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Abstract

Three consecutive dry summers in western Europe (2018-2019-2020) had widespread negative impacts on society and
ecosystems, and started societal debate on (changing) drought vulnerability and adaptation measures. We investigate the
occurrence of multi-year droughts in the Rhine basin, with a focus on event probability in the present and in future warmer
climates. Additionally, we investigate the temporally compounding physical drivers of multi-year drought events. A com-
bination of multiple reanalysis datasets and multi-model large ensemble climate model simulations was used to provide
a robust analysis of the statistics and physical processes of these rare events. We identify two types of multi-year drought
events (consecutive meteorological summer droughts and long-duration hydrological droughts), and show that these occur
on average about twice in a 30 year period in the present climate, though natural variability is large (zero to five events can
occur in a single 30 year period). Projected decreases in summer precipitation and increases in atmospheric evaporative
demand, lead to a doubling of event probability at 1 °C additional global warming relative to present-day and an increase
in the average length of events. Consecutive meteorological summer droughts are forced by two, seemingly independent,
summers of lower than normal precipitation and higher than normal evaporative demand. The soil moisture response to this
temporally compound meteorological forcing has a clear multi-year imprint, resulting in a relatively larger reduction of soil
moisture content in the second year of drought, and potentially more severe drought impacts. Long-duration hydrological
droughts start with a severe summer drought followed by lingering meteorologically dry conditions. This limits and slows
down the hydrological recovery of soil moisture content, leading to long-lasting drought conditions. This initial exploration
provides avenues for further investigation of multi-year drought hazard and vulnerability in the region, which is advised
given the projected trends and vulnerability of society and ecosystems.
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1 Introduction and policy makers raised questions on the role of climate

change in creating such events, especially regarding the like-

Three consecutive dry springs and/or summers in the Neth-
erlands and large parts of north-western Europe (2018,
2019, 2020), without full drought recovery in the winters in
between, led to widespread problems regarding water avail-
ability and water quality. In the aftermath, water managers
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lihood of multi-year drought (MYD) events versus single
year or ‘normal’ drought events. Here we present an explora-
tory study into MYD occurrence in the Rhine basin, based
on state-of-the-art large ensemble climate model simula-
tions. The focus of our analysis is on the likelihood of MYD
events in the present climate and in a warmer future, relat-
ing projected changes in probability to anthropogenically
forced changes in mean climate and in climate variability.
Additionally we describe the temporally compound physical
processes in a typical MYD event.

The summer of 2018 was one of exceptional drought in
western Europe (Fig. 1a; e.g. Philip et al. 2020; Zscheischler
and Fischer 2020; Van der Wiel et al. 2021). Low pre-
cipitation in the summer half year combined with high
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Fig.1 Time series of a SPEI-6 [unitless], b SPEI-12 [unitless], ¢
preciptation [mm/month], d Makkink reference evapotranspiration
[mm/month], e volumetric soil moisture [103 m3/ m3], f runoff [mm/
month]. All data based on based on ERAS reanalysis; a, b SPEI indi-

atmospheric evaporative demand due to high temperatures
and high incoming solar radiation (Fig. 2a, d, g), led to large
scale drought conditions decreasing soil moisture availabil-
ity, lowering ground water tables and reducing river dis-
charge (Fig. 1c—f). In many regions the recovery of ground
water tables was not completed in the subsequent winter
(Brakkee et al. 2021), making ecosystems and different soci-
etal sectors more vulnerable to dry conditions in the fol-
lowing summer (pre-conditioning, Zscheischler et al. 2020).
The summer of 2019 was again drier than normal, which
magnified existing drought impacts in vulnerable ecosystems
and societal sectors. Dry conditions in the spring of 2020
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ces computed using calibration period 1961-2020, c—f anomalies
relative to a 1991-2020 climatology, grey shading shows the 10-25—
75-90 percentiles of this climatology. Orange shading and bars in a,
b show identified MYD events

completed this sequence of consecutive meteorological sum-
mer droughts (Figs. 1, 2).

The severity of drought conditions and impacts varied
widely between regions, for example due to differences in
soil characteristics and topography, which lead to differ-
ences in the temporal disconnect between precipitation and
groundwater levels (Van Loon et al. 2014; Brakkee et al.
2021). Therefore, in some locations ground water tables
and ecosystems recovered fully every winter, meaning
that those droughts could maybe be analysed as individual
droughts. However, in locations without full recovery in the
winter season, failing to recognise the multi-year nature of
the events can lead to an underestimation of impacts and
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Fig.2 Maps showing anomalies of June—July—August mean a—c pre-
cipitation [mm], d—f 2 m temperature [°C], and g-i incoming solar
radiation [W/m?] in the years a, d, g 2018, b, e, h 2019, and ¢, f,

risks, as for example ecosystems are more vulnerable to
repeated droughts (e.g. Anderegg et al. 2020; Peters et al.
2020). In the Netherlands, the full hydrological recovery of
the 2018-2019-2020 drought event was announced in the
spring of 2021 (LCW 2020; NOS 2021). Note that system
stress, either in natural or socio-economic systems, may con-
tinue to influence the system also after ‘full’” meteorological/
hydrological drought recovery.

i 2020. All data based on ERAS5 reanalysis regridded to a 2° x 2°
grid; anomalies relative to a 1991-2020 climatology. Black rectangle
denotes the Rhine basin box used for time series analysis in the study

From a climatological perspective, summers in west-
ern Europe are characterised by a precipitation deficit.
End of summer soil moisture and ground water deficits are
recharged during winter seasons which have a (larger) pre-
cipitation surplus. Natural variability in the climate system
causes variability in the timing and severity of the summer
precipitation deficit, when it is larger than normal we speak
of ‘meteorological drought’ conditions (Van Loon 2015).
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Table 1 Overview of data

# ens. members  Atm. resolution  References

- Data sorce Time period

used in this study, (top)

observational dataset, (middle) Observations

reanalysis datasets, (bottom) E-OBS 19502020

large ensemble climate model

simulations Reanalyses
ERAS 1950-2020
JRA-55 1958-2020
ERA-20C 1900-2010
20CRv3 18362015
Climate models
CanESM2 1950-2100
CESM1-CAMS5 1920-2100
CSIRO-MK3.6 1850-2100
EC-Earth 2.3 1860-2100
GFDL-CM3 1920-2100
GFDL-ESM2M 1950 — 2100
MPI-ESM-LR 1850 — 2099

1 0.25° x 0.25° Cornes et al. (2018)

1 0.28° x 0.28° Hersbach et al. (2020)
1 0.56° x 0.56° Kobayashi et al. (2015)
1 1.1°x 1.1° Poli et al. (2016)

1 0.5° % 0.5° Slivinski et al. (2019)
50 2.8° % 2.8° Kirchmeier-Young et al. (2017)
35 1.3° % 0.9° Kay et al. (2015)

30 1.9°x 1.9° Jeffrey et al. (2013)

16 1.1°x 1.1° Hazeleger et al. (2012)
20 2.0°x2.5° Sun et al. (2018)

30 2.0°x 2.5° Rodgers et al. (2015)
100 1.9°x 1.9° Mabher et al. (2019)

Noted is the time period for which data are available, the number of ensemble members in the modelling
experiments (1 by definition for the observational and reanalysis datasets, the observed historical record)
and the horizontal resolution in the atmosphere

Meteorological drought can lead to lower than normal soil
moisture initiating a ‘soil moisture drought’, which in turn
may develop in a ‘hydrological drought’ characterised by
lower than normal ground water levels or river discharge.
This propagation of drought through the hydrological
cycle is strongly affected by the local soil characteristics
(Van Loon et al. 2014). The duration and severity of a
drought are strongly impacted by both the meteorological
forcing as well as the soil and groundwater characteristics
(Van Lanen et al. 2013).

