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Abstract. Projections of changes in extreme droughts un-
der future climate conditions are associated with large uncer-
tainties, owing to the complex genesis of droughts and large
model uncertainty in the atmospheric dynamics. In this study
we investigate the impact of global warming on soil mois-
ture drought severity in west-central Europe by employing
pseudo global warming (PGW) experiments, which project
the 1980–2020 period in a globally warmer world. The fu-
ture analogues of present-day drought episodes allow for in-
vestigation of changes in drought severity conditional on the
historic day-to-day evolution of the atmospheric circulation.

The 2018 west-central European drought is the most se-
vere drought in the 1980–2020 reference period in this re-
gion. Under 1.5, 2 and 3 ◦C global warming, this drought
episode experiences strongly enhanced summer tempera-
tures but a fairly modest soil moisture drying response com-
pared to the change in climatology. This is primarily because
evaporation is already strongly moisture-constrained during
present-day conditions, limiting the increase in evaporation
and thus the modulation of the temperature response under
PGW. Increasing precipitation in winter, spring and autumn
limits or prevents an earlier drought onset and duration. Nev-
ertheless, the drought severity, defined as the cumulative soil
moisture deficit volume, increases considerably, with 20 % to
39 % under 2 ◦C warming.

The extreme drought frequency in the 1980–2020 period
strongly increases under 2 ◦C warming. Several years with-
out noticeable droughts under present-day conditions show
very strong drying and warming. This results in an increase

in 2003-like drought occurrences, compounding with local
summer temperature increases considerably above 2 ◦C.

Even without taking into account a (potentially large) dy-
namical response to climate change, drought risk in west-
central Europe is strongly enhanced under global warm-
ing. Owing to increases in drought frequency, severity and
compounding heat, a reduction in recovery times between
drought episodes is expected to occur. Our physical cli-
mate storyline provides evidence complementing conven-
tional large-ensemble approaches and is intended to con-
tribute to the formulation of effective adaptation strategies.

1 Introduction

The impact of recent west-central European droughts and
heat waves on society and nature (Vogel et al., 2019; Rös-
ner et al., 2019; Kramer et al., 2019; Schuldt et al., 2020;
Beillouin et al., 2020; Bastos et al., 2021; Krikken et al.,
2021) once again triggered questions regarding the role of
climate change in the occurrence and extremity of drought
events (Kornhuber et al., 2019; Yiou et al., 2020; Philip et
al., 2020; Zscheischler and Fischer, 2020) and on what to ex-
pect under continuing global warming (Toreti et al., 2019;
Kornhuber et al., 2019; Hari et al., 2020).

The 2018 growing season was the compound hottest and
driest ever recorded in west-central Europe (Toreti et al.,
2019; Zscheischler and Fischer, 2020), owing to a sequence
of anomalously persistent high-pressure systems over east-
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ern, northern and central Europe between April and October
(Bissolli, 2019; Sluijter et al., 2018), associated with large-
scale atmospheric subsidence, clear-sky conditions, and gen-
erally low relative humidity and moisture advection (Sousa
et al., 2017, 2018), against the background of globally in-
creasing temperatures (Philip et al., 2020; Vogel et al., 2019).
Temperatures were anomalously high over almost the en-
tire European continent (Vogel et al., 2019; Kornhuber et
al., 2019), but the precipitation deficit was particularly in-
tense and long lasting in west-central Europe. In this region
the deficit built up from April–May until November, only
intermittently interrupted by intense but small-scale short-
duration rainfall events (Bissolli, 2019; Sluijter et al., 2018).
This led to soil desiccation and extremely low groundwater
tables (Brakkee et al., 2022) and river discharge (Brunner et
al., 2019; Kramer et al., 2019) in the west-central European
river basins. The consecutive years 2019 and 2020 were char-
acterized by record-braking heat waves (Vautard et al., 2020;
Sousa et al., 2020) and anomalously dry conditions as well
(Hari et al., 2020; Bastos et al., 2021; Bissolli, 2020, 2021;
Rakovec et al., 2022; Van der Wiel et al., 2023). And again,
in 2022, heat waves and severe and particularly widespread
drought conditions affected Europe (Toreti et al., 2022). At
the time of writing, soil moisture deficits, river water lev-
els and river discharge approached or exceeded 2018 levels
in several west-central European river basins, with reported
impacts on ecology, agriculture and shipping (Toreti et al.,
2022; WMCN-LCW, 2022; BfG, 2022).

Although the probability of heat waves in this region is
demonstrated to have increased in response to anthropogenic
climate change (Stott et al., 2004; Vogel et al., 2019; Vau-
tard et al., 2020), the attribution of extreme drought events is
more complex (Trenberth et al., 2014). Independent drought
events are scarce, owing to their long timescale and large spa-
tial scale, which hampers the derivation of robust statistics.
Moreover, the processes contributing to widespread drought
conditions are not easily disentangled. Intense drought con-
ditions are governed by persistent patterns of atmospheric
circulation with low moisture advection into the region of
interest. Trends over recent years suggest increases in the
frequency and/or persistence of such circulation conditions
(Coumou et al., 2014; Kornhuber et al., 2019), but observed
circulation-related changes are generally dominated by natu-
ral variability (Shepherd, 2014), and there are no significant
long-term trends in meteorological (precipitation) drought
events in this region (Gudmundsson and Seneviratne, 2016;
Hanel et al., 2018; Manning et al., 2019; Spinoni et al.,
2019; Philip et al., 2020; Gutiérrez et al., 2021). Never-
theless, observation- and model-based studies find decreas-
ing trends in summer water availability (precipitation mi-
nus evaporation) (Spinoni et al., 2019; Padrón et al., 2020)
and increases in the frequency and/or severity of soil mois-
ture droughts (Hanel et al., 2018; Philip et al., 2020) as well
as in long-duration compound hot and dry events (Manning
et al., 2019). This is owing to increasing trends in atmo-

spheric evaporative demand with global warming in the pre-
dominantly energy-constrained evaporation regime in west-
central Europe.

Under further increasing greenhouse gas concentrations,
climate projections agree on a general pattern of year-round
decreasing precipitation in the Mediterranean and increas-
ing precipitation in northern Europe, with the drying–wetting
transition zone shifting north in summer under higher levels
of global warming (Jacob et al., 2014; Aalbers et al., 2018;
Coppola et al., 2021; Gutiérrez et al., 2021). For west-central
Europe precipitation increases are projected for winter and
autumn, while smaller increases or small decreases are pro-
jected for spring and summer. Soil moisture is projected to
further decrease, with the strongest responses in summer and
autumn (Ruosteenoja et al., 2018; Van der Linden et al.,
2019), and studies based on large model ensembles show in-
creases in the frequency and severity of (multi-year) drought
episodes (Samaniego et al., 2018; Toreti et al., 2019; Hari
et al., 2020). The magnitude and direction of the precipita-
tion changes and the magnitude and timing of the soil mois-
ture drying response are uncertain and depend on, e.g., the
climate model resolution and generation (Jacob et al., 2014;
Coppola et al., 2021; Van der Linden et al., 2019), biases in
the mean climate state in the reference period, and the abil-
ity of climate models to realistically represent land surface–
atmosphere coupling (Orth et al., 2016; Van der Linden et al.,
2019; Vogel et al., 2018; Selten et al., 2020) and atmospheric
dynamics (Shepherd, 2014; Woollings et al., 2018).

In this study the contribution of global warming to the in-
crease in drought severity and frequency is being addressed
by projecting the 2018 drought, as well as the entire 1980–
2020 historical period, in a globally warmer world. This
is an implementation of the so-called storyline approach
(Hazeleger et al., 2015; Shepherd et al., 2018; Shepherd,
2019; Sillmann et al., 2021), a storyline being defined as a
“physically self-consistent unfolding of a past events, or of
plausible future events or pathways” (Shepherd et al., 2018).
Instead of analyzing large-ensemble simulations to derive
changes in the probability of extreme drought events, we
construct plausible future drought events as analogues of ex-
treme climate events that have actually occurred in the cur-
rent climate (Hazeleger et al., 2015). As such, changes in
droughts in response to global warming can be directly re-
lated to real-world events and their societal impact, which
make the results very tangible and therewith useful for cli-
mate change communication.

