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Abstract. Droughts in western Central Europe have major impacts on agriculture, ecosystems, and society, yet their long-
term variability and drivers remain poorly understood. This study investigates drought variability over the past 180 years and
its link to atmospheric circulation to identify their dynamic drivers. Three reanalysis datasets (ERAS, 20CRv3, and ModE-
RA) are used to detect meteorological drought events via the 3-month Standardized Precipitation (Evapotranspiration)
Indexes (SPI-3 & SPEI-3) and to connect them to atmospheric circulation patterns through k-means clustering. Dataset
reliability is assessed over western Central Europe, providing consistent coverage from 70 to 165 years. Results show that
recent severe and successive droughts, such as the 2018-drought, have historical precedents and display strong multidecadal
variability. Diverging trends between SPI-3 and SPEI-3 over the last decades indicate an increasing role of atmospheric
evaporative demand (AED). Summer dryness has intensified over the past 180 years, whereas winter dryness has declined.
Regional and seasonal contrasts further emphasize the complexity of drought dynamics. Four distinct circulation patterns
associated with droughts are identified: the Baltic High, British Isles High, North—South Dipole, and European High. Over
time, droughts have become increasingly linked to the European High, a pattern characterized by strong AED anomalies,
intense droughts, and this had a central role in the recent spring drying. The findings highlight the recent emergence of

circulation patterns that enhance AED, marking a shift in the dynamic drivers of regional droughts under climate change.

1 Introduction

Drought is a recurring climate phenomenon worldwide, with Central Europe—the region roughly delineated by the North
Sea, the Alps, the Carpathians, and the Baltic Sea—raising particular concern due to the increase in droughts that has been
observed over the last decades (Spinoni et al., 2019; Ionita et al., 2020, 2021). As demonstrated in the analysis of continuous
global impact databases initiated in the 1960s, droughts have been identified as the most significant environmental hazard in
terms of both human fatalities - by driving famine and disease (Maslin et al., 2025) - and economic losses (Bruce, 1994;
Obasi, 1994; Guha-Sapir et al., 2004; Delforge et al., 2025). In Europe, the impact of drought on agriculture, public water
supply, energy sector, shipping, construction, and tourism result in several € billion annual losses (Corti et al., 2009; Spinoni
et al., 2016; Stahl et al., 2016; Cammalleri et al., 2020). Both urban and rural areas are affected by droughts. While Western

and Central European cities are highly vulnerable in term of water management (Tapia et al., 2017), agricultural lands and
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forests are the most impacted components in the environment, which have raised a lot of concern (e.g. Rouault et al., 2006;
Allen et al., 2010; Choat et al., 2012; Vicente-Serrano et al., 2012; Manise and Vincke, 2014; Liittger and Feike, 2018;
Netherer et al., 2019; Vogel et al., 2019; Buras et al., 2020; Webber et al., 2020; Senf and Seidl, 2021).

Given those considerable impacts of droughts, numerous studies have been conducted to investigate their past trends
and future projections. However, substantial uncertainties remain. At the global scale, although meteorological droughts did
not show any substantial changes since the beginning (Vicente-Serrano et al., 2022) or the half (Sheffield et al., 2012;
Spinoni et al., 2014) of the 20th century, recent research (Gebrechorkos et al., 2025) has instead indicated an increase in
global drought severity due to enhanced atmospheric evaporative demand (AED). Across Europe, there have been little
change over the past 50 years (Oikonomou et al., 2020). The elevated multidecadal variability of precipitation renders trends
unstable (Hénsel et al., 2019), even for the Mediterranean region (Vicente-Serrano et al., 2025), which has nonetheless been
identified as a drought hotspot in recent decades (e.g. Spinoni et al., 2019; Tonita and Nagavciuc, 2021). Furthermore, studies
on Central Europe yielded divergent conclusions (e.g. Freund et al., 2023; in comparison to Bebchuk et al., 2025) rendering
trends unclear, mainly attributable to variations in spatial and temporal coverage as well as the utilisation of different
drought metrics (Vicente-Serrano et al., 2021). More specifically, it has been argued that this region acts as a transition zone
between the drying of Southern Europe and the wetting of Northern Europe since the mid-20" century (Spinoni et al., 2015,
2017, 2018) as well as for future projections (Rossi et al., 2023). However, some authors have shown that Central Europe is
actually within a drying trend (Ionita and Nagavciuc, 2021), expected to continue in the future (Lehner et al., 2017). The
other underlying cause of the divergent trends between studies over extended periods is attributable to divergent seasonal
responses. Although seasonal trends are sensitive to shifts in seasonal definitions (Hénsel et al., 2019), there is a consensus
that, over the last three to four decades, dryness in summer and, especially, spring has increased across most of Central
Europe (Hénsel et al., 2009, 2019; Spinoni et al., 2017, 2018, 2019; Ionita et al., 2020; Ionita and Nagavciuc, 2021;
Bestakova et al., 2024). Conversely, dryness in autumn and, especially, winter has been decreasing (Moberg and Jones,
2005; Hénsel et al., 2009; Spinoni et al., 2017), a trend expected to continue in the future (Spinoni et al., 2018; Bohnisch et
al., 2021; de Vries et al., 2022; Herrera-Lormendez et al., 2023).

The mechanisms driving the drought phenomenon in Central Europe and their past and future evolution in the context
of anthropogenic warming are rather complex. As demonstrated in the literature (Lhotka et al., 2020; Suarez-Gutierrez et al.,
2020; Hoffmann and Spekat, 2021; Bronnimann et al., 2025), the quantification of contributions from dynamic and
thermodynamic processes remains unclear. The respective contributions are found to be potentially dependent of the season
and the region. During winter, the circulation dynamic would prevail (Haslinger et al., 2019; Haslinger and Mayer, 2023;
Savary et al., 2025), while during summer, the land-atmosphere feedbacks could dominate (Haslinger et al., 2019). In
addition, more than in any other European region, dynamic patterns have been identified as contributing factors to dry
conditions in Western Europe (Savary et al., 2025), which includes western Central Europe from the definition provided in

Section 2.
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Specifically, the dry circulation types over Central Europe are predominantly characterised as anticyclonic, south-to-
easterly winds, and reduced inflow of moist air from the Atlantic, according for instance to Trnka et al. (2009), Lhotka et al.
(2020) and Best'akova et al. (2024). They also identified a rise in the frequency of those types since the mid-20th century
during the vegetation period (April - September) and connected it to the increase in spring and summer dryness. Moreover,
Central Europe is one of the three preferred centres of action of compound hot and dry events (CHDs) within Europe, and
these centres are generally associated with a persistent high-pressure system (Ionita et al., 2021; Kautz et al., 2022). Indeed,
precipitation deficits (Fleig et al., 2011; Kingston et al., 2015; Haslinger et al., 2019; Bakke et al., 2023) and temperature
(Stefanon et al., 2012) are both consistently linked with high geopotential height and anticyclonic circulation types.
Temperature remains one of the drivers of drought via enhanced AED, and its role is becoming increasingly pronounced in a
warming world (Briffa et al., 2009; Gebrechorkos et al., 2025), particularly during the summer months. Furthermore, dryness
variability in Europe has been linked to the jet stream characteristics (Simpson et al., 2024; Bronnimann et al., 2025) in
addition to teleconnection patterns (e.g. Hurrell and Van Loon, 1997; Van Oldenborgh et al., 2000; Bronnimann, 2007,
Vicente-Serrano and Lopez-Moreno, 2008; Helama et al., 2009; Shaman, 2014; Svensson and Hannaford, 2019; Simpson et
al., 2024). Even though the combined effect of the different modes of variability in the North Atlantic sector, mostly the
North Atlantic Oscillation (NAO), over the European climate is more pronounced during winter (Hurrell, 1995; Topal et al.,
2025), the link is still substantial during the other seasons (Folland et al., 2009; Simpson et al., 2024; Hernandez and Comas-
Bru, 2025). Local thermodynamics might also play a significant role in driving droughts via land-atmosphere feedbacks
(Seneviratne et al., 2010; Miralles et al., 2019). A lack of precipitation, in conjunction with enhanced AED, could self-
intensify by triggering land desiccation. Nonetheless, a comprehensive verification of land-atmosphere feedbacks remains
unaccomplished for both global observations and models (Miralles et al., 2019). Whilst there is a greater degree of consensus
on the positive feedback on temperature (Mueller and Seneviratne, 2012; Miralles et al., 2014; Teuling, 2018; Suarez-
Gutierrez et al., 2020; Sutanto et al., 2020), the positive feedback on precipitation remains the subject of debate due to the
possible opposite effects (Guillod et al., 2015).

Numerous studies have been conducted on meteorological drought variability in Central Europe (Hénsel et al., 2009,
2019, 2022; Spinoni et al., 2015, 2017, 2018, 2019; Ionita et al., 2020; Ionita and Nagavciuc, 2021) and its dynamical drivers
(Trnka et al., 2009; Lhotka et al., 2020; Bestakova et al., 2024), with a particular focus on winter and summer timescales.
The western part of Central Europe has been the subject of only a limited amount or research within the context of this
theme. Given the spatial variability of drought changes, particularly in terms of seasonality (Vicente-Serrano et al., 2021),
and the high instability of trends due to multidecadal variability (Hansel et al., 2019), a regional assessment of
meteorological droughts in western Central Europe on a long-term perspective, incorporating a seasonal analysis, is absent.
This is necessary for understanding regional drought changes and optimising local management. To establish a robust
foundation for future projections, it is imperative to enhance the comprehension of drought trends, variability, and drivers

over a period that extends much further than the last few decades. Furthermore, many studies have linked dry conditions in
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Central Europe with specific daily weather types. However, there is a lack of research examining the general atmospheric

circulation associated with droughts, especially over a long period.

Consequently, the following objectives are pursued in western Central Europe:

1) Place recent meteorological droughts in a historical perspective;
2) Examine the long-term spatiotemporal variability of dryness;
3) Identify and characterise atmospheric circulation patterns associated with seasonal meteorological droughts;

4) Analyse the temporal change of drought-related atmospheric circulation patterns in connection with dryness trends.