The 2018-2020 drought had large societal and ecologi-
cal impacts, putting drought management prominent on the
agenda of policy makers. Consequently, questions on the
effects of climate change on drought, the likelihood of a
sequence of droughts, and how to manage (future) droughts
were asked. In the Netherlands, where many of the current
water management systems are designed to prevent floods
and limit the impact of wet periods, these drought events
started high-level discussions on how to prepare for, manage
and adapt to future droughts (Witte et al. 2020).

The aim of this paper is twofold: we provide a histori-
cal context for the 2018-2020 MYD event, and investigate
changes in the likelihood of similar events due to anthropo-
genic climate change. We use multiple reanalysis products
and large ensemble climate model simulations to robustly
assess (changes in) MYD frequency and duration. Large
ensemble data are uniquely suited for the analysis of rare
extreme events like MYDs (Deser et al. 2020). Their main
advantage lies in the simulation of the full distribution of
climate variability and extreme events, which means we
can analyse extremes without relying on fitted (sometimes
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extrapolated) statistical models of the tail of the distribu-
tion of variability (Van der Wiel et al. 2019). We limit our
analysis to the large-scale meteorological processes leading
to MYD, and because of that refer to this study as ‘explora-
tory’. It is however important to note that local meteorologi-
cal and hydrological processes influence drought develop-
ment (Van Loon et al. 2014; Brakkee et al. 2021), further
study of local hydrological MYD processes is therefore
warranted.

2 Data

We used the ERAS reanalysis dataset to investigate MYD
events in the recent history. ERAS, including its backward
extension, covers the time period 1950-2020 (Hersbach
et al. 2020; Bell et al. 2021). From this archive monthly
precipitation, near-surface air temperatures, incoming solar
radiation, soil moisture content and runoff were used to
characterise MYD events and quantify MYD hazard risk.
We limit the analysis to landpoints in a box containing the
Rhine river basin (46-54° N, 2-12° E, Fig. 2). Other rea-
nalysis datasets (JRA-55, ERA-20C, 20CRv3, detailed in
Table 1) were used to investigate uncertainty in reanalysis
data. ERAS and JRA-55 are both modern reanalyses using
up-to-date meteorological models and 3-D observations for
data-assimilation. In contrast, ERA-20C and the 20CRv3
only assimilate surface fields, and are therefore expected
to have inferior performance. However, these century-long
reanalysis products provide more reliable statistics with
regards to rare events, highly relevant for analysing rare
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Table 2 Evaluation of reanalyses datasets and climate models employed in this study
Data source Mean annual cycle Historic trend Persistence

PR [mm/year] ET, [mm/year] ET, - PR [mm/year] PR [mm/year/°C]  ET, [mm/ PR ET,

year/°C]
Bias RMSE Corr. Bias RMSE Corr. Bias RMSE Corr. Linear trend Linear trend Auto-
cort.

Observations
E-OBS 0.00 0.00 1.00  0.00 0.00 1.00 0.00 0.00 1.00 25 54 0.01 0.22
Reanalyses
ERAS 14.57 14.68 0.98 191 252 1.00 -12.67 12.73 1.00 20 83 0.03 0.30
JRA-55 8.85 9.24 096 9.67 1098 1.00 081 573 1.00 — 113 75 0.04 0.23
ERA-20C 503 6.74 087 203 223 100 -3.01 570 0.99 91 46 0.05 0.19
20CRv3 21.06 23.35 050 441 551 1.00 -16.64 2040 0.95 47 28 0.03 0.12
Climate models
CanESM2 356 1433 -0.12 504 9.00 099 1.48 18.61 097 21 (—68t0102) 59 (26-105) 0.11 0.29
CESM1-CAM5 6.92 10.23 070 -0.19 209 100 -7.11 1003 098 56 (—60to179) 86 (6-135) 0.05 0.29
CSIRO-Mk3-6-0 20.51 2698 -0.16 150 454 099 -19.02 28,60 090 36 (—99to156) 102 (62-150) 0.07 0.39
EC-Earth 2.3 1536 17.44 074 -7.60 879 100 -2296 2579 097 64 (—14t0163) 43 (22-59) 0.07 0.28
GFDL-CM3 14.38 20.15 037 328 481 100 -11.10 2028 098 47 (—64to119) 78 (50-109) 0.10 0.46
GFDL-ESM2M  25.72 25.94 094 -0.75 371 100 -2647 2686 099 11 (—-80to104) 31 (2-57) 0.09 0.20
MPI-ESM-LR 17.53 25.01 -0.20 -3.17 487 099 -—-20.69 2844 094 65 (—77t0269) 86 (24-142) 0.07 0.31

First three columns show annual mean bias, root mean square error (RMSE) of the annual cycle and the temporal correlation coefficient (Corr.)
of the annual cycle, all relative to the E-OBS data set. Evaluation period is 1991-2020, variables shown precipitation (PR), reference evapo-
transpiration (ET,) and their difference, the precipitation deficit (ET,—PR). Next two columns show the linear trend over the period 1958-2010,
where precipitation and reference evapotranspiration are regressed onto a smoothed global mean surface temperature. Final column shows the
1-month autocorrelation for precipitation and reference evapotranspiration anomalies over the period 1960-2020. Similar statistics for additional

variables are included in the ST

MYD events. Finally, we use the gridded observations data-
set E-OBS v23.1e (Cornes et al. 2018) to quantify biases in
reanalysis data.

We used the climate model experiments available in
the Multi-Model Large Ensemble Archive (MMLEA,
Deser et al. 2020). The available models and the number
of ensemble members per model experiment are shown in
Table 1. All models use historical forcing for the period up
to 2005, and the strong forcing scenario RCP8.5 from 2006
onwards (Van Vuuren et al. 2011; Schwalm et al. 2020a;
Hausfather and Peters 2020; Schwalm et al. 2020b). These
are quite coarse resolution models, with horizontal reso-
lution in the atmospheric model component ranging from
about 1° to 2.8°. To enable fair comparison between rea-
nalyses and models, all data were regridded to a common
2° % 2° grid. Finally, we limit most of the analysis to the
years 1950-2100, this period is covered by the climate mod-
els and the ERAS reanalysis (up to 2020).

