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Abstract.

Extreme precipitation events are projected to become more frequent and intense in Europe under climate change. In recent
decades, cut-off lows (COLs)—cold-core, upper-level low-pressure systems originating from polar regions—have caused se-
vere impacts across several European countries, leading to unprecedented rainfall totals. Understanding how the influence of
COLs on extreme precipitation may evolve in a warming climate is therefore a key scientific challenge. To address this issue,
we develop an objective detection algorithm based on 500 hPa geopotential height (Z500) fields to identify COLs.

Using the ERAS reanalysis for both daily precipitation and Z500 fields, we construct a climatology of COLs affecting
Europe over the period 1940-2024. We first show that the total number of COLs exhibits no significant long-term trend. We
then attribute daily precipitation events to potential COL influence. Our results indicate that approximately 49% of the most
extreme European precipitation events are associated with a COL. Furthermore, we find that the statistical significance of
trends in the annual number of COLs associated with precipitation extremes depends on both the precipitation threshold used
to define extremes and the season considered.

In a second step, the same detection algorithm is applied to Z500 fields from six Earth System Models (ESMs) participating
in the CMIP6 experiments recommended for EURO-CORDEX downscaling. We show that these state-of-the-art ESMs exhibit
a negative bias in the simulated number of COLs over the historical period (1981-2014), which is particularly pronounced over
the Mediterranean basin. Using bias-adjusted precipitation fields, precipitation events in each ESM are then attributed to COLs
under the SSP5-8.5 scenario. As in the reanalysis, trends in the number of COL-associated events depend on the precipitation
threshold.

Overall, this study provides new insights into the past and future synoptic-scale impacts of COLs over Europe and supports
the interpretation that observed trends in extreme precipitation are primarily thermodynamically driven rather than dynamically.
Because the proposed algorithm relies solely on Z500 fields—an accessible and widely available dataset—it can be readily
applied to other reanalysis products or climate model outputs, offering a practical tool for assessing model performance in

representing COL occurrence over specific regions.
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1 Introduction

In recent years, cut-off lows (COLs) have been responsible for several major flooding events across Europe. In September
2024, Central Europe was affected by Storm Boris (ECMWF, 2024), which triggered widespread flooding. This was followed
by the devastating floods in Valencia in October 2024 (Rodero Astaburuaga, 2025). Meanwhile, parts of Belgium and Germany
are still recovering from the catastrophic floods of July 2021 (Kreienkamp et al., 2021; Dewals et al., 2021). A COL is a
cold-core upper-level depression that becomes isolated from the main westerly flow as a result of large-amplitude jet stream
meanders (Eumetsat, 2024). The cold-core nature of these systems is associated with strong horizontal temperature gradients
and enhanced vertical instability, both of which can substantially increase precipitation potential. Understanding how the
frequency and impacts of COLs may evolve under future climate conditions is therefore an important research question.

Research on the future evolution of COLSs remains relatively limited, with only a few studies having explicitly addressed
potential changes in their occurrence. For example, Mishra et al. (2025) showed that the frequency of particularly long-lasting
COLs could increase in the future, based on analyses of both historical reanalyses and Earth System Model (ESM) projections.
They further suggested that, under climate change, the typical COL season may extend into spring. By identifying circulation
analogues to the July 2021 event, Thompson et al. (2024) similarly found that longer-lasting COLs may become more frequent
in the future. However, their results also indicate that analogue-based approaches may be ill-suited for detecting COLs, as these
systems often exhibit highly variable spatial structures.

Using NCEP (National Centers for Environmental Prediction) reanalysis data, Mufioz et al. (2020) reported positive signifi-
cant trends in the annual number of COLs over the Northern Hemisphere and Europe, based on a detection algorithm relying
on isolated low-pressure systems associated with eastward-propagating thermal fronts. For a more comprehensive overview of
previous efforts to detect and characterize COLs, the reader is referred to the review provided by Mufioz et al. (2020).

In parallel, Barnes et al. (2023) examined slow-moving cyclones over Australia and found that approximately 72% of ex-
treme precipitation events were associated with such systems. Focusing on southern Europe, Ferreira (2021) used a pseudo—global
warming framework under a high-emissions scenario and showed that precipitation intensities associated with COLs could in-
crease by up to 88% over Spain, identifying the Valencia region as a potential hotspot several years before the observed
flooding.

In this paper, we present an objective algorithm based on image analysis techniques that enables the systematic attribution
of precipitation events to COLs. The primary objective is to attribute high-impact precipitation events over Europe, identified
using ERAS reanalysis data for the period 1940-2024, to dynamically detected COLs. In contrast to previous approaches that
either focus solely on circulation patterns or directly analyse precipitation extremes, our framework explicitly separates the
dynamical occurrence of COLs from their associated precipitation impacts. This allows us to disentangle changes in COL
frequency from changes in precipitation intensity.

Moreover, this framework provides the opportunity to construct a consistent climatology of COL occurrence over Europe
during the historical period. As a second application, the same methodology is applied to outputs from six ESMs, using bias-

adjusted daily precipitation fields regridded to the ERAS grid over a historical period (1981-2014) and a future period under
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the SSP5-8.5 scenario. The selected models belong to the subset of ESMs recommended for EURO-CORDEX downscaling
experiments (Sobolowski et al., 2025). Brajkovic et al. (2025) and Kendon et al. (2023) recently showed that, for rare extreme
precipitation events, analyses based on Climate Model outputs suggest that natural variability may play a dominant role in
determining the timing of the most extreme occurrences. The present study therefore provides an opportunity to investigate the
role of natural variability in the occurrence and impacts of COLs during the historical period and in future simulations, using
a consistent attribution framework.

This article is structured as follows. Section 2 describes the detection algorithm and the datasets used in the study. In
section 3, we first analyse the evolution of COL occurrence in the ERAS reanalysis, followed by an attribution analysis using
selected CMIP6 model simulations. For each results subsection, a trend analysis is performed to identify statistically significant
changes in the annual number of COLs. In addition, regions most affected by COL-related precipitation are identified, allowing
the characterization of precipitation hotspots. Finally, Section 4 discusses the limitations of the methodology and highlights

potential extensions and applications for future research.

