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Abstract Mesoscale convective systems (MCSs) are common over Europe and can produce severe
weather, including extreme precipitation that leads to flash floods. The few studies analyzing the climatological
characteristics of MCSs over Europe are either focusing on only few years of data or on limited subareas.

Using the recent Integrated MultisatellitE Retrievals for Global Precipitation Measurement IMERG) satellite
precipitation climatology, we identify and track MCSs for 16 years over Europe. The tracking algorithm relies
on the overlap of precipitation features between consecutive time steps and, unlike previous studies, uses
lightning data to distinguish convective from stratiform rain patches, which can reduce potential identification
errors. We analyze this new European MCS climatology to characterize MCS precipitation properties and
conclude the following results: MCSs overall occur most frequently over the Mediterranean and Atlantic during
fall and winter, whereas during summer, they concentrate over the continent. Typically, more than a third of
seasonal precipitation can be attributed to MCSs, and their contribution to extreme precipitation is even greater,
often exceeding 60%. MCSs over the continent display a clear diurnal cycle peak during the afternoon, and
some continental areas also show a second, nocturnal peak. The MCS diurnal cycle for coastal and oceanic
regions is more variable. We find that the spatiotemporal distribution of MCS precipitation can be attributed

to specific environmental variables, namely (sea) surface temperature, fronts occurrence and convective
instability. While inland MCS precipitation is mostly constrained by thermodynamics, for the coastal MCSs the
atmospheric dynamics plays an important role as well.

Plain Language Summary Extreme precipitation events leading to flash floods have major
socioeconomical impacts over Europe. These events are often created by large and long-lived clusters of
clouds called mesoscale convective systems (MCSs). Although these MCSs are well known by the climate
community, their precipitation characteristics over Europe are not fully documented. This is the purpose of
this study. Here, we identify MCSs by using satellite images (detecting precipitation) and lightning flashes for
16 years over Europe. We also develop a tracking algorithm, enabling us to follow each MCS in time and space.
The recognition of individual MCSs is based on the overlap of precipitation patches between two consecutive
satellite images. We find that MCSs overall occur most frequently over the Mediterranean and Atlantic during
fall and winter, whereas during summer, they concentrate over the continent. We show that they substantially
contribute to the yearly total precipitation over Europe. More remarkably, MCS is the most frequent cloud
organization form responsible for extreme precipitation events over Europe. Thus, the present study gives some
general explanations on their main behavior. Also, it is of critical importance to further understand European
MCSs and their potential changes in a warming climate.

1. Introduction

Mesoscale convective systems (MCSs) are aggregates of cumulonimbus clouds spanning a few hundreds of
kilometers horizontally (Houze, 2018). These organized weather systems are abundant over the tropics where
they contribute to more than half of the total precipitation (Feng et al., 2021; Laing & Fritsch, 1997; Liu &
Zipser, 2015; Nesbitt et al., 2006; Schumacher & Rasmussen, 2020; Tan et al., 2015). Despite the frequent occur-
rence of stratiform precipitation from extratropical cyclones in midlatitudes, MCSs are also a significant contrib-
utor to midlatitude precipitation (Feng et al., 2021; Haberlie & Ashley, 2019), in particular during summer when
thunderstorm activity is most pronounced (Taszarek et al., 2019). In addition to their significant impact on the
hydrological cycle, MCSs are often associated with severe weather such as heavy rainfall, large hail, strong winds,
or tornadoes (Ashley et al., 2019; Fowler et al., 2021; Jirak et al., 2003; Luo et al., 2020; Mathias et al., 2017;
Schumacher & Rasmussen, 2020). In fact, MCS areas and rain intensities tend to be larger in midlatitudes than
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in the tropics, possibly due to larger wind shear (Schumacher & Rasmussen, 2020). It is therefore important to
understand the characteristics of midlatitude MCSs and how these may change with global change.

Several studies have focused on the climatological properties of MCSs around the globe. Over the contiguous
United States (CONUS), MCSs preferentially occur in the Midwest during the warm season and in the midsouth
during the cold season (Cui et al., 2020; Haberlie & Ashley, 2019). In the warm season, they were found to
emerge along the eastern flank of the Rocky Mountains (Cheeks et al., 2020) in the late afternoon and subse-
quently propagate eastward, peaking at night in the central great plains (Geerts et al., 2017). It was suggested
that the nocturnal MCS precipitation peak might be related to the peak in the Low Level Jet (LLJ, Pitchford and
London (1962)) as well as gravity waves (Parker, 2008) or potential vorticity anomalies (Jirak & Cotton, 2007)
generated and advected away from the Rockies. A nocturnal peak in MCS precipitation was also observed in
eastern China (Li et al., 2020) and Argentina (Salio et al., 2007). Both regions have a mountain range in their
western parts (Tibetan Plateau and Andes, respectively) and thus feature similar topographic characteristics as
the midwest CONUS. Conversely, the varied European topography with several mountain ranges oriented along
different directions might make for a more complex picture of the MCS diurnal cycle.

Several previous studies that examined MCSs over Europe focus on a restricted part of Europe (Garcia-Herrera
et al., 2005; Punkka & Bister, 2015; Rigo et al., 2019; Surowiecki & Taszarek, 2020), investigate only one season
(Kolios & Feidas, 2010; Morel & Senesi, 2002), or use a limited time record to assess climatological properties
(Garcia-Herrera et al., 2005; Kolios & Feidas, 2010; Morel & Senesi, 2002). Using 5 years of infrared (IR)
satellite data, Morel and Senesi (2002) found that summer MCSs (April-September) are more common over land
than sea and are triggered near mountainous areas (Pyrenees, Alps, Carpathians) during the afternoon, a general
characteristic also found for the CONUS.

