessed in each grid cell by comparing their occurrence at the end of the study
period (2003–2022) to the beginning (1950–1969). It was found that the number of CPWEs
increased in 70.2% of the grid cells, while a decrease was observed in only 21.7%. The
most significant increase, reaching up to 12 cases in individual grid cells, was identified in
the southern and southwestern parts of the study area. However, statistically significant
changes were detected in only 6.5% of the grid cells (Figure 5a). Across all four seasons,
an increase in the number of CPWEs was observed (Figure 5b–e). However, statistically
significant changes (p < 0.05) were identified in only a few grid points. The highest
percentage of grid cells, with a statistically significant increase in CPWEs (4.8%), occurred
during JJA. This season also showed the largest overall increase in CPWEs, with 65.5% of
grid cells experiencing growth.
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Notably, during DJF and SON, the most pronounced increases in CPWEs were con-
centrated in the northern part of the study area (Figure 5b,e). In contrast, during JJA, the



Atmosphere 2025, 16, 276 9 of 18

largest growth was observed in the eastern and southern regions of the analysed territory
(Figure 5c,d).

Days when, at least in one grid cell, a CPWE was recorded were also identified. A
total of 797 such days were observed over the 73 years, with their frequency increasing
over the investigation period (Figure 6a). The changes are statistically significant based on
the Mann–Kendall test (p < 0.05). October recorded the highest share (14.8%) of all such
days (Figure 6b).
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In most cases, CPWEs were recorded on the same day in only one or a few grid cells.
CPWEs were identified in more than one-fifth of the grid cells in the study area on only
44 days (6% of the days with at least one CPWE) and in more than half of the grid cells on
just 3 days: 22 October 1971 (CPWEs recorded in 51.1% of the grid cells), 28 October 1998
(75.4% of the grid cells), and 14 October 2009 (57.4% of the grid cells).

3.3. Intensity of CPWEs

By calculating the 99th and 99.9th percentile values of P and wmax, the CPWEs with
the highest intensity were identified. Over the entire study period, the 99th percentile
values of both variables were exceeded in 29.5% of all CPWEs. Meanwhile, CPWEs
during which both P and wmax exceeded the 99.9th percentile values in the same grid cell
accounted for 0.9% of all CPWEs. During these particularly intense CPWEs, the average
daily precipitation amount was 46.7 mm, and the wmax averaged 26.5 m/s. Such severe
CPWEs in at least one grid cell were recorded in only 11 days. All these days occurred in
the second half of summer and the first ten days of September, as only during the summer
months were precipitation amounts high enough to exceed the 99.9th percentile threshold.

However, during just four days, P and wmax both exceeded the 99.9th percentile values
and severe CPWEs formed in more than 1% of the grid cells within the study area. These
cases occurred on 6–7 August 1967, when intense CPWEs were observed in 5.8% of the
grid cells; 7 August 1987 (10.2% of the grid cells); 28 July 1988 (4.3% of the grid cells); and
9–10 August 2005 (12.1% of the grid cells). These events were recorded in different locations
within the analysed area (Figure 7).
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The most intense CPWEs were observed during the summer (JJA). However, in many
cases, they were localised and caused by mesoscale convection processes. In contrast, the
CPWEs that covered the largest portion of the area were found during the autumn (SON).
It was also determined that CPWEs with wmax values exceeding the 99.9th percentile most
frequently occurred during the DJF and SON seasons, primarily in the southwestern and
northern parts of the study area. In contrast, CPWEs with P values exceeding the 99.9th
percentile showed opposite trends. Most of these cases (65.5%) occurred in JJA, mainly in
the southeastern part of the study area.

3.4. Atmospheric Conditions Leading to the Formation of CPWEs

A total of 44 days were identified when CPWEs occurred in more than 1/5 of the study
area, and 28 days were recorded during the cold season and 16 during the warm season.
These specific days were selected for further analysis of the atmospheric conditions.

