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Abstract

The 2022 European drought was exceptional in spatial extent, intensity, and duration, with
severe impacts on society and ecosystems. Its primary dynamical driver was a persistent
anticyclonic anomaly over the eastern North Atlantic and western Europe. While anthro-
pogenic climate change (ACC) is known to intensify droughts thermodynamically by en-
hancing evaporation, its impact on atmospheric circulation patterns remains uncertain due
to strong internal variability. Using seven Single Model Initial-condition Large Ensembles
(SMILESs) and a flow analog approach, we assess the influence of ACC on both dynami-
cal and thermodynamical aspects of the 2022 drought. Specifically, we examine changes
in the spatial structure and frequency of circulation analogs, as well as the conditional
probability of drought occurrence. Our findings indicate that ACC did not significantly
alter the pattern or frequency of the circulation drivers linked to the 2022 drought, even
under higher levels of global warming. However, it markedly increases the likelihood of
severe drought given such circulation patterns, resulting in broader spatial extent, greater
intensity, and reduced intra-analog variability. These results suggest a shift in drought cau-
sation under global warming, with thermodynamic factors increasingly dominating over
dynamical drivers.
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1 Introduction

In 2022, Europe experienced a drought of exceptional intensity and duration (Toreti et al.
2022a; Garrido-Perez et al. 2024; Pascale and Ragone 2025). The prolonged precipitation
deficit, combined with higher-than-average temperatures (Bevacqua et al. 2024), resulted in
a hydrological drought of widespread societal and environmental impacts in the latter half
of that year (Baruth et al. 2022), especially in northern Italy (Clifford 2022; Navarra 2022;
Montanari et al. 2023), France, Spain, Portugal and the Netherlands (Toreti et al. 2022a).
The significant societal costs of the 2022 drought quickly drew the attention of the scientific
community and the media to the role of Anthropogenic Climate Change (ACC) in creating
the conditions for this extreme event.

Understanding how ACC is currently affecting these events and how it will affect them
in a future warmer climate is a pressing concern for water managers and decision-makers
tasked with addressing future water crises (Wendt et al. 2021, Kreibich, H. et al., 2022;
Teutschbein et al. 2023). As for all other meteorological and climatic extreme events,
evaluating the effects of ACC on extreme drought events requires assessing changes in
large-scale circulation drivers - the dynamic contribution - as well as changes driven by
temperature increase - the thermodynamic contribution (NAS 2016; Shepherd 2016, 2019;
Yiou et al. 2017). These two contributions can reinforce each other when large-scale circula-
tion anomalies (e.g., persistent anticyclones) reduce precipitation while higher temperatures
enhance evapotranspiration, jointly intensifying soil moisture deficits and drought severity.
Human-caused global warming is already exacerbating soil moisture droughts by enhancing
atmospheric water vapor demand, evapotranspiration, and hence soil drying (Lehner et al.
2017; Garcia-Herrera et al. 2019; Allan et al. 2021; Massari et al. 2022; Gebrechorkos et al.
2025). Recent studies (Faranda et al. 2023; Schumacher et al. 2024) confirm that the 2022
drought too was exacerbated by ACC. Specifically, Bevacqua et al. (2024) find that ACC
contributed to over 30% of the drought intensity and its spatial extent through enhanced
evapotranspiration, with a substantial fraction of the contribution mediated by warming-
driven soil drying occurred before year 2022.

While the thermodynamic contribution of ACC to recent extreme droughts is understood,
it remains difficult to attribute changes in atmospheric circulation dynamics directly to ACC
(Shepherd 2014; Seneviratne et al. 2021). Indeed, there are few studies in which the effect of
ACC on atmospheric circulation in single meteorological drought events has been identified
(Harrington et al. 2016; Odoulami et al. 2023). Recent research discusses a positive trend
in springtime and summertime 500 hPa geopotential heights over Europe in the last forty
years (Christidis and Stott 2015), correlating that with recent European drying (Bakke et
al. 2023). However, it remains challenging to discern the exact role of ACC on such large
scale dynamical changes conditions in specific events, given the substantial role played by
internal atmospheric variability and by the limitations global climate models in reproduc-
ing the atmospheric dynamics (Shepherd 2014; Lehner and Deser 2023; Shaw et al. 2024;
Doane-Solomon et al. 2025).

A weather regime analysis by Garrido-Perez et al. (2024) shows that the 2022 drought
was due to an unusual frequency of high-pressure systems over western Europe and to a
significant shift in blocking activity towards the south, with a consequent poleward dis-
placement of the North Atlantic eddy-driven jet. In terms of atmospheric low-frequency
variability, the dynamic driver of the 2022 drought was a record-breaking positive anoma-
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lies in geopotential height over the eastern North Atlantic and western Europe (Faranda et
al. 2022; Pascale and Ragone 2025). The persistence of the above-mentioned anticyclonic
anomaly has also been related to the sequential occurrences of specific phases of modes of
atmospheric low-frequency variability, i.e., the North Atlantic Oscillation (NAO), the East
Atlantic Pattern (EA), the Scandinavian Pattern (SCAND), and the East Atlantic/Western
Russian Pattern (EAWR). Pascale and Ragone (2025) show that a strong EA+ and EAWR-
in late spring-summer 2021 followed in winter-spring 2021-2022 by a strong SCAND- and
a NAO+ and then by a EA+ EAWR- in summer 2022 contributed to maintaining the above-
mentioned positive pressure and geopotential height anomalies