2.1 Model evaluation
We first investigate the ability of the different climate models

employed in this study to simulate the observed regional
hydroclimate. Since we study MYD events in the Rhine

basin, we quantify potential model biases in the simulated
time series over this region. We assess the annual mean bias,
and the root mean square error (RMSE) and temporal corre-
lation of the simulated mean annual cycle, taking the ERAS
reanalysis as observational truth. To assess observational
uncertainty we include the same quantities for the other rea-
nalysis datasets. Then we assess if the models reproduce
the linear trends in the recent historic period, and finally
we compare persistence in simulated time series. Additional
figures and tables for model evaluation are provided in Sec-
tion S2 of the Supplementary Information (SI).

All reanalysis products and all climate models simulate
too high annual mean precipitation values. The modern
reanalysis products (ERAS, JRA-55) reproduce the mean
annual cycle quite well, the models have larger biases. In
terms of the simulated mean annual cycle, CESM1-CAMS5
most closely follows the cycle of E-OBS (Table 2). Individ-
ual model biases are between one and two times larger than
the biases in the modern reanalyses. For reference evapo-
transpiration (ET,)) differences between ERAS5 and JRA-55
are substantial, caused by differences in the simulation of
clouds and aerosols and consequently differences in incom-
ing solar radiation. ERAS reproduces the observed values
from E-OBS well, JRA-55 is positively biased (too high
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values). The absolute bias and RMSE values of the climate
models are generally smaller than that of JRA-55. EC-Earth
2.3 stands out as a negatively biased model (too low values).
For monthly precipitation deficit, defined to be the differ-
ence between reference evapotranspiration and precipitation,
CESM1-CAMS stands out as the model with smallest annual
bias and RMSE, CANESM?2 and GFDL-CM3 additionally
stand out as better performing models, though have some-
what compensating errors. CSIRO-Mk3-6-0 and GFDL-
ESM2M (biased precipitation), and EC-Earth 2.3 (biased
reference evapotranspiration) have lowest realism in terms
of the mean annual cycle of precipitation deficit.

All climate models reproduce the observed historic trend
of precipitation (Table 2), the JRA-55 reanalyses is an out-
lier as the only dataset showing a negative trend of precipi-
tation. The range of trends within a single model ensemble
is due to internal variability of the climate system (each
member is in a different phase of e.g. decadal variability),
but we do not expect a range of trends between the observa-
tions and reanalysis products, given that these all represent
the historic period which is a single, but importantly the
same, realisation of internal variability. The trend of ref-
erence evaporation is overestimated by ERAS and JRA-55
compared to E-OBS, caused by too high trend in incoming
solar radiation. Six of the models are in agreement with this
observed trend, CSIRO-Mk3-6-0 overestimates the observed
trend also due to too high trend in radiation. There are quite
large model differences, caused by differences in local tem-
perature trends (too low for GFDL-ESM2M) and incoming
radiation (too high for CSIRO-Mk3-6-0 and GFDL-CM3).

Finally we compare 1-month auto-correlation values
of simulated time series. There is no auto-correlation in
monthly precipitation, the climate models have slightly
higher values than E-OBS and the reanalyses. Auto-cor-
relation is larger for temperature, incoming radiation and
reference evapotranspiration. Also here the climate models
show slightly larger values, with the exception of GFDL-
ESM2M. Because SPEI-6 and SPEI-12 time series are based
on running mean type calculations, auto-correlation in those
time series are very high (0.85 and 0.95 respectively). The
climate models reproduce these values (SI Section S2).

3 Multi-year drought definitions

We used the Standardized Precipitation Evapotranspiration
Index (SPEI, Vicente-Serrano et al. 2010; Begueria et al.
2014) to characterize drought. The SPEI computes a water
balance using monthly values of precipitation (PR) and ref-
erence evapotranspiration (ET,,) similar to the precipitation
deficit discussed in Sect. 2.1. By including reference evapo-
transpiration, SPEI takes into account the influence of atmos-
pheric evaporative demand on drought development. We used
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the Makkink formula to compute reference evapotranspiration
(SI Section S1), this choice was made with consideration of
the availability of different variables in the MMLEA, local
standards and sensitivity of calculations of evapotranspira-
tion for trends in temperature. The SPEI was calculated using
the R package SPEI (Begueria et al. 2014), assuming a log-
logistic probability distribution, and calibrated based on the
period 1961-2020 (for ERA-20C and 20CRv3 using all avail-
able years in this period).

The SPEI can be computed on different timescales, ena-
bling the identification of different types of drought. We
used the 6-month SPEI (SPEI-6) to quantify meteorologi-
cal drought (Fig. 1a), and the 12-month SPEI (SPEI-12) as a
measure of hydrological drought (Fig. 1b). The propagation
from meteorological drought to hydrological drought takes
time, hence the longer SPEI time scale, in ERAS SPEI-12 has
a high Pearson correlation with runoff anomalies of 0.66, indi-
cating a that SPEI-12 time series are good proxy for hydro-
logical droughts. Due to the variety of societal and natural
impacts, caused by different vulnerability to drought condi-
tions, it is impossible to categorise the 2018-2020 drought
event in western Europe as a certain type of drought. We
therefore quantify the changing hazard risk of MYD using two
metrics: the first based on sequential or consecutive meteoro-
logical summer droughts, the second based on long-duration
hydrological droughts.

3.1 Consecutive meteorological summer droughts

We focused our investigation of meteorological drought to the
summer months, because the vulnerability to lower than nor-
mal water availability is substantially larger in these months
than in the winter season due to on average higher water
demands from nature and society and lower water availabil-
ity. We selected years in which the SPEI-6 time series drops
below minus one, often classified as ‘moderate drought’ (low-
est 15% of data, dashed blue line in Fig. 1a), for at least two
months in the period June to November. Note that this period
is shifted from the traditional summer drought season (April-
September) to take into account the lagged effect of SPEI-6.
If a minimum of two such years with meteorological droughts
occur in a sequence, we refer to this event as a Consecutive
Meteorological Summer Drought (CMSD, orange shading
in Fig. 1a). We studied both the frequency and the duration
of such events, with a sequence of meteorological droughts
longer than two years counted as a single event, and the length
of such a sequence (in years) as the measure of duration (i.e.
2018-2020 is one event of 3 year duration, Fig. 1a).

3.2 Long-duration hydrological droughts

We based the identification of Long-Duration Hydrological
Droughts (LDHD) on run theory (Yevjevich 1967). We used
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a SPEI-12 threshold of minus one, ‘moderate drought’, to
select drought events (dashed blue line in Fig. 1b), if these
events last a minimum of 12 months we classify the event as
aMYD event (orange shading in Fig. 1b). Comparable meth-
ods of determining drought length, i.e. periods under a (SPI/
SPEI) threshold, are frequently used in drought research
(e.g. Serinaldi et al. 2009; Barker et al. 2019). Here we took
the number of selected events for the frequency count, and
the total length of the period (in months) in which SPEI-
12 stays below the threshold as a measure of duration of a
single event.