Firstly, the present study aims to provide a long-term analysis of drought events (Section 6.1) and dryness variability
(Section 6.2) over western Central Europe through the employment of reanalysis datasets, which are evaluated to ensure
reliability (Section 5). Secondly, it seeks to establish a consistent link between drought events in western Central Europe and
seasonal atmospheric circulation during these periods (Section 6.3). The results are then discussed, in comparison with the
existing literature, providing a long-term perspective on recent events (Section 7.1), an analysis of the related atmospheric
circulation (Section 7.2), a synthesis of the drivers of dryness trends on a seasonal framework (Section 7.3), and the overall

challenges involved (Section 7.4).

2 Study area

The study area encompasses the land region including Belgium, the Netherlands, Luxembourg, northern France, and western
Germany. The region is bounded by a latitude extending from 48°N to 54°N and a longitude from 2°E to 10°E. Although van
der Wiel et al. (2023) has defined a similar region as north-western Europe, the present study opted to refer to western
Central Europe as it intersects both a part of Western Europe and Central Europe. Furthermore, the term north-western
Europe may imply the British Isles in some definitions. The objective was to select an area that was neither excessively
large, to present climate homogeneity and avoid in particular the direct influence of the Alps, nor excessively small to reduce
the influence of microclimate features. The region is characterized by a mild temperate climate, devoid of dry season, and a
warm summer according to the Koppen-Geiger classification for the period 1980-2016 (Beck et al., 2018). According to
Savary et al. (2025), droughts concur simultaneously within this region in general. The region receives an average of 889
mm of precipitation annually (1991-2020) using ERAS5-Land data (Mufioz-Sabater et al., 2021), with minimum values of
less than 700 mm in relatively low and flat areas, and maximum values above 1450 mm in some area within the Vosges and
Black Forest mountains (Fig. 1). Western Central Europe is predominantly forested (36.8% of tree cover), with croplands
(31.6%), and grassland (22.6%) (Zanaga et al., 2022) also present. This geographical distribution renders the region
susceptible to the impacts of droughts on both ecosystems and agriculture. The region is also vulnerable to the impacts on
society, as it is home to more than 97 million inhabitants in 2020 (WorldPop, 2018), with 6.74% of built-up areas (Zanaga et
al., 2022).
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Figure 1: Mean annual precipitation (reference period: 1991-2020) (data source: ERAS-Land; Muiioz-Sabater et al., 2021). The
western Central Europe region is delineated by the black box. The dots represent the locations of weather stations that have been

130  utilized for the data evaluation (see Section 5). Acronyms represent the countries that fall within the study area.

3 Data

In addition to the identification of droughts, an objective is to connect them to atmospheric circulation. Consequently,
reanalyses are pivotal datasets for this study. A reanalysis is a combination of historical weather observations and weather
forecasting models, using a method called data assimilation (Slivinski et al., 2019; Valler et al., 2024). This approach
135 provides a comprehensive dataset that represents fields consistent with each other through the application of physical laws

within the model and the elimination of spatial and temporal gaps. Specifically, three complementary reanalyses were
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employed, which demonstrate a wide range of data assimilated, length-time coverage, and spatial resolutions (see Table 1 for

a summary):

Table 1:

ERAS: The European Centre of Medium-range Weather Forecasts Reanalysis v.5 (ERAS) (Hersbach et al., 2020;
Bell et al., 2021; Soci et al., 2024) is a full-input reanalysis that assimilates a wide range of observational data,
including satellite, aircraft, buoy, ship, surface, and upper-air station data. It provides high-resolution data (0.25°)
from 1940 to the present, with updates available in near-real-time. ERAS is recognised for its high accuracy and
extensive variable coverage; however, it has a relatively shorter time span in comparison to the other reanalyses.
20CRv3: Developed by the NOAA, CIRES, and DOE, the Twentieth Century Reanalysis version 3 (20CRv3)
(Slivinski et al., 2019) is a surface-input reanalysis that primarily assimilates surface pressure observations. The
time span covered extends from 1836 to 2015 with an original resolution of 1°. 20CRv3 offers consistency over
time due to its exclusive reliance on surface pressure data, thereby ensuring its suitability for long-term climate
studies. However, its accuracy may be inferior to full-input reanalyses.

ModE-RA: The Modern Era Reanalysis (ModE-RA) (Valler et al., 2024) is a paleo-reanalysis that extends from
1421 to 2008, providing data at a resolution of approximately 1.8°. The assimilation of proxy records, documentary
data, and early instrumental measurements renders it an optimal resource for the study of multi-decadal climate
variability and past extreme events. The main strength of ModE-RA lies in its extensive temporal coverage;

however, it possesses fewer variables and lower spatial resolution than ERAS and 20CRv3.

Summary of reanalyses used in this study.
Type of Period covered Spatiotemporal resolution
Dataset References )
reanalysis Original After evaluation Original Modified
Hersbach et al. (2020)
0.25°
ERAS Bell et al. (2021) Full input 1940-2023 1947-2023
Hourly
Soci et al. (2024)
0.25°
1 o
20CRv3 Slivinski et al. (2019)  Surface input 1836-2015 1918-2015 Monthly
3-hourly
~1.8°
ModE-RA Valler et al. (2024) Paleo 1421-2008 1844-2008
Monthly

Cross-validation of multiple reanalysis datasets, as proposed by Slivinski et al. (2019), has the potential to enhance the

reliability of the conclusions drawn. In order to facilitate spatial comparability, 20CRv3 and ModE-RA have undergone a
bilinear downscaling to the resolution of ERAS, i.e. the dataset with the finest resolution (0.25°x0.25°), and anomalies have
been adjusted to the 1979-2008 ERAS climatology, without compromising their inherent variability. In order to proceed with

a more in-depth analysis of confidence and to address the varying reliability of reanalyses, an evaluation of the error of the
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drought indexes and the quality of drought identification is conducted, based on a comparison with point-based observations
(see Section 5). The most reliable periods for each reanalysis are retained, i.e. 1844-2008, 1918-2015 and 1947-2023, for
ModE-RA, 20CRv3, and ERAS respectively. Therefore, it enables the analysis of periods of time extending back to the pre-
industrial era (1850-1900), as defined by the IPCC (2013).

4 Methods
4.1 Drought definition

The present study focuses on meteorological drought, given its aim of establishing a connection to atmospheric
circulation. The definition employed was based on the Standardised Precipitation Index (SPI) (McKee et al., 1993), as
recommended by the World Meteorological Organization (WMO, 2012), and the Standardised Precipitation
Evapotranspiration Index (SPEI) (Vicente-Serrano et al., 2010). The employment of multiple drought indicators fosters a
comprehensive understanding of the multifaceted nature of the drought phenomenon (Lloyd-Hughes, 2014). The two indexes
are based on the same principle: the transformation of a fitted distribution of a variable accumulated over a certain period (in
months) into a normal standardized (u=0, sd=1) distribution (Fig. 2). For the SPEI, the accumulated variable is the climate
water balance, i.e. precipitation minus potential evapotranspiration (PET), while for the SPI, precipitation is the only
considered variable. Although SPEI is predominantly influenced by precipitation in the western Central Europe region (see
Fig. 2 in Tomas-Burguera et al., 2020), the role of atmosphere evaporative demand (AED) on the SPEI is pronounced during
very dry periods. Consequently, discrepancies between the SPI and the SPEI are expected to be minor, except during very
dry periods.

The three-month accumulation period (SPEI-3 and SPI-3) has been utilised as the length of time is sufficiently long to
induce a substantial hydrological imbalance, thereby leading to the onset of a drought (IPCC, 2013), and yet sufficiently
brief to be directly associated with meteorological drivers. As these are standardised indexes, they are inherently comparable
across different geographical locations and temporal periods. Furthermore, they can be easily understood. The onset of the
drought is characterised by a decline in the index to a value below -1 (McKee et al., 1993). The drought is considered to have
ended when the index recovers over -1. The mean intensity and severity of the drought are defined as the average and the
sum of the absolute value of the index during the drought, respectively. The duration is measured in months and is defined as
the number of consecutive months in which the index is below -1. The computation of both the SPEI-3 and SPI-3 has been
facilitated by the R Package developed by Begueria et al. (2014). The Gamma distribution was selected to fit the observed
values for SPI-3 (Fig. 2), a choice that aligns with the recommendations put forth by Vicente-Serrano et al. (2010) and
Stagge et al. (2015). In the case of the SPEI-3, the log-logistic distribution was selected to maintain coherence over the entire
spectrum of values, including those of low values (Vicente-Serrano et al., 2010). The indexes are computed based on the

1947-2008 reference period, thereby enabling the comparability of the datasets (1947-2008 being the common period
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between the post-evaluation reanalyses). Indexes have been computed locally for each grid cell. In order to obtain the SPI-3
and SPEI-3 values for the entire western Central Europe region, precipitation and PET values for all land cells have been
averaged over the study area. The values have been weighted by the cosine of their latitude, prior to the computation of the
index, so as to ensure proper consideration of the whole region, as described in Spinoni et al. (2016). For each month, the
area involved by the drought has also been calculated, representing the proportion of cells that are below the threshold within
the area. The mean and peak area involved have also been computed and represent the mean and the maximum drought area

involved over a drought event defined at the scale of the whole region.

Drought No drought

Density
|

s o
0] 100 200 300 400 500 600 -3 -2 -1 (0] 1 2 3
3-month Precipitation (mm) 3-month Standardized Precipitation Index

Figure 2: Conceptualisation of the Standardized Precipitation Index (SPI-3) computation. The blue bars represent an example of
probability densities of 3-month precipitation. These are fitted to a Gamma distribution that is subsequently transformed into a
standard normal distribution to obtain the SPI-3 (density function plot, right side). The SPI-3 value for a specific month is
classified as a drought month if it is less than -1, and otherwise classified as a non-drought month. The computation of the
Standardized Precipitation Evapotranspiration Index employs a similar principle, with the exception that the blue bars represent

the difference between precipitation and potential evapotranspiration values and that these are fitted to a log-logistic distribution.

