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Abstract. The co-occurrence of meteorological, agricultural,
and hydrological droughts (multivariate compound droughts)
in Switzerland during growing season is problematic due
to limitations in water abstractions from rivers during low-
flow periods, while at the same time the need for irriga-
tion is high. We analyse compound droughts for 52 catch-
ments in Switzerland during the extended summer season
(May—October) using the transient climate and hydrologi-
cal scenarios for Switzerland (CH2018 and Hydro-CH2018)
for both a scenario with mitigation (representative concen-
tration pathway 2.6 (RCP2.6), 8 model chains) and a sce-
nario without mitigation (RCP8.5, 20 model chains). In the
RCP8.5 scenario the number of compound drought days is
projected to significantly increase by mid-century across all
greater regions of Switzerland. The increased frequency is
mainly a result of more frequent events (significant) rather
than longer event durations (non-significant). Models gener-
ally agree on the sign of change. By 2085, compound drought
events are projected to occur in median once per catchment
per extended summer season north of the Alps and every 1—
2 years south of the Alps. Further, the increases in compound
drought days mainly occur between May—October, leading
to a shift in the main agricultural production season and a
more pronounced seasonality with the highest occurrence
probabilities between mid-July and the beginning of Octo-
ber. Coupled to the increase in days and events, significantly
more catchments are projected to be affected by compound
droughts at the same time. In the RCP2.6 (mitigation) sce-
nario, the increase in the number of compound drought days
and events is not significant by the end of the 21st century. In
comparison with RCP8.5, the number of compound drought
days is reduced by 50 %-55 % north of the Alps and by up

to 75 % south of the Alps by the end of the century. This em-
phasizes the need for coordinated adaptation in combination
with mitigation measures taken at an early stage.

1 Introduction

Droughts are a globally recurring phenomenon of the natural
hydrological cycle and describe a sustained period of below-
normal water availability (Tallaksen and Van Lanen, 2004).
In recent years, Switzerland has experienced several drought
events, most notably in the years 2003, 2011, 2015, 2018,
2020, and 2022 (BAFU et al., 2019; BAFU, 2016; Brunner
et al., 2019¢; BUWAL, BWG, MeteoSchweiz, 2004; Scher-
rer et al., 2022). These droughts have led to severe ecological
and economic impacts (BAFU et al., 2019; Keller and Fuhrer,
2004). In 2022, combined heat and drought conditions were
in fact unprecedented in most parts of Europe (Tripathy
and Mishra, 2023). Depending on the characteristics of a
drought (e.g. type, severity, magnitude, timing and duration,
spatial extent), various sectors are affected, such as agricul-
ture (e.g. yield losses, reduced milk production), energy (e.g.
hydropower generation), or the public (e.g. water supply,
air quality), which is associated with substantial economic
losses (Ranasinghe et al., 2021; Haile et al., 2020; BAFU,
2021; Hendrawan et al., 2023; Otero et al., 2023; Naumann
et al., 2021). There is no single definition of droughts that
covers all aspects of the drought phenomenon (Wilwhite and
Glantz, 1985; Lloyd-Hughes, 2014; Van Loon, 2015; Brun-
ner et al., 2021; Ault, 2020). Droughts are often classified
into (1) meteorological droughts that are related to a precip-
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itation deficit, (2) agricultural or soil moisture droughts that
are related to soil moisture deficits, (3) hydrological droughts
that are often defined as streamflow deficit, and (4) socio-
economic droughts that include impacts resulting from all
drought types (Wilwhite and Glantz, 1985; Haile et al., 2020;
Van Loon, 2015; Mishra and Singh, 2010; Savelli et al.,
2022). Droughts are commonly identified using drought in-
dices which are derived from drought indicators (e.g. precip-
itation deficits, low soil moisture, low streamflow) (Mukher-
jee et al., 2018; Faiz et al., 2021; Van Loon, 2015; Yihdego
et al., 2019; Bachmair et al., 2016). Most drought indices
are representative of one specific drought type; for exam-
ple the Standardized Precipitation Index (SPI; McKee et al.,
1993) captures meteorological droughts, the Soil Moisture
Anomaly (SMA; Orlowsky and Seneviratne, 2013) captures
soil moisture drought, and the Standardized Runoff Anomaly
(SRA; Gudmundsson and Seneviratne, 2015b) describes hy-
drological droughts. However drought indices can also serve
as a proxy for several drought types depending on aggrega-
tion times (Cammalleri et al., 2019; Haslinger et al., 2014).
Standardized indices such as the SPI have become popular
in recent years and are now widely implemented in drought
monitoring, drought prediction, and drought early warning
systems (DEWSs; see e.g. Bachmair et al., 2016; Kchouk
et al., 2022; Tijdeman et al., 2020). In addition, index com-
binations or combined multivariate drought indices (e.g. the
Combined Drought Indicator (CDI)) exist (Bachmair et al.,
2016; Cammalleri et al., 2021). However, no single drought
index can capture all aspects of a drought and perform the
best in all situations, regions, or climates, which makes the
index selection process a site-specific task (Bachmair et al.,
2016,2018; Hayes et al., 2011; Myronidis et al., 2018; WMO
and GWP, 2016; Hall and Leng, 2019; Van Loon, 2015).
Droughts typically emerge from a period of anomalously low
precipitation (meteorological drought). If such a period per-
sists or co-occurs with a period of high evaporative demand,
soil moisture storages may become depleted, resulting in a
soil moisture deficit (soil moisture or agricultural drought)
and eventually in plant water stress (Floriancic et al., 2020;
Mishra and Singh, 2010; Seneviratne, 2012; Van Loon, 2015;
Zhao et al., 2022). The drought signal may ultimately prop-
agate into the hydrological system, causing a streamflow
or even a groundwater deficit (hydrological or groundwater
drought) (Haile et al., 2020; Van Loon, 2015; Mishra and
Singh, 2010; Van Loon and Van Lanen, 2012). The exact se-
quence of the drought signal translation through the hydro-
terrestrial system may differ depending on drought typology,
drought-generating processes, and human interactions (e.g.
water abstractions) and is often non-linear in nature (Brun-
ner et al., 2023; Haile et al., 2020; Savelli et al., 2022; Ti-
jdeman et al., 2018; Van Loon, 2015; Van Loon and Van La-
nen, 2012). While meteorological droughts are tied to cli-
mate variability (precipitation), soil moisture and hydrologi-
cal drought characteristics are spatio-temporally more vari-
able due to the importance of local factors such as water
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storage and release or catchment characteristics (e.g. Apurv
et al., 2017; Apurv and Cai, 2020; Denissen et al., 2020;
Haslinger et al., 2014; Pefia-Angulo et al., 2022; Staudinger
et al., 2017, 2014; Sutanto and Van Lanen, 2022; Tijdeman
et al., 2018; Van Lanen et al., 2013).

While assessing past drought trends has so far often been
hampered by the length and availability of historical records
(Brunner et al., 2021; Hasan et al., 2019; Sheffield et al.,
2012; Vicente-Serrano et al., 2022; Kohn et al., 2019), many
long-term drought drivers have changed in an unfavourable
direction (de Jager et al., 2022). Further, many studies project
significant future increases in drought hazards, risk, and im-
pacts in many regions around the world (Arias et al., 2021;
Forzieri et al., 2014; Grillakis, 2019; Gudmundsson and
Seneviratne, 2016; Lehner et al., 2017; Naumann et al., 2021;
Spinoni et al., 2020, 2018; Trenberth et al., 2014; Zeng et al.,
2022). This goes along with an intensification of the water
cycle and increased evaporative demand under global warm-
ing (Arias et al., 2021).

In Switzerland, future changes in annual precipitation
and annual streamflow discharge are subject to uncertain-
ties, with projections indicating only minor changes for both
(Kotlarski et al., 2023; CH2018, 2018; BAFU, 2021; Muelchi
et al., 2021b; Brunner et al., 2019b). This is partly due to the
proximity to the Alps, which act as both a “water tower” and
an “Alpine divide” (Viviroli et al., 2007; van Tiel et al., 2023;
Haslinger et al., 2019), placing Switzerland in a transition
zone between projected (winter) wetting trends in northern
Europe and drying trends in southern Europe (Spinoni et al.,
2018; Grillakis, 2019; Hirschi et al., 2020; Gudmundsson
et al., 2017; Gudmundsson and Seneviratne, 2015a; CH2018,
2018; Forzieri et al., 2014). Changes are however more pro-
nounced on a seasonal scale, with significant projected dry-
ing trends in summer without mitigation efforts for both
meteorological and agricultural drought indices (CH2018,
2018; Fischer et al., 2015), minimum discharges (Brunner
et al., 2019b), and moderate low-flow extremes (Muelchi
et al., 2021a). Without mitigation, (meteorological) dry pe-
riods are projected to get longer, more frequent, and more
severe (CH2018, 2018; Hirschi et al., 2020; Spinoni et al.,
2018; Kotlarski et al., 2023). Along with rising temperatures,
the evaporative demand is also projected to increase, leading
to an augmented need for irrigation in many important agri-
cultural regions of Switzerland (Allgaier Leuch et al., 2017;
Fuhrer and Calanca, 2014; Hirschi et al., 2020; Holzkdm-
per et al., 2020; Lanz, 2020; Remund et al., 2016; Vicente-
Serrano et al., 2022). Water scarcity is currently not an issue
in Switzerland in large catchments; however, some lower-
lying small- to mid-size catchments in important agricultural
regions of Switzerland do already face problems in extremely
dry summers (BAFU et al., 2019; BAFU, 2021; Brunner
et al., 2019a). Extreme summers like in the years 2003 and
2022 will become more average under climate change pro-
jections in the future (Calanca, 2007; Imfeld et al., 2022a, b;
Miralles et al., 2019). As a consequence, water scarcity is
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projected to be further aggravated in regions where increased
water demand may not be fully compensated for by cur-
rent adaptive capacities (e.g. natural and artificial reservoirs)
(Fuhrer and Calanca, 2014; Brunner et al., 2019a; Henne
et al., 2018; Lanz, 2020).