This study composes a comprehensive MCS precipitation climatology over Europe from 16 years of the Integrated
MultisatellitE Retrievals for GPM (IMERG) combined with the EUropean Cooperation for LIghtning Detection
(EUCLID) data. MCSs were often identified as large contiguous areas of low IR radiation emitted from cold
convective anvils. While this approach is successful over the tropics, it may not be appropriate over midlatitudes
which are also subject to large frontal non-MCS rainbands that come with similarly low brightness temperatures.
Besides, mature convective clouds may also exhibit warmer brightness temperatures while producing lightning
(Cecil et al., 2005). This is why more robust methods were recently developed for identifying MCSs in the midlat-
itudes (Feng et al., 2021), making use of the precipitation field to distinguish between convective and noncon-
vective systems, since convective cells generally produce more extreme precipitation rates than stratiform-type
systems. These methods involve the use of thresholds on the precipitation field and thus rely on its accuracy.
Besides, as inconsistencies may exist among these different data sets, an algorithm defining an MCS through
the brightness temperature field may miss part of the MCS precipitation. For all these reasons, and since our
objective is to determine the contribution of MCSs to precipitation totals, we adopt yet another approach, which
instead resorts to lightning flashes. Indeed, lightning is a trademark of convection and can be accurately deter-
mined through networks of ground-based lightning detection sensors such as EUCLID (Schulz et al., 2016). The
use of a single data set (IMERG) for the tracking ensures self-consistency of our tracked precipitation features.

This study thus aims at characterizing and understanding the hydrological “footprint” and the diurnal cycle of
MCS precipitation over Europe. In Section 2, we describe the data sets exploited and how they are used to detect
and track MCSs. The contribution of MCSs to both mean and extreme precipitation over Europe, as well as the
MCS diurnal cycle, are characterized in Section 3. We then investigate the causes explaining the regional and
seasonal differences of MCS precipitation (Section 4). Finally, we discuss our results and conclude the study
(Section 5).

2. Data and Tracking Algorithm

Our method shares some aspects with Feng et al. (2021) but primarily defines patches with the precipitation field
instead of cloud top brightness temperatures and uses lightning data to distinguish convective patches.

2.1. Observational Data Sets

For each data set, data were extracted for a domain covering most of Europe (—13°W to 38°E, 30°N to 59°N;
Figure 1).
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Figure 1. Study domain highlighting subregions: AO for Atlantic Ocean, IS for Irish Sea, ENS for English channel and
North Sea, LTS for Ligurian and Tyrrhenian Seas, ALP for Alps, BS for Baltic Sea, AIS for Adriatic and Ionian Seas, NC for
north Carpathian, GHP for Great Hungarian Plain and BC for Baltic Continent. The shadings represent the elevation (in m).

2.1.1. Integrated Multisatellite Retrievals (IMERG)

We identify precipitating features (PFs) using the IMERG precipitation product, version V06 B, from the Global
Precipitation Measurement (GPM) project (Huffman et al., 2019). This product merges measurements from a
constellation of satellites, carrying passive microwave (PM), and/or infrared (IR) sensors. While the PM sensors
are generally more precise since they are directly measuring the signal alteration by precipitation droplets, their
spatiotemporal coverage is limited. In contrast, IR sensors measure precipitation indirectly through cloud top
brightness temperatures, but have a higher spatiotemporal resolution. The precipitation estimates from every
satellite are intercalibrated and combined to produce a half-hourly estimate of precipitation at 0.1° of horizontal
resolution which is monthly calibrated by the Global Precipitation Climatology Project (GPCP) satellite-gauge
product (Adler et al., 2018).

Despite IMERG is known to provide a “robust representation of spatiotemporal patterns of precipitation” (Pradhan
et al., 2022), it is worth mentioning that uncertainties in its precipitation estimates exist. Notably, IMERG may be
inconsistent between consecutive time steps (as mentioned in Feng et al. (2021)), which may affect the tracking
accuracy of the smallest PFs but have limited impacts on MCS PFs. Besides, IMERG may smooth precipitation
extremes through its morphing scheme, underestimate warm cloud precipitation (Sungmin & Kirstetter, 2018)
and produce errors through imprecise IR estimates (Tan et al., 2016) and limitations in the retrieval algorithm
(Oliveira et al., 2016). However, these uncertainties were found to mainly affect the daily and subdaily timescales,
and we expect them to have only small impacts on the climatological scale (Pradhan et al., 2022) used in this
study. The IMERG product was used in several recent cloud tracking algorithms for studying the properties of
convective storms such as MCSs (Feng et al., 2021; Hayden et al., 2021; Takahashi et al., 2021).

2.1.2. European Cooperation for Lightning Detection (EUCLID)

To differentiate convective from stratiform weather systems, we employ the EUCLID lightning data set (Poelman
et al., 2016; Schulz et al., 2016). Only cloud to ground lightning flashes (CGs) are used for their homogene-
ous and continuous high detection efficiency (exceeding 90%) over Europe between 2005 and 2020 (Schulz
et al., 2016). The EUCLID lightning location errors generally do not exceed 500 m over Europe, thus reasonably
low in comparison to the 0.1° (around 8 km) IMERG grid. The original data set provides the number of CG in
30-min time windows and on a 0.045° X 0.064° grid covering most of Europe. We linearly interpolated the orig-
inal lightning data set to the IMERG grid (0.1° X 0.1°) to achieve spatial coherence between both data sets. As
convection is not necessarily associated with CG, our approach focusing on CGs may underestimate the number
of convective systems. For instance, MacGorman et al. (2011) noted that 10-20% of the studied thunderstorms
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in the Great Plains produced only intracloud flashes. Nonetheless, it is expected that this underestimation mainly
concerns the weakest convective systems with low flash rates (MacGorman et al., 2011).

2.1.3. ECMWF Atmospheric Reanalysis Version 5 (ERAS)

Several variables (SST; 2-m and 600 hPa temperatures; 600 hPa zonal and meridional wind speed; Convec-
tive Available Potential Energy (CAPE)) from the ERAS global reanalysis product (Hersbach et al., 2020) are
used to provide insights on the processes involved explaining the spatiotemporal distribution of MCSs over
Europe (Section 4). ERAS is provided as hourly outputs on a 0.25° grid. In this study, the variables mentioned
above were selected for the period 2000-2020 and monthly and spatially averaged to determine their annual
cycle over specific regions of Europe (Section 4). As ERAS assimilates the ECMWF Integrated Forecast System
(IFS) model forecasts with parameterized convection, the ERAS representation of convective processes and their
effect on environmental variables should be treated with caution. Besides, it was shown that the performances
of ERAS remains low along sharp topographic boundaries such as coasts and mountains (Taszarek et al., 2021).
Nevertheless, ERAS is considered as “one of the most reliable available reanalyses for exploration of convective
environments” and it was recently found that convective environment parameters and their annual cycle are well
represented within ERAS over Europe (Taszarek et al., 2021; Varga & Breuer, 2022).