Different forcing to CPWEs mechanisms were found in the cold and warm half of
the year. Most cold-season compound extremes appear to be forced by intensive mid-
tropospheric zonal and only a few subzonal circulations over the southern part of Northern
Europe. Such patterns of atmospheric circulation over Europe correspond to the WZ type of
Hess–Brezowsky circulation, and only a few cases were identified as SWZ, WA, or NZ types
(Table 1). During the cold season, CPWEs typically form due to rapidly developing frontal
waves along the southern periphery of a deep depression over the Northeast Atlantic or
North Sea region. Moreover, such atmospheric circulation patterns show a large persistence.
This form is usually established not only on the day of the appearance of the CPWE but at
least 3–5 days before it. Most of these developing waves caused deepening of local minima
over the Baltic region, which is not typical for classic Atlantic cyclones moving eastward.
However, this explains the increased pressure gradients in the rear of such cyclones well.
Other important features of this type of atmospheric circulation are: (a) the clear zonal
separation of cold and warm air masses over Central and/or Northern Europe and (b)
the advection of moist air from the subtropical part of the North Atlantic through the
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British Isles, southern Scandinavia, and into the Baltic region (Figure 8a,b). The CPWE
location in such cases has been predetermined by the proximity of the centre or, rarely, triple
(occlusion) point of the fast-moving cyclone or the wave: the further north the trajectory of
the developing cyclone, the more northerly the position of the CPWE and vice versa.

Table 1. The recurrence of different circulation types (% of the days when CPWEs covered > 20% of
the study area) derived according to the Hess–Brezowsky classification during CPWE formation in
the cold and warm seasons. D0 represents the day of CPWE formation, D − 2 and D − 1 represent
two and one day before, respectively, and D + 1 represents one day after the CPWE formation date.

Circulation
Pattern

Type

Cold Season
(October–March)

Warm Season
(April–September)

D − 2 D − 1 D0 D + 1 D − 2 D − 1 D0 D + 1

Zonal
(westerly) WA, WZ, WS, WW 57.1 60.7 60.7 67.9 18.8 18.8 18.8 37.5

Southerly
SWA, SWZ, SA,

SZ, TB, TRW, SEA,
SEZ

17.9 17.9 14.3 7.1 12.5 6.3 6.3 6.3

Northwesterly
and northerly

NWA, NWZ, NA,
NZ, HNA, HNZ,

HB, TRM
14.3 10.7 21.4 17.9 43.8 43.8 31.3 18.8

Northeasterly
and easterly

NEA, NEZ, HFA,
HFZ, HNFA,

HNFZ
0 0 0 0 6.3 12.5 12.5 12.5

High/low-
pressure area
over Central

Europe

HM, TM, BM 10.7 10.7 3.6 7.1 18.8 18.8 31.3 25.0
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Figure 8. Composite analysis of the CPWEs in the cold (October–March) (a,b) and the warm (April–
September) (c,d) half of the year: (a,c) sea level pressure (hPa) and (b,d) temperature anomaly (cC) at
the 850 hPa level. Anomalies were calculated according to 1991–2020 daily smoothed climatology.

In the warm half of the year (April–September), the typical circulation patterns exhibit
much greater diversity (Table 1). The common feature in most analysed compound ex-
tremes is the lower-than-normal pressure in the upper troposphere over Central or Eastern
Europe or both. According to the Hess–Brezowsky classification, the TM, NZ, NWZ, HNZ,
HNFZ, TRM, WS, BM, and HB types of circulation are capable of maintaining low pressure
over Central Europe and further east while other types (HB, NWA, HFA) are capable of
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maintaining low pressure over Eastern Europe. The diversity of listed circulation types is
very large; however, these types can be combined depending on the predominant blocking
process (HNZ, HNFZ, HFA), cut-off-low (TM, HB, HM), slowly developing Rossby wave
ridge (NWZ, NWA), or trough (WS, BM, TRM).

During the warm season’s CPWEs, all mentioned circulation types are related to
southern-type cyclone development over the analysed region. In almost all warm season
cases, the CPWE location appears to agree with the structure of these cyclones: the heaviest
precipitation is almost always located on the cyclone’s forward (northern) side.

The composite analysis of all southern-type cyclone-related extremes revealed the
high-pressure gradient area over the Baltic States, with pressure minima over eastern
Latvia and Estonia and northwestern Russia (Figure 8c). At the same time, the temperature
anomaly composition confirms typical large-scale temperature distribution in such cases:
much colder than normal temperatures over the eastern part of Central Europe and higher
than normal over the northern part of Eastern Europe (Figure 8d).

During the most intense warm season’s CPWEs, the prevailing circulation pattern
in the study area, according to the Hess–Brezowsky classification, was northwesterly,
northerly, or a high/low-pressure area over Central Europe. The highest average P value,
reaching 35.5 mm, was recorded under northwesterly and northerly circulation. Meanwhile,
the highest average wmax value (22.2 m/s) was observed during the dominance of a
high/low-pressure area over Central Europe.

During the cold season, the formation of CPWEs was dominated by westerly (zonal)
flow types. This circulation pattern also resulted in the highest average wmax value
(22.6 m/s). Nevertheless, the highest average P value in the cold season, reaching 18.9 mm,
was recorded in the study region under the dominance of a northwesterly and northerly
circulation pattern similar to the warm season.