The SPEI was computed by estimating PET using the Thornthwaite equation (1948). The method is based exclusively

on temperature and latitude, thereby ensuring consistent PET estimation across the three datasets. The Thornthwaite equation
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has been demonstrated to be reliable using ERAS and 20CRv3 in the western Central European region, as evidenced by the

excellent agreement with the more physically-based Penman-Monteith equation (1948) (Fig. S1).

4.2 Atmospheric circulation classification

As meteorological drivers must demonstrate sufficient longevity to engender a drought (IPCC, 2013; Raposo et al., 2023),
the aim here is to associate drought events in western Central Europe to the low-frequency atmospheric circulation over the
Euro-Atlantic. Many methodologies for daily analyses have been employed in the literature (see Huth et al., 2008 for a
review) and can also be utilised for monthly analyses. In this study, the k-means clustering method from Hartigan and Wong
(1979) was selected for its performance in synoptic classification of atmospheric circulation patterns over Europe (Huth et

al., 2016). This method has been shown to exhibit very good separability and stability (Huth et al., 2008).

The clustering was performed based on 500hPa monthly geopotential height (Z500) anomaly, with the data being
averaged over the month of the drought onset and the two preceding months. This approach was adopted since three months
of imbalance are accumulated in the drought index. The clustering was based on seasonal droughts, defined as periods of
dryness that occurred in February, May, August and November, referred to later as winter, spring, summer and autumn
droughts. The consideration of seasonal droughts is evidently subject to certain limitations. Firstly, it is unable to capture
short inter-seasonal droughts. Secondly, it divides single prolonged inter-seasonal droughts into multiple ones, which tend to
affect more drought during the warm seasons, as they are generally longer than during the cold season (Banfi et al., 2024).
However, it permits consideration of the primordial non-stationarity of the atmospheric circulation variability (Comas-Bru

and Hernandez, 2018).

The Z500 anomalies are based on the 1979-2008 reference period, thus ensuring the comparability of outputs from the
datasets. The spatial extent of the input is defined as the Euro-Atlantic sector (30°N-70°N, 35°W-35°E, approximately 5000
km from west to east at 50°N). Indeed, general atmospheric circulations are set from continental to hemispheric scale to
accommodate the recurrent and persistent low-frequency atmospheric dynamics (Huth et al., 2008). The clustering is
temporal-based, with each cell grid constituting a variable and each Z500 anomaly mean representing an observation. As the
k-means clustering algorithm is intended to minimise the intra-cluster variance, the calculation of the Euclidian distance
must be weighted by the cosine of the latitude. In order to ensure the stability of the clustering process and prevent the
occurrence of local optima, which can be an issue in the context of large datasets with k-means clustering (Philipp et al.,
2007), the process has been iterated one thousand times for each K cluster from 2 to 20. All iterations demonstrate the
presence of the same K clusters up to six clusters, thus indicating that the initial position of the centroid locations does not

exert a strong influence on the dominant clusters.

In order to define the K groups prior to the k-means clustering, four clusters were chosen for the purposes of analysis.

This approach is consistent with the finding that atmospheric circulation patterns are often characterised by a small number
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of general patterns (Huth et al., 2008). While numerous indexes (e.g. AIC, BIC, Silhouette, CH, Davies-Bouldin) did not
objectively agree on the optimal number of clusters for the present analysis (see Fig. S2), it was deemed more appropriate to

choose the K clusters based on the subjective separability of the patterns regarding their spatial composition.

In addition, the first three empirical orthogonal functions (EOFs) were computed in the Euro-Atlantic sector for the
entire period, for each season, in order to gain insight into the modes associated with each cluster. They are hereafter
presented in descending order of explained variance: the North Atlantic Oscillation (NAO), the East Atlantic (EA) pattern,
and the Scandinavia (SCA) pattern (Barnston and Livezey, 1987). The EOFS have been computed based on Z500 seasonally
means and area-weighted by the square root of the cosine of the latitude (Chung and Nigam, 1999).

4.3 Trend detection

The modified Mann-Kendall test, incorporating a variance correction approach from Hamed and Rao (1998), was employed
utilising the R package developed by Patakamuri & O'Brien (2017) for the purpose of detecting temporal trends. The Mann-
Kendall (MK) trend test (Mann, 1945; Kendall, 1948) is non-parametric and depends on the ranks of the observations instead
of their values. This reduces its vulnerability to the effects of tails and outliers, rendering it more appropriate for identifying
trends in climatological and hydrological time series than parametric trend tests (Hamed, 2008). The MK test assumes that
the data are randomly and independently distributed. Evidently, this is not the case for drought indexes based on three-
monthly accumulated variables, which are strongly auto-correlated. In order to remove this effect, a variance correction
approach is applied, as described by Hamed and Rao (1998), which also accounts for the multiple lags in the serial
correlation (Khaliq et al., 2009). This approach has been demonstrated to be especially statistically powerful (Blain, 2013).
The magnitude of the trends is quantified by the Sen's slope estimator (Sen, 1968). This is defined as the median value of the
slopes between all possible pairs of points within the specified time series. This approach is also non-parametric and less

sensitive to tails and outliers than parametric estimators.

5 Data Evaluation

Reanalyses datasets represent a valuable tool for the analysis of past climate variability and extreme events (Slivinski, 2018).
However, it is imperative to assess their reliability, which is contingent upon three factors: the quality and quantity of
observations, the performance of the model, and the data assimilation method. Whilst the aforementioned two variables are
hypothesised to remain constant across time for each reanalysis, this is not the case for the former. In consideration of the
exponentially increasing temporal extent of the observational framework, it is anticipated that earlier periods will engender
reduced reliability. In order to achieve a “meta-confidence” (Slivinski et al., 2019), three reanalyses are employed, each of
which possesses a common temporal period, and are thus used to cross-validate one another. Furthermore, a comparison is

made between the drought indexes (SPEI-3 and SPI-3) estimated from long weather station observations within the area and
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those from the three reanalyses at the same location. In order to ensure that the evaluation was not overly sensitive to
resolution, the ERAS-Land dataset (Mufioz-Sabater et al., 2021) was also examined. This is a downscaled land product of

ERAS with a resolution of 0.1°x0.1°, spanning from 1950 to 2023 in this study.

To compute SPI-3 and SPEI-3 using Thornthwaite estimation, a selection of weather stations available on the KNMI
Climate Explorer dataset (Trouet and Van Oldenborgh, 2013) that covered a minimum of 150 years for temperature and
precipitation was made. From the initial pool, a further selection was made of weather stations that covered a minimum of
100 years continuously (in this context, 'continuous' is defined as no gap longer than one year) for both temperature and
precipitation at the same time. As outlined in Table 2, the locations under discussion are Uccle, De Bilt, Frankfurt-am-Main,
and Paris-Le Bourget. The most recent years absent from the KNMI Climate Explorer dataset were addressed by utilising
updated data (until 2023) for the Uccle weather station, which was obtained from the Royal Meteorological Institute of
Belgium (RMI). Furthermore, the RMI facilitated the acquisition of potential evapotranspiration data estimated with
Penman-Monteith for the Uccle weather station. This data supported the investigation of the differences between potential

evapotranspiration estimation methods for this study (see Fig. S1).

Table 2: Summary of weather stations selected for data evaluation. The maximum continuous years within the specified period are

indicated in bold.

Period covered for

Period covered for

Commun period for

Weather Stations Latitude Longitude Altitude Sources
temperature (T) precipitation (P) both T and P
Uccle (BE) 1833 -2023 (191) 1833 -2023 (191) 1833 -2023 (191) 50.80° N 440°E 100 m RMI
De Bilt (NL) 1706 -2018 (313) 1849 -2018 (170) 1849 - 2018 (170) 52.10°N 5.18°E 2m
KNMI
Frankfurt am Main (DE) 1757 - 1961 (205) 1826 - 2000 (175) 1826 - 1960 (135) 50.10°N 8.70°E 109 m Climate
Explorer
Paris-Le Bourget (FR) 1757 -2000 (244) 1770 - 2004 (235) 1770 - 2000 (231) 48.80° N 2.50°E 50m

Firstly, the general behaviour of the drought indexes was investigated (Fig. 3a). Secondly, the identification of drought
was specifically evaluated (Fig. 3b). For both cases, the reanalyses are compared to each weather station as a reference point.
For a period of the reanalysis to be considered reliable and thus included in the analysis, it is essential that it respects both
concurrently for all the weather stations. For the former, the Mean Absolute Error (MAE) was utilised, while for the latter,
the Matthew’s Correlation Coefficient (MCC, Matthews, 1975) was employed. Specifically, it was subjectively determined
that the 10-year left moving MAE of reanalyses must remain continuously below a threshold of 0.5, i.e. the half of the
standard deviation, during the reliable period (Fig. 3a). MCC has been shown to be an excellent index with which to measure
the agreement between binary classifications (Chicco and Jurman, 2020). It is considered that the 20-year left moving MCC

of reanalyses must be lower than 0.4 is to be regarded as not reliable (Fig. 3b). The 20-year timeframe was selected over a
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10-year period for the MAE due to the necessity for binary classification indexes to comprise a substantial number of

observations in order to be both representative and robust (e.g. Tractenberg et al., 2010).

The evaluation of data for SPI-3 is shown in Fig. 3, as it has been found to be a more decisive metric than SPEI-3 for
determining the reliability periods. However, it should be noted that SPEI-3 exhibits a generally similar behaviour for both

295 moving MAE and MCC (Fig. S4). After the early 1960s, the 10-year left moving average of SPI-3 and SPEI-3 for all the
reanalyses are very close to the observations. Furthermore, the agreement for drought identification between the two data
sources is good, especially at the De Bilt and Uccle locations. Prior to the 1960s, there is a divergence between reanalyses.

The subsequent paragraph delineates the limits identified in each reanalysis.
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300 Figure 3: (a) 10-year left moving average of SPI-3 (reference period: 1950-2008) for each reference station and the reanalyses. The
shaded area of a reanalysis extends when the 10-year left moving mean absolute error with the reference station is greater than 0.5
until it becomes lower than 0.5 in the rest of the time series. (b) 20-year left moving Matthew’s Correlation Coefficient (MCC) of
the classification of droughts between each reference station and the reanalyses. The shaded areas extend when the 20-year left
moving MCC is strictly below until it is not in the whole time series. Shaded areas in both (a) and (b) represent periods considered

305 as not reliable for related reanalyses.