2.1.4. General Bathymetric Chart of the Oceans (GEBCO)

Since mountain ranges were found to play an important role in the genesis of MCSs in midlatitudes (Cheeks
et al., 2020; Morel & Senesi, 2002), we also make use of the GEBCO topography data set.

2.2. MCS Tracking Algorithm
2.2.1. Detecting Precipitation Features and Tracks

Similar to Feng et al. (2021), we first apply a spatial filter of 0.3° to IMERG precipitation (Figures 2a and 2b) and
define PFs as contiguous patterns (when considering the four nearest neighbors on the regular longitude-latitude
IMERG grid) of filtered precipitation above 2 mm hr~! (red contours in Figure 2b). All PFs are labeled at beach
time step as follows: when a PF spatially overlaps with another PF at the previous time step, it receives the same
identification number (IN). To limit identification errors related to fast moving PFs, we adopt the iterative strat-
egy of Moseley et al. (2013) computing the mean displacement of all neighboring PFs within a 1,000 km radius
around a nonoverlapping PF, then translating the nonoverlapping PF backward in time with the resulted displace-
ment vector, and searching for overlap in the corresponding new position. We address splitting and merging cases
by using the method of Moseley et al. (2019) with a parameter € = 1 (Figure S1 in Supporting Information S1).
An example of a MCS track is provided in Figure 2d where the contours of the MCS at current and previous
time steps are highlighted for a better identification of the overlapping areas used for the tracking. In order to
define shape properties, such as diameter, orientation, and eccentricity, we then fit an ellipse to each PF and at
each time step. The fitting algorithm minimizes the sum of the distances between the contours of the PF and the
ellipse in a least square sense (see Figure 2¢). The probability density function (PDF) of the ellipse goodness
of fit (Figure S2 in Supporting Information S1) and more details about the algorithm are provided as Text S1 in
Supporting Information S1.

2.2.2. Defining Convective Precipitation Features and MCSs

We now define convective and stratiform PFs by using the EUCLID lightning data set regridded to match the
IMERG grid. At any time of its “life cycle,” a PF which does not fulfill the MCS criteria (defined below) and
with at least one CG detected inside its area during the corresponding IMERG 30-min time window is defined
as an “isolated convective PE.” In practice, the neighboring IMERG pixels of PFs were also considered for the
gathering of CG to account for any spatiotemporal mismatch between IMERG and EUCLID. In this study, a MCS
PF is defined with the two following criteria: (a) it has a diameter of at least 100 km for at least four consecutive
hours and (b) at least one CG is detected inside or in neighboring IMERG pixels of its area during these four
consecutive hours. The remaining of the PFs is defined as stratiform PFs.

Another approach, which makes use of ERAS5 CAPE instead of lightning data (described in Text S2 of Support-
ing Information S1), was tested to define convective PFs and produced similar MCS results to those using CGs
(Figures S3 and S4 in Supporting Information S1), showing that the MCS identification is robust. Here we
choose to keep using the EUCLID lightning data set for its high accuracy and its finer spatiotemporal resolution
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Figure 2. Scheme describing the precipitating feature (PF) identification (a, b) and the ellipse fitting algorithm (c) in this study. First, the MultisatellitE Retrievals for
Global Precipitation Measurement (IMERG) precipitation field (represented by blue pixels, with darker blue colors standing for more intense precipitation) is spatially
filtered (a, b). Second, contours of filtered precipitation above 2 mm hr~! are drawn (in red) to define PFs (b). The centers of the edges of the pixel contours (purple
crosses) are used to fit an ellipse (in green) to each PF by minimizing the distance between the PF contours and the ellipse (c). Time evolution of a tracked mesoscale
convective system (MCS) over the Alps and the Great Hungarian Plain during 10:00 UTC 12 June 2018 to 04:00 UTC 13 June 2018 (d). The snapshots show 10:00
UTC, 15:00 UTC, 20:00 UTC on 12 June 2018 and 00:00 UTC and 04:00 UTC on 13 June 2018 for the spatially filtered IMERG precipitation field (in mm/h). Plain
(dashed) red contours delimit the MCS at (respectively, the previous IMERG time step of) each snapshot.

(Section 2.1). Figure 3a is a snapshot of IMERG precipitation, EUCLID CGs, and the objects detected by our
algorithm on 9 June 2014 at 21h45 UTC, where intense MCSs associated with severe weather were observed in
western Europe (Mathias et al., 2017). It shows a general good correspondence between the CGs and the precip-
itating cells emerging from two different data sets, as well as fairly consistent ellipse fits to these objects. One
can see that with the threshold approach for the definition of PFs, only the most intense precipitating cells are
detected as PF by the algorithm.

For the analysis in the current work, we retain unfiltered precipitation from the original IMERG grid. Since the
PFs are defined using the spatial average of IMERG precipitation from 3 X 3 grid points, all of these unfiltered
IMERG precipitation grid points contributing to the spatially filtered precipitation field of a particular PF are
retained for this PF. This procedure may result in precipitation grid boxes belonging to two (or more) PFs at the
same moment. We have checked the PDFs with and without these repeated pixels and found that the differences
are minor (not shown) and therefore retained this approach.