2 Methods and Materials
2.1 COL detection algorithm

The detection of COLs relies exclusively on the dynamical characteristics of isolated low-pressure systems in the 500 hPa
geopotential height (z5¢¢) field. While previous studies have used either potential vorticity (PV) anomalies (Barnes et al., 2023)
or temperature gradients to detect thermal fronts (Muiloz et al., 2020), we focus on z5¢ as it provides a dynamically consistent
and temporally homogeneous variable in the ERAS reanalysis. In addition, mid-tropospheric geopotential height fields are
generally less sensitive to changes in data assimilation practices than surface or hydrometeorological variables (Hersbach
et al., 2020). COLs typically originate in polar or subpolar regions and become detached from the main westerly flow due
to large-amplitude jet stream meanders, appearing as closed depressions in the mid-tropospheric circulation (Fig. 1a; (Mufioz

et al., 2020)). In the 250 field, such systems are characterized by closed isohypses forming isolated minima.
Detection of closed geopotential structures

For each synoptic configuration, a histogram of z5gg values is constructed over the analysis domain (Fig. 1b). A cubic spline
is fitted to this distribution in order to identify local extrema, which are then used to define two threshold values delimiting
the range of geopotential heights within which closed contours are most likely to occur. Specifically, the lower threshold
corresponds to the first local minimum, and the upper threshold to the second local maximum of the fitted curve (Fig. 1b). This
approach enables the identification of isolated mid-tropospheric low-pressure systems embedded between the climatologically
lower geopotential heights at higher latitudes and the higher geopotential values typically found further south. In other words,

it filters out the dominant large-scale background circulation.
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Figure 1. Illustration of the cut-off low (COL) detection algorithm. (a) Example of a closed geopotential structure detected in the 500 hPa
geopotential height (z500) field on 22 October 2019, with the magenta contour outlining the closed isohypses and the cross marking the COL
center. (b) Histogram of 2509 values showing the dynamically derived lower and upper thresholds used to guide the identification of closed

contours.

Isohypses are subsequently drawn at 10 m intervals within this range. The procedure continues iteratively until at least one
closed contour is identified. Each closed contour is then evaluated against the following dynamical and geometrical criteria to

determine whether it qualifies as a COL:

1. The area enclosed by the closed contour must exceed a critical threshold of A = 50,000 km?. This value is chosen to
exclude small-scale, short-lived geopotential anomalies that are not representative of mature synoptic-scale COLs, such
as transient upper-level troughs embedded in the large-scale flow. The sensitivity of the results to the definition of A

is further discussed in Section 4.1.
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2. The center of the enclosed area must lie within a predefined domain, bounded by latitude () and longitude (\):
Omin < © < Pmaxs  Amin < A < Amax-

At this stage, it is important to note that the detection of COLs relies solely on the structure of the z5(q field. No precipitation-
related information is used to identify closed geopotential systems. Because the analysis is based on daily averaged 250 fields,
only systems that persist at least over the daily time scale are detected, thereby excluding short-lived transient features.

To improve robustness, the detection algorithm is applied using multiple histogram class widths ranging from 20 m to 110 m
in steps of 10 m. For each iteration, the thresholds are recalculated and the search for closed contours is repeated. This multi-
resolution approach ensures that the detection is not sensitive to a specific binning choice and allows the algorithm to adapt to

varying synoptic configurations.
Attribution of precipitation to detected COLs

Once a COL has been dynamically detected, precipitation is attributed in a second step. A detected COL is classified as
precipitation-associated if at least one precipitation grid cell located within the closed geopotential domain exceeds the daily
spatial 95th percentile of precipitation (g,qn = 95) (Fig. 1a), computed over the analysis domain for the same day. This relative,
day-dependent threshold accounts for spatial variability in precipitation intensity and avoids excluding dynamically relevant
COLs whose precipitation maxima may be spatially displaced.

Importantly, this precipitation criterion does not influence the detection of closed geopotential structures and is used solely
to distinguish between dry COLs and COLs associated with potentially impactful precipitation. The sensitivity of the results
to the choice of the spatial precipitation quantile is further discussed in Section 4.1. The detection of COLs is not restricted to

the impact domain itself but is instead carried out over a broader research perimeter (purple dashed contour in Fig. 2).
2.2 Studied domain and input data
2.2.1 European domain

The analysis focuses on a single European domain designed to capture the large-scale influence of COLs on extreme precip-
itation, while excluding high-latitude systems governed by distinct dynamical mechanisms (Tamarin and Kaspi, 2017). The
domain extends from approximately 35°N to 60°N in latitude and from 20°W to 35°E in longitude (red contour in Fig. 2). This
region encompasses Western, Central, and Southern Europe, including the Mediterranean basin.

The Baltic and northern Scandinavian regions are deliberately excluded, as the present study does not aim to investigate
polar depressions or fast-moving baroclinic cyclones, whose dynamics and precipitation processes differ substantially from
those of COLs.

ERAS daily precipitation fields are used to characterize precipitation extremes, while ERAS5 500 hPa geopotential height
(2500) fields are employed for the dynamical detection of COLs. The ERAS input data cover the period 1940-2024 (Hersbach
et al., 2020).
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CMIP6 ESM Member TCR (K) Atm. horiz. res.
MIROC6 rliplfl 1.55 ~1.4°x1.4°
NorESM2-MM rlip1fl 1.33 ~1.0°x1.0°
MPI-ESM1-2-HR rliplfl 1.66 ~0.9°%0.9°
EC-Earth3-Veg-HR  rliplfl 2.62 ~0.7°%0.7°
CMCC-CM2-SR5  rliplfl 2.09 ~1.0°x1.0°
IPSL-CM6A-LR rlip1fl 2.32 ~2.5°%1.3°

Table 1. ESMs used to force MAR at its lateral boundaries (modified after Sobolowski et al. (2025)). TCR = Transient Climate Response.