4. Discussion
From 1950 to 2022, the number of precipitation extremes increased in almost the entire

study area. However, the observed changes were statistically significant only in a small part
of it. The increase in the recurrence of precipitation extremes in recent decades has also been
observed in various regions worldwide (e.g., the USA, China, and Central Europe) [52–55],
as well as in the eastern part of the Baltic Sea region [26,28,31]. These changes are closely
related to climate change. A study conducted in the Benelux countries found that, during
the summer, the intensity of precipitation extremes increased by a factor of 1.2–9 compared
with a climate that was 1.2 ◦C cooler [55]. Future projections suggest that the recurrence
and intensity of precipitation extremes will continue to grow [27,55–57]. Similar trends are
anticipated for the Baltic Sea region and Northern Europe [30,58].

While the number of wind extremes also increased across most of the study area
during the research period, the changes are statistically significant in less than one-tenth
of the study area. Similar trends, indicating minor changes in the recurrence of wind
extremes, have been reported in other studies [59–61]. It has been found that the direction
and magnitude of the changes are highly dependent on the selected study period and
region [61]. Most of the extremes in northern Europe occurred during the last two decades
of the 20th century, after which their frequency decreased [60,62]. Similar tendencies were
observed in the eastern part of the Baltic Sea region during this study, with the highest
frequency of extremes occurring in the 1990s. In the future, no significant changes in wind
extremes are projected for either Europe or the Baltic Sea region [31,59,61].

The number of CPWEs also slightly increased in the eastern part of the Baltic Sea
region. However, the observed changes were not significant (when p < 0.05). The low
statistical power of the observed changes could be attributed to the high natural variability
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of CPWEs. No significant trends in the recurrence of such compound extremes were
identified in other regions either [15,63,64]. An analysis of CPWE changes across the
study area during 1950–1969 and 2003–2022 showed that the significant increase in the
frequency of these compound extremes in the highest number of grid cells occurred during
summer. Rising air temperatures lead to larger water vapour amounts in the atmosphere,
intensifying convection processes [65–67], which, in turn, result in localised precipitation
and wind speed extremes.

The number of CPWEs in the eastern part of the Baltic Sea region exhibited a merid-
ional distribution, with their recurrence decreasing inland from the coast. The highest
number of CPWEs was recorded in western Lithuania, which was influenced by two fac-
tors: the distance from the Baltic Sea and the terrain. Reduced surface friction and thermal
contrasts enhance wind speeds and variability near coasts. Topography accelerates winds,
intensifies turbulence, and enhances precipitation through orographic lifting, increasing
precipitation amounts on windward slopes. Therefore, the likelihood of observing both
extreme events simultaneously is higher in coastal areas and nearby highlands. Similar
trends in the spatial distribution of CPWEs were identified in Central Europe [23]. Also,
by calculating the Pearson correlation coefficient (r), a positive statistically significant rela-
tionship (when p < 0.05) was found between the number of CPWEs and altitude above sea
level. Higher r values were observed during the cold season. More CPWEs were observed
in areas dominated by precipitation extremes, indicating that precipitation, rather than
wind, is the limiting factor for the spatial distribution of these compound extremes [12].

Analysis of the circulation conditions during CPWEs revealed that the factors influenc-
ing their formation differ between the cold (October–March) and warm (April–September)
seasons. During the cold season, these compound extremes typically form under intense
zonal flow from the west. This pattern has also been observed in other regions of Europe [7].
A study by Owen et al. (2021) [11] found that in Europe, during 70% of CPWEs, the cyclone
centre was located within a radius of no less than 1100 kilometres from the CPWE forma-
tion site. In contrast, during the warm season in the eastern part of the Baltic Sea region,
CPWEs predominantly formed when southern-type cyclones reached the region. Intense
convection processes also drove local CPWE formation during this period. Such cyclones
were more frequent, and convection processes were generally more intense in the eastern
and southeastern parts of the study area. As a result of these differing factors, CPWEs were
more frequently recorded in the western and northern parts of the study area during winter
and autumn. In summer, they were more common in the eastern and southeastern parts.