ERAS demonstrates excessive dryness, especially at Frankfurt location, for the first seven years of its timespan

(Fig. 3a). This is presumably attributable to the paucity of upper air temperature observations prior to 1946 (Soci et al.,
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2024), which influences the total column of water vapour and precipitation over land. As demonstrated in Fig. 3a, 20CRv3
exhibits excessive wetness for all four weather station comparisons prior to the late 1910s. As indicated by Slivinski et al.
(2021), there was a significant increase in the number of observations assimilated in the Northern Hemisphere in 20CRv3 at
the beginning of the early 1920s, which subsequently led to a substantial decrease in error. ModE-RA achieved a sufficient
level of agreement with the Frankfurt weather station after 1844, while it proved sufficiently reliable prior to that date for the
other reference stations. Prior to the 1840s, the number of observations assimilated was very low, which may explain its lack
of performance for this period in the data evaluation (Fig. 3b). The subsequent consistency exhibited by ModE-RA may be
attributable to the quantity of observations assimilated, which exhibits relative stability in comparison with the two other
reanalyses. This quantity is subject to variation, though not exponential, with the exception of the period from the 1860s to
the 1890s, during which it attains its maximum. Consequently, it is considered that ERAS5, 20CRv3, and ModE-RA are
reliable over 1947-2023, 1918-2015, and 1844-2008 respectively.

6 Results
6.1 Drought events

Overall, reanalyses demonstrate a high degree of agreement in identifying drought events for the western Central Europe
region, especially between ERAS and ModE-RA, whether for SPEI-3 (Fig. 3 - over the reference period: MCCgras-20crv3 =
0.46, MCCzocrv3-Mode-ra = 0.44, MCCEgras-mode-ra = 0.79) or SPI-3 (Fig. S5 - over the reference period: MCCgras-20crv3 =
0.45, MCCzocrv3-Mode-ra = 0.41, MCCgras-mode-ra = 0.78). The most severe droughts highlighted on Fig. 4 have been defined
as the droughts that show a severity above the 90" percentile of severity of the reference period (1947-2008) proper to each
reanalysis. They are not ranked since reanalyses exhibit slight discrepancies between them. However, many droughts were of
large severity and extent in all reanalyses. Here are the most severe droughts appearing at least in one reanalysis
(chronologically): 1857, 1921, 1947, 1948, 1953, 1959, 1971, 1976, 1995, and 2018 for both drought indexes; 2003 and
2011 for SPEI-3 alone; 1853, 1870, 1873, 1893, 1908, 1911, and 1929 for SPI-3 alone. Specifically, the 1921-drought is
very severe (more than twice of the 90" percentile of severity of the reference period for SPEI-3 in ModE-RA) due to its
exceptional duration (14 months for SPEI-3 in ModE-RA). However, it is not considered as extreme in 20CRv3 because the
event is identified as two distinct droughts. For both SPEI-6 and SPI-6, 1921-drought is one single drought for 20CRv3 and
is categorised as the most severe, by far, as it is for SPEI-3 and SPI-3 for ModE-RA.

A drought identified with SPI-3 is also identified with SPEI-3 in most cases and vice versa (Fig. 4 vs Fig. S5 — over the
reference period: MCCgras = 0.76, MCCaocrvz = 0.81, MCCwmodaera = 0.74). However, their intensity and severity vary
between drought indexes. For instance, the 1976-drought is more intense with SPI-3 than with SPEI-3, and inversely for
2018-drought. Overall, droughts after the 1990s were more numerous, lasted longer and were slightly more intense at their

peak with SPEI-3 than SPI-3 (over 1990-2023 for ERAS: 33 events with an average of 2.61 months duration and a mean
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peak intensity of 1.48 for SPEI-3, 25 events with an average of 2.08 months duration and a mean peak intensity of 1.44 for
340 SPI-3). Conversely, the most severe droughts highlighted on Fig. 4 and Fig. S5 are more numerous and generally occurring
at an earlier point in time for SPI-3 than for SPEI-3. These are consequences of the increase of both precipitation and AED

since the industrial period (see section 6.2).
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Figure 4: (a) 3-month Standardized Precipitation Evapotranspiration Index time series for the aggregate western Central Europe
345 region for each reanalysis dataset (each row) (reference period: 1947-2008). The red bars indicate drought months (SPEI-3 <-1),
and the most severe drought events are highlighted. (b) Time series of the proportion of the western Central Europe region under

drought (illustrated in red) according to the SPEI-3 values of the grid cells.
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The interval spanning from 2011 to 2023 was marked by successive periods of droughts in western Central Europe, as
evidenced by the ERAS dataset, particularly regarding SPEI-3 droughts (29.23 SPEI-3 drought months per decade). Thanks
to the consideration of long-term datasets, similar periods have been observed, for both drought types, in the last 180 years:
1857-1874 (31.67 SPEI-3 drought months per decade for ModE-RA) and 1947-1960 (29.29 to 34.29 SPEI-3 drought months
per decade depending on the reanalysis). Conversely, periods of relatively low number of droughts (both types) occurred:
over 1912-1920 (1.56 SPEI-3 drought months per decade for ModE-RA) and 1977-1988 (6.67 to 8.33 drought months per
decade depending on the reanalysis). To evaluate the evolution of drought more consistently, a comparison of the drought-
month frequency across decades was also conducted (Fig. 5). This analysis reveals the high multidecadal variability of the
droughts over western Central Europe. Considering SPEI-3, the 2010s has been identified as the decade with the highest
frequency of drought months since the pre-industrial period (1850). This finding is supported by ERAS, which shows that 35
months (29 % of the decade) of drought accumulated over the entire region (Fig. 5a). Western Germany was particularly
impacted, with areas experiencing more than 40 months of drought. Conversely, the 1910s exhibited an exceptionally low
frequency of droughts, with only 5 months (4 %) of droughts according to ModE-RA. These decades are particularly
extreme in comparison to the climatology (Fig. 5b), which shows approximately 17 to 19 % of months per decade
characterised by drought. This is close to the 16th driest conditions assumed by the definition of the drought indexes (Section

4.1).
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Figure 5: (a) Cumulative SPEI-3 drought-month anomalies for each dataset (row) for each complete decade (column). The
anomalies refer to the (b) SPEI-3 drought-month climatology (1947-2008). The values for the aggregated region are displayed
below the related maps. The discs represent the values at the weather stations that fully cover both the related decade and the

reference period.

To gain insight into the homogeneity of the drought phenomenon, the correlation between the mean dryness in western

Central Europe and the drought area involved was examined. The correlation was found to be strong, with values ranging
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from 0.77 to 0.81 for SPEI-3 and from 0.81 to 0.84 for SPI-3. It is noteworthy that SPI-3 demonstrates a stronger correlation
compared to SPEI-3 across all datasets. Most of the extreme droughts affected the whole area at their peak (area involved =
1). More generally, the spatial variability of the drought indexes within the study area is rather small (e.g. mean standard
deviations of SPEI-3 and SPI-3 values within the area for ERAS are 0.45 and 0.47 respectively) and exhibits small variations
over time, which verifies the homogeneity of the climate of the region as originally supposed in Section 2. Nevertheless, it is
noteworthy that the nature of the drought index has an impact on the changes in variance. When drought periods are only
considered, the mean standard deviations of SPEI-3 and SPI-3 within the area for ERAS are found to be 0.36 and 0.53,
respectively. In fact, for all SPEI-3 values, the wetter, the larger the variance within the area, which is the opposite for SPI-3

values (correlation of 0.14 for SPEI-3 and -0.21 for SPI-3 with standard deviation values for ERAS).

6.2 Dryness trends

A divergence of trends in dryness is observed between different drought indexes. On the one hand, SPI-3 has exhibited a
decrease in year-round dryness over the past 180 years, as evidenced by the increasing trend of the index across the three
datasets. This result is achieved with very high confidence during the period 1844-2008 (ModE-RA, p-val < 0.001) and
1947-2023 (ERAS, p-val = 0.009), and medium confidence during the interval 1918-2015 (20CRv3, p-val = 0.227) (Fig. 6a).
The Sen’s slopes over the full period covered by the reanalyses are almost equal for the periods 1844-2008 and 1918-2015
(ModE-RA and 20CRv3), with an increase in the index of 0.018 and 0.02 per decade, respectively. The increase in the SPI-3
was found to be 0.074 per decade over the period 1947-2023 (ERAS), which indicates that it increased by more than 0.57
standard deviations. This is substantially higher than the values observed in the periods 1918-2015 (0.20 — 20CRv3) and
1844-2008 (0.30 — ModE-RA). However, the differences observed between these periods may stem from the reanalyses
utilised, given that over the common period (1947-2008): the trends for SPI-3 are approximately 0.116/decade, 0.077/decade
and 0.011/decade for ERAS, 20CRv3 and ModE-RA, respectively (Fig. S6). Given the superior performance of the 20CRv3
and ModE-RA rates at the Uccle and De Bilt weather stations over the 1947-2008 period (Fig. S3), it can be deduced that the
SPI-3 increase over the 1947-2023 period (ERAS) is likely to be overestimated. The observed decrease in dryness
corresponds to increases in year-round three-month precipitation anomalies of 34.24 mm over 1947-2023 (ERAS, likely
overestimated), 10.88 mm over 1918-2015 (20CRv3) and 13.58 mm over 1844-2008 (ModE-RA). From 1990 onwards, the
year-round warming over the area is of particular importance. For instance, the ERAS dataset demonstrates an increase of up
to 0.40°C/decade until 2023, larger than 0.22°C/decade when assessed over the entire time span of 1947 to 2023.
Precipitation have increased at a rate of 9.1 % per degree Celsius of warming (hereafter % °C') over 1947-2023 (ERA5), 5.9
% °C! over 1918-2015 (20CRv3) and 6.2 % °C"' over 1844-2008 (ModE-RA). However, the reanalyses do not reach a

consensus over the common period (19 % °C™, 13.7 % °C™, 2.1 % °C™).