Drought impacts may become particularly severe if me-
teorological, agricultural, and hydrological droughts occur
simultaneously, forming compound drought events (Marko-
nis et al., 2021; Wu et al., 2022). Compound events de-
scribe situations where multiple hazards or drivers of hazards
occur simultaneously or consecutively, thereby contributing
jointly to societal or environmental risk (Zscheischler et al.,
2020; Seneviratne et al., 2012). In the case of compound
drought events and following drought propagation principles,
an extended period of precipitation deficit (meteorological
drought) may lead to the propagation of the drought signal to
a soil moisture deficit critical for plant water stress, resulting
in an augmented need for (agricultural) irrigation. Irrigation
may, however, not be possible due to (surface-)water abstrac-
tion restrictions imposed during a simultaneous hydrological
drought, as was the case in Switzerland for example in 2018
(BAFU et al., 2019). Further, compound drought events can
affect multiple mutually dependent regions or catchments at
the same time, which can then pose additional challenges to
water management and may aggravate drought-related im-
pacts (Singh et al., 2021). In the case of such spatially ex-
tended compound drought events, local adaptation measures
alone may not be sufficient anymore to address them (Brun-
ner et al., 2019a; Fuhrer and Calanca, 2014; Singh et al.,
2021; Tellman and Eakin, 2022; Kreibich et al., 2022; Kruse
and Seidl, 2013). Studies investigating compound drought
events often focus on compounding hot and dry extremes
(Dirmeyer et al., 2021; Manning et al., 2019; Otero et al.,
2023), temporal aspects (Brunner and Stahl, 2023; Li et al.,
2022), or spatial concurrence (Brunner and Gilleland, 2021;
Singh et al., 2021). Multiple drought types are more of-
ten considered in drought propagation contexts (Ding et al.,
2021; Gu et al., 2020; Jiang et al., 2023; Tijdeman et al.,
2022; Van Loon and Van Lanen, 2012; Wu et al., 2021), and
few studies quantify co-occurrence in terms of compound
drought events, thereby often focusing on two drought types
(Brunner et al., 2019c; Manning et al., 2018; Wu et al., 2022).

In this work, compound drought events — defined as the si-
multaneous occurrence of meteorological, agricultural, and
hydrological droughts — are investigated in 52 catchments
in Switzerland for both present and future climates using
the transient, downscaled climate and hydrological scenarios
for Switzerland (CH2018, Hydro-CH2018) (CH2018, 2018;
Muelchi et al., 2022). The main goal is to assess present
and future characteristics of compound drought events in
Switzerland to provide crucial information for future water
resource management and adaptation planning and motiva-
tion for mitigation actions. The following questions are ad-
dressed:
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1. How often do compound droughts, defined as the simul-
taneous occurrence of meteorological, agricultural, and
hydrological drought, occur in Swiss catchments?

2. How are they characterized in terms of number of days,
duration, frequency, and seasonality, and how do these
characteristics change in the future?

3. Are there regional differences in compound drought oc-
currences and their characteristics?

4. How are compound droughts characterized in terms of
spatial extent? Do compound droughts occur simulta-
neously over multiple catchments or regions in Switzer-
land (spatially compounding droughts)?

The remainder of this paper is structured as follows:
in Sect. 2 the catchments and (model) simulations are in-
troduced. In Sect. 3 drought indices are presented, com-
pound events are defined, and the climate change assess-
ment approach is described. Section 4 presents the results
for compound droughts on the catchment level (aggregated
on greater regions), while Sect. 5 presents results related
to the spatial extent of compound droughts (across multiple
catchments). In Sect. 6 the results from previous sections are
wrapped up with a discussion on plausibility and uncertain-
ties inherent to the present analysis, and Sect. 7 then con-
cludes with the most important findings and future prospects
in terms of mitigation and adaptation actions.

2 Data

Compound droughts occurring during the extended summer
season from May to October are analysed for 52 small- to
mid-size (17-1702 km?) lower-lying catchments (mean alti-
tude < 1500 m a.s.l.) in Switzerland. The catchments are dis-
tributed across the greater (natural) regions of Switzerland
defined by the Federal Office for the Environment (NCCS,
2023): the pre-Alps (n = 22), the Jura (n = 13), the South-
ern Alps (n =4), and the Swiss Plateau region (n = 13).
The locations of the catchments, the catchment outlets, and
the catchment affiliations to the greater regions are shown
in Fig. 1. The restriction to lower-lying small- to mid-
size catchments and to the extended summer season en-
sures a focus on classical rainfall deficit droughts and lim-
ited influence of snowmelt and glacier melt on streamflow
discharge (Brunner et al., 2019b; Floriancic et al., 2020;
Muelchi et al., 2021a, b). As such, all investigated catch-
ments have a glaciation percentage of 0 %. A more detailed
description of the investigated catchments including catch-
ment and climate characteristics is presented in Table Al in
Appendix A. The following model variables are used (daily
means): precipitation (P), actual evapo(transpi)ration (ET),
potential evapo(transpi)ration (PET), and runoff (Q). Daily
precipitation is taken from the gridded Swiss climate sce-
narios CH2018 (DAILY-GRIDDED; CH2018 Project Team,
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2018; Kotlarski and Rajczak, 2018) and aggregated over
the catchment area. The scenarios consist of transient daily
simulations for the 1981-2099 period that were statistically
downscaled and bias corrected from EURO-CORDEX simu-
lations (Jacob et al., 2014; Kotlarski et al., 2014; Kotlarski
and Rajczak, 2018). For daily ET, PET, and Q, we use
the Hydro-CH2018-Runoff ensemble simulations (Muelchi
et al., 2022), which were driven by temperature and precip-
itation data from the CH2018 scenarios. This ensures tem-
poral consistency between the meteorological and hydro-
logical variables. The hydrological simulations are run with
the semi-distributed hydrological model PREVAH (Viviroli
et al., 2009), which accounts for processes such as evapotran-
spiration, soil moisture, and snow processes. PET is calcu-
lated by the Hamon equations, which is a temperature-based
estimation method which derives average PET based on the
saturated water vapour density at the daily mean tempera-
ture adjusted for the number of daylight hours at the specific
geographic location (long, lat) (Hamon-PET; Hamon, 1961).
The actual ET consists of evaporation terms from both inter-
ception and soil moisture storages (see Viviroli et al., 2009).
The hydrological PREVAH model was calibrated following
the automated parameter estimation procedure PEST (Do-
herty, 2005) by using the objective function ($), which is de-
fined as the squared sum of weighted residuals (see Muelchi
et al., 2022):

CD:Z(w,' X ri)2, )

where r; denotes the residual of the ith observation and w;
the weight associated with the ith observation.

Four equally weighted observation groups were consid-
ered: (1) the observed runoff (Q), (2) the monthly mean
runoff (Qmonth), (3) the yearly volumes (Qyear), and (4) a
transformed (inverted) runoff ((max(Q) 4+ min(Q)) — Q;) to
add more weight to low-flow conditions. Therefore, the ob-
jective function is conditioned towards a better represen-
tation of river flow regimes and low-flow conditions (see
Muelchi et al., 2022). Performance was assessed by both the
Nash-Sutcliffe efficiency (NSE; Nash and Sutcliffe, 1970)
and Kling—-Gupta efficiency (KGE; Gupta et al., 2009) for
calibration and validation periods separately. Calibration and
validation metrics for all investigated catchments are pre-
sented in Table B1 in Appendix B. For more details see
Muelchi et al. (2022).

All simulations are available for the following represen-
tative concentration pathways (RCPs): RCP2.6 represents a
mitigation scenario and RCP8.5 a non-mitigation scenario
(Moss et al., 2010; van Vuuren et al., 2011). In this study, we
use the same model selection as described in Muelchi et al.
(2021a) (see Table 1 therein), which consists in total of 28
GCM-RCM model chains (RCP2.6: 8; RCP8.5: 20) and an
observation-driven validation simulation (hereafter CTRL).
This CTRL simulation was driven by daily gridded precipi-
tation (RhiresD) and temperature (TabsD) data provided by
MeteoSwiss (MeteoSwiss, 2021a, b; Frei and Schir, 1998;
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Frei, 2014), which were also used for the bias correction of
the CH2018 scenarios. For more information see Muelchi
et al. (2022).

3 Methods

3.1 Drought indices, drought events, and event
characteristics

Each drought type is represented by an individual drought
index. Drought events are defined based on a fixed-threshold
approach, and event characteristics are extracted by run the-
ory principles (Yevjevich, 1967). We focus mainly on the
characteristic event duration, event frequency or sample re-
turn period, event seasonality, and spatial extent. The event
duration corresponds to the time span during which index
values fall below the fixed threshold. The event frequency
corresponds to the number of events occurring per a prede-
fined period (e.g. extended summer season). The return pe-
riod is derived from inversion of the empirical event frequen-
cies (e.g. 1/frequency). Event seasonality refers to the day
of the year (DOY) on which a specific drought day occurs.
The spatial extent is quantified by the number of catchments
simultaneously affected by drought conditions. To account
for statistical independence of consecutive and potentially
dependent drought events, an additional inter-event distance
pooling procedure is applied. If the time between two con-
secutive drought events is smaller than the inter-event dis-
tance (in days), the two drought events are pooled and con-
sidered to be one single event (see e.g. Sarailidis et al., 2019;
Tallaksen et al., 1997). Indices and thresholds for event ex-
traction are defined based on the chosen reference period of
1991-2020. For more details see the corresponding sections
on individual drought types.

3.1.1 Meteorological drought — Standardized
Precipitation Index (SPI-3)

To represent meteorological drought we use the Standard-
ized Precipitation Index (SPI; McKee et al., 1993) on a 3-
monthly scale (SPI-3). The SPI is a widely used meteo-
rological drought index based only on precipitation and is
also recommended by the World Meteorological Organiza-
tion (WMO and GWP, 2016; Bachmair et al., 2016; Hayes
et al., 2011). For each catchment time series, the retrospec-
tive 3-monthly (aggregated) precipitation data are fitted to
a gamma distribution first and then transformed to a stan-
dard normal distribution (as recommended by Stagge et al.,
2015). To calculate daily SPI values, the SCI R package
(Gudmundsson and Stagge, 2016; Stagge et al., 2015) was
used, and functions were adapted for daily temporal reso-
lution. Following Stagge et al. (2015), all years of the time
series were homogenized to 365 d by excluding the last day
of the year in case of leap years. Gamma fits were derived
separately for each day of the year for the 1991-2020 ref-
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Figure 1. Overview of study region: the 52 analysed catchments with a mean altitude < 1500 m a.s.l. (contours and outlet points) and their

classification into four greater regions in Switzerland.

erence period. In the case of non-convergence of the gamma
distribution fit, missing daily SPI values were interpolated by
averaging the two adjacent SPI values. In this work, we fo-
cus on moderate SPI events which are commonly defined by
a fixed threshold of SPI < —1 (Tschurr et al., 2020; McKee
et al., 1993). Extracted SPI events are pooled by an inter-
event distance of 7d.

