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Abstract. Severe convective outbreaks have been an important driver of weather-related damages in Europe in recent years.
Regional convection affecting thousands of square kilometers is driven by large-scale conditions that establish convectively
favourable conditions. Systematically analysing the large-scale drivers of severe convective outbreaks helps link synoptic-scale
predictability to convective-scale hazards, addressing persistent challenges in forecasting and impact assessment. We analyse
the continental-scale atmospheric and land-surface conditions in the days leading up to widespread severe convective outbreaks
in Europe with reanalysis data. We split Europe into regions that often experience severe convective outbreaks on the same day.
Each region shows distinct dynamical and thermodynamic patterns leading up to an outbreak. Colder regions north of the Alps
are associated with synoptic-scale upper-level wave patterns, accompanied by strong temperature anomalies, as they can be
considered to be temperature-limited. Severe convection in drier regions of eastern Europe is associated with greater moisture
anomalies. Severe convection in regions bordering the Mediterranean are associated with weak upper-level flow anomalies.
These regions have a climate elimate-that is favourable for convection and convection is more frequent. The required additional

contribution from the upper-level is thus weaker.

1 Introduction

Severe convective storms are one of the most expensive weather hazards in recent years, even the most expensive in Europe
(Bowen et al., 2024), and have been increasing in frequency and severity over time (Rédler et al., 2019) with related costs
steadily increasing (Hoeppe, 2015). Especially widespread outbreaks that cover thousands of square kilometres are responsible
for severe weather hazards such as widespread hail, flooding, and wind damage, causing serious societal impacts (Bowen et al.,
2024). In this study, we analyse the synoptic conditions associated with widespread severe convective environments in different
regions of Europe. Understanding the large-scale drivers is a key step toward learning the typical formation mechanisms of
severe convective outbreaks and ultimately improving their predictability.

While previous studies have analysed the synoptic conditions tied to convection in single European regions (Wapler and James,
2014; Morris, 1986; Mohr et al., 2019; Piper et al., 2019; Feldmann et al., 2021; Barras et al., 2021; Nisi et al., 2018), there ex-
ists no systematic documentation of synoptic conditions across all of Europe, especially derived from a homogeneous dataset.

Many studies use pre-classified weather regimes (Wapler and James, 2014; Feldmann et al., 2021; Barras et al., 2021; Nisi
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et al., 2018; Augenstein, 2025), which are very specific to the targeted region.

For Western Europe, the Spanish plume is an established synoptic driver of severe convection (Morris, 1986). This pattern
includes the approach of a cyclone, as well as the presence of an elevated dry layer stemming from either the Iberian peninsula
or North Africa. This dry layer increases convective inhibition, preventing an early onset of convection during the day. This

evolution allows the convective environment to become more severe through surface heating before convection ultimately sets

James, 2014; Mohr et al., 2019; Feldmann et al., 2021). However, hailstorms and, in particular, multi-day hail clusters are
associated with westerly winds (Nisi et al., 2018; Barras et al., 2021). In the Mediterranean, short-wave cutoffs are known to
cause extreme precipitation events that are tied to stationary thunderstorms (Portal et al., 2024; Faranda et al., 2024). Mediter-
ranean cyclones play a considerable role in the occurrence of convection, especially in autumn. Northern Italy, the most active
convective region in Europe, has a climate favourable to convection (Taszarek et al., 2019; Kahraman et al., 2024; Cui et al.,
2024). Severe hail is often associated with low pressure systems North of the Alps (?).

A typical model of severe convection, especially tornadoes, has been established for the USA, where the prefrontal zone of
a cold front is particularly beneficial to severe convection and tornado formation, due to the enhancement of deep layer and
low level shear, owed to the positioning of the low level, subtropical and polar jet streams, as well as moisture and warm air
advection in the warm sector (Doswell, 2001; Doswell and Bosart, 2001; Barnes, 1978; Barnes and Newton, 1986). While the
proposed framework is not necessarily specific to the USA, we lack quantitative analyses for Europe, discussing the regional
applicability of this framework.

With these regional assessments in mind, we present a comprehensive analysis of conditions associated with widespread con-
vection in different regions of Europe based on 43 years of ERA-5 reanalysis data from May to September (Hersbach et al.,
2020). We focus on the extended summer months as the primary convective season in Europe (Taszarek et al., 2019; Giordani
et al., 2024, autumn convection in the Mediterranean is mostly over the ocean). We split Europe into different sub-regions
that experience convective conditions on the same day and compute composites of the atmospheric state on the first day of an
event. Further analyses target differences between transient and persistent events. Finally, we inspect the influence of underly-

ing trends.