2.2.2 Input data

For the historical period (1940-2024), the ERAS reanalysis is used, with a horizontal resolution of 0.25° x 0.25° (Hersbach
et al., 2020). The z5¢q fields correspond to daily means, while precipitation fields are daily accumulations.

For climate projections, six ESMs are analyzed under both historical (1981-2014) and SSP5-8.5 (2015-2100) scenarios.
These models belong to the subset recommended for EURO-CORDEX dynamical downscaling experiments (Sobolowski
et al., 2025) (Table 1). Since the detection algorithm relies on the spatial extent of COLs, daily z50 fields from each ESM
are regridded to the ERAS grid using a distance-weighted average of the four nearest model grid points. This ensures that COL
detection is not biased by differences in horizontal resolution among the ESMs.

ESM precipitation fields are bias-adjusted using a quantile-mapping approach, specifically the Equidistant Quantile Mapping
(EDCDFm) method (Pierce et al., 2015). Prior to bias adjustment, precipitation fields are regridded to the ERAS grid. ERAS
precipitation is used as the reference dataset over the 1981-2010 calibration period to correct daily precipitation values at
each grid cell. The correction factors are season-dependent and differ between extreme and non-extreme precipitation days.
This approach is similar to that employed by Brajkovic et al. (2025) and ensures consistent comparisons between COL-related
precipitation in ERAS5 and ESM datasets.

The selected ESMs exhibit a wide range of Transient Climate Responses (TCRs), defined as the global mean surface tem-
perature increase at the time of CO, doubling under a 1% yr—! CO5 increase scenario (IPCC, 2023). This diversity in climate
sensitivity allows the exploration of a range of model responses. For conciseness, the present analysis focuses on the SSP5-8.5
scenario, while results for SSP1-2.6, SSP2-4.5, and SSP3-7.0 are discussed in Section 4.3.

2.3 Application over Europe and trend identification

Extreme precipitation days are identified using spatial precipitation statistics computed over the European domain. For each
day, spatial precipitation quantiles are calculated, and precipitation is subsequently attributed to dynamically detected COLs
following the methodology described above. The annual number of COL-associated precipitation events exceeding predefined

intensity thresholds is then computed.
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Figure 2. Studied European domain and COL research perimeter. The red contour delineates the European domain used for the analysis
of precipitation extremes. The background shading shows ERAS-Land pixel elevations. The dashed purple contour indicates the broader
research perimeter within which COLs are dynamically detected (min = 35°N, @max = 60°N, Amin = 20°W, Amax = 35°E). This enlarged

perimeter allows the identification of dynamically relevant COLs whose centres may lie outside the precipitation impact domain.

In hydrological and climate sciences, the temporal evolution of counting variables is commonly modeled using a Poisson
regression framework (Brajkovic et al., 2025; Tramblay et al., 2013; Grandry et al., 2020). In this context, the probability P,
of observing n COL occurrences in a given year is expressed as:
_ n

p, = &2V 0
n!

where ~y denotes the expected annual number of events.

To account for potential temporal trends, v is modeled as an exponential function of time:

y=exp (0 +7y—w)), 2)

where y is the calendar year, y is a reference year corresponding to the beginning of the study period, and v and ~; are
regression coefficients estimated from the data. The parameter v, represents the temporal trend in the expected number of
COL occurrences.

The statistical significance of the temporal trend is assessed using a Wald test applied to the estimated slope parameter ;.

A 95% confidence level is adopted throughout the study, such that p-values below 0.05 indicate a statistically significant trend.
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A significant result implies that the observed temporal evolution in the number of COLs is unlikely to arise from random

variability alone.

3 Results
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Figure 3. Illustration of the cut-off low (COL) detection and precipitation attribution procedure for two representative events. 500 hPa
geopotential height (z500) fields showing dynamically detected closed geopotential structures on 13 July 2021 (a) and 29 October 2024 (b).
The magenta contours delineate the closed isohypses identified by the detection algorithm, and the magenta cross marks the corresponding

COL center. (c and d) Daily precipitation fields for the same dates.

165 The applied detection approach allows the systematic attribution of large-scale precipitation events to upper-level COLs in
the ERAS reanalysis. Over the period considered, numerous high-impact precipitation events across Europe are associated with
COLs detected by the algorithm (Fig. 3). Depending on their location and structure, COLs can affect a wide range of European

regions.
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Two recent extreme events illustrate the ability of the algorithm to identify COL-related precipitation impacts. The storm
Dana event of October 2024 is clearly detected, with a well-defined upper-level closed low centered near the Gibraltar Strait
on 29 October (Fig. 3b). This circulation pattern induced a predominantly south-to-north moisture transport affecting eastern

Spain, where daily precipitation totals in ERAS reached locally up to 120 mm day !

near Valencia (Fig. 3d).

Similarly, the July 2021 event that caused severe flooding in Belgium and eastern Germany is associated with a persistent
COL detected by the algorithm (Fig. 3a). In this case, the circulation also exhibits a predominantly meridional flow, although
the source region of the moist air masses differs from the Valencia event. While the October 2024 event involved moisture
advection from the western Mediterranean, the July 2021 event was associated with air masses originating from Central and

Eastern Europe.
3.1 Historical COL impacts

While several recent flooding events were associated with exceptionally intense COL-related precipitation, not all COLs gen-
erate extreme rainfall. In the following, we therefore distinguish between the occurrence of COLs irrespective of their precipi-
tation impacts and the subset of COLs associated with extreme precipitation events.

First, we analyse the long-term evolution and spatial distribution of COL occurrence over the studied European domain,
independently of precipitation. Second, we attribute historical daily precipitation extremes—defined using high spatial precip-

itation quantiles—to dynamically detected COLs in order to quantify their contribution to extreme precipitation events.
3.1.1 Evolution of the number of COLs

Periods of enhanced COL activity are noticed in the historical record (Fig. 4a). In particular, the 1970s stand out as a phase
of elevated activity, with annual counts exceeding 400 detected COLs in the daily geopotential height fields. This period is
preceded and followed by alternating phases of higher and lower COL occurrence, with annual values generally fluctuating
around approximately 360 COLs per year. Although these annual counts may appear high relative to the number of days in
a year, COLs are counted on a daily basis. Persistent systems are therefore recorded once per day, and multiple COLs may
simultaneously occur within the domain.