Using the century-long 20CR reanalysis (Compo et al. 2011) along with a flow analog
approach (Yiou and Nogaj 2004; Jézéquel et al. 2018; Vautard et al. 2021), Faranda et al.
(2023) investigated the exceptionality of the persisting anticyclonic anomaly over the Atlan-
tic and Western Europe which drove the 2022 drought. They identified such anticyclonic
pattern as the 9-month averaged 500 hPa geopotential height anomaly (December 2021
- August 2022) and then searched for atmospheric flow analogs in the 9-month low-pass fil-
tered data. By comparing the periods 1836—1915 to 1942-2021, they showed that the more
recent analogs of the 2022 circulation anomalies were associated with higher near-surface
temperatures and geopotential heights, and lower values of the Standardized Precipitation-
Evapotranspiration Index (Vicente-Serrano et al. 2010). These findings, while indicating an
exacerbation of the event by ACC, also show that, in terms of meteorological drivers, there
were no decadal trends in the frequency of occurrence of this analogs over the observed
period, that is, no evidence that atmospheric low-frequency anomalies as those observed
in association with the 2022 drought have become more frequent in the recent decades. A
major limitation of Faranda et al. (2023) is that it relies only on observations (i.e., reanalysis
data), which makes it impossible to totally rule out the internal variability signals, which, at
the decadal and multidecadal scales, can be comparable in the near-mid term (see, e.g., Kay
et al. 2015; Deser et al. 2020). Furthermore, for certain variables (e.g., dynamical variables,
Staten et al. 2018; Shaw et al. 2024), the forced signal may not have emerged yet from the
internal variability noise.

In this study, we expand the results of Faranda et al. (2023) about the 2022 Euro-Med-
iterranean drought and apply their methods to a suite of 7 Single Model Initial-condition
Large Ensembles (SMILEs, e.g., Kay et al. 2015; Deser et al. 2020; Maher et al. 2021)
available in the CMIP6 archive (Eyring et al. 2016). SMILEs provide thousands of years of
data, facilitating robust statistical estimates of hydroclimatic extremes (Van der Wiel et al.
2019) - contingent upon their accurate representation of climate variability (Simpson et al.
2025). Additionally, they facilitate the quantification of the range of internal variability and
the identification of the forced signals associated with ACC. In Europe, precipitation fea-
tures significant internal variability across timescales ranging from subseasonal to decadal,
due to atmospheric low-frequency modes (e.g., NAO, Barnston and Livezey 1987; Hurrell
1995; Keeley et al. 2012; Gastineau and Frankignoul 2015; Woollings et al. 2015) as well
as the remote effects of sea surface temperature anomalies (e.g.,the Atlantic Multidecadal
Variability Knight et al. 2005; Sutton and Hodson 2005; Kucharski et al. 2006; Bronnimann
2007; Zampieri et al. 2017). Consequently, utilizing a large ensemble of climate projec-
tions is a powerful method for separating internal natural variability from forced signals at
decadal timescales. Employing more than one SMILE allows for the assessment of model
structural uncertainty (Deser 2020). SMILEs proved to be very useful to study the contribu-

@ Springer



149 Page 4 of 23 Climatic Change (2026) 179:149

tion of ACC to exceptional multi-year droughts, as, for example, the 2015-2018 “Day Zero”
drought in Cape Town, South Africa (Otto et al. 2018; Sousa et al. 2018; Wolski 2018; Pas-
cale et al. 2020; Odoulami et al. 2023), the 2015-2019 Central American drought (Pascale
et al. 2021; Anderson et al. 2023), and the 2018—19 drought in the river Rhine basin (Van
der Wiel et al. 2022) as well as to understand how these events may look like in the future
at higher levels of global warming.

By analyzing different SMILEs across past, present, and future climates, we aim to
understand how droughts like the 2022 event in Europe evolve when the same large-scale
atmospheric circulation patterns occur, helping us isolate the role of ACC. Specifically, in
this study we are addressing the three following points: How does ACC affect the spatial
structure of atmospheric circulation analogs over time? Does the frequency of occurrence of
circulation analogs shift under the influence of ACC? To what extent does ACC modify the
likelihood of drought conditions associated with specific circulation analogs?

The paper is structured as follows: in Sect. 2, we describe the data and the methods used
to identify low-frequency flow analogs which drove the 2022 drought event; in Sect. 3, we
present the main results of this study, which are then critically discussed in Sect. 4 and sum-
marised in Sect. 5.

2 Data and methods
2.1 Drought and circulation variables

The Standardized Precipitation Evapotranspiration Index (SPEI) evaluates drought severity
by integrating precipitation and potential evapotranspiration (Vicente-Serrano et al. 2010).
SPEI extends the Standardized Precipitation Index (SPI) (McKee et al. 1993) by including
atmospheric water demand, estimated here via the simplified Thornthwaite method based
solely on temperature, due to limited GCM data availability. Given the multi-year 2022
drought (Pascale and Ragone 2025), we use the 12-month SPEI (SPEI12) to track long-
term droughts, a standard for hydrological drought assessment (Spinoni et al. 2013, 2015).
Atmospheric circulation patterns are identified using monthly 500 hPa geopotential height
(Z500) fields and their corresponding anomalies (see Sect. 2.2 for details on the computa-
tion of Z500 anomalies), alongside monthly precipitation and near-surface temperature, to
analyze SPEI variations during droughts.