3.1.2 Agricultural drought — relative
evapotranspiration (ET/PET)

Soil moisture drought or agricultural drought represents the
next stage in the concept of drought propagation of classical
rainfall deficit droughts (e.g. Seneviratne, 2012; Van Loon
and Van Lanen, 2012). We aim to capture situations indica-
tive of plant water stress that necessitate irrigation to avoid
potential yield losses. A drought index frequently used to
indicate plant water stress and irrigation need is the rela-
tive evapotranspiration index (ET/PET), which corresponds
to the ratio of actual (ET) to potential evapo(transpi)ration
(PET) (see e.g. Fu et al., 2022a; Fuhrer and Jasper, 2009;
Otkin et al., 2018; Ranasinghe et al., 2021; Remund et al.,
2016; Seneviratne et al., 2010; Walthert et al., 2015). We
use ET/PET values averaged over 3 d. Studies investigating
agricultural droughts based on ET/PET often use a thresh-
old of ET/PET < 0.8 to identify situations with plant wa-
ter stress (Remund et al., 2016; Allgaier Leuch et al., 2017;
Walthert et al., 2015; Fuhrer and Jasper, 2009; Sawadogo
et al., 2020). The threshold was (also analytically) derived
for forest vegetation in Switzerland by Walthert et al. (2015).
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Plant responses to ET/PET may, however, differ among
hydro-climatically different regions due to localized plant-
evolutionary adaptations, which can complicate the choice of
an adequate fixed threshold (Denissen et al., 2020; Fu et al.,
2022a, b; Stocker et al., 2023; Miralles et al., 2019). By us-
ing a fixed threshold, this study focuses on hydro-climatic
differences in agricultural drought conditions rather than lo-
cal plant-specific extreme conditions. Like Fuhrer and Jasper
(2009), an inter-event distance pooling of 2 d conditional on
a 5 d event duration is applied.

3.1.3 Hydrological drought — 7 d average streamflow
M7Q or M7)

To represent hydrological drought, the 7d average stream-
flow (M7Q) is used. M7Q also serves as a basis for low-flow
indices analysed by the Federal Office for the Environment
(see e.g. BAFU, 2019; Kohn et al., 2019). In Switzerland, ar-
ticle 4 of the water protection law specifies a residual flow
(“Restwassermenge’) named Q347 that must be retained af-
ter water abstractions (BUWAL, 1997; Kohn et al., 2019;
Weingartner and Schwanbeck, 2020; Tallaksen and Van La-
nen, 2004; Aschwanden and Kan, 1999; Aschwanden, 1992).
During hydrological drought situations with extreme low-
flow conditions, restrictions based on Q347 may be imposed,
inhibiting water abstraction for agricultural irrigation, as was
the case for example in 2018 (BAFU et al., 2019). We define
hydrological droughts similarly by using the 5th percentile of
M7Q over the entire year and the full 30-year reference pe-
riod based on the flow duration curve (hydroTSM R package,
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Zambrano-Bigiarini, 2020). Like in Van Loon and Van La-
nen (2012), a combination of inter-event distance pooling
and minimum event duration is used. Here, events are pooled
using a 7 d inter-event distance, and only events with a mini-
mum duration of 10d are considered.

3.2 Compound drought types and their analysis

Compound events can be classified into preconditioned, mul-
tivariate, and temporally and spatially compounding events
(Zscheischler et al., 2020). Here, two types of compound
events are investigated, namely multivariate and spatially
compounding events.

3.2.1 Multivariate compound droughts

Multivariate compound droughts are defined here as the si-
multaneous occurrence of multiple drought types (meteo-
rological, agricultural, hydrological) within the same catch-
ment. Based on the drought events of meteorological, agri-
cultural, and hydrological droughts (see red phases in the
time series of SPI-3, ET/PET, and M7Q in Fig. 2), the num-
ber of drought types occurring simultaneously in a drought
phase is counted. Compound drought events occur if at least
two different drought types occur simultaneously (yellow
and red phases in bottom row of Fig. 2). Here we focus
only on compound droughts of all three drought types (red
phases). Compound droughts are analysed in terms of the
number of days (count based), event frequency and dura-
tion, and seasonality. Compound drought events correspond
to contiguous days with compound drought conditions (red
phases in bottom row of Fig. 2). The event duration cor-
responds to the number of contiguous compound drought
days of a specific event. Compound drought events were ex-
tracted analogous to individual drought types (see Sect. 3.1),
but no further pooling was applied as event independence
was addressed for individual drought types. The seasonal-
ity was quantified by the frequency of compound drought
days for each day of the year (DOY) and subsequent estima-
tion of (Gaussian kernel) density distributions with the tidy-
verse package (Wickham et al., 2019). Except for seasonality,
all characteristics are assessed only for events and days oc-
curring within the extended summer season (May—October).
Events with at least 1 drought day occurring within the May—
October period were considered in the analysis. The number
of days and the event frequency are per extended summer
season unless stated otherwise. Note that the spatial extent
of compound droughts is introduced as a separate compound
event type in Sect. 3.2.2.

To summarize the projected changes in compound drought
event characteristics under climate change scenarios, catch-
ments were aggregated into greater regions. An aggregation
based on greater regions is equivalent to a simplified group-
ing by catchments with similar runoff regime types (see e.g.
Weingartner and Schwanbeck, 2020; Muelchi et al., 2021b;
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Brunner et al., 2019b; Floriancic et al., 2020; Kohn et al.,
2019; Aschwanden and Weingartner, 1985). Classification is
based on the percentage overlap of catchment area with the
greater regions and was manually checked for consistency.
The catchment selection and grouping into the greater re-
gions are shown in Fig. 1. The quality of the meteorological
and hydrological data has previously been validated for dry-
period lengths, SPI, simulated runoffs, and moderate runoff
extremes (see e.g. Rajczak et al., 2016; Tschurr et al., 2020;
Muelchi et al., 2022, 2021a). We use the observation-driven
hydrological validation simulation (CTRL-run) to contextu-
alize and validate our results (Muelchi et al., 2022). Charac-
teristics and statistics were compared for the 1991-2014 pe-
riod, which is the longest available period overlapping with
the reference period of the scenario-driven simulations. The
results of the validation are presented in the Supplement.

3.2.2 Spatial extent of the compound droughts
(spatially compounding droughts)

The spatial extent of compound drought events (or spatially
compounding events) is quantified by the number of catch-
ments simultaneously affected by multivariate compound
drought conditions over all 52 analysed catchments indepen-
dent of greater regions. For each compound drought day, the
number of catchments simultaneously affected by multivari-
ate compound drought conditions (all three drought types,
red phases) was determined for each climate model chain
(see example time series in Fig. 3). We then analysed the
median number of simultaneously affected catchments per
compound drought day and cumulative distributions of days
conditional on the number of simultaneously affected catch-
ments. For the analysis only days within the extended sum-
mer season were considered. The results for individual mod-
els were then aggregated per emission scenario (RCP2.6 and
RCP8.5).

For the event-based analysis, events were then extracted
based on the time series of the number of simultaneously
affected catchments (hence the separate event definition).
Events are characterized by the number of events, the event
duration, and the maximum number of simultaneously af-
fected catchments over the entire duration of a specific event.
The event duration spans contiguous days with at least one
catchment affected by compound drought conditions and
ends if no single catchment shows compound drought con-
ditions. As for multivariate compound drought events, only
events within the extended summer season were considered,
and no pooling was conducted.

The timing of the maximum number of catchments con-
currently experiencing compound drought conditions was
not assessed and may occur at any time during an event. Fur-
ther, catchments affected simultaneously by compounding
drought events can be located anywhere in Switzerland (see
individual catchment time series in Fig. 3), and we did not
require spatial proximity or catchment connectivity. Note for
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Figure 2. Example time series for catchment 2034 — Broye, Payerne — Caserne d’aviation (Swiss Plateau region). Indicator time series
for meteorological droughts represented by SPI-3 — units indicate standard deviations (top row), agricultural drought by ET/PET — units
indicate the fraction (second row), and hydrological drought by M7Q — units indicate the discharge in millimetres per day (third row).
Drought phases are indicated in red (left legend). The blue rectangles indicate the extended summer season. The number of drought types
that occur simultaneously in a drought phase is indicated by colour (last row). Note the different colour scheme (right legend). Multivariate
compound droughts with all drought types are marked in red, two concurrent drought types are indicated in yellow, one active drought type

is indicated in blue, and no active drought type is indicated in grey.

the interpretation of our results that spatially compounding
events do technically not occur until at least two catchments
are simultaneously affected by compound droughts events.
For the sake of clarity, we hereafter mainly refer to the spa-
tial extent of compound droughts.

3.3 Assessment of the projected changes under climate
change

Projected changes in compound drought characteristics re-
lated to climate change were assessed by comparing dis-
tributions over 30-year periods commonly used in climate
change and climate impact assessments, namely 2035 (2020-
2049 or the near future), 2060 (2045-2074 or mid-century),
and 2085 (2070-2099 or the end of the century) with the
1991-2020 reference period (WMO, 2007; CH2018, 2018;
Muelchi et al., 2021a). Note that the reference period was
shifted compared to other studies (e.g. Muelchi et al., 2021a)
to avoid inconsistencies in soil moisture resulting from the
spin-up process of the hydrological model (not shown) and
includes some years (ca. 10 years; see e.g. van Vuuren et al.,
2011) that are forced with scenarios.