At the European scale, detected COLs exhibit a non-uniform spatial distribution, with a tendency to cluster around a limited
number of preferred regions (Fig. 4b). The spatial counting of COL centres on a regular grid reveals three main activity maxima:
(i) south-east of Portugal, (ii) central Italy east of Corsica, and (iii) the Black Sea region. In each of these areas, more than 200
COL centres are detected over the period 1940-2025, whereas regions of lowest activity typically record fewer than 70 events
over the same period.

From a seasonal perspective, the highest COL activity is observed in spring (MAM; Fig. 4d), summer (JJA; Fig. 4e), and
autumn (SON; Fig. 4f). These three seasons exhibit pronounced inter-decadal variability, with the 1970s clearly standing out
as a period of enhanced COL occurrence in all cases. While significant positive tendencies are apparent in JJA and SON, no

statistically significant trend is detected for MAM.
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In contrast, winter (DJF; Fig. 4c), despite being the least active season in terms of absolute COL counts, exhibits a slight
decreasing trend over the study period. The combination of these seasonal evolutions results in the annual COL occurrence

(Fig. 4a), which is dominated by inter-decadal variability and shows no significant long-term trend.
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Figure 4. Evolution of cut-off low (COL) occurrence over Europe in ERAS. (a) Annual number of detected COLs over the European domain
for the period 1940-2025. The dashed line shows the 5-year running mean and the solid line indicates the Poisson regression fit; the associated
p-value is reported (green: statistically significant at the 95% confidence level; red: non-significant). (b) Spatial distribution of COL centres,
expressed as the cumulative number of detected COLs over the same period. (c—f) Seasonal evolution of the annual number of COLs for
winter (DJF), spring (MAM), summer (JJA), and autumn (SON). Dashed lines represent 5-year running means, solid lines correspond to
Poisson regression fits, and reported p-values indicate the statistical significance of the temporal trends. For a more detailed figure with

spatial counts per season, see Appendix Figure Al. An algorithm sensitivity test for the A parameter is presented in Appendix Figure A2.

3.1.2 Attribution of historical precipitation events to COLs

Across the European domain, we quantify the fraction of extreme precipitation events associated with COLs. Two precipitation
intensity thresholds are considered in the analysis: a lower threshold of 5 mm day~! and a higher threshold of 50 mm day~*.
These thresholds are selected to distinguish between a broad set of precipitation events potentially influenced by COLs and a
subset of high-impact, intense events. For each day, events are identified when the spatial 99.9th percentile of daily precipitation

over the European domain exceeds the selected threshold, after which they are attributed to dynamically detected COLs (Fig. 5).

10
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210 It is important to note that this percentile-based event definition differs from the g,.4;, parameter used in the attribution step.
The 99.9th percentile is computed to determine whether a given day qualifies as an extreme precipitation event at the domain
scale, whereas ¢4, s used to identify the precipitation grid cells within the detected COL area for that specific day.

The analysis is performed for the whole year (Y) as well as for the MAM, JJA, and SON seasons. Winter is excluded for
conciseness and because it is the season least affected by COL activity.

215 On an annual basis, approximately 49% of extreme precipitation events are attributed to COLs when using the 5 mm day !

threshold (Fig. 5a). The corresponding time series exhibits pronounced interannual and decadal variability, with periods of

enhanced COL-related activity during the 1950s, 1970s, and 2000s, reaching up to about 200 COL-attributed events per year.

Despite this variability, no statistically significant long-term trend is detected for this lower threshold, with annual values

fluctuating around approximately 180 events per year.
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Figure 5. Annual and seasonal evolution of the number of extreme precipitation days attributed to cut-off lows (COLs) in ERAS. Panels (a—d)
show the number of days per year exceeding the spatial 99.9th percentile of daily precipitation and reaching at least 5 mm day ~*, attributed to
COLs, for the whole year (a), MAM (b), JJA (c), and SON (d). Panels (e-h) show the same diagnostics using a stricter precipitation threshold
of 50 mm day~!. Dashed lines represent 5-year running means, while solid lines correspond to Poisson regression fits. Reported p-values

indicate the statistical significance of the temporal trends (green: statistically significant at the 95% confidence level; red: non-significant).

220 In contrast, applying the higher threshold of 50 mm day ! yields a markedly different behaviour. In this case, the temporal
evolution shows a statistically significant positive trend (Fig. 5e). The 1970s again emerge as a period of elevated COL activity,

with up to 40 COL-attributed events per year exceeding the threshold. Over the full 1940-2024 period, the Poisson regression

11
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indicates an increase in the expected annual number of COL-induced extreme events from approximately 24 to 30. This sug-
gests that while moderate COL-related precipitation events exhibit no clear long-term trend, the most intense COL-associated
precipitation events have become more frequent over time.

From a seasonal perspective, summer (JJA) emerges as the season most affected by COL activity, with 60% and 65%
of events attributed to COLs for the lower and higher thresholds, respectively ( 5S¢ and g). Using the lower threshold of

1

5 mm day~", no statistically significant trend is detected, with annual counts remaining close to 55 COL-attributed events

per year (Fig. 5¢).

When applying the higher threshold of 50 mm day~—!

, a statistically significant positive trend is identified. In this case,
the expected annual number of COL-induced extreme precipitation events rises to approximately 7 events per year in recent
decades (Fig. 5Sg). With this higher threshold, more events are actually found in SON, which also shows a statistically significant
positive trend, rising to approximately 12 events per year in recent decades.