2.2 Observations

The SPEI dataset, obtained at a 0.5° x 0.5° horizontal resolution from the Global SPEI data-
base (SPEIbase v2.10, Begueria et al. 2014), is derived from monthly potential evapotrans-
piration and precipitation data provided by the CRU TS v4.08 dataset (Harris et al. 2020). It
covers the period from January 1901 to December 2023.

To identify anomalous atmospheric circulation linked to the drought over the North
Atlantic-European sector, we employ monthly ERAS reanalysis (Hersbach et al. 2020) from
1940 to 2022. The 500 hPa geopotential height (Z500) data are detrended via a 3rd-order
polynomial and deseasonalized by subtracting long-term monthly means (1940-2022). A
12-month backward moving average aligns with the SPEI12 timescale (Kingston et al.
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2015). The circulation analog search (Sect. 2.4) targets the 12-month averaged Z500 anom-
aly for August 2022, when the drought reached its maximum extent and severity (Bevacqua
et al. 2024; Pascale and Ragone 2025).

2.3 Single model initial-condition large ensembles

We use seven SMILEs derived from CMIP6 GCMs with varying resolutions: ACCESS-
ESM1-5, CanESMS, GISS-E2-1-G, IPSL-CM6A-LR, MIROC6, MPI-ESM1-2-LR, and
UKESM1-0-LL. These models were selected because they provide at least 10 ensemble
members for both the historical (1850-2014) and future (2015-2100) periods. Models with
fewer members were excluded due to their limited ability to sample internal climate vari-
ability (Milinski et al. 2020). For future projections, we consider two Shared Socioeco-
nomic Pathways: SSP3-7.0 (high emissions) and SSP5-8.5 (very high emissions) (Riahi et
al. 2017). To facilitate comparison, all model outputs were resampled to the spatial resolu-
tion of MPI-ESM1-2-LR (1.875°x 1.875°). Details on the GCMs are provided in Table S1
(see Supplementary Information). We use monthly means of 500 hPa geopotential height,
precipitation, and near-surface temperature.

Historical (1850-2014) and future projections (2015-2100) of precipitation, temperature
and Z500 were combined to obtain a dataset spanning from 1850 to 2100. As with ERAS,
SMILE Z500 anomalies were calculated by detrending, deseasonalizing, and smoothing
the data using a 12-month backward moving average. All processing was performed sep-
arately for each ensemble member. For the Pre-Industrial period (1851-1900), the mean
was removed, while the post-1900 period was detrended at each grid cell using a third-
order polynomial fit. Monthly seasonality was then removed by subtracting the long-term
monthly means computed over 1851-2100 from the detrended data, so that each monthly
anomaly represents the deviation from its corresponding calendar-month mean over the full
period. The resulting anomalies were then smoothed using the 12-month moving average

2.4 Flow analog analysis

The target field for the flow analog search is the 12-month average Z500 anomaly in August
2022 (Fig. 1b) relative to the September 2021-August 2022 mean Z500 (Fig. 1a). Here and
in the rest of the paper, we will refer to low-frequency atmospheric states that are very simi-
lar to this target circulation anomaly as the “flow analogs”. While this method cannot fully
capture the complex dynamics of droughts, previous studies (Faranda et al. 2023; Pascale
and Ragone 2025) clearly show that multi-year droughts are associated with persistent anti-
cyclonic circulation patterns, which lead to sustained positive pressure and Z500 anomalies
over the entire duration of the event.

The search is conducted within each ensemble member of every SMILE, considering
both the historical period and future projections under two SSP scenarios (SSP3-7.0 and
SSP5-8.5). The flow analog method allows for a decomposition (e.g., Shepherd 2016) of
the joint probability of experiencing a European drought D (Fig. 1f) and a given circulation
state C (Fig. 1b) as observed in 2022. Specifically, this joint probability can be expressed
as P(D,C) = P(C)P(D|C), where P(D|C) represents the probability of the 2022 drought
conditional on the circulation state C, and P(C) is the probability of that circulation state.
Thus, this approach enables us to investigate the following three objectives:

@ Springer



149 Page 6 of 23 Climatic Change (2026) 179:149

(a) 2500 (m)

70

o1
©
a1
S
60

o1
I}
jl
S
50

4
B
=3
S
40

30

70

40 8 3
30 2
20 1
10 8 0
0 -1
-10 -2
-20 € -3
8
(e) PRCP Anomaly (mm/mon)
R T
8 3
2
1
3 0
-1
-2
g 3
3

-20 o 20 40

Fig. 1 Main climatological features of the 2022 drought event: (a) Z500, (b) Z500 anomaly, (¢) Near
surface temperature (2m), (d) Near surface temperature anomaly, (e) Precipitation anomaly, (f) SPEI12.
Time means are are taken over the period September 2021-August 2022 in order to be consistent with
the calculation of SPEI12. Anomalies are computed relative to the baseline periods 1940-2022 for ERAS
data (panel b) and 1901-2022 for CRU and SPEIbase data (panels d and ¢)