For all characteristics, multi-model median distributions
are analysed considering all model chains per RCP scenario.
Significance in differences in median among all models is
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then assessed by strict non-overlapping confidence intervals
(CIs) of the median derived by the formula +1.58 x %,

where n denotes the sample size (McGill et al., 1978).

To quantify uncertainty and robustness of changes in the
selected ensemble, an approach similar to that in the [PCC
ARG is used, which quantifies the significance of changes
in multi-model medians in combination with indications on
climate model agreement concerning the sign of change
(CH2018, 2018; Lee et al., 2021). Changes are considered
likely when at least 90 % of model chains per RCP agree
on the sign of the change, which hereafter is referred to as
general model agreement. Due to the potential effects of the
forcing scenarios and due to the difference in sample size
(RCP2.6: 8 model chains, RCP8.5: 20 model chains), the ref-
erence period was assessed separately for each scenario. An
exception exists for the analysis of the relationship between
the duration and maximum number of simultaneously af-
fected catchments (see Sect. 5.2), where events of all models
were pooled per scenario, and no differentiation among peri-
ods was made to increase sample sizes for more rare events
affecting large parts of the country. In this case, significance
was assessed for differences among scenarios rather than the
reference period.

Nat. Hazards Earth Syst. Sci., 24, 1975-2001, 2024
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Figure 3. The spatial extent of compound drought events over Switzerland. The figure shows (results of) an exemplary (hydrological) model
simulation for an RCP8.5 scenario driven by GCM—-RCM model chain CLMCOM-CCLMS5-ECEARTH EUR-44 km. (a) Time series of the
number of simultaneously active drought types (colour shading) for all 52 catchments. Each row corresponds to one catchment, and the
catchments are sorted by greater regions and longitude (top — east, bottom — west) for 1991-2099. Multivariate compound drought days
are highlighted in red (all three drought types active). (b) Time series of the number of catchments concurrently affected by multivariate
compound drought conditions (red phases). (¢) Zoomed-in view of the time series (b) for the year 2018. The blue stripes indicate extracted

spatially compounding events.

4 Multivariate compound droughts
4.1 Compound drought days

The number of compound drought days and its percent
change are depicted in Fig. 4 for different periods and
RCP2.6 and RCP8.5 forcing. In the reference period the me-
dian number of compound drought days is 3—6 d per catch-
ment and per extended summer season in Switzerland. Most
compound drought days occur in the Jura and Swiss Plateau
regions with approximately 6 d per extended summer season
in median across all catchments. Fewer compound drought
days per extended summer season occur in southern Switzer-
land (approx. 4 d) and in the pre-Alps (between 3—4 d).

In the near future (2035), no significant changes are pro-
jected for the greater regions for RCP2.6 and RCP8.5 (see
Fig. 4b, f), and absolute numbers of compound drought days
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are comparable among greater regions and scenarios. Under
RCP2.6, the number of compound drought days increases
slightly but not significantly under climate change. Inter-
regional differences remain constant by the end of the cen-
tury under RCP2.6, with the Jura region still experiencing
the most compound drought days with 9 d per extended sum-
mer season in the multi-model median, followed by the Swiss
Plateau region with 8.5 d, and slightly fewer days in the pre-
Alps with 7.2 d. Southern Switzerland is projected to expe-
rience 4.5 compound drought days in the multi-model me-
dian (Fig. 4d). Further, ranges in model median distributions
increase by the end of the century, indicating increasing un-
certainty in possible future changes north of the Alps (Jura,
the Swiss Plateau, and the pre-Alps), while they decrease in
southern Switzerland (not shown). The highest model agree-
ment is projected for the pre-Alps and southern Switzerland,

https://doi.org/10.5194/nhess-24-1975-2024
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Figure 4. Compound drought days per extended summer season for the reference climate and under climate change for the mitigation
(RCP2.6) and non-mitigation (RCP8.5) scenarios aggregated on the greater regions (median over all catchments). Presented are both the
median value (a—h) and the percentage change (i-n) over all model simulations per scenario. Hatching indicates if changes are significant
compared to the reference period (horizontal lines) and whether > 90 % of model simulations agree on the projected changes (per scenario;
vertical lines). Significance and model agreement were evaluated only for absolute values and are identical for both median values and

percentage changes.

with 87.5% (7/8) of models agreeing on more compound
drought days, while changes are more uncertain for the Swiss
Plateau (75 % (6/8)) and Jura regions (62.5 % (5/8)). Over-
all, the multi-model percentage increases correspond to less
than a doubling of the number of compound drought days in
all greater regions (see Fig. 4i—k).

Without mitigation (RCP8.5), significant increases in
compound drought days are projected for all greater regions
by mid-century, with models generally agreeing on an in-
crease north of the Alps (Jura, the Swiss Plateau, and the
pre-Alps), and by the end of the century also in southern
Switzerland (Ticino) (Fig. 4g, h). The highest number of
compound drought days is projected to occur in the Jura re-

https://doi.org/10.5194/nhess-24-1975-2024

gion, with a multi-model median of 12.6 d per catchment and
per extended summer season by 2060 and 19.4d by 2085.
The second highest number of compound drought days is
projected to occur in the Swiss Plateau region, with 11.4d
(2060) and 18 d (2085) per extended summer season (Fig. 4g,
h). By 2085 the number of compound drought days in south-
ern Switzerland is similar to that of the Swiss Plateau region,
with a (multi-model) median of 17.6 compound drought
days, while the pre-Alps experience fewer days with 15.8d
(Fig. 4h). Overall, the changes in the median of absolute
numbers of compound drought days are similar for all greater
regions, leading to smaller relative differences between re-
gions. The projected increases under RCP8.5 correspond to

Nat. Hazards Earth Syst. Sci., 24, 1975-2001, 2024
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a 3.8-fold (multi-model) increase in the Jura region, a 4.5-
fold increase in southern Switzerland, a 5-fold increase in the
Swiss Plateau region, and a 6.5-fold increase in the pre-Alps
by the end of the century (Fig. 4n). By mid-century, model
agreement in the Jura and pre-Alps reaches 95 % (19/20
models agree). Most models do however also agree on an
increase in southern Switzerland (75 % or 15/20 models).
By 2085 almost all models project an increase in the me-
dian number of compound drought days compared to the ref-
erence period in all greater regions (N-CH: 100 %, S-CH:
95 %), and compared to the mid-21st century the increase
appears accelerated.

4.2 Compound drought event duration

In the reference period, events last 11d in the Jura and the
Swiss Plateau regions and 9 d in the pre-Alps, which is con-
sistent with the regional differences in univariate hydrologi-
cal droughts (Fig. Sa, e). Events last the longest in southern
Switzerland, with a median event duration of 16d (Fig. 5a,
e). The median event duration increases by the end of the 21st
century under RCP8.5 (Fig. 5). However, the increase is nei-
ther significant nor agreed upon by most models, with the ex-
ception of the Jura region for 2060 (see Fig. 5g). By 2085 and
without mitigation, the projected non-significant median in-
crease in duration is stronger in regions with longer event du-
rations (+21 % for Jura and Swiss Plateau, +26 % in south-
ern Switzerland, and +11 % in the pre-Alps; see Fig. 5n),
with the longest events occurring in southern Switzerland
(19 d), followed by the Jura and Swiss Plateau regions (13 d)
and the pre-Alps (10d) (Fig. 5h).

4.3 Compound drought event frequency (sample
return period)

Compound drought events occur in the (multi-model) me-
dian every 2.1 years in the Jura, every 2.5 years in the Swiss
Plateau region, and every 3.2 years in the pre-Alps in the
reference period. In southern Switzerland an event occurs
in median every 4.4 years (Fig. 6a, e). Projected changes in
event frequency are consistent and significant. Both RCP2.6
and RCP8.5 show more frequent compound drought events
(see Fig. 6). Projected changes in frequency, significance,
and model agreement are smaller and less consistent under
RCP2.6 (Fig. 6a—d). By 2085, a compound drought event
is projected to occur in the (multi-model) median every 1.8
to 2 years north of the Alps, while events remain rarer in
southern Switzerland with an event occurring slightly more
often than once in 4 years (every 3.9 years) (Fig. 6d). This
corresponds to an overall (multi-model) relative median in-
crease of less than 50 % (Swiss Plateau: +42.2 %; Jura:
+28.6 %; southern Switzerland: 412 %) except for the pre-
Alps (+68.4 %) (Fig. 6k). Model agreement is higher for the
pre-Alps, southern Switzerland, and the Swiss Plateau re-
gion with at least 75 % of models agreeing on more frequent
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events, whereas changes are more uncertain in the Jura re-
gion (only 62.5 % models show more frequent events).

Under RCP8.5, projected increases in frequency become
significant by 2035 for both the Jura and the pre-Alps with al-
most general model agreement in the pre-Alps (85 % of mod-
els agree) (Fig. 6f). By 2035, compound drought events are
projected to occur in the (multi-model) median every 1.6 to
1.8 years in the Jura region and the pre-Alps, every second
year in the Swiss Plateau region, and slightly more often than
every 4 years (every 3.7 years) in southern Switzerland. This
corresponds to 58 % more frequent compound drought events
in the pre-Alps by 2035 (Fig. 6m). By mid-century, signifi-
cantly more frequent compound events are projected in all
greater regions, and models do generally agree in all regions
but the Swiss Plateau region (Fig. 6g). Compound drought
events are projected to occur every 1.25 years in the Jura re-
gion, every 1.3 to 1.4 years in both the Swiss Plateau and the
pre-Alps, and every 2.7 years in southern Switzerland. This
corresponds to an almost 3-fold (4178.7 %) increase in com-
pound drought events in the pre-Alps and more than a dou-
bling in the Swiss Plateau region (4+113.3 %) in the (multi-
model) median by 2060 (Fig. 6m). Percentage increases are
lower for southern Switzerland (471 %) and the Jura region
(4+62.9 %) where models show less than a doubling in fre-
quency. With the more substantial and significant increase,
the multi-model distributions between mitigation and non-
mitigation scenarios also begin to differ more clearly by mid-
century and become significantly different by the end of the
century for all greater regions (Fig. 6h). A compound drought
event is projected to occur at least once per extended summer
season in regions north of the Alps, with the highest frequen-
cies in the pre-Alps (median 1.43 events every 0.7 years) and
slightly lower frequencies in the Swiss Plateau (1.28 events
every 0.77 years) and Jura (1.13 events every 0.88 years) re-
gions (Fig. 6h). In catchments in southern Switzerland, com-
pound events are projected to occur in median in almost 3
out of 4 years (0.73 events every 1.36 years), which is less
compared to north of the Alps but still represents a major
increase compared to the reference period. Projected multi-
model percentage increases are the strongest in the pre-Alps
with around 4.5 times (4352.7 %) more frequent events, fol-
lowed by 3.5 times more frequent events in the Swiss Plateau
region (4248 %) and approximately 3 times more frequent
events in southern Switzerland (+188 %) (Fig. 6n). In the
Jura region, the increase corresponds to 2.5 times more fre-
quent events (+153 %).