On the other hand, year-round dryness for SPEI-3 exhibited no changes for the corresponding periods (Fig. 6a), except
for a slight decrease over 1947-2023 (ERAS5) with very low confidence (p-val = 0.64). This finding indicates that AED has
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been counteracting the rise in precipitation over time. This is further evidenced by the difference between the two indexes
(SPI-3 - SPEI-3) that has been increasing (Fig. 6a). For all three datasets, this difference is especially increasing since 1990,
with rates between 0.071 and 0.117 per decade (instead of 0.045 to 0.057 per decade over 1947-2008), coinciding with the

intensification of warming.

Behind the year-round behaviour, dryness at the seasonal scale shows strong divergences. The most pronounced
contrast is observed between the winter and summer dryness. Winter dryness for both indexes has been strongly decreasing
with medium to high confidence over 1947-2023 (ERAS) and 1844-2008 (ModE-RA) and slightly decreasing with low
confidence over 1918-2015 (20CRv3) (Fig. 6). However, the confidence in these trends is diminished as winter slopes
diverge between reanalyses over the common period (1947-2008) (Fig. S6). Furthermore, winter dryness trend magnitude is
larger than the year-round behaviour over the three respective periods. Additionally, the trend of the difference between both
indexes (SPI-3 — SPEI-3) for winter is very small despite a strong increase in winter PET across all datasets over time. For
instance, for the ERAS5 dataset (1947-2023), the increase in winter PET has been of 33.6% °C-! but this represents only 14.65
mm of 3-month precipitation anomaly increase, while the increase in winter precipitation has been 49.99 mm with 12.6% °C
I Spatially, the decrease occurs across the entire region (as shown over 1947-2023, Fig. 6b), a finding that aligns with the
four weather station records utilised in the data evaluation. Nevertheless, the decrease in dryness has been more pronounced
in the north-western part of the region during the 1947-2023 (Fig. 6b) and 1844-2008 periods. In contrast, the 1918-2015
period exhibits an opposing spatial gradient. Nonetheless, spatial differences for seasonal and year-round trends between
periods should be considered with a low confidence level, as evidenced by inconsistencies that emerge between reanalyses

over the common period, particularly with the ModE-RA dataset (Fig. S6).

Conversely, there has been an increase in summer dryness for both indexes over 1844-2008 (-0.023 and -0.044 per
decade for SPI-3 and SPEI-3, respectively). However, the reliability of this finding may be questionable. Over the common
period (1947-2008), ModE-RA dryness increased by -0.091 and -0.153 per decade for SPI-3 and SPEI-3, respectively.
These increases are considerably higher than the two other reanalyses (0.051 and -0.017 for ERAS, 0.008 and -0.057 for
20CRv3) that spatially fit with the Uccle and De Bilt weather stations. Furthermore, SPEI-3 dryness has increased over the
1918-2015 and 1947-2023 periods, albeit with low confidence over the entire region. This is attributable to diverging spatial
differences within the area. For instance, over 1947-2023 (Fig. 6b), dryness decreased in the north to north-western part of
the region, while it has been increasing in the southern and eastern. In the contrary, summer dryness exhibited by SPI-3 has
shown a decline of 0.016/decade and 0.035/decade, with a low confidence level, over the periods 1918-2015 and 1947-2023.
The opposite trend directions exhibited by SPEI-3 and SPI-3 over 1918-2015 and 1947-2023 may be attributable to the fact
that the time span under consideration is more recent and therefore underwent a pronounced warming. This is evidenced by
the increase in summer temperature per decade, which has been recorded to be 0.06°C, 0.09°C, and 0.275°C (1844-2008,
1918-2015, and 1947-2023, respectively). This is also evident in the summer PET trend per decade, with 1.18, 1.925, and
6.305 mm, in comparison to -6.94, 3.82, and 5.24 mm per decade for summer precipitation (-6.93, 3.82, and 5.24% °C™").
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Figure 6: (a) Sen’s slope maps of year-round and season SPEI-3 values per decade over 1947-2023 (ERAS). The discs represent the
Sen’s Slope for SPEI-3 values for Uccle weather station over the same period. Cross and diagonals represent the MMKH p-values.
(b) 10-year moving average time series of year-round and seasonal SPI-3 values (first column), SPEI-3 values (second column),
and the difference between SPI-3 values and SPEI-3 values (third column) in western Central Europe for each dataset (each row).
The colours refer to the timeframe indicated in (a). Sen’s slopes of raw values of each drought index (not 10-year moving average)

are illustrated with straight lines and p-value of each MMKH trend test of raw values of each drought index is written for year-
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Both autumn and spring dryness exhibited a similar trend to that of the year-round over 1844-2008 and 1918-2015,
situated between the summer and winter trend extremes (Fig. 6). Over the period 1947-2023, spring trend magnitudes (0.032
per decade for SPI-3) have exhibited a greater similarity to those of summer trends. In a similar manner, the magnitude of
autumn trends (0.12 per decade for SPI-3) is comparable to or equivalent to that of winter trends. SPEI-3 spring dryness has
been marginally increasing over the 1947-2023 (low confidence) as well as over 1918-2015 (very low confidence).
However, the increase in spring dryness in the north-eastern part of the region over 1947-2023 is particularly large (high
confidence). The areas exhibiting increased spring dryness are not congruent with those identified in the summer. Likewise,
the spatial patterns exhibited by autumn dryness trends deviate from those observed in winter trends. Consequently, year-
round dryness is more spatially homogeneous than at the seasonal scale. Ultimately, spring followed by autumn have the

largest seasonal increasing difference between SPI-3 and SPEI-3 over 1844-2008 (more than summer) (high confidence).

6.3 Atmospheric circulation patterns

Four atmospheric circulation patterns have been identified as being associated with SPEI-3 (Fig. 7) and SPI-3 (Fig. S7)
seasonal drought events: a high Z500 anomaly centred over the Baltic region; a high Z500 anomaly centred over the British
Isles; a dipole of a high Z500 anomaly over Northern Europe and a low Z500 anomaly over Southern Europe; and a high
7500 anomaly centred over the European continent. Henceforth these are referred to as Baltic High, British Isles High,
North-South Dipole, and European High, respectively. The circulation patterns exhibited by each period are consistent for
both clustering, with some minor exceptions. Regarding SPEI-3 clustering, the Baltic High over the period 1844-2008
(ModE-RA), is less clearly defined than over 1918-2015 (20CRv3) and 1947-2023 (ERAS). With regard to SPI-3 clustering,
the centre of the European High is shifted towards the British Isles over 1844-2008 (ModE-RA) and 1918-2015 (20CRv3).
The consistency exhibited is not as robust over the reference period (1947-2008), which may be attributable to an

insufficient number of events to ensure representativeness and the potential repetition of those patterns.

In general, droughts have been associated more frequently with the British Isles High (26.23% to 37.31% for SPEI-3
clustering) and the Baltic High (23.64% to 31.34%), and less frequently with the North-South Dipole (17.91% to 21.82%)
and the European High (13.43% to 22.95%) (Fig. 7). Also, the Baltic High is more associated with SPEI-3 droughts than
with SPI-3 droughts. Conversely, the British Isles High is more associated with SPI-3 droughts than SPEI-3 droughts. SPEI-
3 seasonal droughts have been increasingly associated with the European High over 1947-2023 and 1948-2015 (high
confidence), and 1844-2008 (medium confidence). SPI-3 seasonal droughts have also been increasingly associated with the
European High over 1947-2023 (high confidence) and with the Baltic High (medium confidence). Conversely, droughts for
both indices over 1947-2023 have been decreasingly associated with the British Isles High and the North-South Dipole (high

confidence).
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Figure 7: Atmospheric circulation patterns and associated drought occurrence trends. The three upper rows indicate the S00 hPa
geopotential height anomalies (reference period: 1947-2008) of the centroids from the clustering for each period-reanalysis. The
proportion of each cluster within the related period-reanalysis is shown in brackets. The final row indicates the 10-year moving
fraction of the droughts associated with the related cluster (column). The straight lines in the graphs represent related linear
regressions, whilst the p-values correspond to related MMKH trend tests. The colours refer to the related period-reanalysis

indicated in the three first rows. The western Central Europe region is delineated by the black box.
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In addition to the k-means clustering, the atmospheric circulation has been averaged over seasons characterized by
drought events for the three reanalyses, which demonstrate highly similar results. The mean pattern for winter exhibits
characteristics akin to a dipole, reminiscent of the North-South Dipole, albeit shifted towards the south. In contrast, the mean
patterns for spring, summer, and autumn manifest as a monopole, exhibiting high similarities between each other.
Specifically, the mean pattern for spring is in close proximity to the European High, albeit with the high shifted towards the
North Sea; the mean pattern for summer is in close proximity to both the British Isles High and the European High, with the
latter centred on the east coast of the British Isles; and the mean pattern for autumn is very close to the British Isles High.
This can be attributed to the occurrence of droughts associated with the North-South Dipole, which primarily manifest
during winter months. Winter droughts have been identified as a primary feature of the North-South Dipole (Fig. 8c and Fig.
S8c and Fig. S9c). Droughts associated with the European High, in particular, have been observed to occur during the spring
months, while the Baltic High and the British Isles High have been linked to drought conditions throughout the year. Also,
autumn droughts have been shown to be almost exclusively associated with the Baltic High and the British Isles High,

especially over 1918-2015 (20CRv3) and 1947-2023 (ERAY).