3. MCS Climatology Over Europe
3.1. Overall Characteristics—MCSs Are More Than a Sum of Stratiform and Convective Cells

By using the tracking algorithm described above, we were able to detect a total of 11,746 MCSs from 2005 to
2020 (on average 734 per year) in the European domain (Figure 1). To give an overview, Figure 3b shows the
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Figure 3. Snapshot of MultisatellitE Retrievals for Global Precipitation Measurement (IMERG) precipitation (shadings; in mm hr~!) and EUropean Cooperation for
LIghtning Detection (EUCLID) CGs (dark red points) on 9 June 2014 at 21h45 UTC in western Europe (a). The ellipses represent the detected precipitating features
(PFs) according to our algorithm presented in Section 2: red for stratiform PFs, blue for isolated convective PFs, and magenta for mesoscale convective system (MCS)
PFs. Probability density functions (PDF) of PF duration (b; in h), mean area (c; in km2), and precipitation (d; in mm hr~!) for stratiform (“Strat.,” red), isolated
convective (“IConv.,” blue), MCS PFs (magenta), and for MCS periods (“MCSp,” black). MCSp was built by selecting only instants for which a MCS PF has MCS
attributes (see section 3a). The probability density function (PDF) of duration and area were normalized by the total number of PFs while the PDF of precipitation were
normalized by the number of instants of PFs of the corresponding type (stratiform, isolated convective, MCS, or MCS periods).

PDF of the duration of detected PFs for the different types (stratiform, isolated convective, MCS; defined in
Section 2.2). We also include the PDF of MCS periods (MCSp) defined as MCS PFs at instants for which there
exists a 4-hr period within the MCS PF lifetime that (a) contains this instant, (b) in which the MCS PF has a diam-
eter that exceeds 100 km, and (c) in which at least one CG was detected inside or in a neighboring IMERG pixel
of the MCS PF area (defining the MCS criteria; Section 2.2). Since MCSs are sometimes embedded in fronts, the
duration of PFs classified as MCS can reach several days whereas the actual MCS period may only last for few
hours. For stratiform and isolated convective precipitation, the PDF monotonically decreases with PF duration.
Isolated convective PFs show a reduced spread in the distribution compared to the stratiform cases. This is seen
by the stronger curvature of the blue curve compared to the red, in agreement with previously reported data by
Berg and Haerter (2013) but for local rain durations in Germany. We find typical MCS lifetimes to be around
10 hr when accounting for inactive periods, whereas durations of active MCS periods are only about half the total
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MCS lifetime. The area distribution (Figure 3c) closely mirrors that of duration. MCS areas show an even smaller
spread, with occurrence frequencies peaking around 10* km?, which is partly influenced by our detection method
enforcing a diameter threshold of 100 km. The PDF of mean precipitation rate (Figure 3d) shows that the occur-
rence of high precipitation intensities, that is, exceeding 10 mm hr~', is approximately three times more frequent
within MCSs than for isolated convective PFs, and precipitation intensities of isolated convective PFs are overall
more intense than stratiform ones. The maximum around 2 mm hr~! can be attributed to our detection threshold.

Given the intensity distributions (Figure 3d), MCSs cannot be only seen as a random collection of stratiform and
isolated convective precipitation patches but as a collection of these skewed toward high precipitation. The higher
proportion of extreme precipitation within MCSs may result from the merging of convective cells, possibly
related to dynamical (cold pools and/or mesoscale circulation; e.g., Haerter & Schlemmer, 2018) and/or micro-
physical effects (reduced entrainment and/or rain evaporation; e.g., Da Silva et al., 2021).

3.2. MCSs Dominate in Southern Coastal Regions in Winter and Continental Regions in Summer

As noted (Taszarek et al., 2019), midlatitude convection is strongly dependent on season, a feature we investigate
further by distinguishing MCS occurrence for the different months (Figure 4). MCSs are generally more frequent
in the coastal regions of southern Europe in fall (SON) and winter (DJF), whereas they dominate northern conti-
nental regions in summer (JJA), a pattern resembling that of the overall precipitation climatology in Europe
(Figure S5 in Supporting Information S1).

During fall, the overall highest MCS frequency (approximately six per month) is reached in November along
Eastern Adriatic, while MCSs of the remaining Mediterranean and the continental regions at similar latitude are
2-3 times less frequent. Local maxima in MCS frequency are also seen in northwestern Spain or the Italian west
coast, where frequencies are again much greater than for other regions of similar latitude. Although declining, this
intense MCS activity persists in winter over the same regions. As opposed to the strong activity during fall, the
transitional period during spring (MAM) shows generally weak MCS activity. This lack of symmetry regarding
MCSs during the transitional periods points to a strong influence of the large water bodies on MCSs. Indeed, due
to their large heat capacity (thus memory), the seas are warmer in fall than in spring whereas continental temper-
atures are fairly similar between both seasons. Summertime MCSs, for example, from June to August, are most
frequent over the Alps, reaching about five per month in August. To a lesser extent, a local maximum in MCS
frequency is also present for the Carpathians, highlighting the role of topography in triggering or enhancing deep
convection (Houze & Robert, 2012). Perhaps more surprisingly, the continental regions near the East of southern
Baltic Sea experience a pronounced peak of MCS occurrence during the month of July, with around 3.5 MCSs
in this month on average. Another remarkable feature is the high number (exceeding four on average) of MCSs
in both the southern Baltic Sea and the southern North Sea (especially in the southeastern side) during August,
while the surrounding continental areas experience comparably fewer MCSs. Finally, one may notice that north-
ern Germany experiences fewer MCSs than its surrounding regions between June and September. This may be
due to the Alps acting as a barrier to some of the MCSs, which mostly travel in southwesterly flows (not shown).

Similarities between the spatial distribution of MCS occurrence in our current study and previous studies exist
for the summer months. Yet, there are some noticeable differences compared to the previous climatologies of
summer MCSs (Kolios & Feidas, 2010; Morel & Senesi, 2002). While some of the difference might be explained
by the longer averaging time used by the present study, an important difference lies in our method identifying
MCSs by precipitation and lightning, whereas both Morel and Senesi (2002) and Kolios and Feidas (2010) used
a method based on cloud top brightness temperature. In particular, we found a peak of MCS occurrence in both
the North Sea and the Baltic Sea during August and a generally higher MCS occurrence in northern Europe
during the warm season compared to Morel and Senesi (2002). Similarly, while the peak of MCS frequency in
fall over the eastern Adriatic is expected (Feng et al., 2021; Taszarek et al., 2019), the peak over northwestern
Spain is more surprising and was not found in previous studies based on cloud top brightness temperature for
MCS identification (Feng et al., 2021; Garcia-Herrera et al., 2005). We believe that the MCSs over the North Sea
and the Baltic Sea in late summer, and those over northwestern Spain during the cold season, are due to less deep
convective systems, that may not satisfy the IR criteria but have a large area and still produce CGs.