1. to evaluate if the spatial pattern of circulation analogs C changes in time under the effect
of ACC;

2. to evaluate if the frequency with which these circulation analogs happen changes in time
under the effect of ACC (i.e., P(C));

3. to evaluate if, during analogs, drought conditions are more or less prone to develop under
the effect of ACC (i.e., P(D|C)).
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2.4.1 Evaluating changes in flow analog patterns

To evaluate the spatial patterns of the analogs, we define five 50-year periods (Supplemen-
tary Fig. 1) during which flow analogs are sought: Pre-Industrial (PI, 1851-1900), Far Past
(FP, 1901-1950), Near Past (NP, 1951-2000), Near Term (NT, 2001-2050), and Far Future
(FF, 2051-2100). The use of 50-year windows is motivated by the requirement to capture a
sufficient number of events comparable to the 2022 multi-year drought, thereby ensuring the
robustness and statistical significance of the analysis. The PI period serves as a baseline rep-
resenting internal climate variability without the influence of anthropogenic climate change
(ACQ), effectively acting as a counterfactual climate (NAS 2016).

We place particular emphasis on the NT period (2001-2050), which includes the time
frame of the 2022 drought and is therefore relevant for contextualizing this event within
contemporary climate conditions. We note that the climate during this period is non-station-
ary; thus, the NT window should not be interpreted as a fixed “present climate”, but rather
as a near-term warming context within which the 2022 drought evolved. The FF period
(2051-2100) represents climatic conditions associated with approximately +3—4 K of global
warming relative to the PI baseline, a level that may be reached by the end of the century
without rapid and substantial mitigation efforts (e.g., Allan et al. 2021).

Following the extensive literature on circulation analogues (e.g., Yiou 2014; Jézéquel
et al. 2018; Yiou et al. 2021; Faranda et al. 2023), we identify flow analogues by minimiz-
ing the Euclidean distance between reanalysis-based and GCM-based Z500 anomaly fields.
While alternative distance metrics can be used which accounts for the spatial covariance
structure of the fields (see discussion in Yiou 2014), they are substantially more computa-
tionally expensive than the Euclidean distance, which is therefore preferred.

For each period, SMILE, and ensemble member, the five best analogs—those with the
smallest distance values—are selected. Consequently, each ensemble member of a GCM
contributes 25 analogs in total (5 analogs per period).

For each GCM, the average of all selected analog maps (i.e., 5 maps per ensemble mem-
ber multiplied by the number of ensemble members) is computed. For instance, the IPSL
model’s Z500 anomaly composite for the FF period is generated by averaging 55 analog
maps (11 ensemble members for SSP3-7.0). Analogous averaging is applied to temperature,
precipitation, and drought maps associated with the analog months to facilitate a compre-
hensive analysis.

At the multimodel level, for each SSP scenario and selected period, analogs from all
GCMs are combined by averaging to produce multimodel mean maps—for example, aver-
aging 1,185 analog maps for the SSP3-7.0 scenario for a given period. A schematic over-
view of this methodology is presented in Supplementary Fig. 1.

2.4.2 Evaluating changes in flow analog frequency

To assess the frequency of analog occurrences, we define, for each SMILE, a fixed Euclid-
ean distance threshold corresponding to the 0.05 quantile of all distances computed over the
full 1851-2100 period across all ensemble members. This threshold is then used to identify
analogs and their timing throughout the entire record (1851-2100), for each SMILE and
each ensemble member, and to determine the time window (e.g., PI, FP) in which they
occur. This approach allows us to quantify changes in flow analog frequency as the climate
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evolves, for example by comparing the number of analogs occurring in 2051-2100 with
those in 1851-1900.

3 Results
3.1 Impact of ACC on flow analog patterns

Figure la and b illustrate the 12-month mean Z500 and Z500 anomalies for August 2022.
These fields reflect the prevailing large-scale atmospheric circulation that contributed to the
maximum drought extent and intensity observed. Specifically, a persistent high-pressure
ridge over western Europe is characterized by a significant positive Z500 anomaly in this
region and the northern Atlantic (Faranda et al. 2023). Near-surface temperature (Fig. 1c)
was substantially above average (Fig. 1d) in the 12-month period September 2021-August
2022, contributing, along with precipitation deficits (Fig. le) to negative SPEI12 values
over most of Europe (Fig. 1f).

The 12-month mean Z500 (Fig. 1a) is notably exceptional, with values generally exceed-
ing those found in simulated analogs across various periods (Fig. 2a). The anomaly analogs
for Z500 simulated by SMILEs are illustrated in Fig. 2b, showing a notable similarity to
those observed in 2022 (Fig. 1b). This highlights the capability of GCMs to accurately cap-
ture the 12-month circulation anomaly.