4 Drought 2018-2020 in historical
perspective

The dry and warm northwestern European spring and sum-
mer of 2018 was caused by a persistent positive phase of
the North Atlantic Oscillation, regional climate change, and,
for part of the summer, a stationary Rossby wave (Drouard
et al. 2019; Kornhuber et al. 2019; Philip et al. 2019). From
April to November precipitation was much lower than nor-
mal precipitation (Figs. lc, 2a) and higher than normal
reference evapotranspiration (Figs. 1d, 2d, g) resulted in a
SPEI-6 value lower than —2 (exceedance probability < 2.5%,
Fig. 1a). Soil moisture and runoff responded to the mete-
orological drought with a slight delay (Fig. le, ), it is this
hydrological response that caused the widespread negative
impacts of the drought on ecosystems and society (Ecorys
et al. 2018; Peters et al. 2020; Brakkee et al. 2021).

The summer of 2019 and spring of 2020 were also drier
and warmer than normal (SPEI-6 < —1 for both years in
ERAS and JRASS, Fig. 1a and SI Fig. S3; Fig. 2). Based on
this meteorological perspective and looking at the events in
isolation, these droughts were thus not as severe as the 2018
drought. However, when looked at from a compound event
perspective (Zscheischler et al. 2018), and if we consider
2018 as a pre-conditioning event to the droughts of 2019
and 2020 or alternatively if we consider the three droughts
together as a temporally compounding event (Zscheischler
et al. 2020), indeed a MYD event becomes apparent as was
also found by Brakkee et al. (2021). The effect of this tem-
poral compounding can, for example, be seen in the time
series of runoff, which remains below normal also in the
period between the 2018 and 2019 meteorological droughts
(Fig. 1f). The SPEI-12 time series captures this compound-
ing effect from 2018 to 2019 (Fig. 1b), though, on the
regional scale investigated here, the hydrological event as
measured by SPEI-12 or runoff, does not continue into 2020.

The 2018-2020 event is not the first MYD event in the
region. In the period covered by ERAS we find two periods
of consecutive meteorological summer droughts and five
periods of long-duration hydrological drought (Table 3,

Table 3 Consecutive meteorological summer drought (CMSD) events
and long-duration hydrological drought (LDHD) events in the ERAS
reanalysis

CMSD LDHD
Start year Duration [years] Start date Duration
[months]

1952 2
1959-06 15
1989-09 14
1991-08 12
2003-08 12

2018 3 2018-09 13

Shown are start year [YYYY]/starting date [YYYY-MM] and event
duration [years/months]. Similar event data for the other reanalyses
are provided in the SI

Fig. 3). The identified droughts are notorious dry periods
which have each been topic of many studies (e.g. Namias
1964; Zaidman et al. 2002), and have been identified in
many other objective classifications of large droughts in gen-
eral (e.g. Sheffield et al. 2009; van der Schrier et al. 2013;
Spinoni et al. 2015; Zink et al. 2016; Barker et al. 2019).
Note that for the start dates of long-duration hydrological
droughts in Table 3 show the first month in which SPEI-12 is
smaller than —1, but that this takes into account accumulated
precipitation and reference evapotranspiration values over
the 12 months leading up to that month.

Any estimation of return periods for MYD events in the
Rhine basin based on the historical record is very uncer-
tain. This is due to the small number of events in a 30 year
period, but also due to sensitivity to small differences as for
example shown by differences between reanalyses products.
A similar analysis using JRA-55 data for example addition-
ally identifies 1995-1996-1997 as a MYD event, both from
meteorological and hydrological point of view, but does not
identify 2018-2020 because it is slightly wetter (e.g. only
one month under SPEI-6 threshold in 2019). A full overview
of historic MYD events based on the four reanalysis prod-
ucts is provided in SI Section S3.

5 Multi-year drought hazard risk
in present-day climate

To overcome the limitation of the relatively short observa-
tional record (for this purpose), we use the large ensemble
climate model simulations (Table 1) to quantify the haz-
ard risk of MYD events in the Rhine basin in the current
climate. Robust risk quantification is possible using large
ensemble experiments, because the many realisations of an
experiment allow us to compute a detailed empirical prob-
ability distribution from which the probability of extreme
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(a) Consecutive Meteorological Summer Droughts

SPEI-6
o
|

il ‘ hx“ L\ lllﬂmh
_ 1" ]" ’Hl‘ _____ '

‘ h“

L A )
W ”i" ’|”H

-3 e T I B B B B

1950 1955 1960 1965 1970 1975 1980

(b) Long-duration Hydrological Droughts

I L L
1985 1990 1995

2000 2005 2010 2015 2020

h,u\ !

SPEI-12
o
|

..Mh‘ hMl g

-

-3 R L N R

1950 1955 1960 1965 1970 1975 1980

Fig.3 Time series of a SPEI-6 [unitless] and b SPEI-12 [unitless] as
in Fig. 1a, b, but here for the full ERAS reanalysis record. The SPEI-
intensity threshold that was used for selection is shown as a dashed
blue line, selected a consecutive meteorological summer droughts

event occurrence can be derived. In contrast to many other
methods, when using large ensembles this can be done with-
out relying on hypothetical statistical extrapolation of lesser
extreme events (Van der Wiel et al. 2019). Large ensem-
ble data have previously been used for the study of drought
or MYD events, e.g. Diffenbaugh et al. (2015), Otto et al.
(2018), Pascale et al. (2020, 2021) and Van der Wiel et al.
(2019, 2021).

For each climate model and each ensemble member, we
compute the SPEI-6 and SPEI-12 time series (calibrated for
the period 1961-2020) and identify all consecutive mete-
orological summer droughts and long-duration hydrologi-
cal droughts that start in the period 1991-2020 (but do not
necessarily end in this period). The models indicate that
the climatological (statistical mean) occurrence of con-
secutive meteorological summer droughts is two events in
that 30 year period (Table 4), the estimated probabilities of
individual models vary between 1.06 and 2.30 (EC-Earth
2.3 and CSIRO-Mk3-6-0, respectively). The actual occur-
rence of consecutive meteorological summer droughts in
a single 30-year record (such as the observational record)
can vary quite substantially from this mean climatological
value because of internal variability in the climate system
(i.e. random processes, chance). Individual model members,
representing different but equally likely alternatives to the
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and b long-duration hydrological drought events are highlighted with
orange shading and an orange bar, background shading shows differ-
ent classifications of dry and wet periods based on SPEI levels

observed historical record, have between zero and five events
in the 30-year period. In plain language, based on these sim-
ulations, one would expect about two events in the period
1991-2020, but wouldn’t be surprised to have zero or five
events. The event count in the historical record, here most
reliably analysed using the two modern reanalyses (ERAS
and JRA-55, top rows in Table 4), is in agreement with these
model results.

Similarly, for the long-duration hydrological droughts
we find an average climatological mean occurrence of two
events in 30 years in the present day climate (Table 4). The
intermodel variability is comparable, between 1.12 and 2.50
events (EC-Earth 2.3 and CSIRO-Mk3-6-0). Models with
fewer consecutive meteorological summer droughts also
have fewer long-duration hydrological droughts (Pearson
correlation » = 0.90), suggesting that there is a link between
our two definitions of MYDs and that similar events are
identified in both metrics (indeed the 2018-2020 event is
identified as both a consecutive meteorological summer
drought and a long-duration hydrological drought in ERAS,
Table 3).