The link between the three first natural modes of variability (North Atlantic Oscillation, NAO; East Atlantic pattern,
EA; Scandinavian pattern, SCA) and the atmospheric circulation patterns associated with the seasonal droughts are presented
in Fig. 8a, Fig S8a, and Fig. S9a for SPEI-3. The Baltic High has been found to be strongly associated with the positive
phase of SCA (SCA+) over the period 1918-2015 (mean indexes are 0.09 for both SPEI-3 and SPI-3) and 1947-2023 (mean
indexes are 0.14 and 0.12 for SPEI-3 and SPI-3, respectively), and EA+ over 1947-2023 (mean indexes are 0.14 and 0.12 for
SPEI-3 and SPI-3, respectively); the British Isles High is associated with the negative phase of EA (EA-) for both indexes
and across all periods (mean indexes are within the range from -0.03 to -0.09); the North-South Dipole with NAO- over
1918-2015 (mean indexes are -0.10 for both SPEI-3 and SPI-3) and strongly with SCA+ for both indexes and across all
periods (mean indexes are within the range from 0.09 to 0.14); the European High is associated with NAO+ over 1844-2008
(mean indexes are 0.07 for both SPEI-3 and SPI-3), and especially over 1918-2015 (mean indexes are 0.2 and 0.19 for SPEI-
3 and SPI-3, respectively). With regard to the three first natural modes of variability in relation to all drought events at the
seasonal scale (see Fig. S10), for both drought indexes across all periods: winter droughts are associated with the EA- (-0.05
to -0.06), and SCA+ (0.07 to 0.14); spring droughts have weak associations; summer droughts are associated with NAO+
(0.04 to 0.11); autumn droughts are associated with NAO+ (0.03 to 0.12).

In general, during each period, droughts associated with the Baltic High and the European High exhibited higher PET
anomalies compared to the other two groups, particularly the European High, which consistently demonstrated positive
values (Fig. 6b, Fig. S8b and Fig. S9b). Conversely, droughts associated with the North-South Dipole have almost
systematically negative PET anomaly values. It is evident that the absolute magnitude of precipitation anomalies associated
with all drought events is significantly higher than that of PET anomalies. This indicates that precipitation has been the

predominant factor contributing to drought conditions in the water balance in western Central Europe, rather than AED.
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However, an examination of the evolution of anomalies in droughts over time (Fig. S11) reveals that for both indexes over
the periods 1918-2015 and 1947-2023, while PET have increased, precipitation deficit has decreased (high confidence).

Consequently, the role of AED has been increasing in comparison to precipitation deficit, which has been decreasing.
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Figure 8: Atmospheric circulation pattern characteristics for SPEI-3 drought-based clustering over 1947-2023 (ERAS5). (a) Boxplot
of seasonal EOFs indexes values. (b) Boxplot of 3-month- potential evapotranspiration (PET) and -precipitation anomalies
(reference period: 1979-2008). (c¢) Waffle chart of season occurrence. (d) Maps of SPEI-3 mean drought intensity anomalies:
difference of the mean cluster-related SPEI-3 of drought with the mean SPEI-3 of droughts over 1947-2008. The discs represent
the SPEI-3 mean drought intensity anomaly for Uccle weather station over the same period. Cross and diagonals represent the t-
test p-values between those two groups. BH, BIH, NSD, and EH stand for the Baltic High, the British Isles High, the North-South
Dipole, and the European High.

Droughts associated with the North-South Dipole exhibited reduced intensity for both drought indexes, particularly in
the middle and southern regions of western Central Europe (Fig. 8d), across all the periods (Fig. S8d and Fig. S9d). The
intensity gradient of the drought is observed where the most intense parts coincide with the high Z500 anomaly in
atmospheric circulation; thus, indicating a higher drought intensity in the eastern regions of the study area for the Baltic
High, whilst the opposite is true in the western regions for the British Isles High. It is evident that SPEI-3 droughts
associated with the European High over 1947-2023 (ERAS) and 1918-2015 (20CRv3) are more intense than with the other
patterns. Particularly, a high degree of intensity is being observed over the western part of Belgium and the northernmost

part of France. The principal factor responsible for this discrepancy in intensity when compared to other circulation patterns

22



535

540

545

550

555

560

https://doi.org/10.5194/egusphere-2025-5490
Preprint. Discussion started: 2 December 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

is the elevated AED anomalies associated with the European High, given that this pattern is no longer as pronounced when

assessed through SPI-3 droughts.

7 Discussion
7.1 Long perspective on recent events

Recent severe droughts, such as the 2018-drought, have attracted considerable attention in the literature (e.g. Bakke et al.,
2020). The findings of the present study indicate that these droughts have historical precedents in western Central Europe, in
agreement with other studies (Vicente-Serrano et al., 2021), such as that in 1857 (Hanel et al., 2018), 1921 (Bonacina, 1923;
Briffa et al., 1994; Hanel et al., 2018; Bertrand et al., 2021; van der Schrier et al., 2021), 1947 (Lhotka et al., 2020), 1953
(Hanel et al., 2018; Hinsel et al., 2019), 1976 (Feyen and Dankers, 2009; Hanel et al., 2018; Hénsel et al., 2019), 2011
(Hénsel et al., 2019). While the present analysis enables long retrospective investigations, it does not extend sufficiently to
encompass certain historical droughts, such as that experienced in 1842 (Brazdil et al., 2019). However, it does allow for the
inclusion of the particularly severe drought that occurred in 1921. This was the most severe in the whole Europe since the
beginning of the twentieth century according to van der Schrier et al. (2021), the most severe in Central Europe in the last
250 years according to Hanel et al. (2018), and the most severe of the past 180 years in western Central Europe according to
the present study. From the perspective of precipitation alone, it is not unexpected to observe the most extreme drought
occurring in the distant past, given that year-round SPI-3 trends have exhibited an upward trajectory over the course of time.
In consideration of the AED and the long-term stable trend of the SPEI-3, a more recent occurrence of drought comparable
to the severity of that experienced in 1921 would not have been unexpected, given the natural variability. The 1921-drought
is notable for its long persistence (van der Schrier et al., 2021) (14 months for ModE-RA for SPEI-3), rather than its peak or
intensity. As demonstrated by Hanel et al. (2018), Hénsel (2020), and van der Schrier et al. (2021), when considering solely
the vegetation period, the 1921-drought is no longer the most severe, but rather more recent ones (1947, 2003 and 2018).

Similarly, evidence indicates that successive intense drought periods, akin to those experienced in 2011-2023, have
occurred in the past, specifically over 1857-1874 and 1947-1960, separated by periods of very low numbers of droughts as
seen over 1912-1920 and 1977-1988. This high multi-decadal variability has also been reported in the literature (Hénsel,
2020), with dry and wet decades similar to those previously cited (Briffa et al., 1994; van der Schrier et al., 2006; Haslinger
et al., 2019; Hénsel et al., 2019; Bertrand et al., 2021; Lekarkar et al., 2025). Especially, the 2010s have been identified as
the worst decade in terms of the frequency of drought-months over western Central Europe since the 1850s, extending the
findings of Lekarkar et al. (2025) over Belgium. In order to elucidate this high multidecadal variability, teleconnection
patterns have also been investigated. No substantial correlation was identified between the low-frequency dryness in western
Central Europe and the NAO index or the El Nifio—Southern Oscillation (ENSO). However, a correlation was observed with
the Atlantic Meridional Oscillation (AMO), particularly in ERA5 (-0.275 and -0.677 with 20-year moving average SPI-3 and
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SPEI-3, respectively). Precipitation rates in western Central Europe may not be directly linked to the Atlantic Multidecadal
Oscillation (AMO), however, as the correlation with low-frequency SPI-3 dryness is much weaker than that of SPEI-3. This
may be indicative of a relationship between high Atlantic sea surface temperature (SST) and high temperature in Western
Central Europe, thereby driving SPEI-3 towards low values. Some studies have been linking Atlantic SST with Central
Europe drying (e.g. Haslinger et al., 2019; Tuel and Eltahir, 2021; Haslinger and Mayer, 2023) but uncertainties remain.
Furthermore, van der Wiel et al. (2023) found that multi-year droughts in a region analogous to western Central Europe were
actually the coincidence of successive typical meteorological forcing, i.e. low precipitation and high AED, but found no
evidence for multi-year processes. Given that multi-year droughts have been shown to have a greater impact than isolated
events (Chen et al., 2025; Hoover and Smith, 2025), the underlying drivers should be a subject of interest. The highlighted

decades may be considered relevant study cases for further investigation.

Furthermore, a robust correlation has been identified between the mean dryness in western Central Europe and the
drought area concerned. This finding is in accordance with the expected relationship between these variables, with the
former being dependent on the latter. This further underscores the strong homogeneity of the drought phenomenon within the
region. In addition, when considering AED, the dryness variance within the region is smaller during drought periods than
during the entire period, meaning that the spatial homogeneity of the dryness is greater when a drought is occurring.
Conversely, when precipitation is only considered, the dryness variance within the region is larger for drought periods than
for the whole period, indicating that the spatial homogeneity of the dryness is reduced during drought. This might be
attributable to the temperature, which exhibit greater homogeneity in comparison to the precipitation fields. Consequently,
this would result in the spatial smoothing of the contribution of precipitation deficit differences within the drought index.
Furthermore, the mean and peak drought area have exhibited a slight decrease for SPEI-3 droughts for all the periods (low
confidence, not shown). However, in the absence of a change in year-round SPEI-3 dryness trends, this suggests that the
heterogeneity of increasing precipitation may be taking precedence over the homogeneity of increasing AED over time. It is
therefore hypothesised that spatial variations in drought conditions have increased, resulting in a greater prevalence of dry
and wet spots. Consequently, it can be posited that mitigation strategies should encompass this growing spatial heterogeneity
of dryness by implementing measures at the local scale, in addition to the regional scale, which remains important to

consider, especially in the case of intense droughts, which are inherently more extensive, as has been demonstrated.

7.2 Dynamics behind the droughts

Four dominant atmospheric circulation patterns—the Baltic High, the British Isles High, the North—South Dipole, and the
European High—were found to be consistently associated with seasonal drought occurrence over the past 180 years. The

following paragraphs provide an overview of each atmospheric circulation pattern.

The Baltic High is associated with south-eastern wind anomalies over the region studied. Lhotka et al. (2020) showed

that the southeasterly circulation type is conductive to drought in Central Europe. Conversely, the opposite direction of
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winds has been shown to be associated with wet and extreme precipitation events in Belgium (Brisson et al., 2011; Schoofs
et al., 2025). Also, during summer in Belgium, continental air masses result in warmer days than with oceanic air masses
(Serras et al., 2024). This is consistent with the above-average AED of droughts associated with this pattern. Likewise,
continental air masses are typically characterised by drier conditions than oceanic air masses. The Baltic High is more
associated with SPEI-3 droughts than with SPI-3 droughts, and this is connected to the non-negligible role of AED for those
droughts. The drought intensity gradient within the region is likely attributable to the spatial proximity to the Z500 high.
Indeed, Z500 anomalies and SPEI- exhibit a strong negative correlation across Europe (Kingston et al., 2015; Bakke et al.,
2023). This is due to positive Z500 anomalies that diminish upward movement, thereby reducing cloud cover, which in turn

decreases precipitation and increases incoming shortwave radiation, thus raising AED.