4.4 Seasonality

In the reference period, the seasonality of compound drought
days is similar among all regions north of the Alps, with
peak occurrence probabilities between mid-July and mid-
September (Fig. 7a—c, e-g). Under RCP8.5, the probabil-
ity density distributions are flatter, and higher probabilities
for compound drought day occurrence extend to the begin-
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Figure 5. Compound drought event duration per extended summer season and projected changes under climate change for the mitigation
(RCP2.6) and non-mitigation (RCP8.5) scenarios aggregated across the greater regions (median over all catchments). Presented are both the
median value (a-h) and the percentage change (i-n) over all model simulations per scenario. Hatching indicates if changes are significant
compared to the reference period (horizontal lines) and whether > 90 % of model simulations agree on the projected changes (per scenario;
vertical lines). Significance and model agreement were evaluated only on absolute values and are identical for both median values and

percentage changes.

ning of October (Fig. 7e—g). Compound drought events are
more evenly distributed across the summer months in the
Jura region compared to the other regions, especially under
RCP2.6. By 2085 and without mitigation, the probability of
compound drought day occurrence increases mainly between
mid-August to mid-September but remains generally high in
the entire period from July to mid-October (see Fig. 7e-g). In
contrast, a decrease in probability density is projected start-
ing towards the end of the extended summer season in au-
tumn and extending through winter to mid-March. Overall,
projected changes under RCP8.5 lead to a more pronounced
seasonality of compound drought days with higher occur-
rence probabilities in the critical summer months and early
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autumn (July—September; see e.g. Fuhrer and Jasper, 2009).
The analysis of absolute frequencies of compound drought
days indicates that the shift in seasonality is caused by a
combination of decreases outside and increases within the
extended summer season (not shown). Projected changes un-
der RCP2.6 show similarities with changes under RCP8.5
(e.g. decrease outside of the extended summer season) but
are generally not sufficiently consistent or evident (Fig. 7a—
).

In southern Switzerland the seasonality of compound
drought days is distinctly different from the regions north of
the Alps (Fig. 7d, h) following the bi-modal seasonality of
hydrological droughts with periods of higher probability both
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Figure 6. Compound drought event return periods and projected changes under climate change for the mitigation (RCP2.6) and non-
mitigation (RCP8.5) scenarios aggregated on the greater regions (median over all catchments). Presented are both the median value (a—h) and
the percentage change (i—n) over all model simulations per scenario. Hatching indicates if changes are significant compared to the reference
period (horizontal lines) and whether > 90 % of model simulations agree on the projected changes (per scenario; vertical lines). Significance
and model agreement were evaluated on absolute values only and are identical for both median values and percentage changes.

in summer and in winter (not shown; see e.g. Muelchi et al.,
2021b). A first period with high probability of compound
drought occurrence ranges from the beginning of January to
mid-April with the probability peaking around mid-February.
A second period of higher probabilities of occurrence starts
approximately in mid-July and extends towards the end of
the year. Overall, more than 50 % of compound drought days
occur outside of the extended summer season. Compared to
regions north of the Alps, compound drought days in south-
ern Switzerland are generally more equally distributed across
the year, and the peak probabilities in the extended summer
season are consequently less pronounced (Fig. 7d, h). Un-
der RCP8.5, the probability of compound drought day occur-
rence strongly increases between the beginning of July and

Nat. Hazards Earth Syst. Sci., 24, 1975-2001, 2024

end of September, while strong decreases are projected out-
side of the extended summer season, most prominently be-
tween January and mid-April (Fig. 7h). Both decreases out-
side and strong increases within the extended summer sea-
son will lead to a gradual reversal of the bi-modal season-
ality distribution towards the end of the century (Fig. 7h).
For southern Switzerland, the absolute compound drought
day frequencies indicate that the changes are more strongly
driven by increases in frequency during the extended sum-
mer season, and decreases in absolute frequencies outside of
the extended summer season first become evident by the end
of the century (not shown). Without mitigation, compound
drought day occurrence is projected to become most prob-
able from the beginning of mid-July until the beginning of

https://doi.org/10.5194/nhess-24-1975-2024



C. N. von Matt et al.: Compound droughts under climate change in Switzerland

Seasonality of compound drought days

Swiss Plateau

(a)

(b)

RCP2.6

RCP8.5

200

300

0

1987

Southern Switzerland

Jura

(Ticino)
1 1 1 1
\ | (d) h | 0.012
1 1 1 1
1 1 1 1 0.008
1 1 1 1
1 1 1 1
1 1 1 0.004 W
1 ' =
; M 3
1 1 1 0.000 &
1 1 1 T
N (h) h f 0.012 =
1 1 1 3
1 1 1 0.008 <
1 1 1
1 1 1
1 | 0.004
1
T
1 1 0.000
100 200 300 0 100 200 300

Day of year (DOY)

Period reference

2035 === 2060 === 2085

Figure 7. Seasonality of compound drought days. Shown is the median value aggregated over all catchments per greater regions and day of
year (DOY) (lines). Probability density distributions are shown for both the mitigation (RCP2.6) and the non-mitigation (RCP8.5) scenarios
for the reference periods of 2035, 2060, and 2085 (coloured). The dashed lines indicate the extended summer season from (the beginning of)

May (DOY 122) to (the end of) October (DOY 305).

October, and this shift becomes more aligned with the sea-
sonality of regions north of the Alps. Again, similarities exist
under RCP2.6 but remain less evident (Fig. 7d).

5 Spatial extent of multivariate compound droughts
(spatially compounding droughts)

5.1 Median number of simultaneously affected

catchments

In the reference period, more than 10 catchments are simul-
taneously affected in about 20 % (RCP8.5) to 24 % (RCP2.6)
of all compound drought days (Fig. 8b). The number of
simultaneously affected catchments per compound drought
day is projected to increase in the future. The increase is
more pronounced in the non-mitigation scenario, RCP8.5
(Fig. 8a). By 2085 and without mitigation, in median on
46 % of days at least 10 catchments are simultaneously af-
fected by compound drought conditions, on 27 % of days
at least 20 catchments, and on 5.8 % of days more than 40
catchments (Fig. 8b). The projected increase in the median
number of catchments simultaneously affected by compound
drought conditions is also reflected in the distributions over
all drought days (see Fig. 8a). In the reference period, four to
five catchments are simultaneously under compound drought
conditions. Under RCP8.5 the number of simultaneously af-
fected catchments in the near future (2035) increases to six,
and the increase is significant. However, only 55 % (11/20)
of models agree on an increase. Model agreement gradually
increases and reaches general model agreement (95 %) by the
end of the century (Fig. 8a). By 2085, in median 8.5 catch-
ments are projected to be simultaneously under compound
drought conditions on a compound drought day. Note that
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the possible range of projected increases is large (min—max:
6-25 catchments; Fig. 8a). Comparing both mitigation and
non-mitigation scenarios, multi-model distributions are how-
ever not significantly different for all periods (Fig. 8a).

5.2 Event duration and maximum number of
simultaneously affected catchments

As for spatially compounding days, most events affect at
most 10 or fewer catchments (see Fig. 9). The median num-
ber of spatially compounding events is comparable among
scenarios and does not differ by more than 10 % in most
cases. Exceptions are shorter events affecting less catchments
where 22.6 % more events are simulated under RCP8.5 and
events affecting between 30—40 catchments simultaneously
(+42.9 % more events under RCP8.5). Events potentially af-
fecting all greater regions simultaneously occur in median
only 2 times per model in the entire time series of 1991-2100
under RCP2.6 and approximately 2.5 times more (5 times)
under RCP8.5 (Fig. 9). In scenario-driven simulations, spa-
tially compounding events affecting at most 10 catchments
simultaneously last 9d in median, and with approximately
2 weeks (12—-14 d) of persistence, 10 additional catchments
transition into compound drought conditions (Fig. 9). Un-
der RCP8.5, events tend to be longer in median. The distri-
butions do however not significantly differ in median from
RCP2.6 for events affecting at most more than 2040 catch-
ments. Differences in median exist for events affecting at
least three greater regions (40-48 catchments) simultane-
ously with events lasting in median 56 d under RCP2.6 and
66d under RCP8.5. More pronounced are differences for
events affecting all greater regions and thereby potentially
affecting the entire Switzerland (48-52 catchments). Poten-
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Figure 8. Spatially compounding droughts and catchments simultaneously affected by compound drought conditions. (a) Median number
of catchments simultaneously affected by compound drought conditions on a specific compound drought day and projected changes under
climate change. Colour shading indicates the full range of (median) realizations (min—-max). The median over all model simulations is
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the centre of the median. Significance based on strict non-overlapping of CIs is indicated by the asterisks. Model agreement is shown in
percentage values on top. (b) Cumulative distribution of the number of catchments simultaneously affected by compound drought conditions
on a specific compound drought day. Colour shading shows the interquartile range of cumulative distributions over all model simulations

per scenario. Shown are distributions for both mitigation (RCP2.6) and non-mitigation (RCP8.5) scenarios and the 2035, 2060, and 2085

periods.

tially countrywide events may persist in median for 65.5d
under RCP2.6 and almost 40 % longer under RCP8.5 with a
median event duration of 91 d (Fig. 9). Hence, there is an in-
dication that spatially compounding drought events may po-
tentially last longer without mitigation or that more and po-
tentially longer countrywide events may occur in the future.