Storylines in the form of future analogues of heat
waves and droughts have previously been constructed with,
e.g., spectral nudging of global climate models (GCMs)
(Rasmijn et al., 2018; Wehrli et al., 2020; Van Garderen and
Mindlin, 2022) and by selecting events from different warm-
ing periods in a very large GCM ensemble (Van der Wiel et
al., 2021). Here, we follow a pseudo global warming (PGW)
approach (Schär et al., 1996), in which the atmospheric and
ocean forcing data of regional climate model (RCM) simu-
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lations are perturbed to represent changes in the mean cli-
mate state. The PGW method has previously been used –
from very simple uniform warming experiments to more ad-
vanced perturbations – to examine changes in heavy precipi-
tation (e.g., Attema et al., 2014; Prein et al., 2017; Lenderink
et al., 2019), disentangle the contribution of different drivers
to amplified Mediterranean warming and drying (Kröner et
al., 2017; Brogli et al., 2019), and provide future weather
scenarios of extreme precipitation events (Klein Tank et al.,
2015; Lenderink and Attema, 2015). In this study, we per-
form simulations with an RCM forced with reanalysis data
to reconstruct the historical period and, specifically, the 2018
drought. For the PGW simulations we essentially rerun the
simulations but perturb the atmospheric and oceanic forc-
ing data with climate change information from global cli-
mate model (GCM) projections. It has been shown that by
perturbing all state variables with the mean climate change
signal in GCM projections, a large part of that mean climate
change signal is captured (Brogli et al., 2019). At the same
time, the day-to-day evolution of the synoptic-scale circula-
tion in the PGW simulations, i.e., the sequence of weather
systems entering the model domain, remains essentially de-
termined by the reanalysis forcing and is therefore very sim-
ilar to the sequence seen in the present-day simulation. Re-
sponses from large-scale atmospheric circulation variability
are thus suppressed, optimizing the signal-to-noise ratio (De
Vries et al., 2022; Lenderink et al., 2023). Another advantage
is that the reference climate state, which can have a large im-
pact on drought evolution, is not affected by biases in a GCM
since it is based on reanalysis data, thus avoiding one source
of uncertainty in future projections.

We focus our analysis on the 2018 drought episode for its
recent occurrence and severe impact. Based on the present-
day simulations we first explore the atmospheric drivers and
soil moisture evolution of the 2018 event under present-day
conditions. We repeat this analysis with the PGW simula-
tions, with perturbations derived from three different GCM
projections and for several levels of global warming, to di-
agnose the response in atmospheric drivers, the soil moisture
evolution and the severity of the 2018 drought event. Addi-
tionally we evaluate the position of this 2018 event in the
1980–2020 period, both for present-day and for future con-
ditions under a single warming level.

The purpose of this work is to provide robust, physically
consistent scenarios of what global warming entails for ex-
treme droughts and for the full range of years from wet to
moderately dry that occurred in the historical record. It is in-
tended to complement projections of changes in drought risk
derived with the conventional large-ensemble approaches,
giving an explicit reference to collectively experienced real-
world events.

2 Model and methods

2.1 Regional climate model

All simulations are performed with the RCM KNMI-
RACMO2 (Van Meijgaard et al., 2012), run at 12 km res-
olution, with 40 vertical model levels. External forcings
for aerosols and greenhouse gases have been implemented
according to CMIP5 prescriptions (Collins et al., 2013).
RACMO2 uses the land surface scheme HTESSEL (Balsamo
et al., 2009), which employs four soil layers with a total depth
of 2.9 m. At the bottom of the soil column, boundary condi-
tions are specified as zero heat flux and free drainage. Each
land grid cell includes separate tiles for high and low vege-
tation (16 vegetation types), bare soil, snow on low vegeta-
tion/bare soil, snow beneath high vegetation and intercepted
water, for which the energy and water balances are solved
individually. The tile fractions vary with interception storage
and snow cover. The vegetation cover (leaf area index) fol-
lows a fixed annual cycle. The model domain is centered over
west-central Europe and covers most of Europe.

2.2 Experimental setup

We examine the impact of global warming on the evolution
of soil moisture droughts by comparing present-day (REF)
and pseudo global warming (PGW) simulations. Table 1 pro-
vides an overview of all simulations.

Present-day simulations. The present-day simulations
consist of an 11-member initial-condition ensemble covering
the period 2018–2020 (2018REF) and a continuous climate
simulation covering the period 1980–2017 (climREF). We
have created an initial-condition ensemble for 2018–2020
since random small-scale variations in the weather (i.e., due
to internal variability within the RCM domain) could oth-
erwise dominate the response. By using an initial-condition
ensemble, small-scale variations are sampled, increasing the
robustness of the assessment of future changes in a single
climate event.

RACMO is run continuously over the period 1 Jan-
uary 1979–1 January 2018, with initial conditions and lat-
eral and sea surface boundary conditions from the ERA5 re-
analysis dataset (Hersbach et al., 2020). The sea surface and
lateral boundary conditions are updated every 3 h. The first
year is used as spin-up, leaving the period 1980–2017 as the
reference period for the present-day climate (climREF). The
11-member ensemble for 2018–2020 (2018REF) is created
by running RACMO 11 times over the period 2018–2020,
reinitializing the atmospheric state to the ERA5 reanalysis
on 1 January for member 1, 6 January for member 2 and up
to 20 February for member 11. Unless indicated otherwise,
throughout this paper analyses for 2018–2020 are based on
the ensemble-mean values.

PGW simulations. All simulations are rerun but with per-
turbed initial land state (soil moisture, soil temperature, snow

https://doi.org/10.5194/nhess-23-1921-2023 Nat. Hazards Earth Syst. Sci., 23, 1921–1946, 2023



1924 E. E. Aalbers et al.: The 2018 west-central European drought projected in a warmer climate

Table 1. Model simulations. The data source for the initial land surface conditions (Land surface init.) and the sea surface and initial and
lateral atmospheric boundary conditions (Sea & atm. init. & bound.) are indicated.1nK: perturbations for n ◦C global warming derived from
GCM projections, EC: EC-EARTH, HAD: HadGEM2-ES, MPI: MPI-ESM-LR.

cover), sea surface (temperature and sea ice extent) and lat-
eral boundary conditions (temperature, humidity, geopoten-
tial height and wind). The 2018–2020 simulations are re-
run with perturbations consistent with 1.5, 2 and 3 ◦C global
warming with respect to 1991–2020 (2018+nK; n= 1.5, 2,
3). We consider different warming levels to examine the sen-
sitivity of the results for 2018 to the level of global warming.
The 1979–2017 simulation is rerun with perturbations con-
sistent with a single 2 ◦C global warming (clim+2K). The
clim+2K simulation is used to analyze the 2018 response in
the context of climatological changes. Note that the global
warming in the 1991–2020 period is 0.9 ◦C with respect to
the 1850–1900 pre-industrial period (HadCRUT v5, Morice
et al., 2021). We thus examine the impact of an additional
1.5, 2 and 3 ◦C global warming, which is projected to be
reached within the 21st century under the RCP8.5 (Repre-
sentative Concentration Pathway) emission pathway in the
GCM ensembles described below (see Table A2 for the spe-
cific time windows).

The perturbations are determined from the mean climate
change signal in three GCM initial-condition ensembles (Ta-
bles 1 and A1, described below). For each ensemble, we de-
termine the 30-year period in which the target global warm-
ing level with respect to present-day conditions (1991–2020)
is reached (Table A2). We then calculate the 3-dimensional
monthly-mean climate change signal in the respective 30-
year period and add these to the ERA5 sea surface (tempera-
ture and sea ice extent) and lateral boundary conditions (tem-
perature, humidity, geopotential height and wind). The initial
land state (soil moisture, soil temperature, snow cover) of the
clim+2K simulation and member 1 of the 2018+nK ensem-
bles is perturbed with the mean climate change signal in the
respective 30-year period at 1 January. The initial land state
of member 2–11 of the 2018+nK ensembles is taken from
member 1 (as for the present-day simulations).

The physical consistency of the PGW simulations is en-
sured by perturbing all state variables with a consistent set
of perturbations derived from GCM projections. Moreover,
the perturbations are (apart from temperature) fairly small
and smoothly varying in space and time. In the interior of

the RCM domain, simulations are physically consistent by
design.