The average duration of MYD events depends strongly on
our selection method and event definition. Duration statistics
can therefore not be compared between consecutive mete-
orological summer droughts and long-duration hydrological
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Table 4 Statistics of

. . Data source
consecutive meteorological

Consecutive Meteorological Summer

Long-duration Hydrological Droughts

Droughts

summer droughts (CMSD) and

long-duration hydrological Frequency [#/30  Duration [years] Frequency [#/30  Duration [months]

droughts (LDHD) occurrence years] years]

in the present-day climate

(1991-2020) Observations
E-OBS 2 2 3 13.3
Reanalyses
ERAS 1 3 12.3
JRA-55 1 3 15.7
ERA-20C 0 - 1.5 16.0
20CRv3 0 - 1.2 12.0
Climate models
CanESM?2 2.28 (0-4) 2.5 (2.0-4.0) 2.02 (0-5) 16.5 (12.0-28.0)
CESM1-CAMS5 2.00 (0-5) 2.7 (2.0-5.0) 1.89 (0-5) 15.3 (12.0-22.8)
CSIRO-MK3-6-0 2.30 (1-5) 2.4 (2.0-3.6) 2.50 (0-5) 15.6 (12.0-25.3)
EC-Earth 2.3 1.06 (0-3) 2.4 (2.0-3.2) 1.12 (0-3) 14.1 (12.0-18.1)
GFDL-CM3 2.15 (0-5) 2.4 (2.0-3.9) 2.40 (1-4) 16.2 (12.0-26.6)
GFDL-ESM2M 1.87 (0-4) 2.5 (2.0-4.0) 1.87 (0-5) 16.2 (12.0-25.8)
MPI-ESM-LR 2.27 (0-5) 2.5 (2.0-4.0) 2.05 (0-5) 15.5 (12.0-25.6)
Multi-model mean 1.99 2.5 1.98 15.6

Frequency shows the average number of CMSD/LDHD events [number of events that start in a 30 year
period], values in brackets show the range of frequencies in individual ensemble members. Duration shows
the average duration of CMSD/LDHD events [consecutive years or total months], values in brackets show
the 5-95 % range of event duration in individual members

droughts. Consecutive meteorological summer droughts last
on average 2.5 years (by definition a minimum of 2 years),
i.e. two or three dry summers in a row. Long-duration hydro-
logical droughts last on average 16 months (by definition
minimum 12 months), though this takes only the slow-
responding hydrological system into account (as measured
by SPEI-12). Combining the climatological values of event
frequency and event duration, we find that the Rhine basin
is in a state of MYD for 17 or 9% of the time respectively.

5.1 Consecutive meteorological summer droughts:
chance or multi-year physical processes?

When investigating MYD events, it is natural to ask whether
or not there are multi-year physical processes within the cli-
mate system that have a driving role in such long-lasting
events. To this end we have developed an experiment to test
whether or not the occurrence of multi-year events is the
result of random processes causing a summer drought in
two consecutive years or whether there are causal links in
the climate system linking two consecutive summer seasons
with drought. Such causal links might for example be found
in long-lasting soil moisture anomalies or slow oceanic pro-
cesses that influence the likelihood of atmospheric circula-
tions conducive to drought. In our method of identifying
consecutive meteorological summer droughts (Sect. 3) we
do not take into account any relation between the first year

and any subsequent year of a MYD event, dry summers
are found in isolation, after which we look for consecutive
events. To investigate the existence of multi-year physi-
cal processes driving consecutive meteorological summer
droughts we artificially remove any multi-year process. In
each model ensemble, we shuffle individual years between
ensemble members. This removes any pre-conditioning
effects from December into January of the following year
(e.g. soil moisture anomalies) or any drivers that influence
two consecutive years (e.g. slow oceanic processes), allow-
ing us to estimate the mean frequency of consecutive mete-
orological summer droughts without multi-year physical
processes. Similar shuffling methods were applied in e.g.
Van den Hurk et al. (2015) and Goulart et al. (2021).

The shuffling experiment provides no evidence of multi-
year physical processes that drive consecutive meteorologi-
cal summer droughts in the Rhine basin. We performed 100
repetitions of the described shuffling experiment for each
model ensemble, generating a distribution of mean fre-
quencies in a world without multi-year physical processes
(Fig. 4). The mean frequency of consecutive meteorological
summer droughts in the original climate model time series is
not significantly different from the range of mean frequen-
cies derived from the shuffling experiment. We can there-
fore not disregard the hypothesis that two consecutive dry
summers are the result of random chance. Comparatively,
the EC-Earth model lies furthest in the tail of the shuffled
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(a) Multi-year drivers for CMSD events?
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Fig.4 Distribution of consecutive meteorological summer droughts
(CMSD) in shuffled data series (coloured lines) and in the original
model data series (black lines). The coloured lines show a histogram
of the values in the shuffling experiment (N = 100), with a bin width
of 0.1

distribution, however this is in the opposite tail as expected
and might imply the model includes multi-year processes
opposing MYD events. Based on this experiment, three sum-
mers of meteorological drought in a row, like 2018-2020,
seems to be mostly an unfortunate coincidence, though it
could of course be that the climate models systematically
underestimate multi-year physical processes. Note that the
impact of independent consecutive meteorological summer
droughts on the hydrological system can be of multi-year
nature, e.g. through incomplete recovery of wintertime
ground water tables, this effect is investigated in this work
through the long-duration hydrological drought events.

6 Increasing probability of multi-year
droughts in a warmer climate

Anthropogenic climate change has already influenced tem-
peratures, precipitation and incoming solar radiation in
north-western Europe (e.g. KNMI 2021; Philip et al. 2020;
Krauskopf and Huth 2020; Twardosz et al. 2021; Pfeifroth
et al. 2018), which has led to changes in the probability of
drought (Wanders et al. 2015; Samaniego et al. 2018; Marx
et al. 2018; Hari et al. 2020). In this section we investigate
what the effect of projected future trends in these quantities
has been on longer duration MYD events.

To determine the statistics of MYD under climate change,
we use the same procedure as was used for the present day
climate (Sect. 5, Table 4), but now evaluating moving
windows of each 30 years wide. Under the high-emission
scenario investigated here, all models project a substantial
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increase of the frequency of both consecutive meteorological
summer droughts and long-duration hydrological droughts.
On average this increase is from two events in the period
1991-2020, to four events (consecutive meteorological sum-
mer droughts or long-duration hydrological droughts) per
30 year period in 2021-2050. There are however substantial
model differences in these values, which can be explained,
at least partly, by differences in climate sensitivity (i.e. the
amount of global temperature rise at a given external forc-
ing, SI Fig. S7) and differences in event frequency in the
present-day climate (Table 4). The relative increase in fre-
quency, captured by the Probability Ratio, at different warm-
ing levels removes these differences. From that perspective,
the models project an average doubling of both types of
MYD events (Probability Ratio =2) at 1 ° C additional
global warming (Fig. 5a, b, Table 5).