The droughts associated with the British Isles High are more precipitation-deficit driven than the Baltic High. This
may be attributable to the fact that northerly wind anomalies are not especially linked with warmer conditions (Serras et al.,
2024), which is consistent with the meridional temperature gradient. Moreover, the British Isles High is associated with EA-
(in contrast to the Baltic High, which is associated with EA+). The EA pattern has been shown to exhibit a stronger
correlation with temperature than with other climate variables (Hernandez and Comas-Bru, 2025), which would therefore
explain the AED differences between those two patterns. Indeed, the British Isles High is more associated with SPI-3
droughts than with SPEI-3 droughts, which is consistent with the near-zero AED anomalies. Pauling et al. (2006) suggest
that a very similar pattern to the British Isles High brings moist air over the Scandinavian mountains while the subsequent
regions are left dry. They also linked this pattern to dry anomalies over Central Europe in winter for the past half
millennium. Moreover, the observed pattern is comparable to the British Isles high (16 - HB) weather type from the
European “Grosswetterlagen” classification system (Hess and Brezowsky, 1969), that has been associated with streamflow
drought in Southern Germany (1962-1992) (Stahl and Demuth, 1999). Just as the Baltic High, the proximity of the Z500
high also explains the observed drought intensity gradient in western Central Europe with the British Isles High exhibiting a

more pronounced intensity over Northern France compared to Western Germany.

The North-South Dipole is associated with easterly wind anomalies, and its influence being attributed to the difference
in moisture content between air masses originating from inland regions and those from the ocean. Droughts associated with
the North-South Dipole mostly manifest during winter, thereby explaining the negative anomalies of AED, as continental air
masses are colder than oceanic air masses during this season due to the ocean heat capacity. Winter streamflow droughts
were associated with eastern cold flow in Southern Germany (Stahl and Demuth, 1999). Also, winter SCA+, which is
associated with the North-South dipole, is negatively correlated to both temperature and precipitation levels in Central
Europe (Bladé et al., 2012; Simpson et al., 2024; Hernandez and Comas-Bru, 2025). Consequently, the overall less intense
nature of the drought phenomenon associated with this pattern is explained by precipitation deficits being the sole driving
factor. This also explains the greater association with SPI-3 droughts than with SPEI-3 droughts over 1918-2015 and 1947-
2023.
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The association with the European High pattern is unsurprising, given that a high anticyclonic circulation over Europe
has been repeatedly associated with Western (Savary et al., 2025) and Central European droughts (Lhotka et al., 2020). A
very similar pattern is also associated with European heatwaves in Stefanon et al. (2012), which is consistent with the
substantial AED anomalies associated with the European High. During atmospheric blocking, this pattern gives rise to
droughts and heatwaves, consequent to large-scale subsidence that results in cloud-free skies (Kautz et al., 2022). The
strongly increasing association of droughts with the European High suggest that it may be an emerging and recurring pattern
for CHDs, typical of warm spring droughts. Moreover, its increase is of relative importance for both SPI-3 and SPEI-,
indicating that it is not solely heat-related but also associated with strong precipitation deficits as measured by the SPI-3. The
observed association of this pattern with more intense droughts than those associated with other patterns may be

consequently explained by the influence of both precipitation deficits and temperature.

7.3 Drivers of dryness trends

The present study shows that year-round precipitation in western Central Europe has increased at a rate of 6 to 9% C-1,
depending on the period and dataset used. This rate is very close to the Clausius-Clapeyron rate (CC), which gives an
increase in water vapour pressure at saturation of approximately 7% per degree. Drought events in western Central Europe
are, in general, consistent with the prevailing trends of dryness. In addition, future projections in Belgium for extreme
precipitation events also follow CC (Brajkovic et al., 2025), suggesting that the entire spectrum of year-round precipitation
in the region is following CC over time. Concurrently, the highly temperature-dependent AED has been increasing,
evidenced by the increase in the difference between SPI-3 and SPI-3, by an amount akin to the precipitation increase. This
finding would indicate that the year-round water supply and demand trends have been predominantly influenced by warming
in western Central Europe, with these trends compensating each other, thereby maintaining a constant SPEI-3 dryness over
time. Thermodynamics alone could therefore be sufficient to explain the year-round dryness trends for both SPI-3 and SPEI-
3. However, the year-round trend is actually a combination of divergent seasonal trends that cannot be explained by
thermodynamics alone. Long-term annual and seasonal changes in rainfall patterns are primarily driven by dynamical
changes, while their contribution to temperature changes is secondary (Hoffmann and Spekat, 2021; Dong and Sutton, 2025).
In this section will be addressed the role of changes in atmospheric circulation patterns, in addition to other drivers identified

in the literature, in explaining the spatial and temporal trends in dryness for each season.

The decline in dryness has been more pronounced in winter (Moberg and Jones, 2005; Bertrand et al., 2021).
Precipitation increased at higher rate than the CC, e.g. at 12.6% °C-! over 1947-2023. A decline in the association of drought
events with the North-South dipole, the predominant drought pattern during winter, was observed. This could offer a
possible explanation for the observed winter dryness trend, although this was only evident over 1947-2023, when the winter
trend was particularly pronounced. Additionally, the drivers of this stronger rate may also be associate with dynamic changes

that are not necessarily linked to droughts, but rather to the other tail of the distribution. For instance, the NAO has been
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identified as the predominant factor of winter precipitation trends in Northern and Southern Europe (Matti et al., 2009). The
NAO winter series have exhibited an upward trend, at least since the mid-20th century (Visbeck et al., 2001; Hasanean et al.,
2023), which might explain the observed increase in winter precipitation in western Central Europe, as the NAO has been
demonstrated to be positively correlated to precipitation in north-west Europe during winter (Simpson et al., 2024).
Anthropogenic forcing has also been detected in observed (Christidis and Stott, 2022). A further particularity of winter is
that it demonstrates the smallest increasing difference between SPEI-3 and SPI-3. During the cold season, AED might still
have a minimal effect on western Central Europe droughts in comparison to precipitation. This aligns with Tomas-Burguera

et al. (2020), who argue that the utilisation of SPI-3 or SPEI-3 is approximately equivalent in humid regions during winter.

Spring dryness, for both types of indexes, has been roughly following the year-round dryness trends over 1844-2008
and 1918-2015, with precipitation rates following closely CC. However, over 1947-2023, SPEI-3 dryness has been
increasing (middle confidence). As spatial disparities are demonstrated within the Western Central European region, a
comparison with existing literature is not straightforward. For western Germany, in Hansel et al. (2019), the trends observed
over 1951-2015 align closely with those presented in this study over 1947-2023. Overall, spring dryness increase appears to
be substantial in western Central Europe since the mid-20th century (Spinoni et al., 2018), especially over the last three to
four decades (Spinoni et al., 2017; Baudewyn, 2023; Best'akova et al., 2024; Douville et al., 2025), and particularly in April
(Ionita et al., 2020). The recent shift in spring can be explained by changes in dynamics (Douville et al., 2025). Indeed,
droughts have been increasingly associated with the European High pattern, especially in the last decades. This pattern
associated with droughts, mostly manifest during spring. This finding aligns with the literature that has demonstrated the role
of anticyclonic atmospheric circulation (Trnka et al., 2009; Lhotka et al., 2020; Bestdkova et al., 2024) during spring,
especially the increase of blocking events coinciding with the presedfence of persistent anticyclonic pressure system over
western Central Europe region. These systems are the main driver of the recent spring droughts (Ionita et al., 2015; Bakke et
al., 2023). Trnka et al. (2009) demonstrated that circulation types conductive to drought remained stable until the 1940s

(from 1881) and increased steadily afterwards, which is in accordance with the findings of the present study.

A marked increase in summer SPEI-3 dryness has been observed across all periods. Indeed, there has been an increase
in summer dryness in most parts of Europe since the start of the 20th century, especially since the mid-20th century (Hansel
et al., 2022) and especially in Central Europe (Spinoni et al., 2019). However, precipitation rates are not consistent with CC,
even in the opposite direction for 1844-2008 (-6.9 % °C™") (low confidence due to inconsistencies). A range of mechanisms
have been posited to explain the observed increase in dryness during summer. The relative association of drought with
atmospheric circulation patterns does not provide a comprehensive explanation of the evolution of the circulation patterns
alone. Changes in summer drought geopotential heights (Fig. S12) do not correspond with specific patterns that have been
associated with drought events. However, the changes indicate an increase in geopotential height anomalies across Europe
during the three periods, particularly over the 1947-2023 interval. This finding aligns with the literature (Jacobeit et al.,
2003; Trnka et al., 2009; Lhotka et al., 2020; Best'akova et al., 2024), which has documented a persistent rise in anticyclonic
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conditions over Central Europe during summer, strengthening in the latter half of the 20th century and corresponding to the
dryness trends. Furthermore, the role of AED, and thus temperature, is essential in driving SPEI-3 droughts, especially in
summer where the strongest increase has been documented in the present study over 1947-2023. As posited by Vautard et al.
(2023), the marked increase in temperature during summer in Central Europe can be attributed to an enhanced advection of
warm air from Southern Europe. Atmospheric blocking systems have also been related to drivers of strong summer warming
(Suarez-Gutierrez et al., 2020; Kautz et al., 2022) and increased dryness in Central Europe (Ionita et al., 2015). The
persistent conditions during the summer months across Central Europe have been associated with the occurrence of an
amplified hemisphere-wide wavenumber 7 circulation pattern — linked with a strongly meandering jet stream (Coumou et al.,
2014; Kornhuber et al., 2020), that have increased over recent decades (Kornhuber et al., 2019), to a sufficient degree to
emerge from the natural variability (Mann et al., 2017). It has also been proposed that Arctic amplification (see Coumou et
al., 2014, 2015, 2018; Kornhuber et al., 2017) and the weakening of the Atlantic Meridional Overturning Circulation
(AMOC, see Rousi et al., 2021; ITonita et al., 2022) might play a significant role in the interconnected processes that
contribute to the increase in the persistence of anticyclonic conditions in Central Europe during the warm season. Finally, a
pivotal mechanism that connects summer warming and drying in western Central Europe is the land-atmosphere feedbacks
(e.g. Suarez-Gutierrez et al., 2020). These feedbacks would mainly occur during summer season in this region because the
system needs to be soil-moisture limited. Conversely, the system in the other seasons would remain energy-limited due to
excessive wetness, which hinders its capacity to influence evapotranspiration variability (Miralles et al., 2019). In response
to warming, there is a northward shift of summer soil-moisture limited systems from the Mediterranean region (Seneviratne
et al., 2006a). Consequently, soil moisture and temperature in western Central Europe are becoming increasingly coupled. In
addition, climate model studies found that the drying occurring in spring triggers soil-moisture feedbacks (Stegehuis et al.,
2021), which, in turn, exacerbate the circulation-driven warming (Douville et al., 2025) and drying (Tuel and Eltahir, 2021)
during summer. For instance, during the dry decades of the 1860s and 1940s, substantial precipitation deficits in spring

resulted in enhanced feedbacks in the subsequent summer (Haslinger et al., 2019).