GCMs. Since climate models differ in their regional cli-
mate response, we apply perturbations derived from three
different GCM initial-condition ensembles: a 16-member
EC-EARTH v2.3 (Hazeleger et al., 2010) ensemble produced
at KNMI (Royal Netherlands Meteorological Institute), a 4-
member HadGEM2-ES (Collins et al., 2011) ensemble and
a 3-member MPI-ESM-LR (Giorgetta et al., 2013) ensem-
ble from the CMIP5 archive (Taylor et al., 2012), referred to
respectively as EC, HAD and MPI. The perturbations are de-
rived from the ensemble means of the initial-condition GCM
ensembles rather than from a single simulation per GCM to
obtain a more robust estimate of the climate change signal
(Deser et al., 2010; Fischer et al., 2014; Aalbers et al., 2018).
All GCM ensembles are run under the RCP8.5 emission sce-
nario. The main characteristics of the three perturbation sets
are shown in Appendix A. The simulated global-mean tem-
perature in the reference period in HAD and MPI is fairly
close to ERA5 (±0.1 ◦C, which is within 1 standard devia-
tion of the annual global-mean temperature; see Table A1).
EC has a cold bias of 0.8 ◦C compared to ERA5. Since we
use the GCM simulations only for the derivation of the per-
turbations (the present-day simulations are driven by ERA5),
the impact of the biases in the GCMs is minimized. In the cli-
mate response there are large similarities between the three
ensembles, all showing the north–south warming and dry-
ing gradient, but details like, e.g., the response in the spatial
pressure gradient and the shape of the vertical temperature
response are different. In terms of regional warming and dry-
ing, differences are most pronounced in spring and summer.
HAD exhibits the strongest warming in spring; MPI shows
the strongest warming and drying in summer.

2.3 Model evaluation

The simulated 2 m temperature and precipitation are evalu-
ated against the gridded observational dataset E-OBS v20.0e
and v25.0e (Cornes et al., 2018).
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2.4 Indicators and variables

We identify soil moisture drought conditions based on the
exceedance of a seasonally varying threshold of the soil wet-
ness index (SWI, -) of the top 1 m of the soil. The top 1 m of
the soil is where – in HTESSEL – vegetation has the highest
root density and where water deficiencies have the strongest
link to agricultural drought (Seneviratne et al., 2012). The
SWI is the fraction of plant-available water in the soil, de-
fined as the soil moisture availability (θ , mm) scaled be-
tween field capacity (θfc) and permanent wilting point (θpwp)

(Eq. 1). The SWI is better suited for aggregation over areas
with different soil types than θ itself. θfc and θpwp are fixed
characteristics per grid cell.

SWI=
θ − θpwp

θfc− θpwp
(1)

A soil moisture drought event is defined as the consecutive
period in which the soil moisture conditions are drier than
the 5th percentile threshold of the 1980–2017 SWI climatol-
ogy (SWI<SWI5th) (Trenberth et al., 2014) for each hydro-
logical year (1 April–31 March) in the 1980–2020 period.
SWI5th is calculated for every calendar day based on 14 d
smoothed SWI values. We apply the same drought thresh-
old for the present-day and PGW conditions to benchmark
the warming-induced changes to present-day conditions. We
express the drought severity in terms of the drought deficit
volume (DS, mm d), which integrates drought duration (τ , d)
and drought intensity (DI, mm), comparable to e.g., Yevje-
vich (1967) and Brunner et al. (2019). It is calculated as the
accumulated difference between θ5th and θ over the drought
episode (Eq. 2). The analysis is based on a time series with
daily values so that the time step 1t in Eq. (2) is 1 d, and the
index i varies from the first day (i = 1) to the last day (i = n)
of the drought episode, with τ = n d. The drought intensity is
defined as the drought deficit volume divided by the drought
duration (Eq. 3).

DS =

n∑
i=1

(
θi − θ5th,i

)
1t (2)

DI =
DS

τ
(3)

In the analyses we use the atmospheric evaporative demand
synonymously with potential evaporation (Ep), the evapo-
ration that would take place assuming unconstrained condi-
tions with respect to soil moisture availability and vapor pres-
sure deficit. The computation of evaporation in HTESSEL
uses a resistance approach based on Jarvis (1976) for each
individual land cover tile (see ECMWF, 2009). To obtain a
potential evaporation measure that is fully consistent with the
simulated actual evaporation, it is diagnosed in a parallel cal-
culation within RACMO2, using the prevailing atmospheric

conditions but with resistance functions accounting for soil
moisture availability and vapor pressure deficit set at a value
representing unconstrained conditions. For details, see Ap-
pendix B.

2.5 Inter-member variability

The inter-member variability (IMV) of the 2018 ensemble
simulations is measured by the standard deviation (σ ). The
ensemble members of the present-day (2018REF) and PGW
(2018+nK) simulations are independent, since the simula-
tions are performed for two separate time slices (opposed to
continuous simulations). Therefore, the inter-member vari-
ability in the difference between PGW and REF (σ1) is cal-
culated from the standard deviation of the present-day (σREF)

and PGW (σPGW) simulations.

σ1 =

√
σ 2

REF+ σ
2
PGW

2
(4)

2.6 Study area

We focus on the larger river basins in west-central Europe
that discharge in the North Sea, namely the Rhine, Meuse,
Scheldt, Ems, Weser and Elbe. These river basins are part of
the area where the 2018 soil moisture drought episode was
most severe and lasted longest, as shown in Fig. 1.

3 The 2018 drought episode in the present-day climate

We first present the main characteristics of the simulated
2018 drought episode and briefly discuss the evaluation
of temperature and precipitation against observations. In
Fig. 1a maps of the simulated 2018 seasonal anomaly in
500 hPa geopotential height (contours), temperature, precip-
itation, evaporation and soil moisture are shown for April–
June (AMJ), July–September (JAS) and October–December
(OND). Anomalies are calculated from 2018 in the 2018REF
simulation relative to the 1980–2017 period (climREF). Time
series of these variables averaged over the west-central Eu-
ropean river basins are shown in Fig. 1b, with observed tem-
perature and precipitation delineated in red. The climatolog-
ical mean and 5th and 95th percentile thresholds in observed
and simulated temperature and precipitation are shown in
Fig. C1a.

The 500 hPa geopotential height anomalies in (late)
spring (AMJ) and summer (JAS) clearly co-occur with
the large positive temperature anomalies and high pre-
cipitation deficits (contours and shading in the top two
rows of Fig. 1a). Averaged over the west-central European
river basins the simulated (observed) temperature anomaly
is +3.1 ◦C (+2.5 ◦C) over the growing season (April to
September), and temperatures exceed the 95th percentile dur-
ing several episodes. Most noteworthy are 8–22 April, with
a 15 d mean temperature anomaly of +6.5 ◦C (+6.0 ◦C), and
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Figure 1. The 2018 drought episode. (a) Maps of the simulated
seasonal-mean anomaly with respect to 1980–2017 in 500 hPa
geopotential height (contours, m) and (top to bottom) near-surface
temperature (T ), precipitation (P), potential evaporation (Ep),
evaporation (E) and the top 1 m soil wetness index (SWI0-1 m), for
April–June (AMJ), July–September (JAS) and October–December
(OND). Data are masked over sea for visibility. The west-central
European river basins are marked in black. (b) Time series of
the simulated basin-mean (top to bottom) temperature, precipita-
tion, (potential) evaporation and top 1 m SWI for January 2018–
March 2019 and the 1980–2017 climatology. Thin black lines show
the individual 2018REF ensemble members (mbrs). The thick grey
line and dark- and light-grey shading depict respectively the 1980–
2017 mean and 25th–75th and 5th–95th percentiles. Observed (E-
OBS v20.0) temperature and precipitation are shown for 2018 (red
line) and the 1980–2017 mean (pale-red line). Time series are
smoothed with a 14 d running mean.

22 July–8 August, with an 18 d mean anomaly of +5.9 ◦C
(+5.1 ◦C). The latter period was indeed classified as a heat
wave in the individual countries (Yiou et al., 2020; Sluijter
et al., 2018; Vogel et al., 2019; Bissolli, 2019). Apart from a
cold bias in winter, the basin-mean simulated absolute tem-
peratures are fairly accurate, with a small underestimation
with respect to the observed 1980–2017 mean temperature
in the growing season (−0.3 ◦C) and overestimation of the
extreme conditions of 2018 temperatures (+0.3 ◦C) in most
members of the 2018REF ensemble.

Basin-mean precipitation is anomalously low in each
month from February to November. Averaged over the grow-
ing season, the simulated (observed) basin-mean precipita-
tion anomaly is −1.1 mm d−1 or −41 % (−37 %), with the
largest, basin-wide deficits in June (−56 % (−43 %)) and in
July (−64 % (−64 %)). Mean precipitation is overestimated
compared to the observations with on average 0.2 mm d−1,
both for the climatology and 2018.