For long-duration hydrological droughts, model differ-
ences can be explained by annual mean trends in precipita-
tion and reference evapotranspiration. Models with larger
(non-compensating) trends in these variables, i.e. with
larger trends in the precipitation deficit (ET,—PR), have a
relatively larger trend in SPEI-12 (Fig. 6, SI Section S3).
Changes in the characteristics of the SPEI-12 time series
directly impact the probability and length of long-duration
hydrological droughts by design of the method (Sect. 3). The
seven models investigated show a continuum of changes,
with MPI-ESM-LR projecting largest changes (due to a rela-
tively strong decrease of summer precipitation and a rela-
tively weak increase in winter precipitation) and CanESM?2
the smallest changes (due to a relatively weak trend in sum-
mer precipitation and a strong trend in winter precipitation).

Consecutive meteorological summer droughts show very lit-
tle model dependence in the change in MYD event frequency,
model differences show in differences in the change of event
duration (Fig. 5¢). Models with larger trends in summer pre-
cipitation, reference evapotranspiration, and SPEI-6 show larger
increases in event duration. The EC-Earth 2.3 model is an out-
lier in this group of climate models, showing much larger trend
in event frequency but a lower trend in event duration.

For large values of global warming (e.g. exceeding + 1 °C
global temperature rise in many mdels), or in the second half
of the 21 century (SI Fig. S8), MYD frequency continues to
rise but our analysis breaks down. The computed trends from
that point onwards are incorrect, noted by the use of dotted
lines in Fig. 5. The breakdown of the analysis is related to the
limit of the total number of droughts of a certain length that
can occur in a 30 year period. For example, one cannot fit four
droughts of ten year duration in a 30 year period. In the case of
consecutive meteorological summer droughts this limit is very
clearly approached in five models (CanESM2, CESM1-CAMS,
CSIRO-MK3.6, GFDL-CM3 and MPI-ESL-LR, Fig. 5e). For
long-duration hydrological droughts it is less obvious, but also
here this limit corrupts the results slightly. We have masked all
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Fig.5 Time series of mean MYD a, b frequency change in Prob-
ability Ratio [unitless], ¢, d duration change [%] and e, f total time in
drought [%] for the different climate models. Statistics are derived for
a 30-year rolling window, data shown at the centre of a window. All
plots against a smoothed Global Mean Surface Temperature (GMST)
change relative to 1991-2020 (SI Fig. S7). Probability Ratio is the
relative increase of frequency, calculated as the ratio of frequencies at

data in the figure from the point in time that we find the system
is in a state of MYD for more than 75% of the time, note that
this threshold is a somewhat arbitrary choice.

A physical reason for the break down of the analysis is the
strong trend in SPEI (Fig. 6d, SI Fig. S10). There is such a
strong general drying trend, that identifying events below the
SPEI < —1 threshold does not make sense anymore, invalidat-
ing the MYD selection approaches. A new hydrological regime
has formed as a result of climate change (Wanders et al. 2015).
The model projections used here are based on the strong forcing

two warming levels, e.g. PR, ;¢ = F, ;¢ /Fpp. Duration change shown
as percentage of event duration in the present-day period, with 100%
indicating no change. a, ¢, e For consecutive meteorological summer
droughts (CMSD), b, d, f for long-duration hydrological droughts
(LDHD). Coloured lines show the individual models, black dashed
line shows the multi-model mean. Lines are dotted when total time in
drought exceeds 75% (see main text for details)

scenario (RCP8.5), more moderate scenarios of future green-
house gas emission would likely give weaker trends and con-
sequently smaller increases of MYD occurrence and duration
throughout the 2 1st century. Assuming there is no path depend-
ence, i.e. the relation between the speed of climate change and
projected changes in MYD at warming levels, the described
changes at warming levels discussed here are not impacted by
the use of the strong forcing scenario.

For this analysis of the influence of projected climate change
on MYD events, we have compared future event frequencies to
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Table 5 Probability Ratio [unitless] and duration change [%] for con-
secutive meteorological summer droughts and long-duration hydro-
logical droughts at 1 °C and 2 °C global temperature rise relative to
1991-2020, as in Fig. 5. Probability Ratio is the relative increase of

frequency, calculated as the ratio of frequencies at two warming lev-
els, e.g. PR, ;o = F, c/Fpp. Duration change as percentage of event
duration in the present-day period, with 100% indicating no change.
Values removed if time in drought exceeds 75% (Fig. 5e, f)

Model name

Consecutive meteorological summer droughts

Long-duration hydrological droughts

Probability ratio

Duration change [%]

Probability ratio Duration change [%]

+1°C +2°C +1°C +2°C +1°C +2°C +1°C +2°C
CanESM2 1.72 - 129 - 1.71 2.40 102 120
CESM1-CAMS5 2.00 - 138 - 2.35 3.15 122 136
CSIRO-Mk3-6-0 2.08 - 190 - 2.22 3.16 130 183
EC-Earth 2.3 2.59 4.00 129 137 1.58 2.21 123 112
GFDL-CM3 1.74 - 152 - 2.18 3.48 117 145
GFDL-ESM2M 1.72 2.28 128 190 1.70 3.17 109 130
MPI-ESM-LR 1.95 - 194 - 2.60 3.80 136 183
Multi-model mean 1.97 - 151 - 2.05 3.05 120 138

present-day frequencies (1991-2020). Some of the large ensemble
simulations used in this study also include data for the period long-
before the present-day period (Table 1). These models show that
in the period 1850-1950 the number of MYD events was approx-
imately stable, at about half the frequency as compared to the
present-day (probability ratio of approximately 0.5) (SI Fig. S8).
From approximately the 1950s the number of events starts increas-
ing in response to the radiative forcing (historical + RCPS.5).

6.1 Contribution of forced changes in climate
variability to the total increase of multi-year
droughts

In the previous section we have discussed the total effect
of climate change on MYD occurrence, this includes both
changes in mean climate and changes in climate variability.
Trends in climate variability can be different to the trends in
mean climate, and the effect of those trends on extreme event
occurrence isn’t necessarily similar (Van der Wiel and Bintanja
2021). The models in this study project a clear shift in mean
climate towards wetter winters and drier summers (Fig. 6).
However, any additional effects from forced changes in climate
variability on MYD occurrence remain unclear. We therefore
repeat the analysis using detrended time series (i.e. the mean
climate change signal removed), following the framework of
Van der Wiel and Bintanja (2021), to separate the effects attrib-
utable to a changing mean climate from the effects attributable
to changes in variability. We detrend the Rhine basin mean
time series of simulated precipitation, temperature and incom-
ing solar radiation using a 4th order polynomial, recalculated
the time series of reference evapotranspiration and SPEI, and
identified MYD events in these time series. Any trend in MYD
frequency or duration in these time series can then be attrib-
uted to forced changes in climate variability. The computa-
tion of the 4th order polynomial was done over all ensemble
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members taken together but for each month individually to get
the best estimate of the forced change; the results are similar if
a 3rd order polynomial is taken.