For MAM, the number of COL-attributed events exhibits a positive tendency for both thresholds, although this increase does
not reach statistical significance. In autumn (SON), a positive tendency is also apparent, but only for the higher precipitation

threshold.
3.1.3 Historical COL impact locations

COLs have long contributed to extreme precipitation events across Europe. To identify the regions most frequently affected,
we mapped the number of days on which COL-associated precipitation exceeded 15 mm day~!. This threshold was selected
to ensure that at least one COL-related precipitation event affected each grid cell within the European domain.

The region most frequently impacted by COL-related precipitation is located in the southern Dinaric Alps, in the vicinity
of Montenegro (Fig. 6a). Over the period 1940-2023, this area experienced approximately 500 COL-attributed precipitation
days. Additional regions with similarly high frequencies are found in parts of the European Alps.

These regions are characterized by pronounced topographic gradients (Fig. 2), which favour orographic uplift. In coastal
mountain ranges such as the Dinaric Alps, moist maritime air masses from the Adriatic Sea as well as continental air masses
can be forced upslope, enhancing precipitation during COL events. A similar enhancement is observed over the mountainous
regions of western Greece bordering the Ionian Sea.

The influence of topography is further evident when examining the mean precipitation associated with COLs (Fig. 6b). The
southern Dinaric Alps again emerge as a major hotspot, exhibiting both high frequencies and high intensities of COL-related
precipitation. Other prominent topographic features are also visible, including the Apennines, the Cévennes Massif, and the
Iberian mountain ranges. These areas consistently coincide with enhanced COL-induced precipitation.

However, elevated COL-related precipitation is not restricted to mountainous regions. Flatter areas such as eastern Germany
also exhibit relatively high impacts, indicating that topography alone does not fully explain the spatial distribution of COL-
associated precipitation.

The spatial patterns of COL-induced precipitation are broadly consistent with the preferred locations of COL centres identi-

fied independently of precipitation intensity (Fig. 4b). In particular, the three main regions of enhanced COL occurrence—south-
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east of Portugal, central Italy, and the Black Sea region—help explain why southern European mountain ranges, including the

Iberian Peninsula, the southern Alps, and the Balkans, concentrate a large fraction of high-impact COL events.
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Figure 6. Spatial distribution of cut-off-low (COL)-associated precipitation impacts over Europe for the period 1940-2024. (a) Number of
days on which COL-associated precipitation exceeds 15 mm day . (b) Mean daily precipitation amount associated with COLs (mm day ~!).
Both panels highlight regions frequently affected by COL-driven precipitation as well as areas where COLs produce higher average rainfall

intensities.

3.2 Evolution of COL impacts in Earth System Models

The historical evolution of COL-induced precipitation events exhibits pronounced natural variability. In this section, we first
assess how well the selected ESMs reproduce the frequency and spatial distribution of COLs over the historical period. We

then examine the projected evolution of COL-related precipitation impacts as simulated by these models.
3.2.1 Historical representation of COL occurrence by ESMs

The selected ESMs exhibit varying skill in representing COL occurrence independently of any precipitation attribution. When
analysing the evolution of the total number of detected COLs over the historical period, a pronounced inter-decadal variability
is evident in all models, similar to that observed in ERAS (Fig. 7a).

However, the absolute number of simulated COLs is systematically underestimated by the ESMs compared to ERAS.
MIROC6 and EC-Earth3-Veg provide the closest agreement with ERAS, with annual counts fluctuating around 300 COLs
per year (Fig. 7a). In contrast, CMCC-CM2-SRS5 and NorESM2-MM exhibit the strongest underestimation, with approxi-
mately 210 identified COLs per year. Finally, MPI-ESM1-2-HR and IPSL-CM6A-LR fall between these two groups, with
annual counts around 250 COLSs per year.

This overall underestimation is also reflected in the spatial distribution of COL occurrence. All ESMs exhibit their largest
negative biases over the Mediterranean basin, a feature that is particularly pronounced in NorESM2-MM and CMCC-CM2-
SRS (Fig. 7e and f). As a result, the three main regions of enhanced COL activity identified in ERAS are not reproduced by the

models.
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The spatial anomaly patterns (Figs. 7b—g) indicate that COL occurrence is preferentially shifted northwestward in the ESMs
compared to ERAS5 (Fig. 4b). For example, MIROC6—despite providing the closest agreement with ERAS in terms of total
COL counts—shows a positive bias over the North Atlantic while underestimating COL activity over the Mediterranean basin

and the Black Sea region.

b) MPI-ESM2-2-HR c) EC-Earth3-Veg d) MIROC6
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Figure 7. Evaluation of cut-off low (COL) occurrence in CMIP6 ESMs relative to ERAS over the historical period (1981-2014). (a) Annual
number of detected COLs in ERAS and in the selected ESMs (see Table 1), with a 20-year running mean applied. (b—g) Spatial anomalies in

the cumulative number of detected COL centres in each ESM relative to ERAS over the same period.

3.2.2 Attribution of projected extreme precipitation events by ESMs

Using the same attribution methodology as for ERA5 (Section 3.1.2), future extreme precipitation events simulated by the
ESMs under the SSP5-8.5 scenario are attributed to potential COLs. When applying the lower 5 mm day ! threshold, all ESMs
exhibit a decrease in the annual number of COL-associated precipitation events, in contrast to the absence of a significant trend
in ERAS over the historical period (Fig. 8a).

In addition to these differing trends, the absolute number of COL-related events is systematically underestimated by the
models. Two distinct groups emerge: one characterized by stronger underestimation (NorESM2-MM, CMCC-CM2-SR5, and
IPSL-CM6A-LR) and another showing closer agreement with historical ERA5 counts (EC-Earth3-Veg, MIROC6, and MPI-
ESM1-2-HR). This grouping remains consistent across precipitation seasons regarding this lower threshold (Fig. 8).

When the higher threshold of 50 mm day ! is applied, a behaviour similar to that observed in ERAS5 emerges for three mod-
els, namely MIROC6, NorESM2-MM and EC-Earth3-Veg (Fig. 8e). In these models, COL-associated extreme precipitation
events exhibit statistically significant positive trends, although the simulated event counts generally remain below historical
ERAS levels. An exception is EC-Earth3-Veg, which reaches values comparable to those observed in ERAS by the end of the
century.