Under prevailing conditions of clear skies, high solar ra-
diation, high temperatures and increasingly dry air, the re-
sponse in the atmospheric evaporative demand is substantial
(+1 mm d−1 or +35 % over the growing season). Also the
actual evaporation is anomalously high from April up un-
til the beginning of June, modulating the near-surface tem-
peratures. However, it cannot keep up with the rise in at-
mospheric evaporative demand, owing to quickly increasing
soil and canopy resistance against evaporation in response
to decreasing relative humidity and soil moisture availabil-
ity and has below-normal values from mid-June to October.
As a consequence, the sensible heat flux strongly increases
(not shown), which corresponds to an amplified rise in sum-
mer and autumn near-surface temperatures. Averaged over
the growing season, the actual evaporation is slightly smaller
than normal (−0.1 mm d−1 or −6 %).

The resulting extremity of the 2018 soil moisture drought
is clearly reflected (bottom row of Fig. 1). Anomalously low
soil moisture levels occur in large parts of central and north-
ern Europe, but, consistent with the persistent precipitation
deficits, conditions are most severe and persistent in west-
central Europe. Averaged over the west-central European
river basins the soil moisture conditions are around normal
at the start of the growing season, owing to low temperatures
and evaporation in March. Soils steadily deplete from April
onwards, reach severely dry conditions (exceeding the 5th
percentile) in the second half of May and are lowest in early
August. Soil moisture levels remain very low throughout the
growing season up to the end of October. This is when pre-
cipitation starts to exceed the evaporation and soil moisture
replenishes, reaching the 5th percentile threshold in the be-
ginning of January 2019, after nearly 8 months of severely
dry conditions. By then, the soil moisture deficit volume has
accumulated to 8240 mm d, with a mean drought intensity of
36 mm. In Sect. 5.1 and Fig. 6 we will show the extremity of
this number compared to other drought episodes in the 1980–
2020 period. Normal soil moisture levels in the top 1 m of the
soil are reached by early February 2019. For deeper soil lay-
ers the winter precipitation is insufficient to fully replenish
the soils to normal levels, and the anomalously dry condi-
tions persist throughout 2019 (see Fig. C1b).

The overestimation of precipitation could imply an over-
estimation of the soil moisture levels. On the other hand,
the overestimation of the 2018 summer temperature likely
leads to a dry bias in soil moisture. The amount of inter-
member spread in the 2018REF ensemble (natural variabil-
ity generated within the RCM model domain) is found to
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be considerable in some periods, as seen in Fig. 1b (dark
shading). The spread is largest in the period from the end
of May to early June when variability in the location and
intensity of precipitation-bearing systems induces relatively
strong variability in wetness and temperature. While the en-
semble spread in temperature is relatively short lived, the
ensemble spread in soil moisture reduces more slowly over
summer. One ensemble member receives much higher pre-
cipitation amounts in May–early June, as well as in July and
August. Evaporation in this member is consequently rela-
tively high throughout summer, and the temperature is 1.1 ◦C
(June) to 0.3 ◦C (September) lower than the ensemble mean,
closer to the observations. Apart from model biases and nat-
ural variability, differences between actual and simulated at-
mospheric and soil conditions are possibly related to inter-
actions between soil moisture and groundwater in especially
the low-lying coastal areas, which are not taken into account
in HTESSEL.

4 Response to pseudo global warming

4.1 Climatological-mean response to 2 ◦C warming

We next present the climatological-mean response to a 2 ◦C
warming to provide context to the 2018 response. Figure 2
shows the seasonal response patterns in geopotential height,
near-surface temperature, precipitation, (potential) evapora-
tion and soil moisture over Europe for the EC-perturbed sim-
ulations. The annual cycle in the basin-mean response in
these and additional variables is shown in Fig. 3. Results for
the HAD- and MPI-perturbed simulations can be found in
Appendix D.

The spatial response patterns exhibit the well-known sea-
sonally varying warming and drying gradients over Europe
(e.g., in the EURO-CORDEX ensemble (Coppola et al.,
2021) and the RACMO–EC-EARTH initial-condition en-
semble (Aalbers et al., 2018), showing that the PGW simu-
lations indeed capture the main characteristics of the full cli-
mate response (Brogli et al., 2019; De Vries et al., 2022). In
spring, autumn and winter the warming gradient is oriented
roughly northwest–southeast, with the weakest warming over
the British Isles and coastal regions adjacent to the Atlantic
Ocean and North Sea (blue colors represent warming below
2 ◦C). In summer, warming ranges between around 2.0 ◦C
over Scandinavia to around 3.0 ◦C, locally 3.5 ◦C in south-
ern Europe. Averaged over the river basins the near-surface
temperature response varies between +1.4 ◦C in May and
+2.6 ◦C in August (black line in Fig. 3a). Note that the inter-
annual spread around the 1980–2017 mean response (grey
box and whiskers) is rather large, especially in JAS, which
will be discussed in Sect. 5.2.

The transition zone of increasing precipitation in the north
and decreasing precipitation in the south is positioned just
southwest of the west-central European river basins in spring

Figure 2. Climatological-mean response (1980–2017) to 2 ◦C
warming in (a) the geopotential height at 500 hPa (contours) and
near-surface temperature (T , shading), (b) precipitation (P ), (c) po-
tential evaporation (Ep), (d) evaporation (E), and (e) the top
1 m soil wetness index (SWI0-1 m), averaged over January–March
(JFM), April–June (AMJ), July–September (JAS) and October–
December (OND). Results are based on climREF and clim+2K|EC.

and autumn and over the northeast of the basins in sum-
mer, yielding increasing precipitation in winter, autumn and
early spring and small decreases in summer for the basin
mean (Figs. 2b, 3e). This co-occurs with nearly constant
relative humidity in late autumn, winter and early spring
and decreases in relative humidity in JJASO (June–October;
Fig. 3d). Net surface solar radiation increases in JJASO
(Fig. 3b), when cloud cover and relative humidity decrease.
Under conditions of higher temperatures and enhanced by the
increase in solar radiation and decrease in relative humidity
from late spring to late autumn, the atmospheric evaporative
demand increases over land throughout the year (Figs. 2c,
3f). The present-day soil moisture regime in west-central Eu-
rope allows for year-round increases in actual evaporation
in almost all years, with around the potential rate in winter
and early spring but smaller than the potential rate in JJASO
(Figs. 2d, 3g), resulting in increases in the sensible heat flux
in the latter period (Fig. 3c).

For the combined river basin area, the increased evapora-
tion and reduced summer precipitation lead to enhanced soil
moisture depletion in late spring and summer, while in au-
tumn and winter increases in precipitation result in a faster
soil moisture replenishment. This feature of the response
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Figure 3. Annual cycle in the basin-mean response to 2 ◦C global
warming for 1980–2017 and the individual years 2018–2020, for
the EC-perturbed simulations in (a) near-surface temperature (T ),
(b) net solar radiation at the surface (Rs,n), (c) sensible heat flux
(H), (d) near-surface relative humidity (RH), (e) precipitation (P),
(f) potential evaporation (Ep), (g) actual evaporation (E) and (h) the
top 1 m SWI. The monthly (J–D) and annual (Y) response to 2 ◦C
warming are calculated for each year. Boxplots show the median
(black bar) and inter-annual variability (IAV) of the response for the
years 1980–2017, depicting the interquartile range (box), the total
range with a maximum distance of 1.5 times the interquartile range
outside the box (whiskers) and outliers (black dots). The red bars
and box delineate the ensemble mean and inter-member variability
(IMV, mean ±1 standard deviation (σ1)) of the response for 2018.
The yellow and orange dot depict the 2019 and 2020 ensemble-
mean response.

is amplified by a larger fraction of precipitation falling as
rain in autumn (due to higher temperatures) and reduced
snowmelt in spring (due to a smaller snowpack). The result-
ing soil moisture levels in the top 1 m of the soil are around
present-day or even wetter conditions in winter and early
spring but drier from mid-June to December, with a maxi-

mum drying response in September (Figs. 2e, 3h). In summer
and autumn, the soil moisture availability in deeper layers
and runoff decrease as well (see Fig. D3). However, the re-
sponse in annual precipitation equals the response in annual
evaporation, meaning that each winter soil moisture levels in
all layers are restored to present-day levels and decreases in
summer runoff are compensated by increases in winter.