There is a small contribution of changes in climate variabil-
ity to the increase of MYD events in the Rhine basin (Fig. 7),
though it is much smaller than the total trend. The multi-model
mean gives an increase of 0.6 consecutive meteorological sum-
mer droughts per 30 year period over a century (0.6 #/30 years
/100 years) and an increase of 0.7 long-duration meteorologi-
cal droughts per 30 year period per century, both relative to the
present-day climate (Table 4). All individual models have a posi-
tive trend, which are statistically significant (p = 0.05) with the
exception of CanESM?2 for long-duration hydrological droughts.
CanESM2 has the smallest trend due to changing climate varia-
bility, CESM1-CAMS and MPI-ESM-LR have the largest trends
due to variability changes. Quantitative estimates of the trend in
individual models are comparibly more uncertain than the multi-
model mean due to large fluctuations, which are related partly
to the number of members in the model’s ensemble (Table 1).
The multi-model mean estimate is robustly positive, indicating
trends in climate variability add to the changes in MYD hazard
risk due to changes in mean climate. Investigating the dynamical
processes behind this trends is beyond the scope of this study,
possibly changes in land-atmosphere feedbacks at lower mean
soil moisture levels or changes in atmospheric persistence play a
role (Berg and Sheffield 2018; Pfleiderer et al. 2019).

7 Physical processes during a typical
multi-year drought

In the previous sections we have discussed the statistics of
MYD events in the Rhine basin, and shown that anthropo-
genic climate change strongly impacts event probability
and event duration. In this section we move away from the
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Fig.7 As Fig. 5a, b but here for trends in MYD attributable to changes in climate variability (see main text for details). X-axis shows time
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discussion of statistics, and switch focus to local physical
processes. Through composite analysis on identified simu-
lated events in the period 1991-2020 we describe a ‘typical’
consecutive meteorological summer drought and a typical
long-duration hydrological drought.

To investigate the local physical processes contributing
to or being impacted by MYD events, we have aligned time
series of all identified MYD events in the model ensembles
that start in the period 1991-2020 (as in Sect. 5). We then

took the average over these time series, to calculate the com-
posite mean MYD time series, describing the behaviour of a
typical MYD (Fig. 8). Consecutive meteorological summer
droughts are somewhat aligned in time and have the largest
SPEI-6 deviation in the summer months (by experimental
design, Sect. 3), we therefore take the average over all iden-
tified events. The number of events in a composite mean
varies from 17 to 227, depending on a model’s ensemble
size (Table 1) and mean event frequency (Table 4). The
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«Fig. 8 Composite time series of a, b SPEI-6/12 [unitless], and anom-
alies of ¢, d Precipitation [mm/month], e, f reference evapotranspira-
tion [mm/month], g, h temperature [°C], i, j incoming solar radiation
[W/m?], Kk, 1 soil moisture content [kg/mz] during MYD events in
the present-day climate (1991-2020). a, c, e, g, u, k for consecutive
meteorological summer droughts (CMSD), b, d, f, h, j, 1 for long-
duration hydrological droughts (LDHD). To align droughts in time
we only include long-duration hydrological droughts events that start
in the months June-November. Coloured lines show the individual
models, bold dashed line shows the multi-model mean, not all models
have data for soil moisture content available. Yellow shading shows
the multi-model mean 25th—75th percentile range. Grey/white verti-
cal shading show different years

long-duration hydrological droughts do not have this sea-
sonal-lock, we therefore limited the composited events to
those events that start in the period June—November (number
of events in a composite varies from 11 to 95). In both cases,
calendar months are aligned in the resulting composite cal-
culation; the start of the long-duration hydrological drought
according to our selection criteria (Sect. 3) can vary from
June to November.

The composite mean time series of SPEI-6 and SPEI-12
(Fig. 8a, b) show the direct result of the selection process as
defined in Sect. 3. For consecutive meteorological summer
droughts two summers with SPEI-6 values below the thresh-
old for moderate drought have been identified. There are no
model differences here, and no obvious differences between
the first and second year of drought. In the year before the
consecutive droughts, SPEI-6 is above zero which can be
explained by the fact that these summers (by design of the
method) cannot have a meteorological summer drought
(SPEI-6 < —1 for two months), leading to a small positive
shift of the mean. Interestingly, in the year after the consecu-
tive droughts (i.e. year 3) the mean SPEI-6 is still slightly
negative, which may indicate lingering drought effects due
to incomplete recovery. For long-duration hydrological
droughts SPEI-12 lies below the — 1 threshold for twelve
months as per the event definition, recovery to near-zero
SPEI-12 values takes almost another twelve months.

Consecutive meteorological summer droughts are driven
by two summers of lower than normal precipitation, and
higher than normal temperature and incoming solar radia-
tion (Fig. 8c, g, i). This leads to higher than normal reference
evapotranspiration and a larger than normal precipitation
deficit. From a meteorological perspective the two summers
are very similar, though there is a hint of a slightly warmer
and sunnier conditions in the second summer. The soil mois-
ture content decreases in the first summer of drought, and
doesn’t fully recover to normal climatological levels in the
winter following this summer (Fig. 8k). Consequently, the
soil moisture response in the second summer of drought
is larger (pre-conditioned compound event, Zscheischler
et al. 2020). The larger soil moisture anomaly in the second
summer may have impacted the temperature and incoming

radiation through land-atmosphere feedbacks, but such an
effect cannot be attributed in the present experimental setup.

The drivers of long-duration hydrological droughts are
similar, though the temporal sequence is different. In the
first summer of drought, the departures from normal are
larger in terms of precipitation, temperature and incom-
ing radiation compared to the consecutive meteorological
summer droughts (Fig. 8d, h, j), and precipitation remains
low throughout the winter season. This results in a larger
decrease of soil moisture content, and a much reduced recov-
ery of soil moisture in the winter season compared to the
consecutive meteorological summer droughts (Fig. 81). The
second summer also shows a minor precipitation deficit but
much less pronounced than the first summer for this long-
duration hydrological event or compared to the summers
in the consecutive meteorological summer drought case,
but the higher than normal precipitation deficit does hinder
drought recovery and hence increases the duration of the
event.

The described typical MYD event is comparable to the
observed 2018-2019-2020 event in many ways (Fig. 1), for
example in the soil moisture response. Note that we expect
less temporal variability in the composite mean event
(Fig. 8) due to the averaging procedure which removes noise
from internal variability and thus removes between-event
variability. This has advantages because, for example, driv-
ing mechanisms can more easily be identified, but event spe-
cifics can be very important in determining impacts (Van der
Wiel et al. 2020) and should therefore also be taken into
account in further studies.