The differences in 2500 (Fig. 2d, g, j, m) during FP, NT, and FF compared to values dur-
ing the PI period allow us to assess the extent to which the low-frequency flow analogs that
contributed to the 2022 drought are being significantly impacted by ACC in terms of shape,
position, and magnitude. Models consistently indicate a non-uniform increase of Z500 with
warming in the analogs, demonstrating that Z500 gradually and consistently rises from FP
to FF. This increase is more pronounced in eastern Europe than in western Europe, with the
largest increments observed over northwestern Europe and northern Africa, and the smallest
increments over the North Atlantic (Fig. 2j-m). Such pattern is consistently similar to what
observed under the SSP5-8.5 scenario too (Supplementary Fig. 2).

Unlike the full Z500 field, it is less clear how ACC will affect the shape and position of
the Z500 anomalies in the analogs (Fig. 2b, e, h, k, n). When examining the multimodel mul-
timember ensemble mean differences between NT, FF, and PI, a dipolar structure emerges
first in NT and then persists and strengthens in FF (Fig. 21, o). This dipole is characterized
by positive anomalies over Eastern Europe and negative anomalies over Western Europe.
The signals observed in NT and FF are consistent with those in SSP5-8.5 (Supplementary
Fig. 2). This suggests that this pattern might not just be noise, but rather a significant part of
the forced signal in the Z500 anomaly for this low-frequency flow analog. By examining the
individual SMILEs involved in this study, we find that three out of four GCMs - CanESM,
MIROC, and MPI - exhibit similar responses, featuring the same dipolar structure as the
multimodel ensemble (Fig. 20, and Supplementary Figs. 3, 4, 5). In contrast, the remain-
ing models (ACCESS, GISS, IPSL, and UKMO) show quite different responses compared
to both the multimodel ensemble mean and each other (Fig. 20, Supplementary Figs. 6, 7,
8, 9). Similar differences in Z500 anomalies and patterns across GCMs are consistently
observed in the single model figures for SSP5-8.5 as well (not shown).
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Fig. 2 Flow analogs from SMILEs for historical and future periods (2015-2100 from SSP3-7.0). (a)
Mean Z500 and (b) Z500 anomalies during PI flow analogs. (d) FP-PI differences in Z500 associated
with flow analogs. (e) Z500 anomalies during FP flow analogs. (f) FP—PI differences in Z500 anomalies.
(g-1), (j-1), and (m—o) as in (d—f), but for the NP, NT, and FF periods, respectively. Stippling indicates
inter-model agreement (at least 5 GCMs showing statistically significant change). For each GCM, dif-
ferences from PI are computed for the selected period using N=m X 5 analogs (m ensemble members, 5
best analogs each). Significance at each grid point is assessed via bootstrap (1,000 resamples of m analogs
from the m X 5 pool), and confidence intervals are derived from the resampled mean differences
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Figure 3 shows the changes in the multimodel multimember mean of precipitation (Fig.
3a, d, g, j, m), near-surface temperature (Fig. 3b, e, h, k, n) and SPEI12 (Fig. 3f, i, 1, o)
across the FP, NP, NT, and FF periods. This allows us to assess the impact of ACC on the
three main variables related to drought during flow analogs. It is evident that ACC has sig-
nificantly influenced drought conditions during these analogs. Firstly, near-surface tempera-
tures are noticeably higher - up to 2 K over the continental land - relative to PI, with even
higher temperature increase - between 4 and 8 K - projected for the FF period. The warming
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Fig. 3 Impact of ACC on drought characteristics during flow analogs. Mean (a) Precipitation, (b) Near-
surface temperature, and (¢) SPEI12 during the PI period; changes in mean (d) Precipitation, (e) Near-
surface temperature, and (f) SPEI12 in FP relative to PI. Panels (g—i), (j—1) and (m—o0) show the same
quantities as (d—f), but for the NP, NT and FF periods, respectively. Years 2015-2100 follow the SSP3-7.0
scenario. Stippling indicates inter-model agreement (see Fig. 2 for details)
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is particularly pronounced in northeastern Europe and Russia (Fig. 3k, n), concentrated in
areas where Z500 experiences the most considerable increases during the analogs (Fig.
2m). Regarding precipitation, ACC leads to the emergence of a dry-wet south-north dipole
during NT and FF periods of the analogs (Fig. 3j, m). This pattern of precipitation response
is observed in most GCMs e.g., 1 and it is consistent with the poleward shift of the storm
track (e.g., Harvey et al. 2020), shifts in upper tropospheric stationary waves and reduced
land—water warming contrast over the Mediterranean basin (Tuel and Eltahir 2020, 2021).
Interestingly, the models that agree on the Z500 anomaly response (CanESM, MIROC, and
MPI) also tend to show a more marked north-south precipitation response, while the others
(ACCESS, GISS, IPSL, and UKMO) tend to show a much weaker precipitation response
(not shown). However, it is not straightforward to mechanistically link this to the mean
7500 or Z500 anomaly response discussed earlier.