With the amplitude of the response and the position
of the drying–wetting transition zone being dependent on
the GCM, the MPI- and HAD-perturbed simulations give
slightly different results (see maps in Figs. D1 and D2 and
time series in Figs. D4 and D5). The drying–wetting transi-
tion zone is located further northeast in all seasons for both
clim+2K|MPI and clim+2K|HAD. clim+2K|MPI shows a
weaker temperature response in spring but much stronger
warming and drying in JAS (Fig. D1a, b), consistent with a
strong response in the geopotential height anomaly (contours
in Fig. D1a). The soil moisture depletion over the growing
season in the west-central European river basins is conse-
quently stronger but so is the soil moisture replenishment in
autumn and winter (Figs. D1e, D4i). clim+2K|HAD shows a
stronger temperature and evaporation response in spring than
the EC- and MPI-perturbed simulations, increases in precip-
itation are overall smaller, and soil moisture levels are found
to decrease earlier in spring (Figs. D2, D5).

4.2 2018 response to 2 ◦C warming

The response of the hot and exceptionally dry growing sea-
son of 2018 that unfolded under persistent conditions of at-
mospheric blocking is shown for the basin mean in Fig. 3
(red boxes). Maps of the 2018 response anomaly with respect
to the climatological-mean response are shown in Fig. 4 for
2018+2K|EC. Results for 2018+2K|HAD and MPI can be
found in Appendix D.

The 2018 response in winter and early spring preceding
the blocking conditions is very similar to the climatological-
mean response in most variables and results in slightly wet-
ter soil moisture conditions at the start of the growing sea-
son in April in 2018+2K|EC than in 2018REF. Also in
spring, the 2018 soil moisture and circulation anomalies do
not have a strong effect on the response. Consistent with
the climatological-mean response, precipitation is found to
increase in April and May, with relatively strong increases
in April. Apparently, the precipitation events originate from
sources with sufficient moisture supply to sustain these in-
creases. Note that the precipitation response is rather patchy
(Fig. 4b), despite the application of the 11-member ensem-
bles. Evaporation rises by more than the potential rate in
these months but only partially compensates the precipitation
increase. Despite a small decrease in snowmelt and increase
in runoff (see Fig. 5b; discussed in Sect. 4.3), the top 1 m
of the soil is slightly wetter until mid-June in 2018+2K|EC
than in 2018REF.
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Figure 4. Difference between the 2018 and climatological-
mean (1980–2017) response to 2 ◦C warming
(2018+2 K|EC−2018REF)− (clim+2 K|EC−climREF) in
(a) temperature, (b) precipitation, (c, d) (potential) evaporation and
(e) the SWI in the top 1 m of the soil.

From mid-June onwards strong deviations from the
climatological-mean response occur for the temperature, rel-
ative humidity, atmospheric evaporative demand and evapo-
ration responses, exceeding the 25th–75th percentile range
of 1980–2017 (Figs. 3a, d, f, g and 4a, c, d). Decreases in
precipitation (June–September) and the weak evaporation re-
sponse (July–September) show that sources of moisture are
even more limited in a 2 ◦C warming scenario. Precipita-
tion in this period originates from predominantly continental
sources (Benedict et al., 2021), and the evaporation response
is moisture constrained throughout Europe (Fig. 4c, d).

From July to September the temperature response over the
basin area and surroundings is amplified compared to the
climatological-mean response (+3.0 ◦C over the 2018 JAS
period compared to +2.4 ◦C for the climatology in the basin
area). This response anomaly correlates with the anoma-
lously low response pattern of actual evaporation. Within the
basin, evaporation barely increases or even decreases in the
period July–October and co-occurs with a further decrease in

Figure 5. Impact of global warming on the 2018 near-surface tem-
perature (T ), soil wetness (SWI0−1 m) and the hydrological budget
(WB), for the EC- (left column), MPI- (middle) and HAD-perturbed
(left) simulations. (a) Time series of the basin-mean anomaly in
the 2018 T and SWI0-1 m with respect to the present-day climatol-
ogy for present-day (grey line and shading), 1.5 ◦C (orange), 2 ◦C
(red) and 3 ◦C (brown) global warming. Shading indicates the inter-
member variability (IMV) as in Fig. 3. For reference, the 1980–
2017 mean− 5th–95th percentile envelope for present-day (pale-
grey shading) and +2 ◦C (pale-red shading) conditions is shown as
well. (b) Change in the hydrological budget over the 2018 AMJ
and JAS periods in response to 1.5, 2 and 3 ◦C global warming.
The hydrological budget is given by dS0−1 m / dt + dS1−2.9 m / dt =
P +M−E−Q, with dS0−1 m / dt and dS1−2.9 m / dt being the sea-
sonal change in soil moisture storage in respectively the top 1 m of
the soil and bottom soil layer and the seasonally integrated fluxes of
precipitation (P ), snowmelt (M), evaporation (E) and runoff (Q).
Note that dS / dt is negative over AMJ and JAS (soil moisture de-
pletion) so that a negative response of 1dS / dt corresponds to an
increase in soil moisture depletion under global warming, as can be
seen in the bottom row of (a).

relative humidity, a modest increase in the sensible heat flux
(Fig. 3c) and an increase in near-surface temperature. Note
that the increase in solar radiation is relatively small in June
and July (Fig. 3b), given the predominantly clear-sky condi-
tions in 2018REF, and that the increase in the sensible heat
flux is only slightly larger than the climatological response.
Increases in heat advection due to stronger warming in up-
wind regions or enhanced warming through subsidence may
play a role in the amplified warming as well.

Since the response in summer evaporation in the west-
central European river basins is close to zero, the JAS soil
moisture response is small compared to most other years in
the 1980–2020 period (Fig. 3h) and is almost completely de-
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termined by the decrease in precipitation. The pattern of the
soil moisture response anomaly strongly correlates with the
precipitation response anomaly in this period (Fig. 4e). Per-
colation to deeper soil layers and runoff decrease in this pe-
riod as well (see Figs. D3 and 5b; discussed in Sect. 4.3). In
autumn and winter, moderate precipitation increases replen-
ish the soils to 2018REF levels in December–January in the
top 1 m of the soil and in deeper layers.

4.3 Sensitivity of the 2018 response to the level of
global warming and GCM perturbations

In Fig. 5 we show the 2018 basin-mean time series of
the anomaly in near-surface temperature, the top 1 m SWI
(Fig. 5a) and the hydrological-budget changes over AMJ and
JAS (Fig. 5b) for all warming levels and PGW simulations
(EC, MPI and HAD).

In the EC-perturbed simulations, the temperature response
is fairly linear with global warming under the increasingly
moisture-constrained conditions, with 2.2, 3.0 and 4.3 ◦C
warming during the July–August heat wave under respec-
tively 1.5, 2 and 3 ◦C global warming and 1.7, 2.3 and 3.4 ◦C
warming for the growing-season mean. This yields tempera-
ture anomalies during the July–August heat wave (i.e., devia-
tions with respect to climREF) of +8.1, +8.9 and +10.2 ◦C,
compared to +5.9 ◦C under present-day conditions. The soil
moisture depletion over the growing season increases with
higher levels of global warming but only from mid-June on-
wards. In AMJ, precipitation increases are stronger under
3 ◦C warming than under 1.5 ◦C but so are the evaporation
increase, snowmelt decrease and runoff increase, resulting in
the almost zero change in soil moisture depletion in the top
1 m of the soil over AMJ for higher levels of global warm-
ing. The increase in soil moisture depletion over JAS for
higher levels of global warming is mainly driven by stronger
decreases in JAS precipitation. Although the JAS evapora-
tive demand increases with higher levels of global warming,
actual evaporation does not increase or only does so very
weakly. Note that the soil moisture depletion in deeper soil
layers is more pronounced and occurs throughout the grow-
ing season (red bar in Fig. 5b).

In the MPI-perturbed simulations for 2018, the soil mois-
ture response is fairly similar to the EC-perturbed simula-
tions in spring, despite a weaker increase in AMJ precipita-
tion, which is compensated by a weaker increase in evapora-
tion. Also in summer and autumn the soil moisture drying is
fairly similar under 1.5 and 2 ◦C warming, as is the response
in hydrological-budget terms. Under 3 ◦C warming the soil
moisture drying is more pronounced owing to a stronger de-
crease in precipitation. JAS evaporation decreases, and the
JAS temperature response is amplified compared to 1.5 and
2 ◦C warming.