From a seasonal perspective, spring (MAM) shows the strongest inter-model agreement in future trend behaviour under the

higher 50 mm day ! threshold. All ESMs exhibit increasing tendencies in the number of COL-associated extreme precipitation
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Figure 8. Evolution of the annual and seasonal number of extreme precipitation days attributed to cut-off lows (COLs) in ERAS and CMIP6
ESMs. Panels (a—d) show the annual number of days exceeding the spatial 99.9th percentile of daily precipitation and reaching at least
5 mm day’l, attributed to COLs, for the whole year (a), MAM (b), JJA (c), and SON (d). Panels (e-h) show the same diagnostics using a
stricter precipitation threshold of 50 mm day~*. Black curves correspond to ERA5 over the historical period, while coloured curves show
CMIP6 ESM projections under the SSP5-8.5 scenario. Dashed curves represent 20-year running means, while solid lines indicate Poisson
regression fits used to assess temporal trends. Associated p-values are displayed at the bottom of each panel in the colour corresponding to

the respective curve.

events (Fig. 8f). EC-Earth3-Veg stands out in particular, exceeding historical ERAS levels by the end of the century, with more
than six events per year during some periods.

In contrast, the systematic underestimation of COL-related extreme precipitation by ESMs is particularly pronounced in
autumn (SON) (Figs. 8g—h). For this season, simulated event counts under the higher threshold never reach the levels observed
in ERAS. EC-Earth3-Veg is the only model exhibiting increasing trends comparable in sign to those derived from ERAS,
although with substantially lower absolute magnitudes.

Beyond the long-term trends, each ESM exhibits its own internal variability, reflecting the natural variability also observed
in the reanalysis. In summer (JJA), for example, MPI-ESM1-2-HR displays a period of enhanced COL-related activity at
the beginning of the simulation, followed by extended phases of lower activity (Fig. 8g). Similar inter-decadal fluctuations
are apparent across all seasons and models, highlighting the strong role of internal variability in modulating COL-related

precipitation at multi-decadal timescales.
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4 Discussion

This study shows that trends in COL—-associated precipitation extremes depend strongly on the precipitation threshold used to
define extreme events, and that ESMs systematically underestimate both the occurrence and impacts of COLs over Europe.
In this section, we first discuss the sensitivity of the results to key parameters of the detection and attribution algorithm. We
then briefly review additional physical mechanisms that may contribute to the observed trends in extreme precipitation beyond
changes in COL occurrence alone. Finally, we discuss the broader implications of these findings for the interpretation of past

trends and future projections of COL-related extreme precipitation.
4.1 Algorithm limits, strengths, and sensitivity analysis

The main results of this study are not significantly influenced by the predefined parameters of the detection algorithm. However,
these parameters do affect the total number of systems identified as COLs.

One parameter that influences the total number of detected COLs is Ay, the critical area that an isolated low-pressure
system must reach in order to be classified as a COL. In this study, A is set to 5 x 10* km?. This parameter determines how
large and spatially isolated a geopotential minimum must be to be detected.

While variations in A affect the absolute number of detected COLs, they do not substantially alter the main conclusions of
the study. For example, increasing Ay to 106 km? results in a systematic downward shift in the annual counts shown in Fig. 4,
without affecting the temporal behaviour or the detected trends. Additional sensitivity tests are presented in the Appendix
(Figs. Al and A2).

The grin parameter controls the spatial criterion used to attribute precipitation extremes to detected COLs. In this study,
Qrain 18 set to 95, meaning that a precipitation grid cell is attributed to a COL if its daily precipitation exceeds the spatial 95th
percentile and if it lies within the area enclosed by the corresponding 250 closed contour (see methodological section 2.1 and
Fig. 1).

To assess the sensitivity of the attribution to this parameter, an additional sensitivity analysis was performed using varying
values of gin (Fig. 9). This analysis allows us to evaluate whether the attribution of extreme precipitation events to COLs is
robust with respect to the chosen percentile threshold.

Using the lower precipitation threshold of 5 mm day !, Fig. 9 shows that higher values of gy, lead to a lower proportion of
extreme precipitation events attributed to COLs. For instance, when using gpin = 99.9, only 23% of the events are attributed to
COLs (Fig. 9d).

This stricter attribution criterion results in an overall downward shift in the annual number of COL-attributed events. Only
when using ¢pin = 99.9 does the trend become statistically significant. However, this value was not retained because it excluded
several precipitation events for which the synoptic influence of a COL was clearly identified. Such a threshold would therefore
be overly restrictive.

Furthermore, the proposed algorithm offers several advantages. First, it does not require the synoptic feature to exhibit a

consistent spatial pattern that can be tracked over time, as is the case for analogue-based approaches. As a result, COLs with
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very different spatial signatures can still be detected (see Figs. 3 and 6). This makes the method adaptable to a wide range of
COL structures, without imposing explicit spatial constraints.

Second, the algorithm relies on input variables that are widely available, including in ESM outputs, which facilitates its ap-
plication across different datasets and modelling frameworks. Finally, the sensitivity of the results to key algorithm parameters
can be straightforwardly assessed, as demonstrated in this study. This allows for transparent robustness checks and strengthens

confidence in the main conclusions.
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Figure 9. Sensitivity of the attribution of extreme precipitation days to cut-off lows (COLs) with respect to the spatial precipitation quantile
used to define COL influence. Panels (a—d) show the annual number of days per year attributed to COLs for spatial precipitation quantiles
Qrain = 95, 97, 99, and 99.9, respectively. In each panel, dashed curves represent 5-year running means, while solid lines correspond to
Poisson regression fits. Percentages indicate the fraction of extreme precipitation days associated with COLs for each quantile, and reported
p-values denote the statistical significance of the temporal trends (green: statistically significant at the 95% confidence level; red: non-

significant). Additional sensitivity tests, including alternative precipitation thresholds, are presented in Appendix Figures A4—A6.