6 Discussion

Changes in individual drought types have been found for me-
teorological droughts (CH2018, 2018; Kotlarski et al., 2023;
Scherrer et al., 2022), agricultural droughts (CH2018, 2018;
Remund et al., 2016; Tschurr et al., 2020; Calanca, 2007),
and hydrological droughts (Brunner et al., 2019b; Brunner
and Tallaksen, 2019; Muelchi et al., 2021b; Brunner et al.,
2023). This study shows that the concurrent occurrence of
all three drought types is also projected to increase signif-
icantly under climate change in all regions of Switzerland.
The simultaneous deficit of water in the atmosphere, soils,
and rivers may aggravate impacts of droughts. Compound
drought characteristics resemble characteristics of the hy-
drological drought which occur least frequently among in-
dividual drought types and may be a limiting factor for com-
pound drought events. This is most prominent for seasonal-
ity, the number of compound drought days, and event fre-
quency. However, the relative differences among greater re-
gions weaken by the end of the century as the seasonality
aligns across all greater regions, and more days and more
frequent events occur in absolute terms. A difference from
hydrological droughts exists for event duration with longer
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compound drought event durations in catchments in north-
western Switzerland and especially in southern Switzerland.
In southern Switzerland, compound drought events occur
40 %-50 % less frequently but last 45 %—77 % longer com-
pared to northern Switzerland. The longer duration of com-
pound droughts may be a result of higher event frequen-
cies and longer event duration in agricultural drought in both
southern Switzerland and the Jura region. The differences
among greater regions are generally consistent with other
studies showing that the Jura and Swiss Plateau regions and
southern Switzerland are more strongly affected by projected
changes in drought conditions (Brunner et al., 2019a; Hirschi
et al., 2020; Kohn et al., 2019; Tschurr et al., 2020; Walthert
et al., 2015). Further, catchments with the largest numbers of
compound drought days or event frequencies are also found
to be prone to water scarcity in other studies (Brunner et al.,
2019a; Fuhrer and Jasper, 2012; Fuhrer and Calanca, 2014;
Lanz, 2020). Given that in extreme summers (e.g. 2003,
2018) many catchments do already face water scarcity (Brun-
ner et al., 2019a) and that our results are in line with other
studies, we hence consider our results plausible. This holds
true especially as extreme summers at present are projected
to become more average with no mitigation in the future (Im-
feld et al., 2022a, b; Calanca, 2007).

Our findings regarding the more widespread occurrence
of (spatially compounding) compound droughts in the fu-
ture are likely related to the general alignment of season-
ality in compound droughts in Switzerland (see Sect. 4.4).
Compound drought seasonality appears strongly linked to
streamflow regimes, which further underlines that aggra-
vation of water scarcity or resulting challenges in wa-
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Figure 9. Spatially compounding drought events, event duration, and maximum number of catchments simultaneously affected by compound
drought conditions. The boxplots show the distributions of event durations conditional on the maximum number of simultaneously affected
catchments for both the mitigation (RCP2.6) and the non-mitigation (RCP8.5) scenarios. Significant differences are indicated with the
asterisks. Significance was assessed by comparing confidence intervals of the median (notches; see Sect. 3.3) of RCP8.5 median distributions
with CIs of RCP2.6 distributions for each range of simultaneously affected catchments. Number of events contributing to distributions is

indicated by n =.

ter management are also related to streamflow regimes
(Brunner et al., 2019a; Fuhrer and Calanca, 2014). Stream-
flow transitioning towards more lowland characteristics is
projected in the pre-Alps as a reaction to earlier snowmelt
and less snowmelt contribution (Brunner and Tallaksen,
2019; Muelchi et al., 2021b). Although we restricted our
analysis to lower-lying catchments with limited snow influ-
ence, this shift is visible especially for pre-Alpine catch-
ments closer to the main Alpine ridge covering large ele-
vation ranges. For the other regions a pronounced season-
ality comprising the critical summer months and early au-
tumn (July—September) is visible by 2085 under RCPS8.5 and
is consistent with projected changes in streamflow regimes
and characteristics of individual droughts (see e.g. BAFU,
2021; CH2018, 2018; Hirschi et al., 2020; Remund et al.,
2016; Walthert et al., 2015; Brunner et al., 2019b; Muelchi
et al., 2021b). Further, the relationship between the duration
of spatially compounding drought events and the number of
simultaneously affected catchments is also consistent with
the principles of spatial drought propagation (spatial spread-
ing of droughts): the longer an event persists, the more catch-
ments gradually experience compound drought conditions
simultaneously due to catchment-specific response times to
the drought signal (Fig. 9; see e.g. Van Loon and Van La-
nen, 2012; Apurv and Cai, 2020; Tijdeman et al., 2022;
Van Loon et al., 2014; Ho et al., 2021; Zhang et al., 2022;
Sutanto and Van Lanen, 2022; Van Loon and Laaha, 2015).
Drought projections based on climate-hydrological model
chains contain major sources of uncertainty, which should be
considered when interpreting the results of this study. This
includes choices of model ensembles, (hydrological) model
setup (including calibration and validation procedures), the
representation of land—atmosphere interactions (e.g. plant-
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physiological processes), choice of drought index, multi-
decadal variability, drought propagation, and catchment stor-
age properties (Arias et al., 2021; Berg and Sheffield, 2018;
Brunner et al., 2021; Lehner et al., 2017; Miralles et al.,
2019; Orlowsky and Seneviratne, 2013; Scherrer et al., 2022;
Vicente-Serrano et al., 2022). Current hydrological model
calibration and validation mostly rely on calibration and val-
idation metrics designed for specific applications (e.g. flood
situations, Brunner et al., 2021). The Hydro-CH2018 hydro-
logical scenarios use a multi-objective calibration scheme
also accounting for the representation of low-flow conditions
(see Sect. 2; see also Muelchi et al., 2022). See Table B1 in
Appendix B for validation metrics (NSEjog and KGEjog) in-
dicative of the representation of low-flow conditions for all
catchments. We use standard indices for both meteorologi-
cal and agricultural droughts and a widely used streamflow
index closely related to water regulations in Switzerland.
However, establishing direct links between drought indices
and drought impacts is still challenging due to the scarcity
of impact data and the extended duration of drought events,
which make associations of impacts more challenging (Bach-
mair et al., 2016; Kchouk et al., 2022; Merz et al., 2020).
Recent research on impact-relevant soil moisture thresholds
and cumulative water deficits may lead to more consistent
agricultural drought definitions in the future (Denissen et al.,
2020; Fu et al., 2022b; Stocker et al., 2023). Implemen-
tations of evaporative responses vary among hydrological
models and can have an influence on climate change pro-
jections (Melsen and Guse, 2019). Recent findings indicate
that (agricultural) drought projections that use temperature-
only-based estimations of PET result in the overestimation
of future drying (Berg and Sheffield, 2018; Milly and Dunne,
2017, 2016). Comparisons of our simulations with hydrolog-
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ical simulations based on Penman—Monteith parameteriza-
tion conducted with the same model (PREVAH) did however
not show significant differences (Regula Muelchi, personal
communication, 2023), and projected changes do not deviate
substantially (BAFU, 2021). Markonis et al. (2021) further
highlight that (agricultural) drought conditions are driven by
actual evapotranspiration rather than solely by PET and are
thus dependent on actual (soil) water availability and plant
evaporative responses. By incorporating actual ET, a mea-
sure of actual water availability is included by using ET/PET
(Fuhrer and Jasper, 2009). The validation of soil moisture
and evapotranspiration is however often challenging due to
limited availability of long-term observational data (Haile
et al., 2020; Mukherjee et al., 2018; Hirschi et al., 2020).
Agricultural droughts relying on soil moisture or evapora-
tion data derived from hydrological model simulations driven
by meteorological forcing data must thus generally be in-
terpreted with caution (Mukherjee et al., 2018). However,
we emphasize that PREVAH has shown to be able to rep-
resent the water balance of Switzerland. PREVAH has been
used in similar water scarcity studies (Brunner et al., 2019a,
and sources therein) and has also performed well in extreme
situations outside of observational ranges (Zappa and Kan,
2007).

To validate of our results for the investigated multivari-
ate compound drought characteristics, the hydrological con-
trol simulation driven by observations (CTRL) was used and
compared with the multi-model median ranges (see Sup-
plement). Characteristics derived from CTRL were mostly
within the range of our model ensemble, and, if not, de-
viations were generally small with values of the same or-
der of magnitude. CTRL-run characteristics were generally
better aligned with RCP8.5 multi-model distributions. Di-
rect comparisons with observations and information on un-
certainty in both Hydro-CH2018 and CH2018 datasets re-
garding SPI and streamflow can be found in Tschurr et al.
(2020) and Muelchi et al. (2022). For agricultural drought,
comparisons with studies using a similar approach with ei-
ther the same hydrological model and a different measure
for water demand or vice versa revealed comparatively good
agreement in both orders of magnitude of drought charac-
teristics (see e.g. Fuhrer and Jasper, 2009; Walthert et al.,
2015) and spatial patterns (see Brunner et al., 2019a; Fuhrer
and Jasper, 2012, 2009; Hirschi et al., 2020; Remund et al.,
2016; Walthert et al., 2015) given the associated uncertainties
and in most cases limited comparability of our catchment-
scale data to field-scale or point-location data. Also note
that Fuhrer and Jasper (2009) showed that their threshold of
ET/PET values for agricultural land are close to the thresh-
old level of ET/PET < 0.8 at present and are comparable to
our catchment level average ET/PET values. Here, we anal-
ysed ET/PET on the catchment level, which does not explic-
itly target a specific land use. At present much agricultural
land in Switzerland already regularly falls below the criti-
cal threshold for several weeks or even months, and average
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ET/PET values are projected to be considerably lower under
a non-mitigation scenario in the future (Allgaier Leuch et al.,
2017; Remund et al., 2016; Walthert et al., 2015). An analysis
targeting specific land use types (e.g. agricultural land) could
consequently lead to more severe compound drought projec-
tions than reported here. Also, we do not account for distance
to surface waters, which can make irrigation by surface-water
abstraction unprofitable.