The HAD-perturbed simulations under 1.5 and 2 ◦C warm-
ing give a stronger near-surface heating and show soil mois-
ture drying from the start of the growing season onwards.

This is a feature of the climatological-mean response un-
der 2 ◦C warming (solid red line in Fig. 5a; see Sect. 4.1),
but it is more pronounced under the circulation of 2018. In
contrast to the EC- and MPI-perturbed simulations and the
HAD-perturbed simulations under 3 ◦C warming, precipita-
tion decreases in AMJ. Under 3 ◦C warming, the response
in the hydrological-budget terms is fairly similar to the EC-
perturbed simulations, yet the response in the near-surface
temperature is stronger.

5 Impact on drought and heat

5.1 Drought severity and frequency

To further quantify the impact of global warming on drought
occurrences and severity in the west-central European river
basins under 2 ◦C warming, we determine the basin-mean
drought deficit volume, duration and intensity for all years
in the 1980–2020 period under present-day and +2 ◦C con-
ditions (Figs. 6 and D8). Under present-day conditions, the
severity of the 2018 drought episode clearly stands out in
both duration and intensity. Next in line is the 2003 drought
episode, which has comparable duration but smaller mean in-
tensity than 2018 and is indeed known for its severe hot and
dry conditions and associated societal and economic impacts
in central Europe (e.g., Rebetez et al., 2006; Fischer et al.,
2007). Furthermore, the 2011 spring drought (Trachte et al.,
2012) and the 2020 drought (Bissolli, 2021; Rakovec et al.,
2022) are noteworthy. The 2019 soil moisture drought sever-
ity (Bissolli, 2020; Rakovec et al., 2022) is in reality likely
more similar to the 2020 drought event. Comparison with
observations (E-OBS) shows an underestimation of the sim-
ulated precipitation deficit in the 2019 growing season, while
in the 2020 growing season the precipitation deficit is over-
estimated in most members and the temperature anomaly is
somewhat higher than observed (Fig. C1b).

Under 2 ◦C warming the drought frequency strongly in-
creases compared to present-day conditions, reflecting the
on average drier soil moisture conditions in summer and au-
tumn. However, the drought response is highly non-linear,
and several drought episodes emerge that exceed the historic
2003 drought severity. 2018 is still the most severe drought
in the 1980–2020 period under 2 ◦C warming, but the devi-
ation from other years decreases; 1983, 1989 and 2020 are
more similar to 2003 under 2 ◦C warming. The frequency of
droughts exceeding the present-day 2003 episode more than
doubles, occurring on average once every 8 years. This is
found for all PGW simulations, irrespective of the GCM sup-
plying the perturbations, although the response in drought
intensity in the PGW simulations based on +2K|MPI is gen-
erally stronger than for the other two GCMs.

For 2018, the drought onset and ending under global
warming occur at roughly the same time as for the present-
day event in+2K|EC for all warming levels, with only small
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Figure 6. Impact of 2 ◦C warming on drought severity in 1980–
2020, expressed as (a) the soil moisture deficit volume and (b) the
drought duration and intensity. Shown is the annual maximum
drought per hydrological year (April–March) under reference (grey)
and +2 ◦C conditions for the EC-perturbed simulations (red) in (a)
and for reference (grey) and each of the PGW simulations of EC
(red), MPI (blue) and HAD (green) in (b). Error bars show the en-
semble mean±1 standard deviation for 2018–2020. For some mem-
bers the 2020 drought is split into two consecutive drought episodes,
which explains the large inter-member spread (see Fig. C1b).

differences between the individual members (Fig. 5a). The
drought duration is thus hardly affected compared to REF,
while the drought intensity shows a 23 % increase (44 mm in
+2K|EC compared to 36 mm in REF), resulting in a 20 %
increase in the drought deficit volume under 2 ◦C warming
(Fig. 6). The drought onset in +2K|MPI and +2K|HAD oc-
curs somewhat earlier than in +2K|EC, and the increase in
drought deficit volume is stronger (+25 % or +39 % under
2 ◦C warming). Under 1.5 ◦C global warming the increase in
the 2018 drought deficit volume is slightly smaller, while a
larger intensity and deficit volume are simulated under 3 ◦C
warming (EC and MPI) with the tendency of shorter drought
episodes owing to springtime precipitation increases (all sim-
ulations). Table D1 summarizes the findings for all warming
levels and GCMs.

The increase in drought severity is surprisingly strong for
the years 1983 and 1989. Under present-day conditions, 1983
and 1989 were not marked as severe drought periods in most
parts of the study area (see Fig. 7, where we present the
basin-mean soil moisture evolution and spatial drought struc-
ture in JAS for the top five future droughts for present-day
and 2 ◦C warming). Yet, under the specific circulation condi-
tions in 1983 and 1989, the globally warmer climate back-
ground results in strongly reduced precipitation, increased
evaporation (1983 only) and soil drying in spring and early
summer, a very strong response in incoming solar radiation,
a negative response in evaporation, and very strong increases
in the sensible heat flux and near-surface temperatures later

in summer (see also the next section). The outliers in Fig. 3
correspond to these years.

The large spatial extent of all future drought analogues is
remarkable (Fig. 7b). A much larger part of Europe is af-
fected than under present-day conditions. The drought ex-
pansion is not limited to southern Europe, where climatolog-
ical soil moisture drying is largest. The 2018 event, for in-
stance, spreads in all directions, now also covering southern
Sweden, Poland and the Baltic states.

5.2 Co-occurring dry and hot conditions

As we have seen for the present-day 2018 drought event,
the extremely dry conditions co-occur with extremely high
temperatures, and while the soil moisture response to 1.5,
2 and 3 ◦C global warming is fairly modest, the local tem-
perature response is amplified compared to the mean climate
response, especially in JAS (Fig. 3). The co-occurrence of
the JAS basin-mean SWI and near-surface temperature un-
der present-day and +2 ◦C conditions for all years in the
1980–2020 period is shown in Fig. 8 for +2K|EC, along
with the co-occurrence of the response in these variables.
The present-day T –SWI distribution generally shifts towards
warmer and drier conditions under 2 ◦C warming, with larger
inter-annual variability in both variables (Fig. 8a). Strong re-
sponses in soil moisture drying (1983, 1989) co-occur with
particularly strong temperature increases, but some years
with small soil moisture responses (2003, 2018) also ex-
hibit fairly strong warming (Fig. 8b), which contributes to an
increase in inter-annual variability in both temperature and
soil wetness. The increase in inter-annal variability is some-
what less pronounced in the HAD-perturbed simulations (see
Fig. D9).

The non-linearity in the drying and warming response is
related to the transition of predominantly energy-limited to
more moisture-limited evaporation in west-central Europe
(Schär et al., 2004; Lenderink et al., 2007; Seneviratne et
al., 2010; Zscheischler and Seneviratne, 2017). Years with
weakly moisture-limited evaporation under present-day con-
ditions (showing relatively small differences between ac-
tual and potential evaporation; see E and Ep in Fig. 1b)
may shift to strongly soil-moisture-limited energy balance
regimes under PGW, through a decrease in precipitation
and enhanced early-season evaporation. Conversely, several
years with present-day JAS temperature and soil wetness
comparable to 1989 and 1983 show a much weaker response.
The specific large-scale circulation (variability) and in partic-
ular the corresponding precipitation response are important
factors in the initiation of soil moisture drying and amplified
warming. However, the drought evolution is unique for each
year, and disentangling the exact drivers of the amplified dry-
ing response is outside the scope of this paper.
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Figure 7. Present-day and future analogues of the top five future
droughts, all exceeding the severity of the present-day 2003 drought
in the west-central European river basins under +2K|EC. (a) An-
nual cycle of the SWI anomaly for present-day (left) and +2 ◦C
conditions (right) (as in Fig. 5a). (b) Spatial structure of the top
five droughts in JAS, showing the JAS-mean SWI percentile with
respect to the 1980–2017 period (climREF). Droughts are shown
in the order of increasing basin-mean drought severity under 2 ◦C
warming. Dark-red colors indicate severe drought conditions.

Figure 8. Scatterplot of the 1980–2020 JAS basin-mean near-
surface temperature and SWI response. (a) Absolute values under
present-day (grey) and+2 ◦C (red) conditions and their distribution
(boxplots). (b) Response to 2 ◦C warming and its distribution (box-
plots). Results are based on the EC-perturbed simulations. 2018 is
indicated with+ in the boxplots. The top five future droughts under
2 ◦C warming are marked.