4.2 Toward a Better Understanding of Physical Drivers Behind COL Impacts

While this study focuses on the detection of COLs and the attribution of extreme precipitation events to these systems, a
broader understanding of the physical mechanisms controlling their impacts remains essential. In this section, we discuss
several dynamical and thermodynamic drivers that may help interpret the observed results and guide future research.

Recent work by Mishra et al. (2025), based on CMIP6 outputs, suggests that a slowing of mid-latitude atmospheric dynamics
under global warming may lead to an eastward shift in the average position of COLs over Europe, as well as an increase in
the frequency of particularly long-lasting systems. Their conclusions are derived from projected COL frequency anomalies
computed for the 2071-2100 period. Similarly, Mufioz et al. (2020) reported slight long-term trends in COL frequency over
Europe for the period 1960-2017. Their analysis relied on NCEP/NCAR reanalysis data and employed a detection method
based on isolated low-pressure systems associated with eastern thermal fronts.

In contrast, our analysis highlights the presence of strong inter-decadal variability, including within ESM simulations. Using

the detection algorithm developed here, we find no evidence for a systematic long-term increase in the number of detected
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COLs on a yearly basis. Instead, the historical record is dominated by pronounced inter-decadal variability, with periods such
as the 1970s exhibiting enhanced COL activity and persistence. This period has also been identified in previous studies as a
phase of major circulation changes over the North Atlantic—European sector, associated with a climate regime shift (e.g. (Dai
et al., 2018; Sarkar and Maity, 2021)).

However, we do find slight but statistically significant positive trends in the JJA and SON seasons (Fig. 4e,f), suggesting that
seasonal dynamical changes may influence COL frequency. The significance of these trends is highly sensitive to the inclusion
of the 1940-1950 period in the analysis. When restricting the analysis to the same period as Mufioz et al. (2020) (1960-2017),
the positive trends disappear and become non-significant (see Fig. A3 for details).

These differences between our results and those of Mufioz et al. (2020) may partly arise from differences in the definition of
the European domain, which in their study excludes regions north of the Alps as well as the Azores archipelago. Additionally,
differences in input datasets and methodological assumptions—particularly the reliance on frontal structures—may contribute
to the discrepancy. In contrast, our approach relies solely on mid-tropospheric geopotential height fields and does not impose
thermal or frontal constraints.

Our findings are consistent with recent studies that emphasize the dominant role of thermodynamic processes in shaping
future changes in extreme precipitation over Europe. For instance, Pfahl et al. (2017), based on CMIP6 simulations, concluded
that projected increases in European precipitation extremes are primarily driven by thermodynamic factors rather than by
changes in large-scale circulation patterns. Similar conclusions were reached for Belgium by Schoofs et al. (2025). In line
with these results, we show that although the frequency of extreme precipitation events exhibits significant positive trends,
this increase is not systematically accompanied by a corresponding rise in COL occurrence. This suggests that past periods of
enhanced COL activity exist, but their irregular timing points to a strong contribution from internal climate variability.

Because COLs are frequently associated with the most intense precipitation events in Europe, this internal variability likely
contributes to the temporal evolution of extreme precipitation occurrence.

Topography and regional differences in climate change responses may further modulate the observed trends. Moustakis et al.
(2020) showed that changes in extreme precipitation intensity across Europe are strongly conditioned by terrain characteristics
and local-scale processes. Although our analysis considers Europe as a single domain, marked regional disparities emerge.
For instance, extreme precipitation intensity is projected to decrease in parts of the Mediterranean basin, while increasing
trends are reported over northern Europe and Scandinavia (Rajczak and Schir, 2017; Coppola et al., 2021). Consistent with
these findings, our results confirm that topography plays a key role in amplifying precipitation during COL events, both at
continental and local scales.

Despite the absence of a systematic increase in COL frequency, several exceptionally damaging flood events have occurred
during the past five years—notably in Belgium, eastern Spain (Valencia), and Central Europe—associated with record-breaking
rainfall totals. Many of these events were linked to COLs, suggesting that additional physical mechanisms may have ampli-
fied their impacts beyond what would be expected from circulation changes alone. These mechanisms remain insufficiently

understood and warrant further investigation.
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Recent work by Insua-Costa et al. (2022) demonstrated that approximately 50% of the moisture contributing to the July
2021 extreme precipitation event (daily precipitation on the 13th of July) in eastern Belgium and western Germany originated
from local recycling, through evaporation from Central and Northern European forests. Such recycling processes are expected
to become more effective under future warming conditions (Fernidndez-Alvarez et al., 2023), as several regional moisture
sources are projected to release larger amounts of water vapour. This highlights the potential importance of land—atmosphere
interactions in modulating precipitation intensity during extreme events.

To provide additional context, we briefly examine the evolution of total evapotranspiration across several European regions
using ERAS reanalysis data (Fig. 10). Over recent decades, multiple regions exhibit statistically significant trends in total
evapotranspiration during specific months, suggesting that land-surface processes may increasingly influence the atmospheric
moisture available for high-impact precipitation events.

In southern Europe, for example, total monthly evapotranspiration shows significant long-term increases in both May and
September over the 1940-2023 period. Similarly, key moisture source regions such as the Baltic Sea and the North Sea exhibit
significant positive evapotranspiration trends, particularly during April, May, and June (Fig. 10). These changes may contribute
to a progressively more humid lower troposphere during the late spring and early summer months.

When combined with enhanced atmospheric instability under warming conditions—such as increased convective available
potential energy (CAPE)—these factors could favour more intense convective responses when large-scale dynamical triggers
are present (Calvo-Sancho et al., 2026). In this context, Calvo-Sancho et al. (2026) showed that the Dana COL, which struck
Valencia in October 2024 (see Fig. 3b and d), produced approximately 20% more heavy precipitation than it would have under
pre-industrial conditions, corresponding to an increase of about 55% in the spatial extent of the precipitation event. Their
analysis indicates that this intensification is linked to enhanced moisture fluxes from the Mediterranean Sea (about +9%) as
well as increased updraft velocities within the associated convective systems.