2 Data and Methods

We use ERA-5 reanalysis data (Hersbach et al., 2020) from 1980-2023, aggregated daily and focusing on the extended summer
months, May - September. The variables, their resolution and aggregation method are listed in Table 1. As ERA-5 parametrises
convection and does not assimilate precipitation, convection itself is not well represented (Hersbach et al., 2020). We therefore
define a convective proxy using maximum convective available potential energy (CAPE) and average 900 - 500 hPa bulk wind

shear. We define a convective index (CIX) at 500 J kg * CAPE and 10 m's * bulk shear on the same day to indicate organised
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Table 1.Overview of variables

Variable abbreviation| units | daily aggregation| resolution
Convective available potential energy CAPE Jkg ! maximum 0.25°
2m temperature t2m °C average 0.25°
convective precipitation cp mm sum 0.25°
0-7 cm soil moisture swvll Im 3 average 0.25°
2m relative humidity r2m % average 0.25°
500 hPa geopotential height z500 m average 0.5°
500 hPa horizontal wind v500 ms?! average 0.5°
900 hPa relative humidity ro00 % average 0.5°
900 hPa speci ¢ humidity g900 gkg ! average 0.5°
900 hPa horizontal wind v900 ms ! average 0.5°
bulk shear bs ms? average 0.5°

60 2.1 Convective Regions in Europe

To obtain a regional division for convective events, we use K-means clustering (Hartigan and Wong, 1979). This approach
differs from typical weather regimes, which are obtained by applying an aggregation method to the synoptic pressure eld,
speci c to a particular region (Weusthoff, 2011; Hochman et al., 2021, here for Switzerland and Western Europe). We strive to
obtain cohesive regions throughout Europe that experience convection on the same day, to subsequently identify their primary
65 large-scale drivers associated with severe convection. By focusing on different convective regions, we can focus the analysis of
the synoptic scale on only convectively relevant events, rather than all occurring weather situations. We use the binary CIX in
K-means clustering (Hartigan and Wong, 1979) to identify regions that experience considerable CAPE and shear on the same
day. Sensitivity experiments with a range of different numbers of clusters showed the meteorologically most cohesive regions at
10 clusters (see Section 3.1 for discussion). One out of these 10 clusters depicts convectively relatively inactive areas, and on
70 cluster covers southeastern Spain and Northern Africa. As we focus on Europe in this study, this cluster is not analysed further.
The remaining 8 clusters that we will focus on here are shown in Fig. 1a. There are four regions bordering the Mediterranean
and four regions located north of the Alps. We also experimented with rectangular regions based on lightning density data.
These regions yielded similar results for synoptic atmospheric and land-surface anomalies, emphasising the robustness. W
nonetheless preferred to use a meteorologically informed, objective method of region identi cation over rectangular boxes.
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2.2 Convective Event Analysis

Within these regions, we de ne severe convective outbreaks (SCO) as a minimum area of 100 grid points with a positive
CIX, indicating widespread convection. Additionally, convective precipitation must be non-zero somewhere in the CIX area
to ensure the presence of a convective trigger. Due to uncertainties regarding the convective parametrization (Hersbach et al.
2020), we do not use convective precipitation as a direct proxy of convection; convective precipitation is only an indication of
triggering (Taszarek et al., 2020). The results are not particularly sensitive to the chosen thresholds. We experimented with a
range of CAPE (300-1000 J kd) and bulk shear values (10-20 m13, all yielded qualitatively the same conclusions. The
values of the thresholds modulate the number of detected events, as well as the absolute magnitude of the anomalies.

The SCO classi cation provides a binary daily event time series per region, showing all days that meet the SCO de nition.
We trim this down to only contain the rst days for those episodes that last multiple days. We additionally split the event
dataset into single-day outbreaks and multi-day outbreaks to analyse the difference between persistent SCO and transient SCC
Transient is de ned as a single SCO day followed by at least two hon-SCO days. Persistence requires at least two consecutive
SCO days. Events that meet neither criterion are classi ed as "rest". An overview of all identi ed SCO is provided in Fig. 1.

Al-To calculatethe anomaliesall descriptor variables are deseasonalised using a 10-day rolling window. For each region, we
then create time-lagged composites that show the mean atmospheric conditions leading up to the rst day of all SCO for each
region (see Section 3.2). We also derive the composites for transient and persistent SCO separately in the same manner ar
depict them as Hovmadller diagrams, averaging across the latitude band of each region (see Section 3.3).