Autumn dryness has followed the year-round dryness trends over 1844-2008 and 1918-2015, aligning closely with CC.
Over 1947-2023, dryness trends are closer to the strong increase of the winter trends, which is in accordance with the
literature (Spinoni et al., 2018). According to Ionita et al. (2015), autumn dryness variability in Central Europe is strongly
related to the NAO, as further evidenced by the association of atmospheric circulation during autumn drought with NAO+ in
the findings of the present study. However, no significant changes in NAO have been documented since the mid-20th
century (Bladé et al., 2012; Hasanean et al., 2023). Cahynova and Huth (Cahynova and Huth, 2009) indicates a heightened
frequency of westerly and north-westerly winds became more frequent in autumn in Central Europe during the latter half of
the 20th century. This could provide a coherent explanation for the pronounced decrease in dryness observed since 1947.
The drivers of autumn dryness have received less attention in the literature, as autumn is a transitional season without many

impactful droughts to attract interest. However, given its contribution to the year-round dryness, further studies may be
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warranted to investigate the mechanisms and temporality of the shift between the drying of summer and the wetting of

winter.

7.4 Challenges

A prevailing trend that is evident across all seasons and periods is the increasing role of AED. Concurrently, droughts have
been marked by elevated temperatures, yet increased precipitation (Fig. S11). Even though precipitation remains the primary
driver of the water balance in the western Central Europe region, the role of AED has evolved substantially, particularly
since the 1990s. This is consistent with the role of AED in the recent global increase of drought severity, including in some
humid regions (Gebrechorkos et al., 2025). Since 1990, western Central Europe has been a warming hotspot with a rate of
0.4°C/decade (ERAS). This rate is higher than the global mean (e.g. Dong et al., 2017; Yin et al., 2024; Douville et al., 2025)
and thus western Central Europe is one of the regions displaying heightened sensitivity to AED (Wang et al., 2025).
Therefore, recent droughts have been amplified by warming, while precipitation deficits have played a more significant role
in earlier periods. Moreover, warming renders the probability of occurrence of CHDs increasing throughout Europe
(Manning et al., 2019; Schumacher et al., 2024). This suggests the potential for heat-related atmospheric circulation patterns
to emerge in association with droughts, as evidenced by the European High that was only scarcely associated with droughts
prior to the second half of the twentieth century. However, this does not imply that other precipitation deficit-only patterns,
such as the British Isles High, will progressively disappear in the association with drought in western Central Europe with
warming. This is because precipitation deficits is a necessary condition for the onset of droughts. For instance, Tuel and
Eltahir (2021) as well as Rousi et al. (2021), have demonstrated an increase of a similar pattern to the British Isles High in a

warmer climate.

The increasing spring and summer dryness, concomitant with increased frequency of CHDs, is a matter of concern
from an impact perspective. Indeed, spring and summer droughts are the most likely to be the most impactful, especially on
the ecological aspect as it spans the growing vegetation period. Moreover, CHDs have been found to exert an even more
significant impact than remote events in isolation (Zscheischler et al., 2020). Furthermore, an increase in spring and summer
dryness does not exclude an increase in the opposite hydroclimate extreme. Indeed, the concurrence of drought and heavy
precipitation events has increased since the second half of the 20th century, particularly in the western part of Central Europe
during spring (Hénsel et al., 2022). Projections indicate an increase in both droughts (Lehner et al., 2017) and extreme
precipitation events (Brajkovic et al., 2025) within the region. Consequently, the projected increase in climate variability
(Rossi et al., 2023) must be a consideration in management strategies, encouraging mitigation effective for both droughts and

heavy precipitation events, such as nature-based solutions offering a “sponge function” (e.g. Yimer et al., 2024).

Projections indicate a strengthening of seasonal divergence, characterised by a decline in summer precipitation
(Bohnisch et al., 2021; de Vries et al., 2022) and a reduction in winter droughts (Bohnisch et al., 2021) in Central Europe.

Land-atmosphere feedbacks may well amplify their role in modulating summer precipitation (Seneviratne et al., 2006b),
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2006b) and temperature (Suarez-Gutierrez et al., 2020) variability in Central Europe during the 21st century. It is projected
that dynamic changes will continue to play a role, but uncertainties remain on their relative importance. During summer,
there may be a decline in the frequency of westerlies and an increase in the frequency of easterlies over Central Europe
(Herrera-Lormendez et al., 2023). In addition, there may be an increase in anomalously high-pressure systems (Bakke et al.,
2023). These would favour more continental, dry and warm air masses over the western Central Europe region.
Nevertheless, CMIP6 models struggle to reproduce the spatial heterogeneity of the circulation changes (Bakke et al., 2023).
Additionally, there is a paucity of models that can adequately predict the self-intensification of CHDs via the land-
atmosphere coupling (Miralles et al., 2019). The present study, in conjunction with extant literature regarding historical
trends, suggests that circulation changes have been the main driver of droughts. The literature suggests that land-atmosphere
feedbacks may also have a significant role to play, albeit with a certain degree of uncertainty. Consequently, there is a
necessity to enhance the reproduction of both processes in the models in order to more effectively anticipate future droughts

that may be currently underestimated.

8 Conclusion

This study presents a diagnosis of meteorological droughts in western Central Europe from the mid-19th century to the
present, using three complementary reanalysis datasets and both SPI-3 and SPEI-3 drought indices. By cross-validating
reanalyses and rigorously evaluating their reliability against long-term weather station records, robust temporal coverage and
confidence in the results are ensured. Major historical droughts—including 1921, 1947, 1953, 1959, and 1976—were
consistently identified across datasets, although with differing intensities depending on whether SPI-3 or SPEI-3 was
applied. The present analysis also confirms that while recent droughts—such as those in 2003 and 2018—are severe, they are
not without historical precedent; multi-year drought clusters and pronounced wet/dry decades have occurred repeatedly over

the last 180 years.

A key finding is the divergence between SPI-3 and SPEI-3 trends. SPI-3 (precipitation-only) indicates a long-term
wetting trend driven by rising precipitation, while SPEI-3 (which incorporates AED) remains flat or shows recent drying,
highlighting the increasing role of temperature-driven evaporative demand. This divergence has grown most rapidly since
the 1990s, coinciding with accelerated regional warming. Seasonal analyses reveal distinct contrasts: summer dryness has
intensified, particularly in the short-term SPEI-3, due to elevated AED, whereas winter dryness has markedly decreased due
to strong precipitation increases and limited AED influence. Spring and autumn generally mirror the year-round patterns, but
since the mid-20th century spring SPEI-3 dryness has increased markedly, especially in northern and eastern parts of the
region. This seasonal contrast reflects both a shift in atmospheric circulation and the amplifying effect of higher AED,

especially during the warm season.
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Through k-means clustering of Euro-Atlantic geopotential height anomalies, four robust atmospheric circulation
patterns associated with droughts have been identified: the Baltic High, British Isles High, North—South Dipole, and
European High. The European High—characterized by strong anticyclonic anomalies over Central Europe and elevated
AED, as well as intense droughts, has become increasingly dominant since the 1990s and is closely tied to the recent rise in

spring dryness. This shift underscores the evolving interplay between dynamics and thermodynamics in drought generation.

Our approach—integrating long-term, cross-validated reanalyses, multiple drought metrics, and semi-objective
circulation pattern analysis—provides a consistent framework for linking regional droughts to large-scale atmospheric
drivers. The results emphasize that climate adaptation and drought risk management in western Central Europe must
explicitly address the increasing spring and summer dryness, the growing role of AED, and the emergence of new circulation
patterns that implies compound hot and dry events. Continued monitoring and improved modelling of both thermodynamics
and dynamic processes will be essential for anticipating and mitigating drought impacts in this densely populated,

ecologically and agriculturally vital region.
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Data availability. The reanalyses datasets and the weather station data used in this study are all available online: ERAS from
the Copernicus Climate Change Service implemented by the ECMWF at https://cds.climate.copernicus.eu/; 20CRv3 from
the NOAA PSL, Boulder, Colorado, USA, at https://psl.noaa.gov; ModE-RA from Valler et al. (2023) at
https://doi.org/10.26050/WDCC/ModE-RA s14203-18501; Paris, De Bilt and Frankfurt am Main weather station data from
the KNMI Climate Explorer at https://climexp.knmi.nl/; Uccle weather station data from the Royal Meteorological Institute
of Belgium at https://opendata.meteo.be/. The main diagnostics computed from the study will be provided before
publication: SPI-3 and SPEI-3 over western Central Europe with ERAS, 20CRv3 and ModE-RA; atmospheric circulation
patterns associated with droughts for ERAS, 20CRv3 and ModE-RA.
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