Thus, MCSs affect many regions over Europe throughout the year, and, due to their convective nature and their
large spatial extent, MCSs often generate large amounts of precipitation both in time and space (e.g., Schumacher
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Figure 4. Averaged number of mesoscale convective systems (MCSs) per year by month (a—1). White areas represent missing values, defined as points with means of

less than one CG per year.

and Johnson, 2005). In the following, we quantify their contribution to total and extreme precipitation for each
season (DJF, MAM, JJA, and SON).

3.3. Substantial MCS Contributions to Precipitation Totals

MCSs account for substantial precipitation amounts exceeding 100 mm in a single season over large areas, which
often corresponds to more than a third of the total precipitation in this season (Figure 5). Overall, MCS precip-
itation dominates convective precipitation (Figure S6 in Supporting Information S1) and its spatial patterns are
generally commensurate with those of MCS frequency in the previous section (Figure 4) and those of the mean
precipitation climatology (Figure S5 in Supporting Information S1). There are however smaller scale differences
that can be attributed to the average spatial distribution of precipitation within individual MCSs.

In winter and to a lesser extent in fall, precipitation totals stemming from MCSs tend to peak offshore along the
coasts, a pattern that is even more pronounced for isolated convection (Figure S7 in Supporting Information S1)
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Figure 5. Total MCS precipitation per year (in mm yr~!, left column) and contribution of mesoscale convective systems (MCSs) to total precipitation (right column)
over Europe in winter (DJF, a, b), spring (MAM, c, d), summer (JJA, e, f), and fall (SON, g, h).
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and suggesting a role of the land-sea contrasts for MCS triggering in these seasons. By compositing over events
over several coasts in fall and winter (Text S3, Figures S8, and S9 in Supporting Information S1), we find that
the occurrence of precipitation along these coasts is often associated with enhanced low level winds from sea to
land, suggesting enhanced moisture convergence by the reduction of wind speed when propagating inland; for
example, due to increased surface roughness, the presence of topography, or the encounter of the land breeze
front (Malda et al., 2007; Wang & Sobel, 2017). We find this effect to be a characteristic of most coastal MCSs
and isolated convective events.

The regions most affected by MCS precipitation are eastern Adriatic, western Italy, and south eastern France
during fall, with the contribution from MCS precipitation exceeding 300 mm on average, which corresponds to
50-80% of the total precipitation. Northwestern Spain also exhibits a pronounced peak exceeding 200 mm in both
fall and winter, yielding a contribution of 40-50% to total precipitation. This region, and more generally most
of northern Europe is also significantly impacted by stratiform precipitation which likely stems from Atlantic
low-pressure systems (Figure S10 in Supporting Information S1), explaining relatively low MCS contributions
to total precipitation, there. In spring, MCS precipitation amounts are more homogeneous between continents
and seas, reaching about 30-50 mm over large areas, which corresponds to 10-40% of total precipitation. The
summer MCS precipitation peaks at about 200 mm over the mountain ranges and the northern Seas of Europe,
which corresponds to about a third of the seasonal total precipitation in these areas.

3.4. Extreme Precipitation Dominated by MCSs

One of the most common hazards resulting from MCSs is their tendency to generate intense precipitation accu-
mulations over extended regions. It is however worth noting that extreme precipitation accumulations may also
arise from for example, stationary isolated convective systems (Bauer-Messmer et al., 1997). To quantify the
MCS contribution to extreme precipitation accumulations we first derive the 98th percentile of event-based
precipitation accumulations from individual PFs (both MCS and non-MCS PFs) and from non-PFs for each pixel
(displayed in Figure 6). Here, events are defined as a sequence of consecutive IMERG time steps with strictly
positive precipitation intensity (see Text S4 in Supporting Information S1 for further details on the methodology).
One can see that the PFs tend to produce heavy rain accumulations over the Mediterranean in all seasons but
especially during fall and winter where the 98th percentile of precipitation accumulation due to individual PFs
exceeds 50 mm along the coasts. Most of the coastal areas exhibit maxima in extreme precipitation accumula-
tions, as noticed for both isolated convective and MCS precipitation totals (Figure 5 and Figure S7 in Supporting
Information S1).

For each pixel, we then select all PFs that produce precipitation exceeding the 98th percentile of precipitation
accumulation of this single pixel. By determining the fractional contribution from MCSs (Figure 6) we show
that MCSs impact more strongly on extreme precipitation events than the mean. In some parts of the Medi-
terranean and the southern Iberian Peninsula, nearly all extreme precipitation stems from MCS in fall and this
contribution remains high (>60%) during winter. Although MCSs are not particularly frequent in spring, they
still significantly contribute to extremes in most of continental Europe. In this season, the remainder of extreme
precipitation events is due to stratiform (around 40%, Figure S11 in Supporting Information S1) and isolated
convective precipitation (around 25%, Figure S12 in Supporting Information S1). In summer, more than half of
precipitation accumulation extremes in continental Europe are due to MCSs whereas the remaining 50% are due
to isolated convective (Figure S12 in Supporting Information S1) and stratiform events (Figure S11 in Supporting
Information S1), with a similar share between these two (around 25%). We also found that the magnitude of the
MCS contribution to precipitation extreme accumulation is highly dependent to the percentile used for the defi-
nition of extreme precipitation accumulation, with higher percentiles being systematically associated with larger
contributions (not shown).

Summing up, MCSs generally dominate precipitation accumulation extremes over most of Europe, with only
northern Europe during winter as an exception.