The most intense CPWEs in the study area were recorded in the second part of sum-
mer. Such a tendency is uncommon in Western and Central Europe, where the strongest
compound extremes typically occur during winter [24,41]. This pattern in the eastern part
of the Baltic Sea region is closely linked to the activity of southern-type cyclones. These cy-
clones, originating from regions such as the southern Alps, the Balkans, the Mediterranean,
the Black Sea, or even the Carpathians, and moving northward during the warm season,
carry more moisture than their Atlantic counterparts. Their rapid development under
the leading edge of an upper-level trough or low creates large surface-pressure gradients.
Such cyclones were responsible for all four of the most intense CPWEs recorded during
the investigation period. In recent decades, an increase in the intensity of these cyclones
reaching Northern Europe and the Baltic States has also been found [68].

In the future, CPWEs are expected to increase. The most significant growth is projected
in mid- and high-latitude regions [21,69], along coastal areas in North America, as well as
in South and East Asia [20]. Nevertheless, the global increase in CPWEs is expected to be
greater over the ocean than over land, where the projected increase in the recurrence of
these compound extremes is not statistically significant [69]. A slight increase in CPWEs
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was also observed in this study. However, it is noted that during the period 1950–2022, this
increase was more pronounced in the southern part of the study area.

The future increase in CPWEs is primarily linked to climate change, rising evap-
oration, more intense precipitation, and changes in tropical and extratropical cyclone
trajectories [1,21]. For instance, it is projected that mid-latitude cyclones in Great Britain
and Ireland will cause CPWEs 3.6 times more frequently, primarily driven by increasing
precipitation intensity [70]. However, these compound extremes are characterised by high
spatial and natural variability, with significant influences from other factors such as the
terrain, land cover and its changes, and the ocean–atmosphere interaction [69]. These
factors could explain why the changes observed during the study were not significant.

The number of deep, mid-latitude cyclones in the Baltic Sea region is expected to
increase slightly. However, the reliability of these projections is low, as the magnitude of
changes and shifts in cyclone trajectories will depend on the evolving temperature gradients
between low and high latitudes [58]. Another critical factor influencing the recurrence
and intensity of CPWEs in the eastern Baltic Sea region, as well as other regions, will be
changes in the characteristics of storms generated by convective processes. Convective
weather events in Europe are projected to become more frequent [71,72], and the recurrence
of conditions favourable for convection is expected to increase by 5–20% for every 1 ◦C rise
in global temperature, with the most significant growth anticipated in higher latitudes of
the Northern Hemisphere [73]. These changes could lead to an increase in the number and
intensity of summer CPWEs.

Several aspects should be considered when conducting further research on CPWEs
in the eastern part of the Baltic Sea region. First, the reliability of ERA5 reanalysis data
for precipitation and maximum wind speed varies across the study period and differ-
ent seasons. As the number of data sources has increased during the 1950–2022 period,
with more data being assimilated into reanalysis datasets, their accuracy has improved
significantly in recent decades compared with the first part of the study period [61,74].
Additionally, it has been observed that ERA5 data in mid-latitudes for the two variables
used in this study are more accurate during the winter months compared with summer.
This is because ERA5 better simulates precipitation and wind extremes associated with
mid-latitude cyclones than those caused by mesoscale convective systems, which are more
typical in summer [36,57,75].

Another aspect to consider when interpreting the results of this study is the spatial
resolution of the data grid, which is 0.25 × 0.25◦. Such a spatial resolution is insufficient
for accurately capturing localised CPWEs that occur during convective processes in sum-
mer [75,76]. Reanalysis data also provide grid cell averages, which may overlook the most
extreme values occurring within a grid cell [35,77]. To assess the accuracy of ERA5 data,
the number of CPWEs obtained using this reanalysis was compared with the number of
compound extremes derived from data from several Lithuanian meteorological stations. It
was found that the total number of CPWEs obtained using different data sources differed
by no more than 10%. It is also important to note that ground-based observations create a
different challenge. The obtained results effectively represent only CPWEs occurring at a
specific location, and they are strongly influenced by local factors, thus failing to adequately
reflect patterns across larger areas [61].

5. Conclusions
This study evaluated the recurrence, spatial distribution, intensity, and atmospheric

conditions driving CPWEs in the eastern part of the Baltic Sea region. Changes in the
recurrence of precipitation and wind speed extremes were also assessed. Between 1950
and 2022, their frequency increased, but statistically significant changes were observed in
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only 13.8% and 8.1% of the area, respectively. Comparing the beginning (1950–1969) and
end (2003–2022) of the study period, CPWEs increased across most of the study area in all
seasons. However, the changes were generally small, with statistically significant increases
primarily observed in summer.

The main factors determining the spatial distribution of CPWEs are distance from the
Baltic Sea and terrain. Due to these factors, the highest frequency of CPWEs (10–11 extremes
per decade) was recorded in the western part of the study area. CPWEs also exhibit seasonal
spatial patterns: in autumn and winter, they are most frequent in the western and northern
parts, while in summer, they are concentrated in the east.