The combined effects of changes in near-surface temperature and precipitation on
drought conditions during flow analogs are reflected in the SPEI12 anomalies shown in Fig.
31,0. The SMILES analyzed in this study confirm the significant role of ACC in making such
flow analogs more prone to drought conditions, with SPEI12 substantially and significantly
negative in the factual climate (NT, Fig. 31). This trend is exacerbated even further in the FF
period (Fig. 30) under higher levels of global warming. Notably, SPEI12 anomalies during
FP and NP are negligible and mostly not significant. This indicates that drought conditions
would have not been worsened by ACC had such a flow analog occurred in the period from
1900 to 2000. In other words, the findings show that the same low-frequency atmospheric
circulation pattern associated with the 2022 drought would have been unlikely to produce
such severe impacts in the early or mid-twentieth century. Today, however, and increasingly
in the future, this type of circulation leads to much more intense drought conditions—espe-
cially in the Mediterranean—due to the amplifying effects of anthropogenic climate change
(ACCO): not only reduced precipitation and increased evaporative demand driven by higher
temperatures, but also generally higher geopotential heights that intensify atmospheric sta-
bility and dryness.

Very similar patterns to those shown in Figs. 2 and 3 are obtained when each GCM is
first averaged across its ensemble members and all GCMs are then given equal weight in
the multi-model mean (not shown), thus confirming that differences in ensemble size do not
affect the results.

3.2 Impact of ACC on flow analogs’ frequency

We next move to examine P(C), i.e., the probability of occurrence of the flow analog associ-
ated with the 2022 drought event (see the methodology described in Sect. 2.4.1). In Fig. 4
we show the basic statistics of the number of atmospheric flow analogs for each time period
(PI, FP, NP, NT, FF), across all SMILEs. We note a very large spread across ensemble
members, for each time period, in the number of flow analogs, as a consequence of internal
climate variability. Indeed, for each SMILE, the members of the large ensemble can exhibit
a considerable range in the number of analogs - ranging from as few as a couple to as many
as a few tens - during each 50-year period, highlighting the critical role of internal climate
variability. In spite of this very large spread, it is evident that the number of low-frequency
analogs is not substantially impacted by ACC, even in the FF period when substantial global
warming is expected under the two high-end CMIP6 scenarios (SSP3-7.0 and SSP5-8.5). To
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Fig. 4 Number of flow analogs under ACC. Box and whisker plots show, for each SMILE and during
each time period (PI, FP, NP, NT, FF), the basic statistics in the occurrence of flow analogs: minimum,
10th percentile, 25th percentile, median, 75th percentile, 90th percentile and maximum. The box and
whisker for the PI period is highlighted to better allow for comparison. NT and FF are based on SSP3-7.0
projections

more rigorously support this statement, we assess differences between periods (PI vs FP, NP,
NT, and FF) for each SMILE using a parametric bootstrap approach for overdispersed count
data. A Negative Binomial bootstrap is applied to generate synthetic samples that capture
the extra variability, and for each replicate we compute the difference in mean counts to
construct the null distribution (Hilbe 2011). The two-sided p-value is obtained from the pro-
portion of bootstrap realizations exceeding the observed difference. The results show that
the probability that PI and FP, NP, NT, and FF counts are drawn from the same distribution
is generally larger than 5%, indicating that ACC does not significantly affect the number of
analogs. Similar results are obtained for the SSP5-8.5 scenario (not shown). The insensitiv-
ity of the occurrence frequency of these flow analogs to ACC aligns with the findings of
Faranda et al. (2022), based on the 20CR reanalysis for 1836-2021.

Despite the numbers of flow analogs being unaffected by ACC, drought conditions in
Europe are becoming increasingly widespread during such analogs (Fig. 5). The range of
the fraction (in %) of European land area affected by drought condition — that is, featuring
SPEI12<-1 — during flow analogs has expanded from approximately 0—15% in the PI, FP,
NP periods to around 15-30% in the NT. This indicates that the impact of ACC has become
evident only in the twenty-first century. Under a low-frequency atmospheric circulation
anomaly as that observed in September 2021-August 2022, the areal extent of drought over
Europe would have been smaller in the twentieth century and identical to that of the counter-
factual climate (PI). The impact of ACC on drought extent during flow analogs is projected
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Fig.5 The European area (percentage of grid points) under drought conditions (SPEI<—1) and the num-
ber of similar analogs (Euclidean distance less than the 0.05 quantile value) under the SSP3-7.0 scenario,
across various historical and future periods: (a) The Pre-Industrial period (PI: 1851-1900), (b) The far
past period (FP: 1901-1950), (¢) The near-present period (NP: 1951-2000), (d) The near term period
(NT: 2001-2050), and (e) The far future period(FF: 2051-2100); the European area considered for this
analysis (f) Circle area is proportional to of Europe affected by drought

to substantially increase in the second part of this century under both the SSP3-7.0 and
SSP5-8.5 scenario (Supplementary Fig. 11). In fact, in the FF period SMILEs indicate that
30-70% of European land area will be affected by drought conditions as flow analogs occur.
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3.3 Impact of ACC on drought variability during flow analogs