3.5. Diurnal Cycle—Large Contrasts Between Coasts and Continents

Often poorly represented by numerical models (Brockhaus et al., 2008), the diurnal cycle of precipitation is of
key mechanistic and practical relevance. For each of the subregions (Figure 1) and each month, we compute
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Figure 6. 98th percentile of event-based precipitation accumulations (in mm, left column) and contribution of mesoscale convective systems (MCSs) to the
precipitation events producing the 2% most extreme precipitation accumulations (as defined in Section 3.4, right column) over Europe in winter (DJF, a, b), spring
(MAM, c, d), summer (JJA, e, f) and fall (SON, g, h). White areas are missing data, that is, points with an insufficient number of events (Section 3.4) or with means of
less than one CG per year.
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Figure 7. Monthly expected values of mesoscale convective system (MCS) precipitation (in mm hr~!) conditioned on MCS occurrence within the coastal subregions
as a function of local solar time (LST) (in hr): Baltic Sea (BS) (a), English channel and North Sea (ENS) (b), Atlantic Ocean (AO) (c), Irish Sea (IS) (d), Ligurian and
Tyrrhenian Seas (LTS) (e), and Adriatic and Ionian Seas (AIS) (f) (see Figure 1). Results are given for months with the main MCS activity according to Figure 4. For
each LST bin the standard error is calculated to estimate the uncertainty in the mean and represented by error bars.

the climatological diurnal cycle of the expected value of MCS precipitation given the occurrence of an MCS
in the subregion at any time of the day. In detail, we collect the MCS precipitation intersecting the subregion,
average over the subregion, and stratify and accumulate by local solar time (LST) 1-hr bins. For each bin, we
sum the MCS hourly precipitation and divide by the number of MCS affecting the subregion at any time of the
day. Finally, we select the months of peak MCS activity according to the monthly number distribution shown in
Figure 4.

3.5.1. Large Intermonth and Interregional Variability in Coastal Regions

For the coastal subregions (BS, ENS, AO, IS, LTS, and AIS) the diurnal cycle of MCS precipitation varies
strongly between subregions and seasons (Figure 7). Some subregions (BS in June, July, October; ENS in Novem-
ber; AO in February; IS in October, November, and December) exhibit afternoon peaks of MCS precipitation,
which we ascribe to convection triggered over the continent. We however note that the amplitude of these peaks
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Figure 8. Similar as Figure 7 but for the continental subregions: Alps (ALP) (a), Baltic Sea (BS) (b), Great Hungarian Plain (GHP) (c), and north Carpathian (NC) (d)

(see Figure 1).

is not commensurate with the amplitude of the solar diurnal cycle, for example, IS experiences the strongest
afternoon peak of MCS precipitation during the month with the least diurnal variation in solar irradiance of the
year (December). While identifying the nature of this discrepancy is beyond the scope of this study, this obser-
vation reveals the presence of other seasonally varying mechanisms that may enhance or inhibit the “natural”
(thermally driven) diurnal cycle of organized convection in coastal regions. A number of subregions (BS in
October; ENS from September to December; AO in December and January; IS in October and November; LTS in
September, October, and December; AIS in February) exhibit a nocturnal/early morning peak, reminiscent of the
total precipitation diurnal cycle over most sea areas (Bowman et al., 2005; Dai, 2001; Tan et al., 2019; Watters
& Battaglia, 2019). We note that this nocturnal/early morning precipitation peak is not present in every coastal
subregion, for every month of the year and for every type of precipitation (Figures S13—S15 in Supporting Infor-
mation S1), which also suggests that different mechanisms may be involved.

3.5.2. Nocturnal Peaks in Continental Regions

The diurnal cycle analysis was repeated for the continental subregions for May to October (Figure 8). There, a
generally more pronounced MCS diurnal cycle is found, exhibiting reduced intermonth variability compared to
the coastal areas. In the four continental subregions there is a strong late afternoon peak of MCS precipitation
from May to August. This peak is most pronounced during July over ALP and BC, whereas it is more marked in
May in GHP and NC. We note that this peak tends to occur later (around 20 LST) in the lee of the Alps (in GHP)
and the lee of the Carpathians (in NC), compared to the Alps and the Baltic plains (BC; around 18 LST). This
characteristic might be explained by propagating systems from the mountains toward the plains, where convective
activity may therefore occur later in the evening (as for the MCS presented in Figure 2d). Bao and Zhang (2013)
observed such convective systems forming in the afternoon at the eastern edge of the northern China mountain
ranges, due to the thermally driven mountain-plains solenoid (MPS) circulation, propagating downslope, and
peaking in the evening through cold pool dynamics. Further studies are required to determine if similar processes
occur in the vicinity of the Alps and Carpathians during summer and explain the delayed MCS precipitation peak
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over the lee regions. We also find that isolated convective precipitation tends to peak earlier in the afternoon
than MCS (Figure S16 in Supporting Information S1), consistent with the time required for the upscale growth
of MCSs. Generally weaker diurnal ranges of MCS precipitation are observed during September and October (as
observed for total precipitation in Mandapaka et al. (2013) and Alber et al. (2015)).

Interestingly, for the GHP subregion, the diurnal cycle of MCS precipitation exhibits another systematic peak (at
around 3 LST). This nocturnal peak becomes more and more pronounced when moving from May to October, as
opposed to the late afternoon peak, which diminishes in the course of this seasonal period. A secondary nocturnal
peak also appears for the other continental subregions, even though it is less pronounced and systematic. As seen
previously (Figure 4), the Adriatic Sea is a region of intense MCS activity in late summer and fall. Therefore, one
could argue that the nocturnal MCS precipitation peak in GHP might be related to the Adriatic Sea diurnal cycle,
“leaking” into GHP at nighttime as a result of a southwesterly flow. However, as seen in Figure 7g and Figure
S13g in Supporting Information S1, there is no evidence for a clear evening or nocturnal peak in both MCS and
isolated convective precipitation for AIS during these months. We further note that the nocturnal peak is generally
less pronounced or does not appear in isolated convective precipitation (Figure S16 in Supporting Information S1),
as well as for stratiform precipitation and CGs (Figures S17 and S18 in Supporting Information S1). Levizzani
etal. (2010) evidenced a slight nocturnal peak of cold cloud frequency in August over similar longitudes, mentioning
a potential role of the Carpathians in enhancing precipitating systems. Twardosz (2007) analyzed the diurnal cycle
of precipitation over southern Poland conditional on different circulation types and noted a nocturnal/early morn-
ing peak of precipitation associated with warm fronts in southerly to southwesterly flows. It is however uncertain
whether nocturnal MCSs in this region are regularly embedded within a warm front, when warm fronts are usually
associated to less convectively unstable environments (as noted in Twardosz (2010)). The precise origin of MCS
nocturnal precipitation peaks over the European continental areas thus remains uncertain and requires further studies.