Van Loon (2015) suggest that the combined occurrence of
agricultural and hydrological droughts without meteorolog-
ical drought conditions is sufficient for impacts on irrigated
agriculture. We also conducted a brief analysis on this type
of compound drought event. Our analysis shows that com-
bined agricultural and hydrological drought characteristics
are qualitatively similar to the results discussed here, but the
absolute number of compound drought days and event fre-
quency is higher and events last longer (see Supplement).

The main goal of this study was to assess characteristics
of compound droughts and changes under climate change.
We therefore mainly grouped catchments by similarity of
streamflow regime types and did not explicitly consider spa-
tial proximity or catchment connectivity. Future studies on
compound drought events and impacts on water management
may focus on specific source regions relevant for water man-
agement actions. Further, hydrological catchments have been
calibrated independently of each other but can in some cases
be part of a larger catchment (Muelchi et al., 2022). Future
studies could thus also investigate the temporal evolution of
spatially compounding droughts and their downstream prop-
agation behaviour by hydrological simulations of coupled
(sub-)watersheds and/or by accounting for spatial connec-
tivity by incorporating a spatial calibration/validation metric
(Brunner et al., 2021).

A limitation of the present hydrological model simula-
tions of the Hydro-CH2018 runoff ensemble is that they
assume stationarity in many influence factors such as land
cover, land use practices, and catchment storage characteris-
tics (Savelli et al., 2022; Brunner et al., 2021; Melsen and
Guse, 2019). Changes in drought propagation characteris-
tics (e.g. onset and recovery) are likely to occur with cli-
mate change due to (projected) changes in catchment prop-
erties, drought-generating processes (Mukherjee et al., 2018;
Zhang et al., 2022; Brunner and Tallaksen, 2019; Brunner
et al., 2023), and climate characteristics (e.g. precipitation
frequency and intensity; CH2018, 2018; Kotlarski et al.,
2023; Tschurr et al., 2020; Eekhout et al., 2018). Imple-
mentations of drought-triggering processes vary among hy-
drological models, and important storage variables are of-
ten parameterized (Melsen and Guse, 2019; Brunner et al.,
2021). Assumptions on (fixed) (maximum) storage volumes
used in hydrological models are equivalent to an implicit
limitation on deficit accumulation. Redesigned soil moisture
storage implementations could therefore lead to more real-
istic hydrological model projections in the future (Fowler
et al., 2021). Improved realism in projections is of utmost
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importance with regard to recent studies highlighting the po-
tential for shifts in catchment-specific rainfall-runoff rela-
tionships usually caused by (prolonged) multi-year droughts
(Fowler et al., 2022; Brunner and Tallaksen, 2019; Saft et al.,
2015). Consequentially, climate risk assessments based on
hydrological model projections might underestimate the fu-
ture hydro-climatic risk concerning reductions in water sup-
ply (Fowler et al., 2022). More research and a better under-
standing of key processes, storages and human interactions,
and their representation in hydrological models and their in-
fluence on characteristics of drought events and propagation
characteristics are therefore crucial for future climate change
assessments, which optimally rely on multi-hydrological cli-
mate ensembles (see e.g. Melsen and Guse, 2019), account
for non-stationarity (see e.g. Brunner et al., 2021), and possi-
bly make use of climate scenarios of the Coupled Model In-
tercomparison Project Phase 6 (CMIP6; Eyring et al., 2016)
and shared socioeconomic pathways (SSPs; O’Neill et al.,
2014).

7 Conclusions

Compound droughts, defined here as concurrent meteoro-
logical, agricultural, and hydrological droughts, pose a chal-
lenge to the water management in Switzerland because the
water abstraction from rivers is limited during low-flow pe-
riods, and farmers need water for irrigation during agri-
cultural drought conditions. We analyse projected changes
in the frequency, duration, and spatial extent of compound
droughts using data from numerical climate model simula-
tions (CH2018, 2018) and hydrological model simulations
(Hydro-CH2018, Muelchi et al., 2022) for 52 catchments in
Switzerland. We compare ensemble projections based on an
emission scenario with mitigation (RCP2.6, 8 model chains)
and an emission scenario without mitigation (RCP8.5, 20
model chains). The key findings are as follows:

— The number of days with compound meteorological,
hydrological, and agricultural droughts in Switzerland
is projected to increase significantly by the end of the
21st century in an emission scenario without mitiga-
tion in all greater regions of Switzerland. There is broad
agreement among the model simulations on the sign of
the change. The number of days with compound me-
teorological, hydrological, and agricultural droughts in
Switzerland does not increase significantly by the end
of the 21st century in an emission scenario with mitiga-
tion. With mitigation the number of compound drought
days is reduced by 50 %—55 % north of the Alps and by
up to 75 % in the Southern Alps, pointing to the impor-
tance of mitigation.

— The number of days with compound droughts increases
predominantly during the extended summer and hence
the main agricultural production season.

https://doi.org/10.5194/nhess-24-1975-2024

— The increase in the number of compound drought days
is driven by an increasing number of events (signifi-
cant increase) rather than by longer-lasting events (no
significant change). Across all model chains compound
drought events are projected to occur on average once
per summer in the catchments on the north side of the
Alps and once every one to two summer seasons in the
catchments on the south side of the Alps.

— Coupled to the projected increasing number of com-
pound drought days, we find that significantly more
catchments are affected at the same time.

The results hence point to (i) the benefits of mitigation
measures taken at an early stage as distributions among sce-
narios begin to differ by mid-century (2060) and (ii) the need
for coordinate adaptation as drought days that might affect
agricultural production due to a lack of soil moisture com-
bined with potential water abstraction limitations for irriga-
tion are projected to occur on average once a summer. This
strongly emphasizes the importance of mitigation measures,
especially considering recent findings that adaptation alone is
not always sufficient to avoid severe impacts (Kreibich et al.,
2022; Tellman and Eakin, 2022).

Nat. Hazards Earth Syst. Sci., 24, 1975-2001, 2024



1992

C. N. von Matt et al.: Compound droughts under climate change in Switzerland

Appendix A: Catchment and climate characteristics

Table Al. Catchment and climate™® characteristics for all investigated catchments.

Catchment ~ Greater region ‘Water name Place Area Mean height  Glaciation Long/lat  Mean annual ~ Mean annual
(min-max) WGS 84  precipitation runoff

[kmz] [ma.s.l] [%] [degrees] [mm)] [mm)]

2604 Pre-Alps Biber Biberbrugg 31.9 1008 (602-1515) 0 8.72/47.15 1218 490
2303 Pre-Alps Thur Jonschwil, Muehlau 4929 1027 (535-2431) 0 9.08/47.41 2145 1634
2468 Pre-Alps Sitter St. Gallen, Bruggen 261.1 1045 (445-2431) 0 9.33/47.41 1198 480
2176 Pre-Alps Sihl Zurich, Sihlhoelzli 342.6 1047 (402-2223) 0 8.53/47.37 1806 1157
2603 Pre-Alps Tlfis Langnau 187.4 1047 (681-2045) 0 7.8/46.94 1293 466
2634 Pre-Alps Kleine Emme  Emmen 478.3 1058 (425-2290) 0 8.28/47.07 1325 676
2070 Pre-Alps Emme Emmenmatt 4430 1072 (562-2161) 0 7.75/46.95 1591 862
2179 Pre-Alps Sense Thoerishaus 351.2 1076 (524-2182) 0 7.35/46.89 1831 629
2486 Pre-Alps Veveyse Vevey, Copet 64.5 1108 (372-1959) 0 6.85/46.47 1276 623
2609 Pre-Alps Alp Einsiedeln 46.7 1161 (660-1783) 0 8.74/47.15 1676 911
2487 Pre-Alps Kleine Emme  Werthenstein, Chappelboden 311.5 1171 (525-2290) 0 8.07/47.03 1528 952
2112 Pre-Alps Sitter Appenzell 74.4 1254 (445-2431) 0 9.41/47.33 1254 562
2409 Pre-Alps Emme Eggiwil, Heidbuehl 124.4 1283 (562-2161) 0 7.8/46.87 1217 574
2300 Pre-Alps Minster Euthal, Rueti 59.1 1352 (642-2223) 0 8.81/47.08 1560 832
2343 Pre-Alps Langeten Huttwil, Haeberenbad 59.9 765 (566-1123) 0 7.83/47.12 1904 1024
2477 Pre-Alps Lorze Zug, Letzi 100.2 822 (411-1556) 0 8.5/47.18 1716 1213
2305 Pre-Alps Glatt Herisau, Zellersmuehle 16.7 836 (624-1145) 0 9.26/47.4 1777 1313
2308 Pre-Alps Goldach Goldach, Bleiche 50.4 840 (391-1245) 0 9.47/47.49 1358 1035
2155 Pre-Alps Emme Wiler Limpbachmuendung 924.1 871 (430-2161) 0 7.55/47.16 1346 715
2412 Pre-Alps Sionge Vuippens chateau 43.4 872 (674-1457) 0 7.08/46.66 1685 1095
2181 Pre-Alps Thur Halden 1085.0 914 (445-2431) 0 9.21/47.51 1451 778
2374 Pre-Alps Necker Mogelsberg 88.1 962 (604-1513) 0 9.12/47.36 1552 822
2312 Swiss Plateau Aach Salmsach, Hungerbuehl 474 476 (391-609) 0 9.36/47.55 1419 910
2386 Swiss Plateau Murg Frauenfeld 213.3 596 (381-1113) 0 8.89/47.57 1728 1144
2126 Swiss Plateau Murg Waengi 80.1 654 (456-1113) 0 8.95/47.5 1411 524
2132 Swiss Plateau Toess Neftenbach 3433 659 (380-1298) 0 8.65/47.52 1328 708
2471 Swiss Plateau Murg Murgenthal, Walliswil 183.4 659 (410-1123) 0 7.83/47.25 1992 1168
2450 Swiss Plateau Wigger Zofingen 366.2 662 (419-1393) 0 7.94/47.28 1186 552
2500 Swiss Plateau Worble Ittigen 67.1 678 (494-954) 0 7.48/46.97 1589 434
2369 Swiss Plateau Mentue Yvonand La Mauguettaz 105.3 683 (436-946) 0 6.72/46.78 1307 639
2432 Swiss Plateau Venoge Ecublens, Les Bois 227.6 694 (372-1662) 0 6.55/46.54 1287 826
2034 Swiss Plateau Broye Payerne, Caserne d’aviation 415.9 724 (368-1574) 0 6.94/46.84 1214 591
2497 Swiss Plateau Luthern Nebikon 104.7 754 (474-1393) 0 7.97/47.19 1738 1140
2044 Swiss Plateau Thur Andelfingen 1701.6 773 (354-2431) 0 8.68/47.6 1409 876
2159 Swiss Plateau Guerbe Belp, Muehlimatt 116.1 849 (508-2128) 0 7.5/46.89 1398 647
2493 Jura Promenthouse ~ Gland 119.8 1035 (372-1667) 0 6.27/46.41 1511 974
2307 Jura Suze Sonceboz 127.2 1044 (634-1595) 0 7.17/47.2 1514 1047
2480 Jura Areuse Boudry 3777 1084 (427-1573) 0 6.84/46.95 1312 594
2202 Jura Ergolz Liestal 261.2 591 (296-1181) 0 7.73/47.49 1598 1092
2434 Jura Duennern Olten, Hammermuehle 233.8 714 (390-1383) 0 7.89/47.35 1190 610
2106 Jura Birs Muenchenstein 887.3 733 (256-1424) 0 7.62/47.52 1974 1904
2479 Jura Sorne Delemont 2139 785 (408-1326) 0 7.35/47.37 1593 949
2610 Jura Scheulte Vicques 72.7 797 (419-1292) 0 7.43/47.35 1843 1093
2478 Jura Birse Soyhieres, Bois du Treuil 569.5 811 (380-1424) 0 7.4/47.39 1224 573
2122 Jura Birse Moutier, La Charrue 185.8 927 (493-1424) 0 7.38/47.28 1872 1441
2210 Jura Doubs Ocourt 1275.4 960 (407-1448) 0 7.07/47.35 1119 455
2370 Jura Doubs Le Noirmont, La Goule 1046.7 985 (503-1448) 0 6.93/47.23 1103 469
2270 Jura Doubs Combe des Sarrasins 998.5 985 (553-1448) 0 6.88/47.2 1507 809
2167 Southern Switzerland  Tresa Ponte Tresa, Rocchetta 609.1 805 (198-2207) 0 8.85/45.97 1259 744
2629 Southern Switzerland ~ Vedeggio Agno 99.9 921 (198-2198) 0 8.91/46 1988 1498
2461 Southern Switzerland ~ Magliasina Magliaso, Ponte 34.4 927 (269-1904) 0 8.88/45.98 1257 467
2321 Southern Switzerland  Cassarate Pregassona 75.8 991 (272-2198) 0 8.96/46.02 1030 494