In this context, COLs may act primarily as synoptic-scale facilitators, while the ultimate severity of extreme precipitation
events depends on a complex interplay between atmospheric circulation, land—surface feedbacks, and thermodynamic con-
ditions. These interactions remain insufficiently constrained and represent an important avenue for future research aimed at

improving the understanding and prediction of extreme large-scale precipitation events in Europe.
4.3 Implications of the results

Our results highlight the dominant role of natural variability in modulating the annual frequency of COLs over the 1940-2024
period. This strong inter-decadal variability, also reported in recent studies (Brajkovic et al., 2025; Hundhausen et al., 2024;
Kendon et al., 2023; Jain et al., 2023), implies that future climate conditions may still be characterized by extended periods of
both enhanced and reduced COL activity. Because COLSs represent one of the primary synoptic drivers of extreme precipitation
in Europe, this variability is expected to translate directly into pronounced fluctuations in the occurrence of extreme precipita-
tion events. However,COLs are expected to become increasingly impactful in the future as the global climate warms. This has
already been demonstrated using pseudo-global warming experiments (Thompson et al., 2025; Ludwig et al., 2023) or using

model simulations (Ferreira, 2021).
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Figure 10. Monthly anomalies of total evapotranspiration (%) over selected European regions based on ERAS data, expressed relative to the
1981-2010 climatological mean. Linear trends are shown only where they are statistically significant (p-value < 0.05), as determined using

a Mann—Kendall test. A 15-year running mean is applied.

This strong natural variability is also reflected in the attribution of future extreme precipitation events simulated by ESMs.
All considered ESMs underestimate the occurrence of COLSs over Europe, with particularly large biases over Southern Europe.
Among the selected models, EC-Earth3-Veg exhibits trends most consistent with those derived from ERAS. Nevertheless, no
ESM is able to reproduce the recent observed levels of COL-associated extreme precipitation. In most cases, present-day ERAS
values are only reached—or even exceeded—by the end of the 21st century in EC-Earth3-Veg under the SSP5-8.5 scenario.
This finding motivated our focus on this high-emissions scenario, as even under such forcing, simulated COL-related extremes
remain lower than those currently observed. Results obtained under the SSP1-2.6 scenario show similar behaviour and are
provided in Appendix Figure A7.

Topography emerges as a key modulating factor of precipitation intensity during COL events. Mountainous regions such
as the southern Dinaric Alps consistently appear as hotspots of COL-related precipitation impacts. However, COLs are also
capable of triggering heavily loaded frontal systems that affect flatter regions, including the Netherlands and Belgium. This
indicates that, while some regions are more frequently exposed due to their geographical setting, no part of Europe can be
considered immune to the risk of severe COL-associated precipitation.

Finally, these results emphasize the need for further research into the drivers of COL variability and the mechanisms leading
to periods of clustered extreme events. In particular, future work should investigate potential low-frequency modes or periodic-
ities in COL occurrence, as well as the combined influence of land—atmosphere feedbacks, moisture availability, and changes in
atmospheric stability under climate change. Improving the understanding of these processes is essential for better anticipating

the timing and severity of future large-scale precipitation extremes in Europe.
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5 Conclusions

In this study, we developed an objective and computationally efficient algorithm based solely on 500 hPa geopotential height
fields to detect COLs and to systematically attribute extreme precipitation events to their potential synoptic influence over
Europe. Applied to the ERAS reanalysis over the 1940-2024 period, this approach allowed us to construct a long-term clima-
tology of COL occurrence and to quantify their contribution to extreme precipitation events using a consistent and transparent
attribution framework.

Our results show that the total number of COLs over Europe exhibits strong inter-decadal variability but no statistically
significant long-term trend. Nevertheless, COLs are found to be associated with a substantial fraction of European precipitation
extremes, accounting for approximately half of the most extreme daily events, depending on the precipitation threshold and
season considered. Importantly, while moderate COL-related precipitation events show no significant temporal trend, the most
intense COL-associated extremes display statistically significant increases, particularly in summer. This threshold dependence
highlights that changes in extreme precipitation cannot be inferred from COL frequency alone and points toward a dominant
thermodynamic contribution to the observed intensification of extreme events.

When applied to six CMIP6 ESMs, the detection algorithm reveals a systematic underestimation of COL occurrence, espe-
cially over the Mediterranean basin, and a northward displacement of simulated COL activity compared to ERAS. Although
some models reproduce the sign of observed trends in COL-associated extreme precipitation, none are able to reproduce
present-day reanalysis levels, even under the high-emissions SSP5-8.5 scenario. These results suggest that current-generation
ESMs struggle to represent both the dynamical characteristics of COLs and their associated precipitation impacts, which has
important implications for the interpretation of future projections of extreme precipitation over Europe.

Overall, this study emphasizes that future changes in European extreme precipitation are primarily driven by thermodynamic
factors rather than by systematic increases in COL frequency. At the same time, the strong role of natural variability implies
that periods of clustered high-impact COL events may continue to occur, even in the absence of clear long-term dynamical
trends. The proposed detection and attribution framework provides a flexible and transparent tool that can be readily applied
to other regions, reanalysis products, or climate model outputs. Future work should focus on improving the representation
of COL dynamics in climate models and on better understanding the interactions between synoptic forcing, land—atmosphere

feedbacks, and atmospheric instability that ultimately control the severity of COL-related extreme precipitation events.

Code availability

The cut-off low (COL) detection algorithm developed in this study is publicly available at https://doi.org/10.5281/zenodo.
19604862.
The archived version provides the full Python implementation of the method, together with a documented example script

and sample datasets enabling reproducibility of the detection workflow.
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Data availability
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Figure A4. Same as Figure 5of the original paper, but with different precipitation thresholds (a—f).
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Figure AS. Same as Fig. A4, but with grain = 99
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