8 Discussion

The presented results depend on the assumption that the
climate models adequately capture the processes leading
to MYDs in the region. In Sect. 2.1 we assessed potential
biases in simulated annual mean cycles, historic trends and
auto-correlation, but a thorough assessment of simulated
MYD processes is not possible due to sparse observational
evidence (too little observed events). Here we discuss some
potential model and experimental deficiencies that may
influence our results, and provide some suggestions for
future work.

The seven climate models used in this study (Table 1) are
members of a family of coupled atmosphere-ocean mod-
els, and contributed to IPCC’s CMIP5 project. Interactions
between atmosphere, ocean, land and sea ice are simulated,
which is essential as drought is a coupled land-atmosphere
phenomenon (Van Loon 2015). Reduced soil moisture influ-
ences air temperatures, evapotranspiration, and moisture
recycling, and through this pathway a positive feedback
exists towards further drought development (e.g. Zampieri
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et al. 2009; Berg and Sheffield 2018; Herrera-Estrada et al.
2019; Benedict et al. 2021). Though the climate models do
simulate soil moisture, the model formulations used are
much simplified compared to state-of-the-art hydrological
understanding. E.g. processes like ground water feedbacks,
surface runoff, and vegetation feedbacks, all shown to be
of influence to drought development (e.g. Dirmeyer 1994;
Evans et al. 2017), are not yet considered in these mod-
els. More detailed assessment of the contribution of local
hydrological processes in the context of multi-year events
is therefore recommended.

We have identified MYD events using SPEI-6 and SPEI-
12 time series, and though these time series correlate with
soil moisture, ground water levels and river discharge, it is a
top-down method of drought identification. Besides (large-
scale) meteorological forcing, local hydrological processes
have a large influence on local drought impacts (Van Loon
et al. 2014; Brakkee et al. 2021). The above recommenda-
tion for more detailed consideration of local processes can
therefore also be applied to the event selection procedure,
for example by choosing (hydrological) variables or indi-
ces closer to actual societal and/or natural impacts (Van der
Wiel et al. 2020). This would also circumvent the use of
reference evapotranspiration, a measure of atmospheric
evaporative demand, which during times of drought is not
causally related to actual evapotranspiration (Berg and Shef-
field 2018).

9 Conclusions

This study aimed to investigate the historical context of the
2018-2020 multi-year drought in western Europe, and inves-
tigate whether anthropogenic climate change is expected
to change the likelihood of similar events. We combined
multiple reanalyses datasets and large ensemble climate
model simulations to explore present-day and future MYD
frequency, duration and characteristics. This large data
approach allowed us to robustly investigate (changing)
extreme event statistics in the presence of natural variability
(Van der Wiel et al. 2019; Deser et al. 2020), and further-
more describe the multi-variate and temporally compound-
ing drivers of MYD events in the region (Zscheischler et al.
2018, 2020).

We investigated two types of MYD: consecutive mete-
orological summer droughts and long-duration hydrologi-
cal droughts, identified through time series analysis of the
6-month and 12-month SPEI respectively. In the present-day
climate around two of these events are expected in a 30 year
period, though because of natural variability (internal vari-
ability in the climate system) the real number of events in
a specific 30 year period can vary between zero and five
events. Drought events like 2018-2020 are thus part of the
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realm of possibilities in the present-day climate (as is obvi-
ous by it occurring), and a comparable event could have
been expected to occur based on the average frequency or
return period.

The models project a strong increase of MYD event fre-
quency and duration in response to further global climate
change. The probability of MYD occurrence will double if
the global mean surface temperature rises with 1 °C rela-
tive to the present-day value (approximately 2 °C warm-
ing relative to pre-industrial levels). Changes in MYD
occurrence are caused by large changes in mean climate,
for example due to reductions in mean summer precipita-
tion and increases in summer reference evapotranspiration.
On top of these changes in mean regional climate, forced
changes in climate variability add slightly to the increase
of MYD event occurrence (approximately 10-20% of the
total change, Van der Wiel and Bintanja 2021). An increase
of climate variability results in larger deviations from mean
climate, either in amplitude or in duration. This can have
influences on extreme events (as shown here for MYD fre-
quency), providing additional challenges for societal and
natural adaptation.

MYD events are the result of ‘classic’ meteorological
forcing for drought: lower than normal precipitation and
higher than normal atmospheric evaporative demand (ref-
erence evapotranspiration, due to higher than normal tem-
peratures and incoming solar radiation). For consecutive
meteorological summer droughts, at least two summers with
such conditions occur in succession. We have not found evi-
dence for multi-year processes in atmospheric forcing, which
would indicate that a second dry meteorological summer is
an unfortunate coincidence from a meteorological point of
view (in terms of precipitation and atmospheric evaporative
demand). In contrast, the hydrological response to such con-
secutive meteorological summer droughts can not be seen
as separate droughts: soil moisture does not recover fully in
the winter following the first drought. This makes the system
more vulnerable to a second drought, due to reduced initial
spring soil moisture before the second dry summer (Fig. 9a).
Long-duration hydrological droughts are kick-started by a
summer of drought, followed by a drier than normal autumn
and winter season, and another relatively dry summer sea-
son. Soil moisture recovery after the first summer drought
is limited by the lingering meteorological dry conditions,
resulting in a longer than normal period of drought (Fig. 9b).
Both types of MYD event investigated here can be viewed
as compound events, they match some of the characteristics
of both pre-conditioned events and temporally compounding
events (Zscheischler et al. 2020).

We have investigated MYD events in the Rhine basin
using large ensemble climate model simulations, a simi-
lar approach can be applied in other regions where MYD
events have occurred in the past (e.g. U.S. Dust Bowl,
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Fig.9 Physical elements of compound multi-year droughts in the
Rhine basin, for a consecutive meteorological summer droughts, b
long-duration hydrological droughts. Yellow boxes show meteorolog-

Australian Millennium Drought, South African day-zero
drought; Worster 2004; Schubert et al. 2004; van Dijk
et al. 2013; Otto et al. 2018; Pascale et al. 2020). Large
ensemble climate modelling is uniquely suitable as a tool
for analysis of complex extreme weather or climate events,
as it removes the need to rely on hypothetical statistical
(extrapolation) models (Van der Wiel et al. 2019), as also
shown by other application of such data for the study of
drought events (e.g. Diffenbaugh et al. 2015; Pascale et al.
2020, 2021; Van der Wiel et al. 2021). The next step fol-
lowing from this exploratory study is to better focus on the
hydrological response during MYD events, as for exam-
ple regional topographic-geological differences can lead
to large differences in societal or natural consequences
(Brakkee et al. 2021). For such an activity the use of
large ensembles of regional climate models, with more
regional details in meteorological forcing, can also be of
use. Furthermore, human actions (ground water extraction,
drought management) and vegetation feedbacks potentially
impact MYD development (Cowan et al. 2020). Through

Soil moisture deficit Drought impacts

ical forcing, blue boxes the hydrological response, red boxes societal
and natural impacts; arrows indicate causal links

dedicated modelling of these effects, a more bottom-up
identification method for MYD events can be developed
(Van der Wiel et al. 2020), leading to higher quality, more
relevant and more useable climate change information
(Doblas-Reyes et al. 2021).
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