Statistical testing of anomalies is performed with a Mann-Whitney-U test, comparing all non-SCO days to the rst SCO-day.
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Subsequently, false-discovery-rate (FDR) correction is applied to reduce artefacts introduced by repeating testing for every
grid point (Ventura et al., 2004; Benjamini and Hochberg, 1995). For the Hovméller diagrams, the aggregation of p-values is
performed with the Stouffer Z-score method, which accounts for spatial dependencies, after the FDR correction (Stouffer et al.,
1949).

Lastly, climatological trend analyses are performed using a linear trend t on annual averages (see Section 3.4). Signi cance
testing of the linear trends is done with the Hamed-Rao modi cation of the Mann-Kendall trend test, which accounts for annual
lag-1 temporal autocorrelation (Hamed and Ramachandra Rao, 1998; Hussain and Mahmud, 2019).

3 Results
3.1 Convective regions of Europe and their summer climate

Based on K-means clustering, we identify 8 distinct convective regions in Europe, as shown in Fig. 1a. They can be split into

aligns well with observed convective outbreaks, e.g., thunderstorms initiating in western Switzerland, moving into Germany
and experiencing upscale growth and nally decaying in Poland (e.g., Mohr et al., 2020; Wilhelm et al., 2021; Kopp et al.,

2023), mesoscale convective systems in southern France (Arnould et al., 2025), derechos in northern France and Belgium (Fer

The Mediterranean regions experience a higher frequency of SCO, as well as a higher fraction of multi-day SCO (Fig.
1b). Particularly Alta-Italia is notable, as it not only has the highest number of SCO but also the smallest area, resulting
in an exceptionally high grid-point-normalised SCO frequency (Fig. 1c). It is almost twice as high as in the neighbouring
AdriatieCentra

editerranean. Contrastingly, the midlatitude regions experience much lower absolute and area-normalised

To better understand the differing magnitude of large-scale descriptors for SCO throughout Europe, we inspect the climatology

of the CIX, CAPE, temperature, and relative humidity from May-September, 1980-2022 (see Fig. 2). Here, we focus on

There is a clear meridional gradient for the CIX, CAPE, and 2m temperature, increasing southwards, whereas 2m relative

humidity is more heterogeneous, re ecting the topography (see Fig. 2). Western and Central Europe have a climate that is
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Figure 2. Climatological mean convective activity, CAPE, 2m temperature, and 2m relative humidity

Region | CIX | CAPE | 2m | r2m

Yofdays | Jkg * | °C | %
BE 557 207 163 735
CE 751 254 156 714
SL 938 354 178 691
EE | 794 | 346 |17.3 | 69.9
WM | 1307 | 347 | 179 | 683
AL 1789 495 163 721
CM 1546 541 198 684
BA 1161 392 197 661

(Emanuel, 2023). Consequently, average CAPE values are smallest in Western and Central Europe and highest in Alta-Italia.
The low instability indicates that Western Europe needs to depart far from its average conditions to support widespread con-
vection. Surrounding the Mediterranean, unstable conditions are generally much more frequent, and the diurnal cycle alone
can be a suf cient trigger for convection. The Slavic and Eastern European areas are exposed to a more continental climate,
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with higher temperatures but less relative humidity. They have moderate amounts of convective activity and moderately warm

area still strongly affected by the Atlantic storm tracks and is upstream of the Mediterranean. Under predominantly westerly
conditions, it lies downstream of the Atlantic and the Iberian Peninsula.

As an example of the Mediterranean region, we take a closer look at Alta-Italia, which is Europe's most active convective

produce conditions suitable for widespread convection. In fact, the average climatological instability throughout the entire Po
Valley exceeds the threshold of 500 J KgCAPE. Point-wise, the CIX is met in Alta-Italia approximately 25% of the time,

To get an overview of the large-scale ow, we rst inspect composites of convective precipitation, 500 hPa geopotential
height, 2m temperature, and sea surface temperature (SST) on the rst day of all SCO (see Fig. 4). Convective precipitation

con rms the effectiveness of the regional classi cation and the SCO de nition with the CIX. In each region, we nd a maximum
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The geopotential height is an effective descriptor of the synoptic weather pattern, allowing a comparison with e.g. Doswell
and Bosart (2001). 2m temperature and SST strongly relate to instability in terms of surface heating, while SST also plays an
important role as a possible moisture source.