* Mean annual precipitation and mean annual runoff were derived based on the CTRL simulations driven by observations for the largest overlapping period (1991-2014) within the reference period (1991-2020). For precipitation
this corresponds to the direct derivation from the RhiresD dataset (MeteoSwiss, 2021a; Frei and Schir, 1998) aggregated on the catchment level, while mean annual runoff is derived based on PREVAH model simulations (see

Sect. 2; also see Muelchi et al., 2022).
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Appendix B: Calibration and validation metrics

Table B1. Calibration and validation metrics for all investigated catchments™.

1993

Catchment ~ Greater Water Place NSEjog NSEjog KGEjog KGEjog

region name (calibration)  (validation) (calibration) (validation)
2604 Pre-Alps Biber Biberbrugg 0.81 0.82 0.85 0.89
2303 Pre-Alps Thur Jonschwil, Muehlau 0.84 0.83 0.89 0.93
2468 Pre-Alps Sitter St. Gallen, Bruggen 0.83 0.83 0.89 0.89
2176 Pre-Alps Sihl Zurich, Sihlhoelzli 0.72 0.72 0.84 0.87
2603 Pre-Alps Ilfis Langnau 0.80 0.79 0.87 0.88
2634 Pre-Alps Kleine Emme  Emmen 0.84 0.83 0.88 0.92
2070 Pre-Alps Emme Emmenmatt 0.79 0.80 0.87 0.89
2179 Pre-Alps Sense Thoerishaus 0.79 0.82 0.87 0.90
2486 Pre-Alps Veveyse Vevey, Copet 0.71 0.68 0.88 0.88
2609 Pre-Alps Alp Einsiedeln 0.59 0.57 0.87 0.87
2487 Pre-Alps Kleine Emme  Werthenstein, Chappelboden 0.82 0.83 0.87 0.90
2112 Pre-Alps Sitter Appenzell 0.80 0.82 0.85 0.91
2409 Pre-Alps Emme Eggiwil, Heidbuehl 0.76 0.76 0.82 0.87
2300 Pre-Alps Minster Euthal, Rueti 0.69 0.70 0.83 0.87
2343 Pre-Alps Langeten Huttwil, Haeberenbad 0.77 0.78 0.82 0.89
2477 Pre-Alps Lorze Zug, Letzi 0.76 0.79 0.88 0.89
2305 Pre-Alps Glatt Herisau, Zellersmuehle 0.71 0.63 0.84 0.90
2308 Pre-Alps Goldach Goldach, Bleiche 0.75 0.74 0.81 0.86
2155 Pre-Alps Emme Wiler Limpbachmuendung 0.80 0.82 0.88 0.91
2412 Pre-Alps Sionge Vuippens chateau 0.79 0.80 0.84 0.86
2181 Pre-Alps Thur Halden 0.86 0.88 0.90 0.94
2374 Pre-Alps Necker Mogelsberg 0.77 0.74 0.87 0.88
2312 Swiss Plateau Aach Salmsach, Hungerbuehl 0.68 0.58 0.88 091
2386 Swiss Plateau Murg Frauenfeld 0.85 0.81 0.91 0.94
2126 Swiss Plateau Murg Waengi 0.85 0.86 0.91 0.90
2132 Swiss Plateau Toess Neftenbach 0.82 0.73 0.92 0.94
2471 Swiss Plateau Murg Murgenthal, Walliswil 0.79 0.74 0.86 0.88
2450 Swiss Plateau Wigger Zofingen 0.80 0.82 0.87 0.93
2500 Swiss Plateau Worble Ittigen 0.72 0.72 0.81 0.85
2369 Swiss Plateau Mentue Yvonand La Mauguettaz 0.79 0.80 0.88 0.87
2432 Swiss Plateau Venoge Ecublens, Les Bois 0.88 0.88 0.91 0.93
2034 Swiss Plateau Broye Payerne, Caserne d’aviation 0.38 0.32 0.89 0.88
2497 Swiss Plateau Luthern Nebikon 0.51 0.44 0.85 0.88
2044 Swiss Plateau Thur Andelfingen 0.87 0.89 0.91 0.94
2159 Swiss Plateau Guerbe Belp, Muehlimatt 0.80 0.84 0.89 0.87
2493 Jura Promenthouse  Gland 0.78 0.71 0.93 0.90
2307 Jura Suze Sonceboz 0.84 0.84 0.90 0.91
2480 Jura Areuse Boudry 0.75 0.75 0.90 0.91
2202 Jura Ergolz Liestal 0.84 0.82 0.92 0.92
2434 Jura Duennern Olten, Hammermuehle 0.85 0.85 0.89 0.91
2106 Jura Birs Muenchenstein 0.80 0.80 0.91 0.94
2479 Jura Sorne Delemont 0.79 0.82 0.91 0.92
2610 Jura Scheulte Vicques 0.79 0.80 0.80 0.82
2478 Jura Birse Soyhieres, Bois du Treuil 0.74 0.74 0.91 0.92
2122 Jura Birse Moutier, La Charrue 0.79 0.83 0.87 0.84
2210 Jura Doubs Ocourt 0.79 0.76 0.90 0.87
2370 Jura Doubs Le Noirmont, La Goule 0.74 0.70 0.88 0.86
2270 Jura Doubs Combe des Sarrasins 0.72 0.65 0.88 0.87
2167 Southern Switzerland  Tresa Ponte Tresa, Rocchetta 0.68 0.52 0.87 0.88
2629 Southern Switzerland ~ Vedeggio Agno 0.73 0.46 0.91 0.89
2461 Southern Switzerland  Magliasina Magliaso, Ponte 0.53 0.29 0.87 0.87
2321 Southern Switzerland  Cassarate Pregassona 0.67 0.48 0.89 0.87

* The metrics NSE|q and KGEjog are indicative of the representation of low-flow conditions in the Hydro-CH2018 hydrological model simulations (see Muelchi et al., 2022). The calibration
and validation periods cover the 1985-2014 period for most catchments. Even years were used for calibration and uneven years for validation. For more information see Muelchi et al. (2022).
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Code and data availability. The dataset is available from Zen-
odo (https://doi.org/10.5281/zenodo.10908410, von Matt et
al., 2024). The original runoff simulations are documented in
Muelchi et al. (2022) and can be downloaded via Zenodo (see
https://doi.org/10.5281/zenodo.3937485, Muelchi et al. 2020).
The CH2018 climate scenarios are documented and available
from the National Centre for Climate Services (NCSS) (see
https://doi.org/10.18751/Climate/Scenarios/CH2018/1.0, CH2018
Project Team, 2018). Data for the greater regions were kindly
provided by the Federal Office for the Environment (FOEN) and
can be requested via climate-adaptation@bafu.admin.ch. Data for
the overview map of the study region (Fig. 1) and for the spatial
maps (Figs. 4-6) are freely available from the Federal Office
of Topography (Swisstopo) (digital height model DHM?2S5; see
https://www.swisstopo.admin.ch/de/hoehenmodell-dhm25,

last access: 21 December 2023, Swisstopo, 2024) and
FOEN (general hydrological background map; download-
able via opendata.swiss; see https://opendata.swiss/en/dataset/

generalisierte-hintergrundkarte-zur-darstellung-hydrologischer-daten,

last access: 21 December 2023, BAFU, 2014). For spa-

tial visualization the sf R package (Pebesma, 2018)
was used and can be downloaded via CRAN (https:
/[cran.r-project.org/web/packages/sf/index.html,  last  access:

30 April 2023, Pebesma et al., 2023).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/nhess-24-1975-2024-supplement.
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