6 Discussion

We have examined the implications of global warming for
future droughts in west-central Europe, by employing PGW
experiments for the 1980–2020 period. The simulations per-
formed in this study allow for a systematic examination of
the impact of global warming on droughts by comparing fu-
ture drought analogues with present-day events, and the sim-
ulations provide anecdotal examples of the impact of global
warming to complement conventional approaches based on
large-ensemble climate simulations. Where the conventional
approaches generate probabilistic estimates of changes in cli-
mate events, the PGW approach generates storylines of plau-
sible future climate events that we can relate to. Storylines
make future climate risks more tangible and more commu-
nicable than statistics (Hazeleger et al., 2015; Shepherd et
al., 2018).

In the following we compare our results with studies based
on large-ensemble simulations and discuss the implications
of our findings.

6.1 The future 2018 drought: drier, hotter and bigger

It is generally hypothesized that under globally warmer con-
ditions droughts set in earlier, last longer and are more in-
tense if conditions favoring a drought occur (Trenberth et
al., 2014; Seneviratne et al., 2010). Under the anomalously
persistent atmospheric blocking conditions of 2018, global
warming leads to increases in precipitation in early spring
that (partially) compensate the increase in evaporation, lim-
iting an earlier drought onset, while precipitation increases
in autumn terminate the 2018 drought episode at the same
time as under present-day conditions. However, the drought
intensity indeed increases, yielding a 20 % (EC) to 39 %
(HAD) increase in drought severity under 2 ◦C global warm-
ing. From an impact perspective, this is a considerable in-
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crease, with substantial costs to society and nature already
under present-day conditions (Van Hussen et al., 2019; De
Brito et al., 2020; Toreti et al., 2019; Schuldt et al., 2020;
Beillouin et al., 2020; Senf and Seidl, 2021). The increase in
drought severity in summer co-occurs with an increase in lo-
cal summer temperature that is considerably larger than the
mean climate response. The combination of increasing heat
and drought leads to even stronger increases in stress on na-
ture and society and may enhance tree mortality (Allen et
al., 2010), wildfire risk (Krikken et al., 2021), crop yield
losses (Matiu et al., 2017) and water quality deterioration
(Wolff and Van Vliet, 2021; Van Vliet et al., 2011), impacting
ecosystems, industry, and energy and drinking water produc-
tion. Moreover, the increase in drought extent under global
warming, which also emerges in conventional ensemble sim-
ulations (e.g., Hari et al., 2020; Samaniego et al., 2018), im-
plies that much larger parts of Europe will be affected simul-
taneously.

While the 2018 soil moisture response is considerable in
an absolute sense, the soil moisture drying is small compared
to the climatological response to 2 ◦C global warming. The
same applies for 2003, the second largest drought episode in
the 1980–2020 simulation period. While this has the physical
explanation that the soil moisture response in drought years
is limited by the strongly moisture-constrained conditions,
this behavior may in part be explained as a PGW artifact. Ex-
treme climate events occur when extreme drivers compound.
In order for an event to become more extreme under PGW,
all, or at least most, drivers of the event must be “pushed” to-
wards a more extreme state by the perturbations. This is very
likely for temperature under the strong temperature pertur-
bation, yet it is not so obvious for, e.g., atmospheric stability
and wind direction. Since there is a larger number of path-
ways for any other year to become more extreme, it is also
statistically more likely that years in which moderately dry
present-day conditions prevail show a much stronger drying
response than the extreme 2018 drought and become more
similar to the 2018 event under PGW.

More extreme drought occurrences than the 2018+2K
event are plausible in a globally warmer world, in particu-
lar through an increase in drought duration driven by even
more persistent or longer sequences of atmospheric block-
ing conditions, drier antecedent winter and spring condi-
tions, and/or stronger climate-induced spring precipitation
decreases than derived from the PGW experiments. Van der
Wiel et al. (2021) also follow a storyline approach but sam-
ple drought events from a very large ensemble of transient
global climate model simulations (EC-EARTH) that match
or exceed the 2018 drought conditions in the Rhine basin
under present-day and globally warmer conditions. They in-
deed find a set of events with a slightly stronger drying re-
sponse in spring than under PGW with EC perturbations, but
results are similar to the HAD perturbations. This is an ele-
gant approach to find future analogues of present-day events
as well, but such an approach relies on a very large GCM

(RCM) ensemble, and the atmospheric circulation of the fu-
ture analogues does not necessarily match the present-day
circulation, so a one-to-one comparison of present-day and
future events is not possible.

6.2 The future of historic summers: moderately dry
summers respond more strongly than extremes

The climatological-mean soil moisture drying response un-
der PGW closely resembles results based on ensembles of
transient climate model simulations. However, soils are gen-
erally replenished to present-day (near-saturation) soil mois-
ture levels in winter under PGW, whereas, e.g., Ruosteenoja
et al. (2018) and Van der Linden et al. (2019) find a small dry-
ing response throughout winter in transient simulations. This
discrepancy could be explained by differences in GCM/RCM
structure and model resolution. Also, the absence of high-
frequency changes in the large-scale atmospheric circulation
under PGW can explain these differences. Brogli et al. (2019)
compare the full climate change response in transient simula-
tions with the response under PGW and show that the high-
frequency changes contribute to an increase in evaporative
demand and decrease in precipitation in west-central Euro-
pean summer and to a reduction in the mean precipitation
increase in winter. The “error” we make by neglecting these
changes is likely small (De Vries et al., 2022) but may lead
to a slight underestimation of mean soil moisture drying and
moderate drought occurrences.

The increase in severe drought occurrences under PGW is
in the range of changes in the drought intensity–frequency
distribution derived from transient climate model simula-
tions, with a doubling of 2003-like soil moisture droughts
under 3 ◦C warming found by Samaniego et al. (2018) and
2018-like drought conditions (SPEI, standardized precipi-
tation evapotranspiration index) becoming the new normal
within the second half of the 21st century according to Toreti
et al. (2019). The increase under PGW occurs under the his-
toric large-scale atmospheric circulation, i.e., independently
of changes in the frequency of atmospheric blocking condi-
tions, and is owing to particularly strong soil moisture and
temperature responses in years with moderately dry present-
day conditions. While the transition from energy-limited to
moisture-limited evaporation regimes can explain the co-
occurrence of strong temperature increases and soil moisture
drying, the relative contribution of different mechanisms that
cause these strong responses varies widely and obscures a
general picture. The results are robust with respect to the se-
lected GCM to derive the perturbations.

The increase in frequency of extreme drought occurrences
implies shorter recovery times between events, amplifying
the impacts (Zscheischler et al., 2020). In particular, ecosys-
tems can exhibit increased vulnerability to a second com-
pared to an initial drought (Anderegg et al., 2020; Bastos et
al., 2021). Temporally compounding financial losses may af-
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fect for example the agricultural sector and industries with
supply chains that depend on inland shipping.

6.3 Climate adaptation studies

The exploration of future analogues of historic (extreme)
events is useful for different applications addressing climate
process understanding, impact assessment or stress testing
of climate adaptation strategies (Shepherd et al., 2018; Sill-
mann et al., 2021). The PGW simulations presented here
have been used to investigate the hydrological impact of land
use change and ecosystem adaptation to climate change, by
forcing a hydrological model with time-variant vegetation
parameters with the PGW simulations (Bouaziz et al., 2022).
Bouaziz et al. (2022) show that increases in rooting depth
in response to climate change result in enhanced evapora-
tion and decreases in river runoff. It would be interesting to
examine the impact of the hydrological changes on the mete-
orological and soil moisture drought development, which is
in principle feasible in the PGW setup.

7 Conclusions

Droughts and associated heat waves form a threat to so-
ciety and nature, as demonstrated in recent years in west-
central Europe and presently again by the 2022 drought af-
fecting large parts of Europe. To develop adaptation strate-
gies, information about changes in drought risk under ongo-
ing global warming is required. In this study we have exam-
ined the implications of global warming for future drought
severity in west-central Europe, by systematically perturb-
ing the 1980–2020 period towards future climate conditions
using the pseudo global warming (PGW) approach. The
reference experiment has been carried out with the RCM
KNMI-RACMO2 forced by large-scale information from the
ERA5 reanalysis. The PGW experiments use monthly-mean
changes in temperature, humidity and winds derived from
GCM projections. In this approach, the signal-to-noise ratio
of the climate response is optimized and changes in droughts
can be directly related to events and their societal impact in
the recent history. Therewith the experiments provide tangi-
ble examples of what global warming entails and may serve
as a tool to examine and communicate adaptation strategies.