Another important aspect of the effect of ACC on the 2022 European drought is the vari-
ability within the set of analogs. In other terms, how does ACC influence the diversity of
drought conditions under the same flow conditions? Indeed, the occurrence of a flow analog
does not lead to droughts of the same severity over Europe, as minor variations between
analogs as well as smaller-scale factors, such as local boundary conditions and circulation
patterns, may lead to different meteorological outcomes. It has been already shown in Sect.
3.1 (Fig. 3) that, for NT and FF, the mean values of SPEI12 during analogs tend toward
more negative values over Europe, i.e., the conditional probability P(SPEI12 < —1|C)
shifts toward more negative SPEI12 values. It is interesting to explore what ACC implies
regarding the variability of P(SPEI12 < —1|C) around these more negative values. Fig-
ures 61,0 show the standard deviation of the SPEI12 values within the analog pool for each
SMILE. It can be noted that, over a large part of Europe, especially in southern Europe, the
spread of SPEI12 get considerably smaller as we move from FP to FF, that is, the standard
deviation of P(SPEI12 < —1|C) becomes substantially smaller as it shifts to more nega-
tive values. Consequently, both in the near term (in NT) and even more in the far future (in
FF), we can expect less variability around more severe drought conditions during flow ana-
logs. Conversely, in northern Europe (i.e., Scandinavia and western Russia), we observe an
increase in the standard deviation of P(SPEI12 < —1|C) despite an overall shift toward
lower values (Fig. 61, 0). This suggests greater variability in drought conditions during flow
analogs in a region that was only marginally affected by drought in 2022 (Fig. 1f). The
contrasting behavior relative to southern Europe is likely attributable to the opposing pre-
cipitation response observed in this area (Fig. 3j, m). Specifically, increased precipitation
in some analogs may largely offset the enhanced evaporative demand associated with a
warmer climate.

4 Discussion

The wide range of climate simulations analysed in this study shows that atmospheric condi-
tions similar to those observed during the 2022 drought, which would have been unlikely to
produce severe drought impacts in the early or mid-twentieth century, now—and increas-
ingly in the future—lead to much more pronounced drying. While the spatial pattern and
frequency of the low-frequency flow analogs leading to the 2022 drought remain largely
unchanged under ACC, the associated impacts are amplified. This amplification is primar-
ily driven by thermodynamic factors, including higher temperatures, increased evaporative
demand, reduced precipitation, and generally elevated geopotential heights, particularly
over the Mediterranean region.

Specifically, our analysis reveals that the 12-month averaged Z500 flow analogs exhibit
shape changes influenced by ACC (see Fig.2j,m). This can be attributed to ACC-induced
shifts in the Z500 background state during the analog periods, resulting in enhanced ridg-
ing over eastern Europe and the Mediterranean area. The west-east differential response
in Z500 may reflect either an amplified land-sea thermal contrast or a complex dynamical
adjustment of the large-scale circulation to ACC, potentially involving mechanisms such
as stationary Rossby waves triggered by altered land-sea thermal gradients (e.g., Tuel and
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Fig. 6 Standard deviation of SPEI12 values within the analog pool obtained in the twentieth century
(FP: 1901-1950, NP: 1951-2000) and twenty-first century (NT: 2001-2050, FF: 2051-2100) for each
SMILE: (a-d) MPI-ESM1-2-LR, (e-h) MIROCS, (i-1) ACCESS-ESM1-5, (m-p) IPSL-CM6A-LR, (q-t)
UKESM1-0-LL, (u-x) GISS-E2-1-G, (y-b.1) CanESMS5. The standard deviation is evaluated considering,
for each SMILE and for each period, N = m x 5 analogs, with m number of ensemble members and 5
the number of best analogs found for each ensemble member
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Eltahir 2020, 2021; He et al. 2023; Tahvonen et al. 2025) or modifications in teleconnec-
tion patterns (e.g., Liu et al. 2025). Climate models project greater near-surface warming
over northern Eurasia compared to the adjacent Atlantic Ocean (Fig. 3k, n), providing a
thermodynamic explanation for the larger tropospheric temperature increases observed over
northeastern Europe. Flow analog Z500 anomalies relative to the background state display
only modest and probably irrelevant changes associated with ACC (Fig. 21, o) with large
inter-model differences (Supplementary Figs. 3—9). The magnitude of these Z500 anomaly
changes in the forced-future (FF) period is comparable to anomalies in other periods where
ACC impact is negligible (e.g., forced-present, FP). This suggests that substantial internal
decadal to multidecadal variability and inter-model differences likely obscure a clear forced
signal in Z500 anomalies during the analogs.

The expansion of drought-affected areas across Europe during flow analogs (Fig. 5) is
primarily driven by near-surface warming, which intensifies thermodynamic processes that
increase evapotranspiration. Notably, in northeastern Europe, SPEI12 anomalies during
both the NT and FF scenarios remain negative despite positive precipitation anomalies (Fig.
3m, n, o). This thermodynamic amplification of droughts has been documented in numerous
recent studies (Dai 2013; Vicente-Serrano et al. 2014; Herrera et al. 2018; Ionita and Naga-
veiuc 2021; Gebrechorkos et al. 2025) and is considered one of the most robust impacts of
ACC on meteorological extremes. In the context of the 2022 drought, we demonstrate that
ACC substantially increased the affected area, producing one of the most extensive droughts
recorded in Europe, with nearly 100% of the national territory impacted in some countries,
such as Italy (Pascale and Ragone 2025). Furthermore, the frequency of flow analogs is
projected to remain relatively stable and largely unaffected by ACC through the FF period
under both high-emission scenarios (SSP3-7.0 and SSP5-8.5), as discussed in Sect. 3.2.
These results suggest that atmospheric circulation dynamics will play a diminishing role in
the occurrence of widespread severe droughts like that of 2022, whereas thermodynamic
effects from global warming—particularly increased potential evapotranspiration—will
become the dominant driver.