4. Understanding the Spatiotemporal Distribution of European MCSs

It was found that MCSs often develop near frontal boundaries which provide dynamical lifting over large scales
(e.g., Maddox (1983)). Here, we estimate the frontal activity by using the method of Parfitt et al. (2017) on ERAS
data to identify “frontal grid points” in the middle troposphere (600 hPa; to avoid the detection of low level
breeze fronts). We define fronts as contiguous frontal pixels with a horizontal extent of at least 300 km. To only
select synoptic fronts from low-pressure systems, we discard fronts containing less than 4 ERAS pixels with a
negative anomaly (from 2000 to 2020 climatology) of sea level pressure and geopotential height at 500 hPa. By
calculating the proportion of frontal pixels (relative to the total number of pixels) as a function of the distance
from a PF at the time of its largest extent (Figure S19 in Supporting Information S1), we find that MCSs are more
tightly connected to the presence of a frontal boundary at few hundreds of km from their center than for isolated
convective and stratiform PFs. Among these fronts, the contribution of cold fronts dominates by a factor of two
compared to warm fronts (not shown). We note that cold fronts may trigger MCSs directly along their boundary
or less directly through for example, the formation of prefrontal disturbances (Schultz, 2005).

In the remainder of this section, we analyze the MCS precipitation annual cycle for the different subregions
(Figure 1) in relation to the SST (or land 2-m temperatures for continental subregions), the frequency of signif-
icant CAPE, and frontal occurrence. CAPE is considered significant when it exceeds a threshold of 100 J kg~!
(consistent with Figure S3 in Supporting Information S1). We evaluate frontal occurrence as follows: for each
pixel within each subregion we count the number of times a front occurred over each month. If a pixel is part
of two fronts that are separated by less than 3 hr, it is assumed that it is the same front. This front occurrence
frequency is then averaged over the box and the 16 years.

4.1. Coastal Drivers: Dynamics

In all coastal locations, SSTs generally peak in August, as does CAPE. The similarity in annual cycles of SSTs
and CAPE is consistent with previous studies reporting a strong influence of SSTs on CAPE (Cheng et al., 2022;
Fu et al., 1994; Johnson & Xie, 2010). For the northern coasts of Europe, BS and ENS, these peaks coincide
with those of MCS precipitation, suggesting that moisture availability and convective instability might play a
determining role in MCS precipitation there. This applies particularly to BS, where the rapid SST decrease after
August is accompanied by a rapid decay of CAPE. For ENS the drop in SSTs is more gradual, limiting the decay
of CAPE in fall. This, associated with increased frontal activity, may extend the appearance of the MCS precip-
itation peak until November in ENS. For all remaining coastal regions, the MCS precipitation peak is delayed
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Figure 9. Averaged monthly time series of MultisatellitE Retrievals for Global Precipitation Measurement (IMERG) mesoscale convective system (MCS) precipitation
amounts (in mm month~!, black), ERA5 Sea Surface Temperature (SST, in degrees Celsius, blue), number of fronts (magenta) and Convective Available Potential
Energy (CAPE) frequency (defined in Section 4; in % hr~!, green; note the logarithmic scale) for the coastal subregions: Baltic Sea (BS) (a), English channel and North
Sea (ENS) (b), Atlantic Ocean (AO) (c), Irish Sea (IS) (d), Ligurian and Tyrrhenian Seas (LTS) (e), and Adriatic and Ionian Seas (AIS) (f) (see Figure 1).

relative to the August SST and CAPE peaks: November for the Mediterranean coasts (LTS and AIS), October
for IS and December for AO. Unlike BS and ENS, these regions experience higher SSTs in August that decrease
progressively during fall, hence convection in these regions might be less constrained by CAPE availability in
fall. Rather, the lack of triggering and organizing large-scale patterns, such as fronts, in concert with a high
Convective Inhibition (CIN, Figure S20 in Supporting Information S1), may be limiting factors in these regions
during late spring and summer. Over BS, ENS, LTS, and AIS, we attribute the decrease in MCS activity in winter
or early spring to CAPE limitations. While the exact origin of the drop in MCS precipitation over AO and IS
during early spring remains uncertain, decaying land-sea thermal contrasts (Figure S20 in Supporting Informa-
tion S1) could weaken breeze circulations and potentially MCS triggering in this season (Malda et al., 2007;
Wang & Sobel, 2017).

4.2. Continental Drivers: Thermodynamics

In contrast to the coastal regions, inland MCS precipitation peaks generally coincide with peaks in surface
temperature, that is, July for BC and NC and August for ALP and GHP, despite a relatively low front frequency
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Figure 10. Similar as Figure 9 but for the continental subregions substituting ECMWF Atmospheric Reanalysis Version 5 (ERAS) Sea Surface Temperatures (SSTs) by
ERAS5 2-m Temperatures: Alps (ALP) (a), Baltic Continent (BC) (b), Great Hungarian Plain (GHP) (c), and north Carpathian (NC) (d) (see Figure 1).

and a substantial CIN (Figure S21 in Supporting Information S1), suggesting a more thermodynamic control
(Figure 10). We interpret this as resulting from land surfaces often constituting topographic boundaries that
force large-scale convection without the need for an air mass boundary. We note that CAPE frequency maxima
generally occur slightly earlier in the year (typically in July). ALP and GHP show a long tail in fall despite dete-
riorating thermodynamic and instability conditions. This persistent MCS activity during fall might be related to
Mediterranean unstable air masses that are advected toward the Alps and Balkans, and eventually leading to MCS
formation by topographic lifting or MCS advection (e.g., Davolio et al. (2016)).