Under 2 ◦C warming almost all years in the 1980–2020 pe-
riod show a decrease in soil moisture availability in (spring,)
summer and autumn, consistent with results based on tran-
sient climate model simulations. Under the circulation of
2018 the temperature response is strongly amplified, while
the soil moisture response is limited by the strong moisture-
constrained evaporation during present-day conditions. Nev-
ertheless, the soil moisture deficit volume increases by 20 %
to 39 % under 2 ◦C global warming, depending on the per-
turbing GCM, owing to an increase in drought intensity. The
drought duration is barely impacted owing to increasing pre-
cipitation in spring, autumn and winter.

We furthermore show that the response in soil mois-
ture drying and temperature can be particularly large for
years with moderately dry conditions in the present-day cli-
mate. This implies that years that went hardly noticed in
the present-day climate may emerge as very dry and hot
years in a warmer world. Using present-day thresholds, the
drought frequency strongly increases under 2 ◦C warming,
with deficit volumes more severe than those of 2003 occur-
ring every 8 years and exhibiting strongly enhanced tem-
peratures. This shows that even without taking into account
changes in the frequency of atmospheric blocking condi-
tions, the drought risk in west-central Europe is strongly en-
hanced by the drought intensification and increase in fre-
quency, yielding shorter recovery time between events for
nature and society.
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Appendix A: Simulations

Table A1. Characteristics of the ERA5 reanalysis forcing and GCM ensembles that have been used to derive the perturbations for the
PGW simulations. Tglob refers to the annual global-mean 2 m temperature in the reference period 1991–2020. Mean is the ensemble-mean
temperature; the standard deviation (SD) measures the inter-annual variability.

Reanalysis/GCM Members Horizontal resolution Tglob in 1990–2020 Reference

(long, lat) mean (◦C) SD (◦C)

ERA5 – 0.250◦× 0.250◦ 14.4 0.21 Hersbach et al. (2020)
EC-EARTH v2.3 r1i1p1 – 16i1p1 1.125◦× 1.125◦ 13.6 0.28 Hazeleger et al. (2012)
HadGEM2-ES r1i1p1 – r4i1p1 1.875◦× 1.250◦ 14.5 0.39 Collins et al. (2011)
MPI-ES-LR r1i1p1 – r3i1p1 1.870◦× 1.875◦ 14.3 0.28 Giorgetta et al. (2013)

Table A2. Perturbation and greenhouse gas (GHG) forcing periods for the PGW simulations. The warming period is the period in which the
target warming level is reached in the GCM simulations and is used to determine the perturbations. The PGW simulations are forced with
projected aerosol and greenhouse gas concentrations for the years shown under GHG forcing.

GCM Warming periods GHG forcing

+1.5 ◦C +2 ◦C +3 ◦C 2018+1.5 ◦C 2018+2 ◦C 2018+3 ◦C clim+2 ◦C

EC-EARTH v2.3 2037–2066 2048–2077 2069–2098 2058–2060 2069–2071 2090–2092 2030–2068
HadGEM2-ES 2027–2056 2036–2065 2053–2082 2048–2050 2057–2059 2074–2076 2018–2056
MPI-ES-LR 2036–2065 2048–2077 2068–2097 2036–2065 2069–2071 2089–2090 2030–2068

Figure A1. (a–c) Surface pressure perturbations corresponding to 2 ◦C global warming derived from (a) EC-EARTH, (b) HadGEM2 and
(c) MPI for JJA (June–August). (d–f) Vertical profiles of temperature and relative humidity derived from the same GCMs. “All” refers to all
grid cells enveloped by the solid line indicating the edges of the RCM domain; “landN” refers to land points north of 50◦ N; “landS” to cells
in between 35 and 50◦ N. The shading indicates the spread across the regions. PSL: mean sea level pressure.
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Appendix B: Atmospheric evaporative demand

The computation of soil evaporation and transpiration in HT-
ESSEL both use a resistance approach (ECMWF, 2009) (see
Eq. B1).

E =
ρa

ra+ ri
[qL− qsat (Tskin)], (B1)

where ri is the surface resistance, ra is the aerodynamic re-
sistance, ρa is the air density, qL is the specific humidity of
the lowest atmospheric model level and qsat is the saturated
specific humidity at skin temperature (Tskin). ri is replaced
by a canopy resistance (rc) for transpiration and by a soil re-
sistance (rsoil) for soil evaporation. rc is modeled following
Jarvis (1976) and is a function of the minimum stomatal re-
sistance (rS,min), the leaf area index (LAI), the downward
short-wave radiation (Rs), unfrozen root soil water (fliqθ )

and atmospheric water vapor deficit (Da) (Eq. B2). The rsoil
is a function of a minimum soil resistance (rsoil,min) and un-
frozen soil water content in the top layer (fliq,θ1 ) (Eq. B3).

rc =
rS,min

LAI
· f1 (Rs) · f2

(
fliq,θ

)
· f3(Da) (B2)

rsoil = rsoil,min · f2(fliq,θ1) (B3)

f1, f2 and f3 are 1 for unconstrained conditions and larger
than 1 for constrained conditions (see ECMWF, 2009). In or-
der to determine the potential evaporation, f2 for soil evap-
oration and transpiration and f3 for transpiration are set to
1, while f1 and all other variables (e.g., temperature, humid-
ity) are taken from the prognostic computation with actual
evaporation.

Nat. Hazards Earth Syst. Sci., 23, 1921–1946, 2023 https://doi.org/10.5194/nhess-23-1921-2023



E. E. Aalbers et al.: The 2018 west-central European drought projected in a warmer climate 1937

Appendix C: Present-day simulations and evaluation

Figure C1. Basin-mean time series of (a) the 1980–2017 mean (lines) and 5th–95th percentile (shading) near-surface temperature (T )
and precipitation (P) in observations (E-OBS v20.0, red) and simulations (climREF, grey) and (b) observed T and P and simulated T P ,
(potential) evaporation (E(p)), the soil wetness index in the top 1 m (SWI0−1 m) and in all soil layers (SWI0−2.9 m), and runoff (Q) from
1 March 2018 to 31 December 2020. Black lines in (b) show the individual ensemble members of the simulated time series (2018REF); the
red line depicts the observations (E-OBS v20.0 (2018) and v25.0 (2019–2020)). The simulated 1980–2017 mean and 25th–75th and 5th–95th
percentiles are indicated by the thick grey line and grey shading. All time series are smoothed with a 14 d running mean.
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Appendix D: Response

D1 Climate response

Figure D1. As Fig. 2 but for clim+2K|MPI.

Figure D2. As Fig. 2 but for clim+2K|Had.
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D2 2018 response

Figure D3. Extension of Fig. 3, with (a) runoff (Q) and (b) the soil wetness index in all soil layers (SWI0−2.9 m).

Figure D4. As Fig. 3 for clim+2K|MPI but extended with Q and
SWI0−2.9 m. Note that the scale in (e) and (j) differs from the scale
in (f–h) and (i) respectively, for visibility.

Figure D5. As Fig. D4 but for clim+2K|HAD.
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Figure D6. As Fig. 4 but for clim+2K|MPI. Figure D7. As Fig. 4 but for clim+2K|HAD.
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D3 Impact on drought severity and frequency

Table D1. Drought severity of the 2018 drought for present-day conditions (REF) and for 1.5, 2 and 3 ◦C global warming. Listed are the
ensemble mean and standard deviation (in parentheses).

Duration (d) Intensity Deficit
(mm) volume (mm d)

REF 233 (11) 36 (3) 8392 (968)

+1.5 ◦C 229 (12) 42 (2) 9562 (810)
EC +2 ◦C 228 (10) 44 (1) 10 049 (548)

+3 ◦C 221 (11) 46 (1) 10 142 (614)

+1.5 ◦C 238 (1) 42 (1) 10 085 (359)
MPI +2 ◦C 238 (1) 44 (3) 10 497 (621)

+3 ◦C 235 (1) 47 (2) 11 053 (538)

+1.5 ◦C 252 (1) 46 (2) 11 493 (606)
HAD +2 ◦C 251 (1) 46 (1) 11 646 (222)

+3 ◦C 234 (20) 45 (3) 10 411 (770)

Figure D8. As Fig. 6a but for the MPI- and HAD-perturbed simulations.

Figure D9. As Fig. 8 but for the MPI- and HAD-perturbed simulations.
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