The geopotential height anomaly reveals synoptic, dynamical differences between the mid-latitude and Mediterranean re-
gions (Fig. 4, second two rows). Events in mid-latitude regions are associated with a strong anomaly in geopotential height,
with a deep ridge situated slightly downstream of convection and a pronounced trough approaching (Fig. ZE4Bn€E,
and SL). This dynamical driver is stronger the further West the region is located. To a lesser degree, this is also evident in the
Mediterranean regions, especially the Western Mediterranean. The further East the region lies, the less pronounced the geopc
tential height anomalies are, indicating that convection is related more to local rather than synoptic conditions (Fig. 4 regions

onvectivegvents We thennormalisethe eventvariability with the

weaker geopotential height anomalies than other regions.
We next inspect temperature anomalies (Fig. 4, third two rows). The patterns in temperature anomalies further emphasise

the divide between the northern and Mediterranean regions. SBérialux\\esternand Central Europe, the regions with the

strongest geopotential anomaly, are also associated with the most substantial temperature anomalies under the ridge, reachir
up to 3.8 °C. Likewise, the troughs in the upper-level wave pattern are accompanied by negative temperature anomalies, albei

two rows), indicating that the anomalies have a certain persistence (see also Section 3.3). Based on the 800 hPa wind eld
(Fig. 6, wind eld superposed on 800 hPa relative humidity), all regions lie downstream at the 800 hPa level of positive SST
diterranearmndBlack Seas. SCO iBeneluxandeentralWesternandCentral Europe are associated with

anomaliesn_the

substantial warming of the Baltic and North Seas and, to a lesser extent, the Mediterranean. For SCO in the Slavic region,
this anomaly shifts further east, with greater anomalies over the Baltic and Black Seas, as well as the Adriatic Sea. For SCO
in Eastern Europe, the Mediterranean SST anomaly is weaker, and positive anomalies are primarily located over the Baltic

Mediterranean regions show much weaker anomalies but still generally above-average SST. SCO in the Western Mediterraneal
are associated with the largest SST anomaly located just off its coast. The consistently positive land-surface and sea-surfac

warm seas emphasise the persistence of the positive temperature anomalies, as SST anomalies changes are relatively sl

and require greater forcing. Additionally, the warm seas can act as a moisture source, with evaporation increasing at higher



Figure 4. Synoptic anomalies on rst day of SCO. The number of SCO per region is depicted in Fig. 1b. Hatching is applied to non-signi cant
areas. The convective region is outlined in black and labelled in the top-right of each panel.

190 temperatures and correlating with convective activity (Morgenstern et al., 2023; Wapler and James, 2014).
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As convection is driven by moisture, we next investigate 0-7cm soil moisture, 2m relative humidity, 800 hPa relative humid-
ity, and 800 hPa speci ¢ humidity (see Fig. 6), providing information on evapotranspiration, and atmospheric moisture pro les

relevant to convective inhibition and the elevated mixed layer. Low-level moighdespeciallysaturation is key to obtaining

the necessary instability and precipitable water for deep moist convection. In contrast, the elevated mixed layer (Morris, 1986;
Doswell and Bosart, 2001) is characterised as a relatively dry and warm air layer above the boundary layer that increases con-
vective inhibition, allowing greater instability to build. The elevated mixed layer has low relative humidity, but as it is also very
warm, it does not necessitate low speci ¢ humidity. In contrast, if speci ¢ humidity is low, deep convection may be completely
inhibited.

At SCO onset, a strong soil moisture gradient is present in all regions, with a signi cant dry anomaly towards the East of each
region, where the ridge is, and a moist anomaly approaching from the West with the beginning precipitation (Fig. 6, top two
rows). The soil moisture de cits are co-located with the positive temperature anomalies (Fig. 4, third two rows). Larger temper-

ature anomalies correspond to stronger soil dryness, indicating persistent warm and dry conditions downstream of convective

Figs. 7 and 8). The soil moisture de cit also indicates a certain persistence of dry conditions downstream, as a de cit, even
in the top soil layer, needs time to develop. Soil moisture gradients have been shown to play a role in convective initiation, as
the moisture and temperature gradients favour a sea-breeze-like circulation, enhancing lift over the dry area (Froidevaux et al.,
2014, Guillod et al., 2015; Liu et al., 2022) and the gradient (Barton et al., 2025).

2m relative humidity shows similar patterns to surface soil moisture (Fig. 6, second two rows). In comparison to soil moisture,
2m relative humidity has larger positive anomalies in the area of convection. The magnitude of both positive and negative
moisture perturbations is strongest for the western and northern regions (BEy-&8)YM), moving towards weaker, but

more widespread positive anomalies in the southeastern regi@asEEE, BA). The southeastern regions (Fig.Bj-and

humidity perturbations during SCO.
The anomaly of th€606800 hPa relative humidity, however, shows more pronounced dryness over the convective areas, indi-
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