5. Summary and Conclusions

We have characterized MCSs over Europe by building a long-term MCS climatology (16 years) at high spatial
resolution (0.1°). MCSs are identified by detecting and tracking precipitation features using the recent IMERG
satellite-based data set and conditioning on lightning data from the EUCLID data set. MCSs are abundant and
responsible for substantial precipitation totals in all seasons. In fall and winter, MCSs are mainly concentrated
over the Mediterranean and the Atlantic coasts, whereas in summer, MCSs mainly affect continental Europe,
especially mountainous regions, and the northern seas. Spring is transitionary, with MCS activity moving inland
and pole-ward.

The contribution of MCSs to total precipitation peaks over the Mediterranean during fall, exceeding 70% over
large areas. While many other regions are also significantly affected by stratiform precipitation, the MCS contri-
bution often reaches similar amplitudes over the hotspot regions. Concerning extremes, MCSs contribute even
more strongly, exceeding 90% in the Mediterranean in fall and 70% over northern Europe in summer.

The diurnal cycle of MCS precipitation over coastal areas exhibits large intermonth and interregional varia-
bility, far from a systematic nocturnal/early morning maximum expected from the climatology (Watters &
Battaglia, 2019), and suggesting that different mechanisms are involved. The MCS precipitation diurnal cycle
over the selected continental subregions shows a more pronounced and systematic diurnal cycle during the warm-
est months of the year. For these months we find a late afternoon/evening peak for MCSs, following the after-
noon peak of isolated convective. In some of the locations (particularly in the Great Hungarian Plain in early
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fall), we find an additional nocturnal maximum, despite reduced convective instability. The exact origin of this
striking feature remains unclear and begs for further investigation, such as through high-resolution simulation
case studies.

We then analyze the MCS annual cycle and associated variables, finding that, across subregions, convective
instability peaks in summer whereas frontal activity, for which we found an overall strong involvement in MCS
activity, peaks in the winter. Two main features stick out.

¢ Insubregions where convective instability is a limiting factor and decreases rapidly from summer to fall, MCS
precipitation peaks concomitantly with the peak of convective instability and surface temperature. This is the
case for the continental regions and the Baltic and North Seas.

¢ Insubregions where the convective instability has a more gradual decrease or remains significant in fall, MCS
precipitation tends to peak in fall. We further attribute this delay to more favorable dynamical conditions,
namely more pronounced frontal activity. This is the case of the large water bodies of high-heat capacity, for
which the decrease of SSTs during fall is slower. Whereas MCSs do occasionally occur in these regions, the
lack of dynamical forcing appears as a limiting factor during summer compared to fall.

In summary, this study highlights the significant role of MCSs in driving total, and in particular extreme, precip-
itation in Europe.

The MCS precipitation nocturnal peak found in the Great Hungarian Plain is reminiscent of previous studies focus-
ing on different continental regions (Geerts et al., 2017; Levizzani et al., 2010; Li et al., 2020; Salio et al., 2007,
Twardosz, 2010) and where the nocturnal precipitation maximum is attributed to both the nocturnal peak of the
LLJ and the reversal of the MPS circulation during the night (e.g., Carbone & Tuttle, 2008; Li et al., 2020; Salio
et al., 2007). While these processes may be accounting for the nocturnal MCS precipitation peak over the Great
Hungarian Plain, they are insufficient in explaining its stronger amplitude during fall. Analyzing several heavy
precipitation events over northeastern Italy during fall, Davolio et al. (2016) found that the propagation of intense
convective systems from the coasts to the mountains is characterized by the progressive removal of a northeast-
erly barrier wind blocking the warm low level southeasterly flow from the Adriatic Sea. As northeastern Italy is
a region of intense MCS activity during fall (as noted) and is located directly upstream of the Great Hungarian
Plain, studying the diurnal cycle of such transition of regimes may provide further insights on the nocturnal maxi-
mum of MCS precipitation over the Great Hungarian Plain in fall.

As noted, identification and tracking errors may exist in our tracking algorithm, notably from missed precipita-
tion features overlaps between consecutive time steps or from inherent IMERG deficiencies regarding the MCS
precipitation estimates (e.g., Cui et al., 2020). In these aspects, further improvements of the algorithm could be
made for example, by predicting the motion of individual precipitation features (e.g., as Heikenfeld et al., 2019)
and checking for potential overlaps with the predicted position. A new version of the algorithm could also correct
the IMERG estimates to reduce the precipitation false alarms in the vicinity of MCS anvils (as proposed in Cui
et al. (2020)).

Unlike previous studies, our MCS detection algorithm has the specificity of using cloud to ground lightning
flashes to discriminate between convective and nonconvective precipitation features. It enables our algorithm
to include large frontal thundery rainbands and warm cloud/low-topped convective clusters in the definition
of MCSs, which may be missed by methods combining cloud top brightness temperatures with thresholds on
the precipitation field. Whether these “ambiguous” systems should be classified as MCS is debatable (Feng
et al., 2021) and beyond the scope of this study. However, comparing our results with Feng et al. (2021), in which
these systems are purposely excluded from the MCS definition, we find substantially higher MCS contributions
to total and extreme precipitation over Europe, especially in the northern seas and the near Atlantic, suggesting
important contributions from these systems. Some of these systems may be embedded into atmospheric rivers (as
suggested by Feng et al. (2021)), which are well known for being associated with heavy precipitation and floods
(Rutz et al., 2019). Therefore, a better understanding of these systems is crucial, especially as the overall intensity
of MCSs is projected to increase in a future warmer climate (Chan et al., 2023).

We advocate studies unveiling the mechanisms leading to extreme MCS precipitation and their local character-
istics, such as the nocturnal MCS precipitation enhancement over eastern Europe, diurnal cycle variability in
coastal regions, and the role of the topography, microphysics, and radiation. Such studies could combine higher
resolution precipitation data sets, for example, radar, with numerical simulations to explore local effects. Such
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