While we rely on a suite of large ensemble simulations from multiple General Circulation
Models (GCMs) to separate the externally forced response from internal climate variability,
and employ a flow-analog approach to isolate the low-frequency circulation patterns associ-
ated with the 2022 drought, certain caveats remain. First, although our analysis shows that
the large-scale atmospheric low-frequency pattern linked to the 2021-2022 drought does
not exhibit substantial changes under anthropogenic climate change (ACC)—neither in the
present-day climate (2001-2050) nor under future projections (2051-2100)—this result
must be interpreted in light of known limitations of GCMs in representing atmospheric
dynamics. Previous work has highlighted persistent model biases and uncertainties in simu-
lating circulation features, including the jet stream, blocking, and wave breaking processes
(e.g., Shepherd 2014; Vautard et al. 2023; Shaw et al. 2024). These limitations affect the
confidence with which one can assess changes in circulation-related drought drivers. Sec-
ond, while our approach robustly assesses the frequency of analog patterns across multiple
models, we do not draw strong conclusions regarding potential changes in the structure or
shape of these analogs. Subtle shifts in the spatial configuration of circulation patterns—
beyond frequency alone—could also influence drought severity but are more difficult to
quantify and may be obscured by internal variability and model resolution constraints.
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Finally, our findings reinforce the importance of using large climate model ensembles
when investigating trends in low-frequency flow patterns. Internal climate variability exerts
a strong influence on the occurrence of such analogs, and single or small ensembles may
lead to misleading conclusions about trends or extremes (Deser 2020). Continued efforts
to improve the representation of atmospheric dynamics in models, and to better constrain
uncertainty through coordinated multi-model large ensemble frameworks, remain essential.

5 Conclusions

The 2022 European drought - characterized by its exceptional intensity and prolonged dura-
tion (Toreti et al. 2022b; Garrido-Perez et al. 2024; Pascale and Ragone 2025) - highlights
the significant challenges posed by extreme weather events such as droughts in the con-
text of a changing climate. Although it is well established that climate change exacerbates
drought impacts by increasing temperatures and thereby enhancing evaporative demand
(Dai 2013; Vicente-Serrano et al. 2014; Herrera et al. 2018; Ionita and Nagavciuc 2021;
Gebrechorkos et al. 2025), the role of atmospheric circulation patterns - which modulate
weather systems and low-frequency atmospheric variability - is more challenging to quan-
tify and has only been thoroughly investigated for a few drought events to date (Harrington
et al. 2016; Odoulami et al. 2023).

Our results reveal no significant change in the frequency of low-frequency flow ana-
logs associated with the 2022 drought event, and provide inconclusive evidence regarding
shifts in their spatial patterns. However, the findings suggest that the impacts of these ana-
logs on drought severity are likely to intensify under rising temperature conditions This is
accompanied by a notable reduction in the variability of the 12-month Standardized Precipi-
tation Evapotranspiration Index (SPEI12) within the analog pool, particularly across south-
ern Europe. These findings imply that while the role of atmospheric dynamics in driving
widespread severe droughts like the 2022 event may not increase, thermodynamic effects
linked to global warming—primarily through enhanced potential evapotranspiration—will
increasingly dominate drought development.

We acknowledge that the methodological framework adopted in this study entails certain
simplifications. As described in Sect. 2, our analysis is based on SPEI12 and on the iden-
tification of flow analogs derived from low-frequency atmospheric circulation anomalies
(i.e., 12-month mean anomalies). While this approach is well suited to investigating the
large-scale, persistent circulation features associated with multi-year drought conditions
(e.g., Faranda et al. 2023; Pascale and Ragone 2025), it does not resolve the full dynami-
cal complexity of drought events. In particular, it does not capture drought variability at
finer temporal scales (e.g., monthly or seasonal) or the contribution of synoptic-scale atmo-
spheric processes, nor does it explicitly account for potential land—atmosphere feedbacks,
which may further amplify and sustain drought conditions (Seneviratne et al. 2021; Yoon et
al. 2026). Future work employing complementary attribution approaches - such as machine
learning methods (e.g., Self-Organizing Maps; Odoulami et al. 2023), storyline approaches
(e.g., Shepherd 2016; Feser and Shepherd 2025), or rare event algorithms specifically
designed to investigate time-persistent extreme events (e.g., Ragone and Bouchet 2021) -
would be valuable to further extend and refine the present findings.
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Finally, future research might extend the scope of this study, which remained focused on
the major 2022 European drought event, and apply this analysis to other significant droughts
occurred in the last decades in Europe (e.g., Garcia-Herrera et al. 2007, 2019; Spinoni et al.
2015; ITonita et al. 2017; Van der Wiel et al. 2019; Moravec et al. 2021; Pascale and Ragone
2025) or in other world regions (e.g., Herrera et al. 2018; Pascale et al. 2020, 2021; Cook
et al. 2022) to have a more comprehensive understanding of drought variability and climate
change impacts.
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