Such distribution results from differing synoptic conditions influencing CPWE forma-
tion. In the cold season (October–March), CPWEs are mainly associated with strong zonal
flows from the west and rapidly developing frontal waves on the southern periphery of
deep Atlantic cyclones. In the warm season (April–September), they are linked to southern-
type cyclones entering the study region. Notably, these cyclones were responsible for the
most intense CPWEs, typically occurring in late summer and early September.

In this study, using ERA5 reanalysis data, certain CWPEs that formed due to local
processes (e.g., thermal convection) may not have been accounted for as a consequence of
insufficient spatial resolution of the data (0.25 × 0.25◦). To avoid this issue in future research,
it would be advisable to use higher-spatial-resolution data and ground-based observations.
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48. Kučerová, M.; Beck, C.; Philipp, A.; Huth, R. Trends in frequency and persistence of atmospheric circulation types over Europe
derived from a multitude of classifications. Int. J. Clim. 2017, 37, 2502–2521. [CrossRef]
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71. Rädler, A.T.; Groenemeijer, P.H.; Faust, E.; Sausen, R.; Púčik, T. Frequency of severe thunderstorms across Europe expected to
increase in the 21st century due to rising instability. Npj Clim. Atmos. Sci. 2019, 2, 3–7. [CrossRef]

72. Tippett, M.K.; Allen, J.T.; Gensini, V.A.; Brooks, H.E. Climate and Hazardous Convective Weather. Curr. Clim. Change Rep. 2015, 1,
60–73. [CrossRef]

73. Lepore, C.; Abernathey, R.; Henderson, N.; Allen, J.T.; Tippett, M.K. Future Global Convective Environments in CMIP6 Models.
Earth’s Future 2021, 9, 1–21. [CrossRef]

74. Soci, C.; Hersbach, H.; Simmons, A.; Poli, P.; Bell, B.; Berrisford, P.; Horányi, A.; Muñoz-Sabater, J.; Nicolas, J.; Radu, R.; et al. The
ERA5 global reanalysis from 1940 to 2022. Q. J. R. Meteorol. Soc. 2024, 150, 4014–4048. [CrossRef]

75. Chen, T.C.; Collet, F.; Di Luca, A. Evaluation of ERA5 precipitation and 10-m wind speed associated with extratropical cyclones
using station data over North America. Int. J. Climatol. 2024, 44, 729–747. [CrossRef]

76. Gaska, J. Climate change and windstorm losses in Poland in the twenty-first century. Environ. Hazards 2023, 22, 99–115. [CrossRef]
77. Hersbach, H.; Bell, B.; Berrisford, P.; Biavati, G.; Horányi, A.; Muñoz Sabater, J.; Nicolas, J.; Peubey, C.; Radu, R.; Rozum, I.; et al.

ERA5 Hourly Data on Single Levels from 1940 to Present; Copernicus Climate Change Service (C3S); Climate Data Store (CDS):
Brussels, Belgium, 2023. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00382-014-2306-2
https://doi.org/10.1002/joc.6957
https://doi.org/10.5194/esd-13-457-2022
https://doi.org/10.1007/s00382-010-0955-3
https://doi.org/10.1007/s00703-024-01059-3
https://doi.org/10.1002/joc.6829
https://doi.org/10.1038/nclimate2258
https://doi.org/10.1175/BAMS-D-20-0004.1
https://doi.org/10.1126/sciadv.1600944
https://doi.org/10.1007/s00704-014-1151-x
https://doi.org/10.1007/s13143-023-00337-1
https://doi.org/10.1016/j.wace.2024.100673
https://doi.org/10.1038/s41612-019-0083-7
https://doi.org/10.1007/s40641-015-0006-6
https://doi.org/10.1029/2021EF002277
https://doi.org/10.1002/qj.4803
https://doi.org/10.1002/joc.8339
https://doi.org/10.1080/17477891.2022.2076646
https://doi.org/10.24381/cds.adbb2d47

	Introduction 
	Materials and Methods 
	Study Area 
	Data 
	Identification of Compound Precipitation and Wind Extremes (CPWEs) 
	Evaluation of Atmospheric Processes During CPWE Formation 

	Results 
	Extremes of Precipitation and Maximum Wind Speed 
	Compound Precipitation and Wind Extremes (CPWEs) 
	Intensity of CPWEs 
	Atmospheric Conditions Leading to the Formation of CPWEs 

	Discussion 
	Conclusions 
	References

